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Figure 13. North-south cross section parallel to, and approximately 130 km east of, the Rocky
Mountain front. Vertical exaggeration is 100x. Stratigraphic units are: P, Permian; Tr, Triassic; J,
Jurassic; K, Cretaceous; Twa, White River Group (upper Eocene-Oligocene) and Arikaree
Formation (lower Miocene); To, Ogallala Group (middle to upper Miocene); Tb, basalt flows
(upper Miocene). Note that the Ogallala Group overlies progressively older strata to the south.
Also note the Ogallala Group is broadly arched across the trend of the Jemez lineament, which
may reflect uplift during and after deposition of the Ogallala Group. The width of the arching is
compatible with a buoyancy source in the mantle.

Proterozoic History: Mid-crustal analog to the modern Rocky Mountain landscape

A profound and essentially unstudied feature between the Rocky Mountain-Great Plains
transition is the juxtaposition of mid-crustal granites and metamorphic rocks of the Mazatzal
province with time equivalent (~1.4 Ga) eruptive rocks of the Granite-Rhyolite province. The
nature of this boundary is largely unknown at both the crustal and mantle depth scales, but
geological and geophysical integration during this proposed study has great potential to resolve
this boundary. The Rocky Mountain-Great Plains region also preserves evidence of a largely
unrecognized lithospheric segmentation that was established in the Proterozoic and likely helped
to localize and control Laramide and Cenozoic uplifts. The region also preserves a potential
middle crustal analog for the combined effects of plate-scale flat subduction, magmatic
restructuring, and regional epeirogenic uplift. Overall, the enigmatic 1.45-1.35 Ga magmatic
intracratonic event represents a globally significant (throughout Nuna) mantle-driven event that
acted to stabilize and dramatically modify the continental lithosphere. Eperiogenic uplift and
erosion during and following this event resulted in removal of 10-15 km of the upper crust west
of the Great Plains and formation of the Great Unconformity. Little of no uplift or exhumation
occurred east of the Rockies suggesting a MOHO offset of as much as 15 km (Fig. 8). Crust,
mantle and underplate thickness variations across this boundary are first order targets of this
experiment. The 1.45-1.35 Ga magmatic intracratonic event provides a tangible, middle crustal
record perhaps analogous to Cenozoic uplift and denudation of the western U.S.. Because, the
Great Plains to Rocky Mountains lithospheric segmentation is hypothesized to have formed at
this time (1.4 Ga), we see an opportunity (necessity) to study both Cenozoic and Proterozoic
aspects of continental magmatic restructuring in the same experiment.

Meso-Neoproterozoic (1.45-0.6 Ga) history: “’Ar/*’Ar thermochronology (Heizler)
*“Ar/*’ Ar thermal history studies of the Rocky Mountain crystalline basement have been
extensive (e.g., Grambling and Dallmeyer, 1993, Karlstrom et al., 1997, Heizler et al., 1997,
Shaw et al., 2005, Sanders et al., 2006) and demonstrate that exposed mid-crustal rocks have
undergone major 1.4 Ga granite emplacement and coupled metamorphism. Shaw et al. (2005)
produced a 1.4 Ga temperature map of much of western North America that demonstrated a vast
region where rocks resided at, or where heated to, 350 to 600°C thereby further documenting the
profoundness of 1.4 Ga crustal and mantle modification. In addition, more focused studies
utilizing K-feldspar thermochronology (Fig. 14) have been key towards documenting 1)
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Precambrian ancestry to Laramide faults, 2) timing of mid-crustal exhumation, and 3) timing of
juxtaposition of Mazatzal and Grante-Rhyolite Provinces (Sanders et al., 2006). As shown in Fig.
14, Sanders et al. (2006) reveals the potential of K-feldspar thermochronology of subcrop towards
defining the nature of the crustal boundaries. We propose to extend subcrop studies well out onto
the Great Plains where we will be able to thermochronologically image the transition between 1.4
Ga mid-crustal rocks with 1.4 Ga rocks of the Granite-Rhyolite province. Many drill wells
penetrate sufficiently far into the basement (e.g. Fig. 14) to allow the sampling of fresh granitic
and metamorphic rocks for thermochronology. Several west to east sampling transects arcoss the
proposed seismic line are possible thereby allowing direct comparison of thermal histories to
geophysically imaged crustal and mantle boundaries. These thermochronology samples will also
be closely integrated with the igneous and metamorphic studies (see below) so that similar
samples will be subjected to multiple investigations. Further details of this work plan are
provided in the NM Tech budget justification.
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Figure 14. a) E-W cross-section in north-central New Mexico. The contrast in age (b) and
thermal history (c) across a major Laramide thrust (Montezuma fault) from outcrop and subcrop
samples demonstrate that this fault is a reactivated Grenville-aged structure. The basement under
the Las Vegas basin is structurally deeper (i.e. younger cooling ages) than the surface exposures
to the west. By tracking further to the east with subcrop samples out onto the Great Plains we
will thermochronologically define the boundary that separates the mid-crustal 1.4 Ga rocks of the
central Rockies with the 1.4 Ga supracrustal rhyolites and shallow intrusive units.

Studies of isobaric crustal levels (Williams): We propose structural, metamorphic, and
thermochrologic comparison of 1.45-1.35 Ga terranes of the Rocky Mountains (middle crustal
exposure depths of about 15 km) and the western Granite-Rhyolite province (upper crustal/
surface rocks at 1.4 Ga) (Fig. 8). A suite of middle crustal A-type granites perforate various
Paleoproteorozic lithospheric provinces (but not the Archean), and time equivalent A-type
rhyolites are found, mainly in drill holes, in the Great Plains (Fig. 2). This study will examine
processes of magmatic restructuring of plates at different crustal levels : We examine the
enigmatic 1.45-1.35 Ga intraplate magmatic event as a global-scale analog for the western U.S.
distributed plate margin and also as the time of formation of the Rocky Mountain- Great Plains
lithospheric segmentation. West of the Rocky Mtn. Great Plains discontinuity, we will develop P-
T-t-D paths in the host rocks of 1.4 Ga plutons focusing on the time and depth of pluton
emplacement and the post-pluton exhumation history. This will provide a record of lithospheric
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reactivation and stabilization and the subsequent exhumation. The work plan will concentrate on
obtaining reliable ages (with in-situ monazite geochronology) and pressures (from garnet-bearing
rocks in contact aureoles) for pluton emplacement across the region. Deformation associated with
this event was partitioned and intracratonic (Karlstrom and Humphreys, 1998), and additional
fabric studies will help decipher paleostress conditions and hence help constrain driving forces
for this enigmatic tectonic event. Within and east of the discontinuity, core-bottom drill hole
samples will be used to constrain the location of the discontinuity and the timing of rhyolite
emplacement.

Hf studies of 1.4 Ga granites as probes of the lower crust (Karlstrom): Boundaries between
Proterozoic provinces remain poorly resolved (see Whitmeyer and Karlstrom, 2007 for a
summary). This event resulted in addition of very large volumes of granite to the older
Paleoproterozoic (Yavapai- Mazatzal) crust and also addition of juvenile (1.5-1.4 Ga) terranes
(Whitmeyer and Karlstrom, 2007). The favored petrologic model for the distinctive chemistry of
these plutons is that basalt inputs from the mantle caused crustal differential and partial melting
and resulting felsic crustal magmatism, similar to the modern Yellowstone system (Frost and
Frost, 1997). Thus, this part of the proposal is an attempt to add a geologic component (time and
process) to understanding basaltic underplating and mantle —driven melt flux in wide distributed
deforming plate boundary zones. Hf analysis of zircons provides a way to use granites as probes
of the lower crust and lithosphere from which they were derived. Like Nd model ages, the Hf
depleted mantle model age is an estimate of the average age of the crustal reservoir from which
the zircon crystal was derived. Preliminary results are promising (Fig. 15) in showing that some
zircon populations give juvenile 1.4 Ga model ages (MOSG-X01), others give Paleoproterozoic
model ages (IACK-01) and others show a mix of Paleo and Mesoproterozoic model ages. This is
broadly consistent with existing boundaries
showing juvenile 1.5-1.3 Ga crust to the south

Zircons from the Western Midcontinent Region, USA
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Figure 15. Preliminary Hf results from the
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BROADER IMPACTS

1)EarthScope outreach products: We propose to contribute two needed EarthScope outreach
products that will both show interim results and motivate additional work. The two-decade-long
Canadian Lithoprobe project waited until near the end before concentrating on outreach. Instead,
we propose to produce continental scale cross sections that can convey major advances and
continued questions to a wide range of audiences and that will be updatable as USArray moves
eastwards. This will also help achieve one of the original goals of Earthscope -- to link
geological and geophysical datasets to achieve 4-D view of continental structure and evolution.
Two cross sections are proposed. 1) The first, already underway (Muelberger et al., 2006; 2008)
is an E-W Transcontinental cross section at 36 N that will be published with the help of AGI. The
“punchline” for this cross section is that the western North American plate is dynamically
uplifting and tectonically active because of interactions with flowing mantle near its base. 2) The
second cross section will be a N-S transcontinental cross section at 107 W that will build on the
CD-ROM, CREST, and this experiment to show the basement structure of our continent. The
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“punch line” for this cross section is that North American is profoundly segmented because of its
4 billion year history, and build progressively southwards by collision of continental fragments to
an Archean nucleus. The combined punch line is that North America has an ongoing story of
active tectonism superimposed on a fascinating 4 billion year evolution.

2) Workshops and multi-institutional collaboration: We propose to organize annual
workshops that will facilitate wider participation in the studies of the Great Plains. Numerous
other “piggyback” studies are needed and we hope to act as a catalyst for a range of proposals that
will be submitted to several Programs during the life of our project.

3) Student involvement: All of the Pls are committed to education (at all levels), public outreach,
and participation of under-represented groups. Student support will be leveraged at UNM with
Louis Stokes Alliance for Minority Participation (LS AMP) funding (L. Crossey, AMP Director)
which provides funds for ~10 undergraduate students per year at $5K/student/year. UNM also has
an AMP Bridge to the Doctorate program and we will also attempt to recruit eligible students for
that program.

4) EarthScope and Society— Water quality in regionally important aquifer systems: In
addition to high CO2 and mantle-derived *He, deeply sourced fluids coming up faults into the
groundwater system have been shown to have high total dissolved solids (e.g., salts) and trace
metals (e.g., arsenic) and to affect groundwater quality (Crossey et al., 2009). Hence our results
will have important societal relevance for understanding water quality in several important
regional aquifer systems (e.g. Ogallala and Edwards aquifers). This connection between the deep
Earth and the surface hydrologic system is a potentially exciting outreach piece for EarthScope

RESULTS OF PRIOR NSF SUPPORT

CREST - Colorado Rockies Experiment and Seismic Transects (Dueker, Karlstrom, Heizler,
Kelley, Coblentz). EAR- (2007- 2010). A 60 station passive IRIS-PASSCAL array was
installed in August 2008 and data collection will continue until October of 2009 across the Aspen
anomaly, the Colorado mineral belt, the central Colorado Laramide thrust blocks, South Park, the
northern Rio Grande rift, and San Juan volcanic field (Aster et al., 2009). The array configuration
is integrated and temporally synchronized with 30 USArray stations. Integrated geologic studies
include: 1) Geochemical studies and Ar-Ar dating of Colorado Mineral belt plutons,; 2)
Cenozoic thermochronology of the Rockies using Apatite fission track and U-Th/He with results
showing < 6 Ma cooling histories; 3) Cenozoic denudation history from incision studies are
showing a very young landscape, inferred to be responding to active uplift (Karlstrom et al.,
2007a,b; 2008). 4) Mantle degassing is detected in almost all of the hot springs in with highest
*He/*He ratios above the Aspen Anomaly (Crossey et al., 2007) showing that the Colorado
Rockies are a zone of mantle devolatilization, with fast pathways for *He likely due to mantle to
surface tectonic linkages in the last 1-2 Ma.

CD-ROM experiment (1997-2002) Karlstrom, Williams, Kelly, Heizler, Humphreys,
Dueker The CD-ROM (Continental Dynamics of the Rocky Mountains) collaborative
investigation demonstrated a profound and long-lived interaction between original lithospheric
boundaries (paleosutures) and younger reactivations, including neotectonic mantle upwelling.
Research results were presented in several volumes and synthesis articles (Karlstrom and
Humphries, 1998; 1999; Karlstrom et al., 1999; Karlstrom and Keller, 2005). Educational and
public impacts have also been substantial and have included initiatives in the National Parks
(Trail of Time at Grand Canyon and EarthScope in the Parks). We believe this project already has
had a legacy in terms of a successful collaborative model for integrated geological and
geophysical studies of the continental lithosphere. Publications-Williams: Crowley et al., 2006;
Farmer et al., 2005; Keller et al., 2005; Williams et al., 1999; central data for Williams et al.,
2009. Publications-Humphries: Humphries, 2009a,b; Humphries and Coblentz, 2007; Crosswhite
and Humphries, 2003; Humphries et al., 2003; Karlstrom and Humphries, 2003; 1998.
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