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ABSTRACT

Major- and trace-element data together with Nd and Sr isotopic compo-
sitions and “°Ar/*°Ar age determinations were obtained for Late Cretaceous
and younger volcanic rocks from north-central Colorado, USA, in the South-
ern Rocky Mountains to assess the sources of mantle-derived melts in a
region underlain by thick (>150 km) continental lithosphere. Trachybasalt to
trachyandesite lava flows and volcanic cobbles of the Upper Cretaceous Windy
Gap Volcanic Member of the Middle Park Formation have low g,4(t) values
from -3.4 to —13, ¥’Sr/%Sr(t) from ~0.705 to ~0.707, high large ion lithophile
element/high field strength element ratios, and low Ta/Th (<0.2) values. These
characteristics are consistent with the production of mafic melts during the
Late Cretaceous to early Cenozoic Laramide orogeny through flux melting of
asthenosphere above shallowly subducting and dehydrating oceanic litho-
sphere of the Farallon plate, followed by the interaction of these melts with
preexisting, low g,,(t), continental lithospheric mantle during ascent. This
scenario requires that asthenospheric melting occurred beneath continental
lithosphere as thick as 200 km, in accordance with mantle xenoliths entrained
in localized Devonian-age kimberlites. Such depths are consistent with the
abundances of heavy rare earth elements (Yb, Sc) in the Laramide volca-
nic rocks, which require parental melts derived from garnet-bearing mantle
source rocks. New “°Ar/*Ar ages from the Rabbit Ears and Elkhead Moun-
tains volcanic fields confirm that mafic magmatism was reestablished in this
region ca. 28 Ma after a hiatus of over 30 m.y. and that the locus of volcanism
migrated to the west through time. These rocks have g,,(t) and ®Sr/%Sr(t)
values equivalent to their older counterparts (-3.5 to —13 and 0.7038-0.7060,
respectively), but they have higher average chondrite-normalized La/Yb values
(~22 vs. ~10), and, for the Rabbit Ears volcanic field, higher and more variable
Ta/Th values (0.29-0.43). The latter are general characteristics of all other post-
40 Ma volcanic rocks in north-central Colorado for which literature data are
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available. Transitions from low to intermediate Ta/Th mafic volcanism occurred
diachronously across southwest North America and are interpreted to have
been a consequence of melting of continental lithospheric mantle previously
metasomatized by aqueous fluids derived from the underthrusted Farallon
plate. Melting occurred as remnants of the Farallon plate were removed and
the continental lithospheric mantle was conductively heated by upwelling
asthenosphere. A similar model can be applied to post-40 Ma magmatism
in north-central Colorado, with periodic, east to west, removal of stranded
remnants of the Farallon plate from the base of the continental lithospheric
mantle accounting for the production, and western migration, of volcanism.
The estimated depth of the lithosphere-asthenosphere boundary in north-
central Colorado (~150 km) indicates that the lithosphere remains too thick to
allow widespread melting of upwelling asthenosphere even after lithospheric
thinning in the Cenozoic. The preservation of thick continental lithospheric
mantle may account for the absence of oceanic-island basalt-like basaltic vol-
canism (high Ta/Th values of ~1 and gy [] > 0), in contrast to areas of southwest
North America that experienced larger-magnitude extension and lithosphere
thinning, where oceanic-island basalt-like late Cenozoic basalts are common.

H INTRODUCTION

Precambrian continental lithosphere, consisting of both ancient continental
crust and underlying continental lithospheric mantle, is generally long-lived
and thick, extending to depths as great as 300 km in some locations (Artemi-
eva and Mooney, 2001; Carlson et al., 2005). At such lithospheric thicknesses,
decompression melting of underlying asthenosphere is inhibited even if damp
conditions (i.e., water undersaturated) or elevated (>1400 °C) potential tem-
peratures might develop under thick continental lithosphere (McKenzie and
Bickle, 1988; Lee et al., 2009; Niu, 2021). Nevertheless, well-documented exam-
ples exist of mantle melting in continental regions underlain by Precambrian
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lithosphere, as evidenced by Phanerozoic basaltic volcanism in the North China
craton, Tibet, and southwestern North America (Farmer, 2022; Wu et al., 2019;
Xia et al., 2011). In these areas, the development of continent-fringing con-
vergent plate boundaries may have led to partial melting of both continental
mantle lithosphere and upwelling asthenosphere through a complex interplay
between changes in the composition of continental lithospheric mantle via
infiltrating fluids or melts combined with the physical degradation and thin-
ning of the preexisting mantle lithosphere (Menzies et al., 2007). Models of
the apparent degradation of the continental lithospheric mantle, however, are
based on proxy records provided by the ages and compositions of contempo-
raneous basaltic volcanic rocks and are limited by how well a given basalt can
be attributed to melting of a specific mantle source in either the continental
lithospheric mantle or underlying asthenosphere.

Some of the uncertainty in interpreting continental basalt proxy records
could be allayed if the premagmatic structure and composition of the conti-
nental lithospheric mantle in a given location were better characterized, which
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would allow possible sources of the basalts to be better defined and help to
establish the processes that would be required to induce upper-mantle melt-
ing. Such information is rarely available, but one exception is in the interior
of southwestern North America, in the Southern Rocky Mountain region of
north-central Colorado, USA. This region is underlain by Paleoproterozoic
continental lithosphere that has been periodically affected by basaltic volca-
nism since the Late Cretaceous (Figs. 1-3). Unlike other regions worldwide,
aspects of the physical and chemical composition of the continental litho-
spheric mantle and lower continental crust prior to the onset of magmatism can
be reconstructed from mantle and crustal xenoliths entrained in Devonian-age
kimberlites (the State Line kimberlite diatremes; Fig. 2), which demonstrate
that the continental lithospheric mantle extended to depths of 200 km or more
at that time (Eggler et al., 1987).

In this study, we combined information on the premagmatic continental
lithospheric mantle with new and existing age and chemical data from Late
Cretaceous and younger mafic to intermediate volcanic rocks in north-central

45°N

Figure 1. Distribution of Cenozoic volcanic rocks
(red) in the western United States (from digital
geologic maps of the U.S. states; https://mrdata.
usgs.gov/geology/state/). SR—Sliderock Moun-
tain volcanic field; ABS — Absaroka volcanic field;
? g TM—Table Mountain; LH—Leucite Hills; BH—
Fig.2 Black Hills; HP —Herring Park; WhG —Whitehorn
/ 410 Granodiorite; WG—Windy Gap. Range of Late
;! Cretaceous to Cenozoic volcanic rock eruptive

: Denyer ages for select locations at eastern limit of vol-
Basin canism is from du Bray and Harlan (1998), Feeley

and Cosca (2003), Feeley et al. (2002), and Mil-

39° likin et al. (2018). Eastern and northern limits of
widespread Late Cretaceous volcanism in east-
ernmost southern Basin and Range are based on

data presented in Amato et al. (2017). Outlined

box is study area in north-central Colorado, USA

37° (Fig. 2). Dashed white line shows orientation
and extent of Colorado Mineral Belt (COMB; af-
ter Burack-Wilson and Sims, 2003). Sources of
imagery are: U.S. Navy, Lamont-Doherty Earth
Observatory at Columbia University (LDEO-Co-
lumbia), National Science Foundation (NSF),
National Oceanic and Atmospheric Administration
(NOAA), Scripps Institution of Oceanography (SIO),
; National Geospatial-Intelligence Agency (NGA),
a3 General Bathymetric Chart of the Oceans (GEBCO).
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Colorado to refine models for the physical and chemical evolution of the deep
continental lithosphere in this region. Our study confirms that mantle melting
beneath north-central Colorado led to both the pre-40 Ma, syncompressional
volcanism synchronous with the Late Cretaceous to early Cenozoic Laramide
orogeny and to younger, post-40 Ma, synextensional volcanism. Mafic volcanic
rocks associated with both episodes have low gy,(t) values (<0) indicative of
involvement of Precambrian continental lithospheric mantle in their generation,
but the older volcanic rocks have low Ta/Th values compared to the higher
(>0.2) and more variable Ta/Th values characteristic of the younger rocks. As
proposed for Cenozoic volcanic rocks elsewhere in southwestern North Amer-
ica, the earlier episode was likely subduction-related magmatism initiated by
flux-melting of asthenospheric mantle, albeit in the garnet peridotite stability
field, while the younger episode reflects in situ melting of metasomatized con-
tinental lithospheric mantle triggered by heating induced by the removal of
underthrusted oceanic lithosphere (Farmer et al., 2020). Unlike the Basin and
Range Province in southwestern North America, the intermediate Ta/Th group
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Figure 2. Volcanic rock sample locations and
selected geologic features in north-central
Colorado, USA. Sample locations are shown
with symbols and labeled with abbreviated
sample numbers from Table 1. Outline of syn-
Laramide orogeny Colorado Headwaters Basin
is from Cole et al. (2010). Y—Yampa; FT—Flat
Tops; EM—EIk Mountain; PG—Pete’s Guich;
CP—Corral Peak; RP—Ryder Peak; IC—Ironclad
Mountain; V.FE. —volcanic field. Outcrop area of
Windy Gap (WG) Volcanic Member within the
Breccia Spoon syncline is shown in light green.
White star marks the location of 33 Ma olivine
lamproite intrusive rock (Thompson et al., 1997).

volcanism in north-central Colorado has not yet been supplanted by basaltic
magmatism related to decompression melting of upwelling asthenospheric
mantle, likely as a consequence of the persistent thick mantle lithosphere
known to have been present here since at least the late Paleozoic. Interme-
diate Ta/Th group mafic volcanic rocks in the Rabbit Ears volcanic field also
carry disaggregated wehrlitized uppermost mantle material that is interpreted
as evidence that metasomatism by silica-undersaturated carbonated melts
was an early-stage process that preceded extension of the thick continental
lithosphere in this region.

B GEOLOGIC SETTING AND PREVIOUS WORK

The Southern Rocky Mountain region of north-central Colorado is underlain
by Paleoproterozoic (1.78 Ga to 1.4 Ga) continental lithosphere that directly
abuts the Archean Wyoming Province to the north (Fig. 2; Hill and Bickford,

Farmer et al. | Mantle melting in regions of thick continental lithosphere
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Figure 3. Space-time patterns for <65 wt% SiO,,
post-30 Ma volcanism in north-central Colorado,

USA: (A) 30-20 Ma, (B) 17-7 Ma, (C) 7-0 Ma.
LH—Leucite Hills; D—Dotsero; Y — Yampa; GM—

Grand Mesa. (D) Relative probability plot for all
30 Ma and younger volcanic rocks (letters refer to
panels A-C). Data are from this study (plotted with
symbols from Fig. 2) and from multiple sources
compiled by Farmer et al. (2020; filled circles).
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2001; Morozova et al., 2005). During much of the Paleozoic and Mesozoic,
the region lay at or below sea level and was periodically inundated by an
epicontinental sea, as evidenced by the widespread occurrence of Paleozoic
and Mesozoic marine sedimentary rocks in the region (Dickinson, 2004). Com-
pressional tectonism and the development of basement-cored block uplifts
accompanied the Laramide orogeny in the Late Cretaceous to early Cenozoic,
followed by lithospheric extension beginning ca. 30 Ma, resulting in an increase
in surface elevation to the present-day average of ~2 km (Tweto, 1975; Erslev,
1993; Landman and Flowers, 2013).

Phanerozoic igneous activity in north-central Colorado commenced in
the Late Cretaceous, roughly synchronous with the Laramide orogeny. This
igneous activity (hereafter referred to as Laramide magmatism) was the first
to affect the region since the Mesoproterozoic, aside from the emplacement
of the Devonian State Line kimberlites and a few silica-undersaturated, Cam-
brian intrusive igneous rocks found elsewhere in the Colorado (Fig. 2; Eggler
et al., 1976; Lester et al., 2001; Hansen et al., 2013; Pivarunas and Meert, 2019).
In general, the Laramide magmatism was confined spatially to the north-
east-trending Colorado Mineral Belt (Fig. 1), as delineated today by a belt of
alkalic to calc-alkalic intrusive igneous rocks (Mutschler et al., 1987). The latter

are interpreted as the products of magmas produced in, or that had significant
interaction with, lower continental crust (Stein and Crock, 1990). The goal of
this study, however, was to assess the compositions of any mantle-derived
melts present during igneous activity, information that is best extracted from
the quenched magma compositions provided by volcanic rocks. In Colorado,
preserved Laramide volcanic and volcaniclastic rocks are rare, but mafic-
to intermediate-composition lavas flows and volcanic cobbles have been
identified (Mutschler et al., 1987). The best characterized both chemically
and isotopically are ca. 66 Ma trachybasaltic andesite to trachyandesite (i.e.,
shoshonite) lava flows from Table Mountain along the eastern flank of the
Front Range (Figs. 1 and 2; Millikin et al., 2018; Musselman, 1987). However,
mafic volcanic cobbles are also known from Late Cretaceous to Eocene vol-
caniclastic sedimentary rocks in north-central Colorado (Wilson, 2002). The
only data available are major-element compositions of cobbles from the
Windy Gap Volcanic Member of the Middle Park Formation in north-central
Colorado (Figs. 1 and 2; Larson and Drexler, 1988), but these are significant
because they demonstrate that trachybasalts are represented in the cobble
population, which, in turn, is evidence that mantle melting likely occurred
during the Laramide orogeny.

Farmer et al. | Mantle melting in regions of thick continental lithosphere
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After a period of relative tectonic and igneous quiescence and establishment
of the expansive Rocky Mountain erosional surface (Evanoff, 1990), renewed
volcanic activity began in Colorado ca. 40 Ma (Cole et al., 2010; Kellogg, 1999;
Tweto, 1979). This magmatism was no longer confined geographically to the
Colorado Mineral Belt, but it was more generally aligned with the northward
extension of the Rio Grande rift into Colorado (Fig. 1; Rosera et al., 2024). In
central and southern Colorado, post-40 Ma volcanism was dominated by
the large-volume, mid-Cenozoic (40-20 Ma) ignimbrite flareup that formed
the Southern Colorado volcanic field (Lipman, 2007), followed by younger,
synextensional, bimodal magmatism (Mutschler et al., 1987). The ignimbrite
flareup did not extend to north-central Colorado, but synextensional mafic- to
silicic-composition volcanic rocks younger than 40 Ma are common in this
region and have been subject to extensive petrologic and geochemical study
(Cosca et al., 2014; Gibson et al., 1991; Larson et al., 1975; Leat et al., 1988b,
1989, 1990, 1991; Thompson et al., 1990, 1993, 1997). The oldest and eastern-
most volcanic rocks are the ca. 28 Ma trachybasalts to rhyolites of the Never
Summer volcanic field (Braddock Peak volcanic field; Knox, 2005), whereas
younger volcanism occurred periodically and increasingly farther to the west,
from the Rabbit Ears volcanic field to the Elkhead, Flattops, and Yampa areas
(Figs. 2 and 3). Volcanism is still active in the region near Dotsero (Fig. 3C), as
demonstrated by the occurrence of postglacial trachybasalts (Rowe et al., 2011).

Establishing the sources and trigger mechanisms of mantle melting for
both the Laramide and post-40 Ma magmatism is challenging, and little con-
sensus exists on how and where mantle melting could have been initiated
and sustained periodically over ~80 m.y. in essentially the same geographic
location, far inboard of the plate boundary at the western margin of the con-
tinent (Larson and Drexler, 1988; Mutschler et al., 1987). For example, some
workers have tied Laramide Colorado Mineral Belt magmatism to shallow
subduction of oceanic lithosphere of the Farallon plate but recognized that a
direct attribution to processes similar to those leading to arc magmatism is
difficult because the Colorado Mineral Belt developed in a relatively narrow
belt parallel rather than perpendicular to the relative motions of the North
American and Farallon plates (Fig. 1; Chapin, 2012; Humphreys et al., 2003;
Jones et al., 2011). Post-40 Ma mafic magmatism, in contrast, was largely
synextensional and certainly related to partial mantle melting, but it remains
unclear as to whether melting was initiated in the continental lithospheric
mantle or underlying asthenosphere (Cosca et al., 2014; Eaton, 2008; Leat et
al., 1988a; Mutschler et al., 1987).

The uncertainties regarding the origin of igneous activity in north-central
Colorado stem in part from a poor understanding of the sources and trigger
mechanism(s) of mantle melting during both the Laramide and post-40 Ma
magmatic episodes. The unique aspect of north-central Colorado, compared
to other inboard regions of southwestern North America and other areas of
continental basaltic volcanism worldwide, is that aspects of the Phanerozoic
structure and composition of the continental lithospheric mantle and deep
continental crust prior to the onset of mafic magmatism can be inferred from
mantle and crustal xenoliths entrained in the Devonian State Line kimberlites

(Fig. 2). Petrologic and geochemical studies of these xenoliths have revealed
that the Paleoproterozoic continental lithospheric mantle below the present-day
Colorado-Wyoming (USA) border extended to depths of at least 200 km and
was overlain by Paleoproterozoic continental crust that included ~15 km of
mafic granulitic lower crust (Bradley and McCallum, 1984; Eggler et al., 1976,
1988; Carlson et al., 2004; Farmer et al., 2005). The continental lithospheric
mantle consisted of infertile spinel and spinel/garnet peridotites at shallow lev-
els separated from deeper-seated fertile garnet peridotites by a 10-15-km-thick
swath of eclogite at depths of ~100 km (Eggler et al., 1988). Age information
from Os, Hf, and Nd isotopic studies suggests that both fertile and infertile
parts of the mantle lithosphere are Paleoproterozoic in age, similar in age to
that of the overlying continental crust (Carlson et al., 2004). These data provide
a reference frame in which to assess where and why mantle melting occurred
beneath north-central Colorado.

B STUDY AREA AND SAMPLES

A reassessment of the origin of magmatism in north-central Colorado
requires a robust data set for mafic volcanic rocks from both magmatic epi-
sodes. Geochemical data for Laramide volcanic rocks are sparse in this area,
so we obtained major- and trace-element data and whole-rock Nd and Sr iso-
topic analyses from mafic lava flows and mafic- to intermediate-composition
volcanic cobbles from the Windy Gap Volcanic Member of the Middle Park
Formation in north-central Colorado (Tables 1-4; Fig. 2). The Windy Gap Vol-
canic Member is a coarse, immature volcanic conglomerate deposited in the
Laramide Colorado Headwaters Basin, with the latter roughly corresponding
to the present-day North Park and Middle Park intermontane basins (Fig. 2;
Cole et al., 2010; Dechesne et al., 2013). Similar Laramide-age volcaniclastic
deposits are found farther to the southeast in the Denver Basin (Fig. 1), but
these rocks have been more severely altered by groundwater interaction
than those from the Windy Gap Volcanic Member (Larson and Drexler, 1988;
Wilson, 2002). Volcanic cobbles in the Windy Gap Volcanic Member are
mainly basalts to trachybasaltic andesites (Larson and Drexler, 1988; Taylor,
1975). Available “°Ar/**Ar ages indicate that the volcanic rocks found in this
unit range in age from 65 Ma to 61 Ma and that the maximum depositional
age for the conglomerates is ca. 60.5 Ma (Cole et al., 2010; Dechesne et al.,
2013). Sedimentologic evidence suggests that the detritus was shed from a
volcanic edifice located south of the Colorado Headwaters Basin (Fig. 2). The
fact that the sedimentary deposits and interlayered basaltic lavas flows were
deformed during the formation of the local Breccia Spoon syncline confirms
that the volcanism was roughly synchronous with compressional tectonism
related to the Laramide orogeny (Cole et al., 2010).

Two samples of mafic lava flows (04CO-PC-2, 04CO-WG-1) and seven mafic-
to intermediate-composition volcanic cobbles (04CO-WG-2A-H) were analyzed
from the Windy Gap Volcanic Member at two locations along the east limb of
the Breccia Spoon syncline (Table 1; Fig. 2; Taylor, 1975). These samples are

Farmer et al. | Mantle melting in regions of thick continental lithosphere
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TABLE 1. SUMMARY OF CRETACEOUS AND YOUNGER VOLCANIC ROCKS, NORTH-CENTRAL COLORADO

Sample Rock type* Description® Phenocryst assemblage$ Latitude* Longitude* Age** 20
(DD N) (DD W) (Ma)
Elkhead Mountains volcanic field: Low Ta/Th group (?)
13EHO1 TBA Dike, Sugarloaf Mtn. Aphyric 41.0168 107.3211 12.7 + 0.1
13EH02 TA Lava flow, Slater Creek Rd. Aphyric 40.9826 107.3830 1.5 + 0.1
13EHO3 B “ Aphyric 40.8530 107.2858 136 = 0.1
13EH04 B “ Aphyric 40.8489 107.2581 -
13EH09 TBA Lava flow, Hooker Mtn. Aphyric 40.5560 107.2070 13.3 + 0.1
Rabbit Ears volcanic field: Intermediate Ta/Th group
15-CO-EM-01 TBA Lava flow, N. Elk Mtn. Aphyric 40.1748 106.1279 26.4 + 0.1
15-CO-EM-02 TBA Lava flow, N. Elk Mtn. Aphyric 40.1769 106.1289 26.1 + 0.1
15-CO-EM-03 TBA Lava flow, N. Elk Mtn. Aphyric 40.1769 106.1310 26.2 + 0.1
16-CO-EM-10-WR B Dike, S. of Corral Peak ~25% megacrysts + glomerocrysts (ol > cpx) 40.1679 106.1474 25.4 + 14
16-CO-EM-10-NX B Dike, S. of Corral Peak Matrix only (megacrysts removed by handpicking) 40.1679 106.1474 25.4 + 14
16-CO-IC-04 B Dike, Ironclad Mtn. n.d. 40.4099 106.4449 25.7 + 0.1
16-CO-IC-05 B Dike, Ironclad Mtn. ~20% megacrysts + glomerocrysts (ol > cpx, tr bt/phl) 40.4094 106.4451 25.4 + 0.1
16-CO-RP-06 B Dike, Ryder Peak ~20% megacryst/glomerocrysts (ol > cpx) 40.3581 106.4570 25.2 + 0.1
16-CO-RP-07 B Dike, Ryder Peak ~20% megacryst/glomerocrysts (ol > cpx) 40.3595 106.4603 24.9 + 0.1
16-CO-CP-08 B Lava flow, Corral Peak Aphyric 40.2021 106.1521 23.4 + 0.2
16-CO-CP-09 B Lava flow, Corral Peak Aphyric 40.2030 106.1534 23.4 + 0.2
16-CO-PG-11 B Lava flow, Pete’s Gulch Sparsely phyric, ~5% megacrysts-glomerocrysts (cpx) 40.1647 106.2494 273 + 04
Windy Gap Volcanic Member: Low Ta/Th groups
04CO-WG-2A TBA Volcanic cobble n.d. 40.1098 105.9999 66—-60 -
04CO-WG-2B TA “ pl, cpx, tr hbl 40.1098 105.9999 “ -
04CO-WG-2C TB “ 10%—20% ol > cpx 40.1098 105.9999 “ -
04CO-WG-2D TBA “ n.d. 40.1098 105.9999 “ -
04CO-WG-2E TA “ pl, cpx, tr hbl 40.1098 105.9999 “ -
04CO-WG-2G TBA “ n.d. 40.1098 105.9999 “ -
04CO-WG-2H TA “ n.d. 40.1098 105.9999 “ -
04CO-WG-1 TA Lava flow pl, cpx, tr hbl 40.1098 105.9999 “ -
04CO-PC-2 TA ¢ pl, cpx, tr hbl 39.9798 105.9473 “ -

*Rock types are chemical classifications based on total alkali vs. SiO, (wt%) (total alkali-silica) values given in Table 2. TB—trachybasalt; TBA—trachybasaltic andesite; TA—

trachyandesite; B—basalt.
Mtn—Mountain; Rd—Road. “ indicates same as previous cell.

SPhenocrysts refer to coarser grains (>1 mm). Mineral abbreviations: ol—olivine; cpx—clinopyroxene; tr—trace; bt/phl—Dbiotite/phlogopite; pl—plagioclase; hbl—hornblende;

n.d.—not determined.
#Sample locations given in decimal degrees (DD).

**Whole-rock ages from Supplemental Material Table S1 (see text footnote 1), except for age range for individual volcanic cobbles from the Windy Gap Volcanic Member of the

Middle Park Formation, which is estimated from Ar-Ar ages reported by Cole et al. (2010).

composed of varying proportions of altered olivine (ol), feldspar (fsp), clino-
pyroxene (cpx), and biotite (bt) phenocrysts set in fine-grained matrices of fsp,
opaque oxides, and altered glass (representative thin section images for these
and other samples in study are available in Supplemental Material File S1').
A few partially altered amphibole (amp) grains were observed in samples

"Supplemental Material. Includes raw “°Ar/**Ar data and plots, electron microprobe mineral
composition data, micro-Raman images and spectra, rock thin section images, and com-
pilation of parameters used in petrogenetic models. Please visit https://doi.org/10.1130
/GEQS.S.26506309 to access the supplemental material, and contact editing@geosociety.org
with any questions.

04CO-WG-2B and 04CO-WG-2H, but bt and amp phenocrysts were absent
from the more mafic samples, and so they should be classified petrologically
as basalts and not lamprophyres. We also included in our sample set three
samples from Larson and Drexler (1988) (WG-4, WG-13, and WG-17) for which
Nd and Sr isotopic analyses were performed.

In contrast, abundant age and major- and trace-element compositional data
are available from basaltic rocks younger than 30 Ma in north-central Colo-
rado, with the exceptions of ca. 26 Ma mafic volcanic rocks from the Rabbit
Ears volcanic field and basaltic rocks from the younger (ca. 14 Ma) Elkhead

Farmer et al. | Mantle melting in regions of thick continental lithosphere



http://geosphere.gsapubs.org
https://doi.org/10.1130/GEOS.S.26506309
https://doi.org/10.1130/GEOS.S.26506309
mailto:editing@geosociety.org

GEOSPHERE | Volume 20 | Number 5

TABLE 2. MAJOR-ELEMENT COMPOSITIONS (wt%) OF CRETACEOUS AND YOUNGER VOLCANIC ROCKS, NORTH-CENTRAL COLORADO

Sample SiO, AlLO, FeO™ MnO MgO CaO Na,O KO TiO, P,Os Total* LOI Mg#t
Elkhead Mountains volcanic field

13EHO1 53.6 14.9 8.62 0.12 6.94 718 3.42 3.20 1.48 0.51 98.7 1.26 59
13EH02 56.4 13.8 5.78 0.14 6.23 764 3.57 4.66 1.07 0.63 94.5 4.64 66
13EHO3 49.5 14.2 10.6 0.16 9.59 8.1 3.63 1.98 1.67 0.53 95.8 4.61 62
13EH04 50.0 14.2 10.6 0.17 8.71 8.86 3.43 1.88 1.69 0.49 96.3 3.77 59
13EH09 54.8 14.8 777 0.12 7.03 6.44 4.53 2.52 1.43 0.47 95.8 4.31 62
Rabbit Ears volcanic field

15-CO-EM-01 513 17.3 9.26 0.16 2.52 9.16 4.89 2.1 1.91 1.33 96.3 2.35 33
15-CO-EM-02 52.0 174 9.20 0.19 2.96 8.19 4.53 2.37 1.84 1.34 975 2.14 36
15-CO-EM-03 51.3 18.3 9.69 0.15 3.41 7.04 4.61 2.33 1.88 1.33 97.3 2.20 39
16-CO-EM-10-WR 45.4 13.2 10.2 0.15 1.7 11.6 3.37 1.19 2.54 0.70 98.0 1.37 67
16-CO-EM-10-NX 45.4 13.2 10.1 0.15 1.5 1.7 3.43 1.19 2.58 0.71 98.6 1.42 67
16-CO-IC-04 46.4 15.4 10.9 0.15 8.16 9.89 3.04 2.62 2.37 1.06 96.2 3.74 57
16-CO-IC-05 474 14.8 10.5 0.16 787 10.0 2.70 3.14 2.28 1.15 96.7 2.04 57
16-CO-RP-06 476 14.9 10.3 0.15 8.33 10.1 3.31 2.05 2.43 0.81 97.8 1.22 59
16-CO-RP-07 477 15.2 10.3 0.15 8.25 9.89 3.28 2.09 2.41 0.83 98.8 1.04 59
16-CO-CP-08 51.1 15.5 1.2 0.15 7.06 8.77 2.99 1.28 157 0.39 99.9 0.85 53
16-CO-CP-09 515 15.4 11.0 0.15 6.73 8.57 3.13 1.40 1.73 0.40 99.4 0.80 52
16-CO-PG-11 48.5 15.6 10.7 0.16 6.71 9.86 3.39 1.53 2.61 0.88 97.8 2.02 53
Windy Gap Volcanic Member, Middle Park Formation

04CO-WG-2A 52.0 175 10.1 0.17 3.74 8.68 4.65 1.48 1.01 0.64 95.9 2.45 40
04CO-WG-2B 56.7 18.7 8.25 0.12 2.20 4.12 5.21 3.52 0.99 0.22 974 1.02 32
04CO-WG-2C 50.1 14.3 10.6 0.30 6.50 11.65 3.30 1.61 1.09 0.57 96.9 2.62 52
04CO-WG-2D 54.3 17.3 8.27 0.14 3.27 777 3.12 4.32 1.12 0.41 97.8 0.82 41
04CO-WG-2E 57.3 18.7 6.82 0.14 1.88 4.64 5.01 4.40 0.85 0.22 975 0.66 33
04CO-WG-2G 52.4 16.8 8.59 0.29 4.51 9.49 4.34 1.89 1.09 0.65 98.0 2.36 48
04CO-WG-2H 57.3 16.9 7.81 0.18 3.07 4.79 4.58 4.23 1.00 0.14 99.5 1.15 41
04CO-WG-1 55.5 174 8.56 0.19 2.83 5.80 4.00 4.14 1.08 0.50 95.6 3.61 37
04CO-PC-2 56.9 19.2 7.80 0.15 4.59 2.26 4.59 3.37 0.90 0.22 99.4 4.50 51

Notes: Whole-rock major-element abundances for Elkhead Mountains samples were determined by wavelength-dispersive X-ray fluorescence (WD-XRF) at SGS Minerals,
Lakefield, Ontario, Canada. Major-element abundances of other samples were determined by inductively coupled plasma—mass spectrometry (ICP-MS) at Activation Laboratories,
Ancaster, Ontario, Canada. All oxide percentages were renormalized to 100% (anhydrous). Actual analysis totals are reported in “Total” column. Total iron is reported as FeO™.

*Reported totals, anhydrous (less loss on ignition [LOI]).
tMg# calculated using FeO™.

Mountains volcanic field farther to the west (Fig. 2). As a result, we focused
our new investigations on these two areas.

Volcanic rocks of the ca. 26 Ma Rabbit Ears volcanic field are exposed in
a northwest-oriented band that separates the North Park and Middle Park
Basins (Fig. 2). Volcanic rocks here include basaltic- to silicic-composition
lavas flows and pyroclastic rocks, some of which are crosscut by younger
mafic-composition dikes. Basaltic- to intermediate-composition lavas and
near-surface dike samples were obtained from several locations throughout
the Rabbit Ears volcanic complex (Fig. 2). Whole-rock *Ar/*°Ar ages, major- and
trace-element compositions, and Nd and Sr isotopic analyses were obtained
from all of these rocks. Lava flows were sampled from Pete’s Gulch at base

of the volcanic section (PG-11), from higher in the section on the flanks of Elk
Mountain (EM-01, EM-02, EM-03), and from the uppermost lava flows at Corral
Peak (CP-08, CP-09) (lzett, 1966, 1968). The samples have distinctly different
textures, with the Pete’s Gulch sample containing ~3% ol and cpx megacrysts
set in a matrix of finer-grained plagioclase (pl), cpx, and minor bt/phlogopite
(phl). The Elk Mountain samples are aphyric, while the Corral Peak samples
consist of ol and cpx megacrysts and smaller grains set in a medium-grained
matrix dominated by randomly oriented pl laths and minor bt/phl. Bt/phl phe-
nocrysts are absent from the lava flow samples, as is the case for the mafic
dike samples apart from a few corroded grains found in one sample from
Ironclad Mountain (16-CO-IC-04).
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TABLE 3. TRACE-ELEMENT COMPOSITIONS (ppm) OF CRETACEOUS AND YOUNGER VOLCANIC ROCKS, NORTH-CENTRAL COLORADO

Sample Sc V Cr Co Ni Cu Zn Ga Zr Ba Cs Hf Nb Pb Rb Sb Sr Ta Th U Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu (La/Yb)y, Ta/Th
Elkhead Mountains volcanic field

13EHO1 19 150 240 37 162 50 95 20 207 2940 06 6 13 19 38 <01 1530 0.60 4.3 19 19 47 96 12 43 73 21 53 074 39 071 19 02615 022 211 0.14
13EH02 13 101 190 21 157 42 90 18 391 3410 0.2 11 15 26 47 <0.1 2430 <05 6.4 23 16 80164 20 72 10 26 6.1 069 3.3 059 15 0.21 12 0.17 453 -

13EHO3 23 189 330 45 180 56 103 18 140 1650 0.6 4 15 12 27 <0.1 1320 0.80 3.0 14 22 34 70 86 34 6.4 20 58 081 45 088 22 03018 024 129 0.27
13EH04 24 191 300 45 178 55 99 19 137 1430 14 4 15 10 28 <0.1 1250 0.80 29 13 22 32 66 82 32 6.1 19 58 083 44 083 23 0.3220 029 10.8 0.28
13EH09 16 158 250 44 143 40 88 21 164 1990 0.8 5 21 32 30 0.7 912 120 43 19 16 39 78 93 35 6.0 1.8 48 0.63 33 058 15 0.19 12 0.16 22.1 0.28

Rabbit Ears volcanic field

15-CO-EM-01 9 131 <20 19 <20 10 120 21 180 1663 3.1 3.8 45
15-CO-EM-02 9 124 <20 20 <20 <10 120 21 223 1729 1 5.3 49
15-CO-EM-03 10 131 <20 19 <20 10 110 20 145 1798 1.7 3.3 46
16-CO-IC-04 24 248 240 41 100 60 100 18 280 2154 2.3 72 36
16-CO-IC-05 23 247 230 40 100 50 110 19 277 2240 0.8 7 36

26 <02 1441 295 77 20 27 72143 17 66 11 3284 10 53 093 25 03223 030 22 0.38
27 <02 1367 3.06 82 21 27 74148 17 69 12 33 86 12 56 095 26 03522 035 23 0.37
35 <02 1329 298 78 20 26 72144 17 68 12 32 85 11 54 094 26 03322 031 22 0.38
54 <02 1730 194 68 20 26 74151 18 73 13 3489 11 53 088 24 03220 028 25 0.29
63 04 1774 207 72 21 26 77157 19 75 13 33 93 11 54 091 25 03219 033 27 0.29
16-CO-RP-06 23 244 210 40 110 50 110 19 169 1633 1 4 32 31 0.3 1461 197 45 13 23 59120 15 61 11 3.1 80 10 50 081 23 02516 028 25 0.43
16-CO-RP-07 23 243 220 41 120 50 120 19 170 1529 0.6 4 33 34 <02 1446 199 43 12 23 57 118 14 59 11 3.0 78 10 49 082 21 027 16 026 24 0.46
16-CO-CP-08 22 188 220 42 110 40 130 19 120 484 05 3 12 <5 27 <02 572 075 24 06 22 25 55 6.8 29 6.2 19 58 0.84 44 081 22 0.312.0 0.29 8.6 0.32
16-CO-CP-09 23 199 210 43 120 40 120 20 125 508 0.3 33 13 <5 30 <02 523 0.77 26 07 24 25 55 6.8 29 65 19 6.0 087 48 086 24 03421 0.30 82 0.30

01 O1© ©® © © ©

16-CO-EM- 31 288 530 50 200 60 90 16 160 1617 0.7 38 35 5 24 <02 1396 212 64 16 22 70140 17 66 12 33 81 096 48 0.77 21 027 16 022 30 0.33
10-WR
16-CO-EM- 32 293 520 49 190 60 90 16 162 1653 0.8 3.9 35 <5 25 <0.2 1425 204 64 17 22 69138 17 67 12 32 81 10 47 078 21 028 1.7 022 28 0.32
10-NX

16-CO-PG-11 22 272 60 41 500 40 120 21 221 1531 0.6 53 37 7 22 0.4 1344 236 62 19 27 64128 15 61 12 3.1 84 11 56 095 26 03823 033 19 0.38
Windy Gap Volcanic Member, Middle Park Formation

04CO-WG-2A 22 257 <20 27 30 100 140 22 146 994 29 39 19 12 90 <02 1094 12 63 21 2536 72 78 31 6.2 19 51 081 44 082 237 03522 035 11 0.19
04CO-WG-2B 17 207 <20 15 <20 20 100 19 200 1303 0.8 57 27 7 77 1.3 835 129 62 26 21 37 63 6.8 23 47 18 41 065 38 0.75 227 03523 034 1 0.21
04CO-WG-2C 41 310 60 31 40 60 120 20 100 699 15 3 99 8 19 24 690 059 35 07 27 26 55 65 28 6.3 18 56 091 48 0.89 247 0.362.3 0.35 77 017
04CO-WG-2D 28 257 30 17 <20 30 130 21 124 967 0.2 37 13 12 79 38 887 070 3.0 09 20 22 45 54 21 48 18 42 067 37 07 21 03220 029 76 023
04CO-WG-2E 16 135 20 13 <20 30 110 17 191 1156 0.8 49 15 <5 77 33 499 089 57 15 22 29 52 62 21 45 17 41 067 39 0.79 236 0.352.3 0.36 8.6 0.16
04CO-WG-2G 27 307 150 26 60 100 130 22 132 957 2.7 37 17 9 17 04 1022 103 52 10 25 33 68 75 31 6.2 18 54 085 45 0.83 239 03522 034 10 0.20
04CO-WG-2H 17 195 30 20 20 40 120 16 349 1938 0.7 9.9 20 10 76 34 567 124 87 21 21 29 64 75 27 56 17 47 069 3.7 0.71 212 0.332.1 0.30 95 0.14
04CO-WG-1 20 245 <20 20 <20 40 130 21 142 1278 3 39 18 35 71 14 914 112 73 20 21 30 62 75 29 58 19 51 0.70 3.7 0.71 204 03120 029 10 0.15
04CO-PC-2 20 162 <20 16 <20 20 100 24 182 1562 0.6 4.8 20 31 58 1.0 615 143 9.0 18 21 35 65 75 28 53 17 45 066 35 0.72 212 0.3221 030 M 0.16

Reproducibility* 6 7 7 7 32 12 23 2 10 514 21 4 17 2 28 15 9 1 2 19 7 3 3 3 3 4 7 1 3 3 5 2 3 3
Windy Gap Volcanic Member isotope-dilution concentrations?

WG-4 20 873.0 46 78

WG-13 32 1087 56 9.1

WG-17 33 1257 50 8.0

Notes: Whole-rock trace-element abundances (ppm) for Elkhead Mountains samples were determined by inductively coupled plasma—optical emission spectroscopy (ICP-OES) at SGS Minerals, Lakefield, Ontario, Canada.
Other samples were determined by inductively coupled plasma—-mass spectrometry (ICP-MS) at Activation Laboratories, Ancaster, Ontario, Canada, except where otherwise noted. See McDonough and Sun (1995) for (La/Yb)y
normalization.

*Estimated external reproducibility is % of mean standard concentrations measured during study period for data obtained from Activation Laboratories.

flsotope-dilution concentration determinations, performed at University of Colorado at Boulder. External reproducibilities were estimated at ~1% for Rb and Sr, and 0.5% for Sm and Nd. Samples are from Larson and Drexler
(1988).

Mafic dike samples are from erosional remnants exposed in the northwest  in 5%-10% modal abundances in the Ironclad and Ryder Peak samples, but
portions of the volcanic field at Ironclad Mountain and Ryder Peak (16-CO-IC-04,  they constitute up to 25% of sample 16-CO-EM-10. The coarser crystals include
16-CO-IC-05; 16-CO-RP-06, 16-CO-RP-07) and in the central part of the volcanic  ~2-cm-long individual ol and cpx megacrysts, as well as sparse cpx-ol glom-
massif northwest of Elk Mountain (16-CO-EM-10; Fig. 2). These samples are  erocrysts. The dike samples were subjected to electron microprobe analysis
texturally similar to the Pete’s Gulch lava flow and consist of seriate porphyritic ~ and micro-Raman imaging with the intent of determining the origin of the
ol and cpx grains in a pl, cpx = bt/phl matrix. Porphyritic grains are present = megacryst minerals.
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TABLE 4. Sr AND Nd ISOTOPIC COMPOSITIONS OF CRETACEOUS AND YOUNGER VOLCANIC ROCKS, NORTH-CENTRAL COLORADO

Sample 8"Rb/®¢Sr* 87Sr/eeSrt 87Sr/26Sr(t)S “7Sm/'*Nd* 143Nd/“4Nd* 43N/ “4Nd(t)S englf)™
Elkhead Mountains volcanic field

13EHO1 0.072 0.704004 + 10 0.703994 0.1018 0.512185 + 11 0.512178 -8.72
13EH02 0.056 0.704079 + 12 0.704071 0.0867 0.511979 + 10 0.511973 -12.7
13EHO3 0.059 0.704927 + 8 0.704919 0.1135 0.512312 + 7 0.512305 —6.25
13EH04 0.065 0.705977 + 9 0.705968 0.1168 0.512271 + 10 0.512263 —-7.06
13EH09 0.095 0.703883 + 8 0.703870 0.1046 0.512266 + 45 0.512259 —7.14
Rabbit Ears volcanic field

15-CO-EM-01 0.052 0.705186 + 8 0.705166 0.1028 0.512386 + 9 0.512368 —4.60
15-CO-EM-02 0.057 0.703927 + 11 0.703906 0.1043 0.51237 + 18 0.512349 —4.98
16-CO-EM-10-WR 0.050 0.704320 + 12 0.704303 0.1072 0.512443 + 63 0.512427 -3.52
16-CO-EM-10-NX 0.051 0.704347 + 16 0.704330 0.1053

16-CO-IC-04 0.090 0.705017 + 19 0.704984 0.1105 0.512281 + 19 0.512264 —6.65
16-CO-IC-05 0.103 0.704811 + 14 0.704774 0.1097 0.512258 + 9 0.512241 -710
16-CO-RP-06 0.061 0.704319 + 12 0.704297 0.1298 0.512386 + 18 0.512368 —4.63
16-CO-RP-07 0.068 0.704396 + 37 0.704372 0.1350 0.512377 + 32 0.512360 —4.80
16-CO-CP-08 0.136 0.705990 + 13 0.705944 0.1068 n.d.

16-CO-CP-09 0.166 0.706081 + 8 0.706025 0.1061 0.512339 + 24 0.512319 -5.62
16-CO-PG-11 0.047 0.704562 + 8 0.704544 0.1147 0.512379 + 19 0.512360 —4.74
Windy Gap Volcanic Member, Middle Park Formation

04CO-WG-2A 0.004 0.704884 + 12 0.704862 0.1202 0.512328 + 13 0.512277 -5.39
04CO-WG-2B 0.003 0.706381 + 10 0.706133 0.1220 0.512008 + 14 0.511960 -11.6
04CO-WG-2C 0.008 0.705125 + 13 0.705049 0.1361 0.512292 + 23 0.512236 —6.19
04CO-WG-2D 0.004 0.705373 + 1 0.705149 0.1387 0.512273 + 20 0.512219 —6.52
04CO-WG-2E 0.009 0.706349 + 12 0.705938 0.1284 0.512074 + 14 0.512022 -10.4
04CO-WG-2G 0.005 0.704902 + 14 0.704858 0.1238 0.512328 + 13 0.512276 -5.41
04CO-WG-2H 0.006 0.707132 + 15 0.706788 0.1262 0.511936 + 12 0.511885 -13.0
04CO-WG-1 0.007 0.706154 + 14 0.705943 0.1198 0.512247 + 14 0.512197 —6.95
04CO-PC-2 0.007 0.707432 + 8 0.707183 0.1138 0.512041 + 15 0.511992 -10.9
WG-41t 0.065 0.705189 + 9 0.705132 0.1017 0.512262 + 15 0.512220 —6.58
WG-13tt 0.086 0.705058 + 9 0.704982 0.0974 0.512337 + 14 0.512297 —5.08
WG-171t 0.071 0.705190 + 8 0.705123 0.0976 0.512424 + 11 0.512384 -3.38

Notes: Total procedural blanks averaged ~1 ng for Sr and 100 pg for Nd during the study period.
*Ratios calculated from inductively coupled plasma—mass spectrometry (ICP-MS) concentration determination listed in Table 2, except for WG samples, which are from isotope-

dilution determinations presented in Table 3.

TMeasured ®’Sr¢Sr ratios were analyzed using four-collector static mode measurements. Errors are 2¢ of mean and refer to last two digits of the 87Sr®Sr ratio.
SInitial isotopic compositions calculated using ages given in Table 1, with the exception of Windy Gap WG samples, which were calculated at 62.5 Ma.
#Measured “*Nd/"“Nd normalized to "“*Nd/'*Nd = 0.7219. Samples were analyzed using dynamic mode three-collector measurements.

**guq Values calculated using present-day *3Nd/"*“Nd(CHUR) = 0.512638, where CHUR indicates calculation relative to chondritic uniform reservoir.

ttBasalt cobbles from Larson and Drexler (1988).

The Miocene Elkhead Mountains volcanic field is located west of the Park
Range, extending to the Wyoming border, and it includes a series of eroded
volcanic centers, sills, and lava flows including bt-bearing minettes (Fig. 2; Leat
et al., 1988b). Regional K-Ar ages indicate volcanism in the Elkhead Mountains
occurred between 11.1 Ma and 7.6 Ma (Luedke and Smith, 1978). Sample 13EH01
is a basaltic dike intruding Miocene sediments at Sugarloaf Mountain with fresh
ol phenocrysts in a fine-grained matrix of pl and iron oxides. Sample 13EH02 is
an ol-bearing trachyandesite (minette) containing fresh bt set in a fine-grained

groundmass of pl, cpx, and iron oxides. This sample was collected from an
outcrop of columnar basalts along Slater Creek Road. Samples 13EH03 and
13EHO04 are trachybasalts collected from a thick sequence of lava flows along
Slater Creek Road. Both samples contain partially replaced ol (iddingsite) within
a groundmass of pl, cpx, and iron oxides. Sample 13EH09 is trachybasaltic
andesite collected from a thick (~20 m) lava flow on the west side of Hooker
Mountain. This sample contains ol phenocrysts largely replaced with smaller
cpx and bt phenocrysts in groundmass of pl and iron oxides.
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B ANALYTICAL TECHNIQUES

“Arf*Ar Age Determinations

Whole-rock fragments of volcanic rock ~1-1.7 mm in diameter were
obtained by crushing, washing in deionized water, and handpicking for “Ar/**Ar
analysis. The washed samples were loaded into Al discs along with the neutron
flux monitor Fish Canyon sanidine. Discs were wrapped in Al foil and sealed
under vacuum in a quartz glass vial, which was wrapped in Cd foil. Two sep-
arate packages for the Elkhead and Rabbit Ears samples, respectively, were
irradiated at the U.S. Geological Survey (USGS) TRIGA reactor.

Samples and standards were analyzed on a Thermo Scientific ARGUS VI
mass spectrometer at the USGS Argon Geochronology Laboratory in Denver,
Colorado. Gas release was accomplished by heating using a Photon Machines
50 W CO, laser. Noble gas purification was achieved with SAES getters and
a cryogenic trap. Argon isotopes were detected using four Faraday detectors
(4°Ar, °Ar, ®Ar, and ¥’Ar) and one ion counter (*Ar), and measured abundances
were determined using the MassSpec software package (authored by Al Deino,
Berkeley Geochronology Center, Berkeley, California, USA). Background mea-
surements were run every 3-5 analyses; argon isotopic backgrounds were
determined by fitting data with a weighted mean + 1c. Discrimination and
detector intercalibration factors were determined via measurements of three air
pipettes approximately twice per day, using the atmospheric “°Ar/*¢Ar value of
Lee et al. (2006). Samples were co-irradiated with Fish Canyon sanidine (FCs),
and ages were calculated using an age for FCs of 28.201 + 0.023 Ma (10) (Kuiper
et al., 2008). Decay constants used were those of Min et al. (2000) for “°K and
Stoenner et al. (1965) for ¥Ar and **Ar. Nuclear interference production ratios
for (*Ar/*Ar)y, ((°Ar/’Ar)c,, and (*Ar/*’Ar)., were based on measurements of
potassium-rich glass and CaF, co-irradiated with samples; values used were
0.0015105 + 0.0006117, 0.0002673 + 8.139000e-7, and 0.000754 + 0.0000375,
respectively. Other interferences were corrected using values for Cd-shielded
fission-spectrum neutrons from Renne et al. (2005).

Whole-Rock Major-Element and Trace-Element Compositions and
Nd and Sr Isotopic Analyses

Whole-rock major-element and trace-element determinations from the Elk-
head Mountains volcanic field were obtained by wavelength-dispersive X-ray
fluorescence spectroscopy (WD-XRF) and inductively coupled plasma-optical
emission spectrometry (ICP-OES), respectively, at SGS Minerals, Lakefield,
Ontario, Canada (Tables 2 and 3). Major- and trace-element data from Rabbit
Ears volcanic field and Windy Gap Volcanic Member were obtained com-
mercially by ICP-OES and ICP-mass spectrometry (ICP-MS), respectively, at
Activation Laboratories, Ltd., Ancaster, Ontario (Tables 2 and 3).

Sr and Nd isotopic analyses were obtained from powdered whole-
rock samples that were first dissolved in open containers in hydrofluoric
and perchloric acids. Residues from the initial dissolutions were heated in

hydrofluoric and nitric acids in sealed Teflon® containers until complete disso-
lution was achieved. Sr and rare earth elements (REEs) were then separated
from the dissolved rock samples using Eichrom® Sr resin and Eichrom® TRU
resin, respectively, using low-molarity nitric acid in % inch (0.6 cm) inner
diameter (ID) polytetrafluoroethylene (PTFE) columns (Pin et al., 1994). Nd
was isolated from the REE concentrates using Eichrom® Ln resin in silica glass
columns (3 mm ID, 14 cm long) with low-molarity hydrochloric acid (Pin et al.,
1994). All isotopic analyses were completed at the Thermal lonization Mass
Spectrometry Laboratory at the University of Colorado, Boulder, Colorado,
using an extensively refurbished Finnigan-MAT six collector solid source
mass spectrometer (Table 4). Eight measurements of SRM-987 strontium
isotopic standard during the study period yielded a mean value of 8Sr/%Sr =
0.71029 + 2 (26 mean). Seven measurements of the La Jolla Nd standard
during the study period yielded a mean value of “*Nd/"*Nd = 0.511835 + 8
(206 mean).

Electron Microprobe Mineral Analyses

Compositional data from ol megacrysts from Elk Mountain, Ryder Peak,
and Ironclad Peak, and cpx megacrysts from Ryder Peak, at the Rabbit Ears
volcanic field, were acquired with a JEOL 8230 electron microprobe housed
in the Department of Geological Science at the University of Colorado at
Boulder. The instrument is equipped with five tunable wavelength-dispersive
spectrometers. Analyses were obtained using 15 keV accelerating poten-
tial, a 10 nA beam current, and a 2-um-diameter beam. Peak counting times
were 30 s, and off-peak counting times were 15 s. The off-peak correction
utilized a linear background model for all elements. Standards consisted of
suite of natural silicate minerals and oxides from Astimex, Inc. All data were
dead-time corrected and reduced with a ZAF matrix correction algorithm that
employed mass absorption coefficients sourced from the FFAST database
(Chantler et al., 2005).

Micro-Raman Spectroscopy

Raman hyperspectral maps of petrographic thin sections from sample
16-CO-EM-10 from Elk Mountain, at the Rabbit Ears volcanic field, were
obtained at the Raman Microspectroscopy Laboratory, Department of Geo-
logical Sciences, University of Colorado at Boulder, using a Horiba LabRam
HR Evolution Raman spectrometer. A 532 nm laser was focused onto the
sample surface, forming an ~2 pm spot with ~29 mW laser power. The sample
was mapped with 2 um step sizes and 1-3 s total acquisition time per pixel.
Hyperspectral map data sets were background corrected using polynomial
baseline subtraction. Mineralogy maps were generated using classical least
squares fitting, with end-member spectra selected from within the data set by
averaging areas containing homogeneous spectra. The end-member spectra
were identified by matching the results with spectra in the RRUFF™ Project
database (https://rruff.info; Lafuente et al., 2015).
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B RESULTS

“Arf*Ar Age Determinations

Whole-rock “°Ar/*°Ar plateau and 3Ar/*°Ar versus °Ar/*°Ar isochron ages
for samples from the Elkhead Mountains and Rabbit Ears volcanic fields are
summarized in Table 1, with more detailed analytical information available
in Mercer et al. (2024) and in Supplemental Material File S2. Preferred ages
generally correspond to analyses with mean square of weighted deviates
(MSWD) values between 0.5 and 2.5. For most samples, the plateau and iso-
chron ages are identical within analytical errors, except for sample PG-11 from
the Rabbit Ears volcanic field, for which the plateau age was selected. Individ-
ual isochrons and release spectra for the Rabbit Ears samples are available in
Supplemental Material File S3.

Ages of basalts and trachybasaltic andesites from the Rabbit Ears volca-
nic field range from 23.4 Ma to 27.3 Ma. The stratigraphically lowest sample
from Pete’s Gulch (PG-11) has the oldest age (27.3 + 0.4 Ma), and lava from
the stratigraphically highest level sampled, at Corral Peak (CP-08), has the
youngest age (23.4 + 0.3 Ma). The other lava samples (EM-01-03) from within
volcanic succession have indistinguishable ages at an average value of ca.
26.2 Ma, which are also consistent with their position in the volcanic stra-
tigraphy. Dike samples from Ironclad Mountain (16-CO-IC-04, 16-CO-IC05),
Ryder Peak (16-CO-RP-06, 16-CO-RP-07), and from northwest of Elk Mountain
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= r Le*"Sub- E
TBA AN i
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Figure 4. Whole-rock K,O + Na,O vs. SiO, (wt%; total alkali-silica) diagram
for samples analyzed in this study. Fields for mafic to intermediate com-
positions volcanic rocks from Table Mountain and Yampa from Cosca et
al. (2014) and Millikin et al. (2018). Classification scheme is from Le Maitre
(1989). TB—trachybasalt; TBA —trachybasaltic andesite; TA—trachyandes-
ite. Dashed line separating alkaline from subalkaline volcanic rocks is from
Irvine and Baragar (1971). L&D —Larson and Drexler (1988).

(16-CO-EM-10) have similar ages ranging from 25.4 Ma to 25.5 Ma. Overall,
these data indicate that the Rabbits Ears volcanic field was active for ~4 m.y.
between 27 Ma and 23 Ma.

Mafic lavas from the Elkhead Mountains volcanic field have “°Ar/**Ar ages
ranging from 13.6 Ma to 11.4 Ma. The sample with the oldest age (13EH03) has
a “*Ar/Ar plateau age of 13.61 + 0.5 Ma, and the youngest sample (13EH02)
has a “°Ar/*Ar plateau age of 11.44 + 0.01 Ma. The Elkhead Mountain samples
generally have similar “Ar/*Ar plateau and 3°Ar/*°Ar versus *¢Ar/*Ar isochron
ages, except for sample 13EH04, which had trapped argon of nonatmospheric
values and did not yield a “°Ar/**Ar plateau but yielded a *Ar/*°Ar versus 3¢Ar/*Ar
isochron age of 15.7 + 0.2 Ma.

Whole-Rock Major- and Trace-Element Compositions and
Isotopic Compositions

Major-element compositions for the Rabbit Ears volcanic field samples
are all alkalic and range from basalt and trachybasalt to trachybasaltic andes-
ite (Table 2; Fig. 4). The most mafic rocks are the three dike samples (Mg# =
57-67; Table 2). Samples from the Windy Gap Volcanic Member and from the
Elkhead Mountains volcanic field are also alkalic and range from trachybasalts
to trachyandesites (Table 2; Fig. 4). Major-element abundances generally over-
lap for samples from all three localities, except that samples from the Rabbit
Ears volcanic field have higher wt% TiO, (1.5% to 2.5%) and wt% P,05 (0.4% to
1.3%) at any given wt% MgO (Fig. 5). Most of the Elkhead Mountains samples
have wt% TiO, (~1.5%) intermediate between the Rabbit Ears volcanic field
and Windy Gap Volcanic Member values.

All the analyzed rocks are enriched in light REEs (LREEs), although most
samples from the Rabbit Ears and Elkhead Mountains volcanic fields have
higher (La/Yb)y values (average ~22) than those from the Windy Gap Volca-
nic Member (average [La/Yb]y~10) (Table 3; Figs. 6A-6C). All samples have
similar heavy REE (HREE) abundances. The Windy Gap Volcanic Member
and Elkhead Mountains volcanic field samples have overall trace-element
abundances characterized by pronounced relative Nb and Ta depletions
on a normalized trace-element plot and positive spikes in normalized Pb
abundances (Figs. 7A-7B). The Rabbit Ears volcanic field samples, in con-
trast, have higher Nb and Ta abundances, consistent with their higher wt%
TiO,, and they lack prominent, positive normalized Pb abundance anomalies
(Figs. 5 and 7C).

The most mafic samples (wt% MgO > ~7; Mg# = 52-67) from all three
localities have similar gy,(1) values that range from -3.5 to 7.1 independent
of eruptive age (Table 4; Figs. 8A and 9). The remaining samples also have
Nd isotopic compositions in this range, except for several samples with wt%
MgO <~6 from the Windy Gap Volcanic Member and Elkhead Mountains that
have lower gy4(t) values from —-10.4 to —13 (Fig. 8A). Initial #Sr/%Sr values for
samples from both the Rabbit Ears and Elkhead Mountains volcanic fields
vary from ~0.7039 to ~0.7060, independent of the bulk or Nd isotopic compo-
sitions. Initial 8’Sr/%Sr values for the Windy Gap Volcanic Member samples
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are also variable but range to values as high as 0.7072 for the lower wt% MgO
samples (Figs. 8B and 9).

Dike Sample Micro-Raman Petrography and Mineral Chemistry

Olivine megacrysts from the Elk Mountain dike (sample 06CO-EM-10) have
Mg# ranging from 89 to 76 with Ca contents that range from 1200 ppm to 1500
ppm (Fig. 10A). Megacryst rims and smaller ol phenocrysts have lower Mg#
(78-75) and range to higher Ca contents, ranging from 1500 ppm to 2600 ppm,

which increase with decreasing Mg#. Olivine megacrysts from Ryder Peak
and Ironclad Mountain localities fall on these same compositional trends, but
the Ryder Peak grains with the lowest Ca content (1300 ppm) have forsterite
contents from 80% to 82% (Fog,_g,), and Ironclad Mountain samples have Fo,
(Supplemental Material File S4). Clinopyroxene megacrysts from the Ryder
Peak dike samples are low Cr (<0.5 wt% Cr,0;) diopsides (Fig. 10B). Rims
on the diopside grains generally have higher wollastonite (Wo) components,
lower wt% CaO and wt% Al,O,, and higher wt% FeO than their cores (Figs.
10B and 10C).
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Figure 6. Chondrite-normalized rare earth element patterns for vol-
canic rocks from: (A) Windy Gap volcanic member, (B) Elkhead
Mountains volcanic field (V.F), and (C) Rabbit Ears volcanic field.
Normalization values are from McDonough and Sun (1995).
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and trace-element patterns similar to those of island-arc basalts, including low
Olivine A large ion lithophile element (LILE)/high field strength element (HFSE) values
3000 and high relative Pb abundances (Kelemen et al., 2014; see also Figs. 6-9).
These characteristics apply even to the most compositionally primitive sample
A Elk Min, (highest wt% MgO ~6.5; 04CO-WG-2C), which is the sample that most closely
A Ironclad Mtn approximates the composition of primary mantle-derived melts generated
v Ryder Peak during the Laramide orogeny. The isotopic and trace-element compositions
of the Windy Gap volcanic cobbles also resemble those of the Table Moun-
tain shoshonitic lava flows (Millikin et al., 2018; Musselman, 1987), which
Herring Park suggests that mafic magmas generated in the northeastern portion of the
+ O Megacryst Colorado Mineral Belt had these characteristics in common. It is not possible
-+ Peridotite Xenolith to demonstrate that similar mafic magmatism affected the remainder of the
Colorado Mineral Belt because so few Laramide-age volcanic rocks are pre-
served elsewhere (Mutschler et al., 1987), but some Late Cretaceous to early
Cenozoic Colorado Mineral Belt silicic intrusive rocks bear evidence that mafic
- magmatism was involved in their generation. For example, the ca. 67 Ma
Clinopyroxene ) B Whitehorn granodiorite in the Mosquito Range in central Colorado (Fig. 1) con-
50, 10 nmle. [ 3 f Fs tains abundant mafic enclaves and is bordered by an extensive syenogabbro
/ S \ lithologic unit (Abbey et al., 2018; Wrucke, 1974). These mafic lithologies are
wo 49 R Augite consistent with the possibility that mafic, presumably mantle-derived, magmas
30 were generally present throughout the Colorado Mineral Belt, even if the silicic
igneous rocks that delineate the Colorado Mineral Belt today were themselves
En the products of lower-crustal anatexis (Stein and Crock, 1990).
The data from the post-40 Ma volcanic rocks demonstrate that high-
C magnesium (>8 wt% MgO), mantle-derived rocks occur in both the Elkhead
| - * E%Emjzmt and Rabbit Ears volcanic fields, as in other extension-related volcanic areas in
N A cores north-central Colorado (Gibson et al., 1991; Leat et al., 1988a). In addition, the
+++ + . f U:g;rme — new eruptive ages from the Rabbit Ears volcanic field confirm that a hiatus of
6 ++ +F (worldwide) ~30 m.y. separated the older syncompressional and younger synextensional
mafic volcanism in this region (Fig. 3D).
N _ Where and why mantle melting occurred during the two volcanic episodes
L %ﬁtﬁ&@ﬂﬁg i remains to be established. The new and previously published compositional
+ + TAAA data indicate that mafic volcanic rocks throughout this region have similar
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0 . | . | wehrlitd cpx | | . | to 0.707, regardless of age (Figs. 4, 8, and 9). However, rocks from the two
0 2 4 6 8 10 episodes have consistently different whole-rock trace-element compositions.

FeOr (wt%) The Laramide volcanic rocks all have high LILE/HFSE values; low chondrite-nor-
malized La/Yb values ([La/Yb]y ~20); prominent spikes in Pb contents; and low
Ta, Nb, and Ti abundances on normalized trace-element plots (Figs. 7 and
12). These rocks can be classified as low Ta/Th group (<0.2) volcanic rocks, a

Figure 10. Megacryst compositions from Rabbit Ears volcanic field.
(A) Ca (ppm) vs. olivine (Ol) forsterite (Fo) contents for megacrysts

and matrix olivine grains from Rabbit Ears volcanic field (V.F) and compositional grouping recognized for mafic volcanic rocks throughout south-
for olivine in wehrlite from North China (NC) craton from Lin et al. western North America as described in more detail below (Fig. 13; Farmer et
(2020). (B) Clinopyroxene (cpx) megacryst compositions plotted on al., 2020). Post-40 Ma mafic rocks, including those from the Rabbit Ears vol-

pyroxene quadrilateral diagram (Wo—wollastonite; En —enstatite; . . . .
Di— diopside). (C) Clinopyroxene CaO/ALO, (wt%) vs. FeOr (wt%). canic field, have higher HFSE abundances, higher and more variable (La/Yb)

Compositions of wehrlite clinopyroxene worldwide are from Aul- (~10-40), lower Pb contents, and higher and more variable Ta/Th values. The
bach et al. (2020). contrasts between the two volcanic episodes are reinforced by consideration
of published data from both volcanic episodes, which clearly demonstrate
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field are from Feeley and Cosca (2003), Feeley et al. (2002), and Lindsay
and Feeley (2003), and data for Sliderock Mountain, Montana, are from
Farmer (2022).

Y Ol lamproite

the higher variances in Ta/Th and (La/Yb), values of the post-40 Ma volcanic  tectonic setting. However, such a conclusion requires that the different chemical

rocks (Figs. 12-15). The main exceptions are the volcanic rocks from the Elk-
head Mountains volcanic field, which have low Ta/Th values similar to older
volcanic rocks but the higher (La/Yb), values (~22 vs. ~10) characteristic of the
younger volcanic rocks (Figs. 6, 7, 12, and 13).

The compositional differences between pre- and post-40 Ma mafic volca-
nic rocks suggest that the mantle sources of Cretaceous and younger mafic
magmatism in north-central Colorado were isotopically similar but imparted
different trace-element characteristics to mafic melts as a function of time and

characteristics of these rocks were inherited from their mafic parental melts and
were not imposed by crustal contamination during their ascent to the surface.

Role of Crustal Contamination

Assessing the role of crustal contamination is complicated by postemplace-
ment alteration of our samples as evidenced by high loss on ignition (LOI) values
(<4.6%; Table 2). Alteration could have modified the whole rock wt% P,0¢/wt%

T T | T | T
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B ; Cenozoic volcanic rocks in SWNA 7| @ Windy Gap
1.0 / Rabbit Ears Range
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L ¥ belong to low Ta/Th Figure 13. Whole-rock Ta/Th vs. eruptive age for <65 wt% SiO, Ceno-
& L + + (<0.2) group Y Ol lamproite zoic volcanic rocks in northern Colorado (CO), Wyoming (WY), and
| ; . SW Montana (MT), USA. Data are from sources compiled in Farmer et
05 + * / ] X al. (2020) and in references listed in Figure 12. SWNA —southwestern
4:; o 4 ) | 0 Sliderock V.F. (MT) North America; V.F.—volcanic field; Ol—olivine.
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Figure 14. (A-C) Whole-rock P,0./K,0 (P/K; wt%) vs. Ta/Th (A), ex,(t) (B), and ®’Sr/®Sr(t)
(C) for north-central Colorado (CO), USA, volcanic rocks. Simple mixing curves are shown
for mixing of average high Ta/Th basalts in southwestern North America (Farmer et al.,
2020) and from a representative sample from the Rabbit Ears volcanic field (06CO-PG-11)
vs. silicic anatectic melts identified in Never Summer volcanic field (Jacob et al., 2015).
Tick marks are 10% increments in mass of silicic end member in mixtures. L&D —Larson
and Drexler (1988); OIB—ocean-island basalt; CLM —continental lithospheric mantle.

K,O value (hereafter referred to as P/K value), which is a commonly used index
of upper-crustal contamination, considering that phosphorus and potassium
are mobile in mafic volcanic rocks during low-temperature weathering (Carl-
son and Hart, 1987; Horton, 2015; Eggleton et al., 1987). In contrast, Nd, Ta, and
Th are relatively immobile during surficial basalt weathering, and alteration
should have little effect on whole-rock Nd isotopic compositions or Ta/Th values
(Aiuppa et al., 2000; Kurtz et al., 2000). In the following paragraphs, we empha-
size the use of both of these parameters in addressing crustal contamination.

Assimilation of local intermediate- to felsic-composition Paleoproterozoic
crust in north-central Colorado by ascending asthenosphere-derived mafic
magmas produced solely by upwelling and decompression melting should
result in volcanic rock suites in which gy(t) and Ta/Ta values decrease and
87Sr/%8Sr(t) values increase with decreasing P/K or wt% MgO (Fig. 14; Carlson
and Hart, 1987; Farmer et al., 2020). We base this assertion on low g,4(28 Ma)
values of Precambrian upper crust in northern Colorado (<-10; DePaolo, 1981),
and on the high Ta/Th values, high g(t) values (>0), and high P/K values (~0.4)
of asthenosphere-derived late Cenozoic basalts found elsewhere in southwest-
ern North America, including those in the southern Rio Grande rift directly
south of our field area (Farmer et al., 2020). The lack of consistent variation
between whole-rock bulk compositions of our samples and Ta/Th or gy4(1)
values argues against the possibility that their parental magmas interacted
significantly with the upper crust (Fig. 14). The only possible exceptions are
the lowest P/K volcanic rocks from the Laramide Windy Gap Volcanic Member,
which have lower gy(t) and higher Sr/%Sr(t) values than the rest of the rocks
analyzed from this unit.

Interaction between lower continental crust and asthenosphere-derived
mafic magmas is also possible, and in north-central Colorado, the lower crust
is known to consist of a 15-km-thick section of mafic granulites, based on
crustal xenolith populations found in the State Line diatremes (Bradley and
McCallum, 1984). Further, geochemical studies of ca. 28 Ma shallow mafic- to
silicic-composition igneous rocks in Braddock Peak igneous complex, just to
the east of the Rabbit Ears volcanic field (Fig. 2), show that interaction between
the lower crust and ascending mafic melts did occur but via mixing between
these melts and near-contemporaneous silicic-composition melts that were
themselves either directly or indirectly the products of anatexis of mafic lower
continental crust (Jacob et al., 2015). We restrict our assessment of potential
lower-crustal interaction to processes consistent with these observations. For
example, simple mixing between asthenosphere-derived melts and anatectic
melts of local, mafic continental crust produces steep arrays in Sr and Nd iso-
topic compositions and Ta/Th versus P/K, unlike the modest changes in these
parameters observed for most of our samples of the Laramide orogeny and
post-40 Ma volcanic rocks (Fig. 14). Shallower arrays akin to those observed in
our data set can be generated by mixing between the silicic-composition melts
and mafic melts if the latter are already characterized by low gy,(t) values and
high P/K values similar in composition to the most mafic volcanic rocks in the
Laramide and post-40 Ma volcanic episodes (Fig. 14). However, these arrays
do not require crustal interaction. The arrays are essentially indistinguishable
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from those produced by crystal fractionation in a system closed to crustal
interaction, if, for example, a phosphorus-rich phase, such as apatite, were
removed from the mafic parental melts during differentiation (Farmer et al.,
2020). Overall, we conclude that, with the exception of the lowest P/K sam-
ples, the younger and older volcanic rock suites have retained the chemical
and isotopic compositions of their parental magmas, unmodified by crustal
interaction during ascent and eruption.

Magmatic Models

Our main concern is to determine how mantle melting was generated
periodically in an area underlain by Precambrian lithosphere that had been
previously amagmatic over a billion years and that extended to depths as great
as 200 km prior to the Laramide orogeny. Several general observations are
useful in developing plausible models of mantle melt generation. First, low
gnq(t) values for continental basalts in southwestern North America are gen-
erally attributed to melting or extensive interaction with low gy,(t) ultramafic
lithologies in the continental lithospheric mantle (Farmer, 2022; Menzies et
al., 1983). We interpret the Nd isotopic composition of mafic volcanic rocks
in north-central Colorado in a similar fashion—a conclusion that is supported
by the Nd isotopic compositions of fertile, LREE-enriched Paleoproterozoic
garnet peridotites from the State Line kimberlites, which also have low g,4(28
Ma) values ranging from ~0 to values as low ~-3 (Fig. 9; Carlson et al., 2004).
Given the proximity of north-central Colorado to the southern margin of the
Archean Wyoming craton (Fig. 1), it is also possible that lower g(t) values
(<-10) observed for a few of our analyzed rocks, such as those from the Elk-
head Mountains volcanic field (Fig. 9), were inherited from Archean continental
lithospheric mantle with lower g,. A source in Archean continental lithospheric

mantle has been proposed for late Cenozoic lamproites in the Leucite Hills just
northwest of our study area in the Wyoming craton of southern Wyoming (Fig.
3D) to account for gy,(t) values ranging from -10 to ~-18 (Fig. 9; Mirnejad and
Bell, 2006). With our limited data set, we cannot further address the possibility
that Archean lithosphere extends beneath portions of north-central Colorado,
although previous workers have suggested from xenoliths in the northernmost
State Line diatremes that the base of the continental lithospheric mantle in this
region is Archean in age (Eggler et al., 1988), and a 33 Ma olivine lamproite in
north-central Colorado has a Nd isotopic composition similar to those of its
Leucite Hills counterparts (Figs. 2 and 9; Thompson et al., 1997).

Second, select trace-element abundances of mafic volcanic rocks from
both igneous episodes require residual garnet in their mantle sources. This
constraint can be illustrated by combined whole-rock (La/Tb), values and Sc
abundances, because both parameters are affected by the preferential incor-
poration of HREEs into residual garnet (Fig. 15; Chassé et al., 2018; Wood et al.,
2013). Robust forward modeling of melting of continental lithospheric mantle
beneath north-central Colorado is handicapped by the lack of comprehensive
trace-element data from the State Line xenoliths, but published REE patterns
for both garnet and spinel peridotites do exist (Eggler et al., 1988). The latter
suggest that most peridotites have low, approximately chondrite, REE abun-
dances and (La/Yb), values of ~1. Using these estimated REE concentrations
along with whole-rock Sc abundances in the range expected for the upper
mantle worldwide (9-22 ppm; Chassé et al., 2018) and representative peri-
dotite mineral modes for the continental lithospheric mantle from xenoliths
in the State Line kimberlites (Florence, 1986), and applying nonmodal melt-
ing models of spinel and garnet peridotite from the literature (Kinzler, 1997;
Walter, 1998), we can generate estimated (La/Yb), and Sc abundances of par-
tial melts of continental lithospheric mantle spinel and garnet peridotite (see
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Supplemental Material File S5 for more detail on model parameters). These
calculations indicate that partial melting of spinel peridotite produces lower
(La/Yb)y and higher Sc abundances (>30 ppm) than observed in our samples. In
contrast, melting in the garnet peridotite stability field, with garnet as a resid-
ual phase, results in high (La/Yb), (>10) and lower Sc abundances (<30 ppm),
matching the characteristics of both the Laramide and post-40 Ma volcanic
rocks. At near-solidus temperatures, garnet peridotite is only stable in the upper
mantle at depths of 75 km or more, which gains significance in the face of
the xenolith evidence showing that the pre-Laramide continental lithospheric
mantle extended to depths of at least 200 km. Even if thinned by a factor of two
through the course of the Cenozoic, this keel should still restrict any mantle
melting to peridotites in the garnet stability field, whether melting occurs in the
asthenosphere or at the base of the overlying continental lithospheric mantle.
The trace-element data from both volcanic episodes support this expectation.
The higher (La/Yb), of the post-40 Ma rocks may also be significant because
(La/Yb), values increase with decreasing extent of partial melting for a given
mantle composition (Fig. 14), and models for the origin of the mafic magma-
tism must also take this observation into account.

Finally, models for the generation of the magmatism must account for not
only the chemical differences between mafic rocks, but also for the 30 m.y.
hiatus that separates the two magmatic episodes. For this reason, we do not
consider models that invoke an ad hoc increase in the potential temperature
of the asthenosphere impinging on the base of the preexisting continental
lithospheric mantle (e.g., a plume) starting in the Late Cretaceous. Given the
thickness of the lithosphere, melting in the upwelling asthenosphere would
likely be suppressed, although melting of the base of the continental litho-
spheric mantle could be triggered in this fashion. However, “instantaneous”
basal heating of, and subsequent conductive heat transport through, the con-
tinental lithospheric mantle provides no obvious explanation for the 65 m.y.
duration of mafic magmatism, punctuated by a 30-m.y.-long hiatus, or an
explanation for the distinctly different trace-element compositions of the Lar-
amide and post-40 Ma volcanic rocks.

Relationship to Regional Volcanism in Southwestern North America

Our approach to modeling magma generation in north-central Colorado
is to consider these volcanic rocks in the context of extant models for Late
Cretaceous and younger magmatism developed elsewhere in southwestern
North America, particularly in the southern Basin and Range and the southern
Rio Grande rift, which are also areas underlain by Paleoproterozoic continental
lithosphere (Fig. 1; Whitmeyer and Karlstrom, 2007). In these regions, Lara-
mide magmatism occurs as a roughly NW-SE-trending belt as far inboard as
southernmost New Mexico by ca. 75 Ma (Fig. 1), at which time the magmatism
apparently migrated back toward the west (Gilmer et al., 2003; Valencia-Moreno
et al., 2017; Gonzalez-Ledn et al., 2017; Amato et al., 2017). This contrasts
with areas immediately to the north, in northern Arizona (USA), New Mexico
(USA), and Colorado, where Laramide magmatism was sparse and is mainly

represented by the Colorado Mineral Belt (Axen et al., 2018). The southern
Basin and Range was then affected by regional a mid-Cenozoic intermediate-
to silicic-composition ignimbrite flareup (Lipman and Glazner, 1991) and by
the ongoing late Cenozoic, dominantly basaltic, volcanism accompanying
lithospheric extension throughout the Basin and Range Province and the Rio
Grande rift (Leeman and Rogers, 1970; Baldridge et al., 1995).

A large chemical and isotopic data set is available for volcanic rocks in the
southern Basin and Range that provides the basis for detailed models for the
origin of space-time-composition patterns in magmatism (Coney and Reyn-
olds, 1977; Glazner, 2022). A useful method of distilling these data, however,
is through the relative abundances of Ta and Th, which allow transitions in the
compositions of volcanism to be clearly recognized (Farmer et al., 2020). These
two elements were chosen for this purpose because they are two of only a few
trace elements that are concentrated in the accessory mineral “carrier phases”
that can precipitate from aqueous fluids ascending and cooling in continental
lithospheric mantle undergoing modal metasomatism: Ta in titanate phases,
such as rutile, and Th into the phosphate phase apatite. This is relevant because
of the growing evidence that the deep continental lithosphere in inboard areas
of southwestern North America underwent extensive aqueous metasomatism
coincident with the Laramide orogeny by fluids derived from dewatering of
shallowly subducted oceanic lithosphere of the Farallon plate (Apen et al., 2024;
Butcher et al., 2017). Hydration of the continental lithospheric mantle in this fash-
ion would lower the mantle solidus temperature, but cooling by the subducted
plate would suppress in situ melting of the metasomatized continental litho-
spheric mantle until such time as the oceanic lithosphere was removed from the
base of the lithosphere, and the continental lithospheric mantle was reheated
by upwelling asthenosphere (Farmer et al., 2008). Mafic melts derived from
continental lithospheric mantle in which metasomatic rutile (rt) + ap phases
have precipitated can be recognized because both carrier phases are solidus
phases that deliver their full complement of these elements to melts gener
ated as the metasomatized continental lithospheric mantle is heated. Cenozoic
volcanic rocks with variable Ta/Th ranging from 0.2 to 0.6 are common in the
southern Basin and Range and include Southern Cordillera Basaltic Andesites
(Cameron et al., 1989), which are interpreted as the products of partial melting
of metasomatized continental lithospheric mantle (Farmer et al., 2020). These
rocks likely owe their variable and “intermediate” Ta/Th values (and their rel-
atively high and variable wt% TiO, and wt% P,0; values) to variations in the
masses of accessory carrier phases originally present in their metasomatized
mantle source rocks (Farmer et al., 2020).

A critical feature for our purposes is that “intermediate”-Ta/Th group vol-
canic rocks in many locations were emplaced following “low”-Ta/Th basaltic
volcanism (Ta/Th £0.2) and, in some regions, preceded younger, “high”-Ta/Th
group volcanism (Ta/Th ~ 1). Low Ta/Th group rocks, such as Late Cretaceous
volcanic rocks in inboard regions of the southern Basin and Range (Fig. 1), have
high LILE/HFSE values and high relative abundances of Pb, which, along with
uniformly low Ta/Th values and wt% TiO, < ~1, are characteristic features of
island-arc basalts worldwide (Lawton and McMillan, 1999). Despite occurring
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far inboard in the continent, these rocks are interpreted to have formed by flux
melting of an asthenospheric wedge above subducting and actively dehydrat-
ing oceanic lithosphere, as in any arc setting (Amato et al., 2017; Kelemen et al.,
2014), presumably contemporaneous with hydrous metasomatism of the over-
lying continental lithospheric mantle. High-Ta/Th group rocks correspond to late
Cenozoic sodic basalts with trace-element characteristics equivalent to those
of ocean-island basalts (OIBs), including high Ta/Th values and wt% TiO, > ~
(Figs. 15 and 16); these rocks are the products of decompression melting of
passively upwelling asthenospheric mantle as the continental lithospheric
mantle progressively thinned during Basin and Range and Rio Grande rift
extension (Leeman and Rogers, 1970; Putirka and Platt, 2012). The upshot is
that Ta/Th values provide a ready means to track the transition from flux melt-
ing of asthenosphere to melting of metasomatized continental lithospheric
mantle and then to melting of upwelling “dry” asthenosphere as functions of
time and geographic position.

Volcanic rocks in north-central Colorado are not divorced compositionally
from those found elsewhere in southwestern North America. Laramide vol-
canic rocks have trace-element characteristics similar to those of low Ta/Th
group rocks, and post-40 Ma rocks are similar compositionally to the inter-
mediate Ta/Th group (Figs. 12 and 13). As a result, the model developed for
magmatism in the southern Basin and Range and vicinity should be relevant
to understanding the origin of mafic magmatism in north-central Colorado.

Laramide Magmatism in North-Central Colorado

Based on the regional model described in the previous section, the char-
acteristically low Ta/Th values of the Laramide volcanic rocks imply that their

parental melts were in fact the products of partial melting of asthenosphere
above the actively subducting and dewatering Farallon plate, as some previous
workers have suggested (Lipman, 1980; Millikin et al., 2018). This option is still
difficult to reconcile with the distance from the trench at which the volcanism
occurred, the great thickness of continental lithospheric mantle prior to the
Laramide orogeny, and the orientation of Colorado Mineral Belt magmatism
(Fig. 17; Chapin, 2012; Jones et al., 2011; Mutschler et al., 1987). Nevertheless,
flux melting of asthenosphere actually may have been the most viable method
of producing mantle melting beneath this segment of thick mantle lithosphere
during the Laramide orogeny. Reduction in the mantle solidus temperature pro-
duced upon hydration provides a means of circumventing the effect of a thick
lithosphere lid in suppressing melting of upwelling dry asthenosphere (Sarafian
et al., 2017). We also note that characteristics of island arcs worldwide include
low (La/Yb), and higher Sc abundances (>30 ppm), consistent with melting of
spinel peridotite at shallow depths in the upper mantle (Fig. 15). The higher
(La/Yb)y values and lower Sc abundances for the Laramide volcanic rocks imply
melting in the deeper garnet stability field, which is an expected consequence of
flux melting of asthenosphere beneath thick continental lithosphere. The HREE
abundances in these rocks essentially constitute a “lid effect” analogous to the
effect proposed for the compositions of continental basalts generated solely
through decompression melting of dry asthenosphere (Niu, 2021).

An explanation for the orientation of Colorado Mineral Belt magmatism
remains elusive, particularly given that Laramide-age, low Ta/Th volcanism in
the southern Basin and Range in southern New Mexico and northern Mexico
defines a linear belt perpendicular to plate motion, as observed for oceanic and
continental margin arcs (Figs. 1 and 17A; Amato et al., 2017; Gonzélez-Ledn et
al., 2017; Lawton and McMillan, 1999). Several models have been proposed to
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account for this orientation, all of which invoke a break in the Farallon plate
to separate Colorado Mineral Belt magmatism parallel to plate motion from
the more steeply dipping portions of the plate to the south above which a
trench-parallel continental arc formed (Fig. 17A). One proposed explanation is
that the dip angle of the subducting Farallon plate was affected by variations
in the thickness of preexisting continental lithosphere, with thicker lithosphere
existing beneath the Archean Wyoming craton than the Proterozoic lithosphere
to the south (Jones et al., 2011). Interaction between the keel of the Archean
continental lithospheric mantle and shallowly subducting oceanic lithosphere
of the Farallon plate during the Laramide orogeny could have generated a
suction force at the base of the continental lithosphere that induced secondary
convection cells parallel to relative plate motion in the asthenosphere as the

Figure 17. Cartoons illustrating possible sce-
narios for producing Laramide magmatism via
flux melting of asthenosphere beneath Colorado
Mineral Belt (COMB). (A) Palinspastic base map
shows known distribution of low Ta/Th volca-
nic rocks (red shaded areas) from southwest
North America (SWNA), from 75 Ma to 65 Ma.
A wider area than is shown was likely affected
by Laramide magmatism (red question marks),
but Ta/Th values are unavailable elsewhere for
any preserved volcanic rocks in this age range.
Light-brown shaded area is approximate extent
of Laramide crustal deformation, and hachured
line is eastern extent of thin-skinned deforma-
tion associated with earlier Sevier orogeny
(Jones et al., 2011). SR—Sliderock Mountain
volcanic field. (B) Scenario involves flattening
, of Farallon plate dip angle beneath south-
A western North America from 75 Ma to 65 Ma
- due to interaction of slab with thick Archean
lithosphere of Wyoming craton. Secondary con-
vection cells form above slab during flattening,
where, with addition of slab-derived fluids, par-
tial melting is localized (after Jones et al., 2011).
(C) Scenario shows melting in asthenosphere
localized along edge of slab tear in subducting
Farallon plate. Embedded in the latter is thick
crust corresponding to the Hess Rise conjugate,
accounting for shallow dip of subducting slab
(after Humphreys et al., 2015). CLM —continental
lithospheric mantle.

gap closed between the underthrust oceanic lithosphere and the continental
lithospheric mantle through time (Fig. 17B). Decompression melting of the
asthenosphere in these cells, however, would not have occurred without thin-
ning of the overlying continental lithosphere, which seems unlikely during a
period of lithospheric compression. However, the low Ta/Th characteristics of
Laramide magmatism in north-central Colorado imply that hydration of the
asthenosphere occurred through dewatering of the Farallon plate (English et
al., 2003), which would have permitted melting of upwelling asthenosphere
in these secondary convection cells without thinning of the overlying conti-
nental lithosphere.

An alternative possibility is that variations in the thickness of the Far-
allon plate were responsible for the orientation of Colorado Mineral Belt
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magmatism (Fig. 17C; Humphreys et al., 2015). This model presumes that
a thick but narrow ridge of oceanic crust was embedded in the section of
Farallon plate subducted during the Laramide orogeny (Livaccari et al., 1981).
The ridge was originally assigned to the conjugate Shatsky Rise, but this
ridge likely ceased to interact with the continental margin by 75 Ma, leaving
the younger Hess Rise conjugate as the most viable alternative (Schwartz
et al., 2023). Colorado Mineral Belt magmatism may have occurred along
the southern margin of the subducted Hess Rise conjugate, along a break
in the Farallon plate that separated the shallowly subducting thick oceanic
lithosphere from more steeply dipping and thinner oceanic crust to the south
(Fig. 17C; Humphreys et al., 2015). The low Ta/Th values of the pre-40 Ma
volcanic rocks in north-central Colorado would be consistent with this model
if the southern edge of the Hess Rise conjugate lithosphere was able to sink
deeper into mantle while still dehydrating and inducing counterflow in the
overlying asthenosphere, resulting in a band of magmatism parallel to rel-
ative plate motion (Fig. 17C).

In both of the above models, mantle melting is initiated in the astheno-
sphere and not the continental lithospheric mantle. Because mafic melts
generated in the asthenosphere typically have gy(t) > 0 (Hofmann, 1997), such
an origin must be reconciled with the low, continental lithospheric mantle-like
enalt) values of the Laramide volcanic rocks. It is unlikely that the low gy4(1)
values were imparted directly to asthenosphere beneath the interior portions
of southwestern North America through subduction of low gy(1), continentally
derived material. The Catalina Schist, a tectonic mélange exposed in western-
most southwestern North America, represents material likely subducted in
the Late Cretaceous beneath southwestern North America, and this mixture
of oceanic lithosphere and continentally derived sedimentary detritus has a
range of g4(t) values in the Cretaceous from ~-3 to +15. However, these values
are higher values than those observed for most of the mafic volcanic rocks in
north-central Colorado (King et al., 2006). In addition, low Ta/Th group mafic
volcanic rocks from throughout the Rocky Mountain region have g,,(t) values
that correlate with lithospheric age. Low Ta/Th group (<1 wt% TiO,) rocks in
the Sliderock and Absaroka volcanic fields, regions underlain by Archean
lithosphere, have significantly lower g(t) values (=10 to —30) than those
from the volcanic rocks that erupted through Paleoproterozoic lithosphere
in north-central Colorado (Figs. 13 and 16). We suggest that if the low Ta/Th
values for pre-40 Ma volcanic rocks throughout the Rocky Mountain region
require initiation of mantle melting in the asthenospheric mantle wedge,
even at distances far inboard of the western margin of the continent, then
initially produced melts likely had high gy,(t) values (>0) and owe their low
€nq(t) values to interaction with overlying continental lithospheric mantle
during ascent. This hypothesis requires that the melts acquired the conti-
nental lithospheric mantle g,(t) values while maintaining their original low
Ta/Th values, but without any knowledge of the Ta/Th values of the Laramide
continental lithospheric mantle, it is not possible to further evaluate whether
this is an expected consequence of melt-wall rock interaction at the base of
the continental lithospheric mantle (Farmer, 2022).

Oligocene and Younger Magmatism and Intermediate
Ta/Th Group Volcanism

Most post-40 Ma mafic volcanic rocks in north-central Colorado, including
those from the Rabbit Ears, Yampa, Grand Mesa, and Flat Tops volcanic fields
(Figs. 2 and 3; Cosca et al., 2014; Gibson et al., 1991; Leat et al., 1988a), have
low gy4(t) ~-5, implying that their parental melts involved low g4 portions of
the underlying Paleoproterozoic continental lithospheric mantle. Hafnium iso-
topic data are also available for some post-40 Ma mafic volcanic rocks in this
region, and these rocks have low g, values (<0), characterized by higher g,{(1)
at a given gy(t) value compared to the isotopic compositions of OIB (Beard
and Johnson, 1997). This isotopic feature is also found among the State Line
peridotite xenoliths (Carlson et al., 2004) and further supports a derivation
of the post-40 Ma volcanic rocks from the local, pre-Laramide, continental
lithospheric mantle

Although the post-40 Ma rocks have Nd isotopic compositions similar to
those of older Laramide mafic rocks, they have more variable and generally
higher Ta/Th values, inconsistent with the subduction-related mechanism pro-
posed for mantle melting associated with the older, low Ta/Th group volcanic
rocks. Instead, we suggest the rocks were derived from metasomatized, rt +
ap-bearing, continental lithospheric mantle, as proposed for intermediate
Ta/Th group volcanic rocks elsewhere in southwestern North America. For this
scenario, underthrust, actively dewatering oceanic lithosphere of the Farallon
plate, must have extended as far inboard into the continent as the Southern
Rocky Mountains. The Farallon plate served to cool the base of the litho-
sphere, which prevented the continental lithospheric mantle from immediately
melting upon hydration. Melting only occurred when the underthrust oceanic
lithosphere was removed and replaced by upwelling, hotter, asthenosphere
(Fig. 18). In situ melting of the continental lithospheric mantle can be readily
incorporated into existing models for the origin of post-40 Ma magmatism
in north-central Colorado. Previous workers have suggested that the periodic
east-to-west migration in the locus of basaltic magmatism from ca. 30 Ma to
the present across north-central Colorado, as further corroborated by our new
“Ar/**Ar data from the Rabbit Ears and Elkhead Mountains volcanic fields, can
be attributed to the east-to-west removal of stranded portions of the Farallon
plate along the eastern flank of the Colorado Plateau, either by delamination
or through gravitational convective instabilities involving the continental litho-
spheric mantle and any underlying oceanic lithosphere (Fig. 3; Abbott et al.,
2022; Cosca et al., 2014; Mutschler et al., 1987). Similar scenarios have been
proposed to explain the inward-migrating patterns of Cenozoic magmatism
along the plateau’s southern and western margins (Fig. 3; Crow et al., 2011;
Golos and Fischer, 2022; van Wijk et al., 2010; Wannamaker et al., 2008). Our
contribution is the suggestion that, at least in north-central Colorado, mantle
melting occurred in situ in metasomatized lithosphere that remained intact
and in place after removal of underlying oceanic lithosphere and not within
upwelling asthenosphere.

We consider decompression melting of asthenosphere unlikely because of
the great thickness of the continental lithosphere still preserved in north-central
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Figure 18. Cartoons showing W-E cross sections through north-central Colorado, USA, starting at left with amagmatic period during Laramide orogeny, when Farallon plate abuts against
base of preexisting continental lithospheric mantle (CLM), and then two panels showing onset of post-40 Ma magmatism triggered by removal of remaining Farallon plate remnants
from eastern margin of Colorado Plateau. Production and mobilization of carbonated Si-undersaturated melts occur first, along with wehrlitization of shallow continental lithospheric
mantle, followed by additional heating and more extensive melting of metasomatized base of continental lithospheric mantle and production of basaltic melts. RGR—Rio Grande rift.

Colorado despite post-40 Ma lithospheric thinning. Based on negative polar-
ity shifts observed from S-wave receiver function analysis, the present-day
depth of the lithosphere-asthenosphere boundary is at least 150 km, which
remains too thick to allow widespread decompression melting of even damp
asthenosphere (Golos and Fischer, 2022; Hansen et al., 2013). Nevertheless,
it is possible that narrow regions of thinner continental lithospheric mantle
developed during post-40 Ma lithospheric extension in this region that can-
not be resolved by seismic methods. The existence of such regions could
account for the fact that the highest wt% MgO volcanic rock from the Rabbit
Ears volcanic field (~11.6%, sample 06CO-EM-10) yielded equilibration pres-
sures of ~3.2 GPa (~100 km) and temperatures of ~1480 °C for the primary
melt parental to this rock, as estimated from major-element thermobarometry
algorithms presented by Lee et al. (2009). Equilibration depths determined in
this fashion are interpreted to represent the depths at which ascending mafic
melts stalled, presumably at the rheologic boundary represented by the lith-
osphere-asthenosphere boundary (Lee et al., 2009; Plank and Forsyth, 2016).
An alternative is that the calculated ~100 km equilibration depth corresponds
to a depth wholly within the continental lithospheric mantle. This option is
consistent with the negative polarity shift observed at depths of ~100 km to

~60 km, which has been interpreted as a midlithospheric layer of melt accu-
mulation (Hansen et al., 2013).

The estimated melt equilibration temperature is also considerably higher
than the ~1300 °C value estimated from seismic data at ~100 km for the
lithospheric mantle in north-central Colorado (Hansen et al., 2013). One pos-
sible explanation is that the primary melt compositions contained significant
amounts of water. Adding 5% H,0 to sample 06CO-EM-10 diminishes the esti-
mated primary melt temperature by over 100 °C while reducing the estimated
equilibration depth by ~0.4 GPa (~12 km; Lee et al., 2009). Alternatively, the high
calculated melt temperatures could simply reflect temperatures of melts rising
from greater depth that remained out of thermal equilibrium with surrounding
mantle at their depth of accumulation. In any case, both melt equilibration
temperatures and seismic analyses suggest that the temperature at ~100 km
beneath north-central Colorado is up to 400 °C hotter than equivalent depths in
the High Plains lithosphere to the east (Hansen et al., 2013), consistent with the
effect of conductive heating of continental lithospheric mantle in north-central
Colorado following removal of remnants of the Farallon plate after 40 Ma.

In situ melting of metasomatized continental lithospheric mantle may also
account for the relatively radiogenic and variable #’Sr/%¢Sr(t) values of the
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post—40 Ma rocks (Figs. 8, 9, and 14), a feature common to intermediate Ta/
Th group volcanic rocks throughout southwestern North America. These Sr
isotopic compositions have been attributed to the Sr mobilized in aqueous
fluids derived from the subducting Farallon plate, fluids in which the LREEs,
including Nd, were relatively immobile (Farmer et al., 2020). The range of
whole-rock 8Sr/®Sr(t) values could reflect variations in the Sr isotopic com-
positions of these fluids that were imparted to individual metasomes in the
continental lithospheric mantle and then inherited by small-degree melts of
the continental lithospheric mantle that rose and erupted independently at
the surface. Although speculative, this scenario is at least consistent with the
smaller degrees of mantle melting inferred from the high and variable (La/Yb)y
values of the post-40 Ma rocks. In contrast, larger degrees of melting and
intermixing of asthenospheric melts prior to or during ascent could account
for the lower and more homogeneous (La/Yb), values for the Laramide mag-
matism. The more homogeneous &’Sr/%Sr(t) values for the Laramide rocks
(~0.705) may also have originated by this mechanism, but like with Nd, it is
not possible with the available data to evaluate the role of interaction with
continental lithospheric mantle in setting the Sr isotopic composition of their
parental melts.

The Elkhead Mountains volcanic field rocks do not fit neatly into the above
model because they lack the intermediate Ta/Th values characteristic of all other
post-40 Ma rocks in this area, despite having similarly high and variable (La/
Yb)y values (Fig. 15). One possible explanation is that these rocks were derived
from lithosphere that had been hydrated during the Laramide orogeny but
simply did not acquire a large mass of precipitated accessory carrier phases.
Melting at the same general depth in hydrated garnet peridotite would account
for the similar (La/Th), values and Sc abundances in these and other post-40 Ma
rocks, and their higher wt% TiO, values compared to the Laramide rocks might
indicate that their sources contained at least some titanium-bearing accessory
phases, even if less than continental lithospheric mantle farther to the south
and east in north-central Colorado (Figs. 5 and 16).

Extensional Tectonism and Magmatism

Although we prefer a model in which post-40 Ma magmatism in north-central
Colorado originated through in situ melting of metasomatized continental litho-
spheric mantle and not melting of asthenosphere under thinned lithosphere, it
remains possible that magmatism was synchronous with upper-crustal exten-
sion, as is the case along much of the Rio Grande rift system (Baldridge et al.,
1995). The link between extension and magmatism is particularly evident in
the Rabbit Ears volcanic field, where the volcanic rocks are interbedded with
synextensional basin fill (Prothero, 2011; Shroba, 2016; Shroba et al., 2010).
Our “Ar/*°Ar ages from the Rabbit Ears volcanic rocks restrict the timing of
upper-crust extension to the time interval from 27.3 Ma to 23.4 Ma, similar to
that determined from apatite U-Th-He studies for the older (ca. 30 Ma) of the
two Cenozoic extensional episodes recorded along the east flank of the Gore
Range just to the southwest of our study area (Landman and Flowers, 2013).

Although extensional tectonism in north-central Colorado may repre-
sent the northern limit of the Rio Grande rift system, this area nevertheless
experienced a much smaller degree of extension (<20%) and thinner rift-fill
sedimentation (<200 m) than are characteristic of the southern portions of the
rift (Kellogg, 1999). As a result, the Rabbit Ears basaltic rocks, which are some
of the oldest extension-related volcanic rocks in north-central Colorado, may
provide insights into the processes involved in the incipient extension of the
thick continental lithosphere.

Megacrysts entrained in basaltic dikes from the Rabbit Ears volcanic field
provide one such window into incipient extension of the lithosphere. The fact
that the cores of individual ol and clinopyroxene megacrysts are unzoned and the
fact that the grains themselves occur as glomerocrysts and individual subhedral
grains of various sizes suggest that these crystals are xenocrysts unrelated to
their host magmas (Fig. 10; Righter and Carmichael, 1993). Only the higher Ca
and lower Mg# rims on both cpx and ol grains are likely the products of equili-
bration between basaltic host melt and megacrysts after the entrainment of the
latter in the ascending basaltic magma. Olivine in equilibrium with a mafic melt
similar in compositional to aphyric lavas in the Rabbit Ears volcanic field, such
as samples EM-03 or CP-09, should range in composition from ~Fog to ~Fog,,
which are the values observed for ol megacryst rims and groundmass grains
in the dike samples (assuming Fe?*-Mg olivine-melt partition of 0.3 and melt
Fe*/Fe. = 0.9). These megacrysts are also unlikely to represent disaggregated
mantle peridotites. Olivine megacryst cores have lower Mg# (~80-90) and higher
Ca contents (~1200 ppm to 1700 ppm) than are typical of grains found in harz-
burgite or lherzolite grains, including those present in spinel peridotite xenoliths
in the ca. 8 Ma Herring Park basalts found south of our study area in South Park,
Colorado (Mg# = 91-93; Ca = 300-800 ppm; Figs. 1 and 10A). The latter is the
only mantle xenolith locality known in Late Cretaceous and younger basalts in
this region (Melton, 2007), and both ol and cpx compositions in the Herring Park
basalt xenoliths are similar to those determined in peridotite xenoliths entrained
in the Devonian State Line kimberlites (Eggler et al., 1987, 1976). Cpx megacrysts
from the Rabbit Ears volcanic field are diopsidic but have lower Mg# (~80) and
lower Cr contents (~1400 ppm) than are typical of chromium diopsides derived
from disaggregated peridotites (Liu and Ying, 2020).

In contrast, the ol and cpx megacryst core compositions are similar to those
of grains comprising wehrlite xenoliths worldwide, although the cpx cores
have wt% FeO; at the extreme high end of the range recognized for wehrlite
cpx worldwide (Fig. 10; Aulbach et al., 2020; Lin et al., 2020). Wehrlites can
represent ol + cpx cumulates derived from crystallization of basaltic magmas
in the lower crust or the products of metasomatism of shallow spinel peridot-
ites and harzburgites via decarbonation reactions with hydrous, carbonated
silicate melts during which mantle orthopyroxene transforms into olivine and
diopside plus CO, vapor (Peters et al., 2016; Weidendorfer et al., 2020). The
upward migration of hydrous, carbonate-rich but silica-undersaturated melts,
and their interaction with shallow spinel peridotites, is thought to account
for the emission of CO,(g) commonly associated with continental rift zones
(Foley and Fischer, 2017).
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A metasomatic origin for the Rabbit Ears ol and cpx xenocrysts could
account for the lack of orthopyroxene observed in the xenocryst mineral
assemblage, if orthopyroxene originally present in the shallow continental
lithospheric mantle was completely exhausted along melt conduits during
melt-wall rock interaction. Trace-element data from the grains might more
definitively distinguish between a cumulate versus metasomatic grains (Kukuta
et al., 2015), but in the absence of such, we refer instead to the melt pock-
ets present in both ol and cpx megacrysts, which are common in wehrlites
worldwide and support a metasomatic origin for these grains (Loges et al.,
2019). The melt pockets we investigated contain 5%-7% nph, which appears
to be absent in the matrix of the host basalt (Fig. 11; Supplemental Material
Fig. S2), in which case the pockets cannot solely represent infiltration of the
host basaltic melt into the xenocrysts after entrainment. An alternative is that
nph-bearing domains in the melt pockets represent more silica-undersaturated,
alkalic melts of the local continental lithospheric mantle that interacted with
the wehrlite veins prior to their entrainment in the host basalts.

The timing of wehrlitization is unknown, other than it predated entrainment
in the basaltic magmas at ca. 24 Ma. However, a sodic-composition olivine
lamproite was emplaced along the eastern margin of North Park at ca. 33 Ma,
some 5 m.y. prior to the onset of the bulk of Oligocene magmatism in this
area at ca. 28 Ma (Fig. 2; Thompson et al., 1997). It is possible that the melt
pockets also represent silica-undersaturated melts percolating through con-
tinental lithospheric mantle in the Oligocene. These melts could have been
responsible for the metasomatism related to the formation of the wehrlites
themselves (Fig. 18). If wehrlitization was indeed Oligocene in age, then the
ol and cpx megacrysts provide indirect evidence that silica-undersaturated,
hydrous, and CO,-rich melts were produced and mobilized early in the process
that led to upper-crustal extension by ca. 28 Ma. These melts could represent
initial, small-degree partial melting of the continental lithospheric mantle,
with later basalts representing the products of later, more-extensive melting
of this same source (Fig. 18; Gudfinnsson and Presnall, 2005). The very low
enq(t) values (~-20) for the 33 Ma olivine lamproite (Fig. 14) suggest that this
rock may have been derived from a continental lithospheric mantle source
with an older age, as discussed in the Magmatic Models section, or one with
greater LREE enrichment than the source of the mafic melts parental to the
basalts at the Rabbit Ears volcanic field (Thompson et al., 1997).

Overall, we suggest that the production and mobilization of continental
lithospheric mantle-derived carbonated silicate melts in north-central Colorado
occurred prior to the onset of upper-crustal extension and the post-40 Ma
basaltic volcanism, a process that may be a general feature of the early stages
of lithospheric thinning in continental rift zones (Foley and Fischer, 2017; Rosen-
thal et al., 2009). In north-central Colorado, the production of carbonated
silicate melts could represent the incipient response of metasomatized conti-
nental lithospheric mantle to heating after removal of underlying Farallon plate
remnants, with the generation of intermediate Ta/Th group basaltic magmatism
following as heating continued (Fig. 18). Elsewhere in southwestern North
America, including the southern Rio Grande rift, intermediate Ta/Th group

basalts were supplanted through time to the late Cenozoic by high gy(t) (>0),
low 87Sr/®Sr(t) (<0.7040), and high Ta/Th group mafic volcanism. The latter has
long been attributed to decompression melting of asthenosphere upwelling in
response to Basin and Range lithospheric extension and thinning (Farmer et
al., 2020; Leeman and Rogers, 1970). The absence of high Ta/Th group mafic
volcanic rocks in north-central Colorado is consistent with the conclusion that
thick, low £y,4(0) continental lithosphere has been preserved here to the pres-
ent day, even after removal of remnants of Farallon oceanic lithosphere from
the base of the continental lithospheric mantle. In those portions of the Basin
and Range where the magnitude of late Cenozoic extension and lithospheric
thinning is greater, decompression melting of asthenosphere occurred and
resulted in the production of high gy,(t) and high Ta/Th group basalts.

B CONCLUSIONS

New and existing chemical and isotopic data from Late Cretaceous and
younger mafic volcanic rocks in north-central Colorado demonstrate that these
volcanic rocks show compositional variations through time similar to those
observed for volcanic rocks of similar age throughout southwestern North
America. The broad implication is that despite developing far inboard from
the western continental margin and in a region underlain by thick Precambrian
continental lithosphere, the source regions and trigger mechanisms for mantle
melting in north-central Colorado were essentially equivalent to those invoked
elsewhere in southwestern North America. The older, syncompressional, low
Ta/Th magmatism is best attributed to flux-melting in the asthenosphere above
shallowly subducting and dehydrating oceanic lithosphere of the Farallon plate.
The primary melts so generated then interacted during ascent with overlying,
low g,4(0) mantle lithosphere. Post-40 Ma mafic volcanics rocks are also char-
acterized by lithosphere-derived Nd, but they belong to the intermediate Ta/Th
group of volcanic rocks recognized throughout southwestern North America.
The latter are attributed to in situ melting of preexisting continental lithospheric
mantle that had been cooled and metasomatized because of underplating by
the Farallon oceanic lithosphere. Progressive east-to-west removal of this
lithosphere during the late Cenozoic along the eastern margin of the Colo-
rado Plateau in north-central Colorado resulted in upwelling of underlying
asthenosphere, heating of the remaining continental lithospheric mantle, and
the production of intermediate Ta/Th mafic melts. The involvement of conti-
nental lithospheric mantle with low g,4(0) in mafic volcanism throughout the
Cenozoic is consistent with the preservation of a thick continental lithospheric
mantle in this region, even after being affected by both the emplacement and
subsequent removal of shallowly subducting oceanic lithosphere. In contrast,
much of the Basin and Range experienced greater degrees of extension and
lithospheric thinning than the Southern Rocky Mountains in Colorado, which
ultimately led to high Ta/Th group mafic volcanism during the late Cenozoic.
The lack of high Ta/Th mafic volcanism in north-central Colorado was likely a
consequence of the preservation of thick continental lithospheric mantle in this
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region, which inhibited decompression melting of upwelling asthenosphere
even after removal of stranded remnants of the Farallon plate.
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