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ABSTRACT. The Cenozoic history of crustal deformation, surface uplift, and
erosion of the central Colorado Plateau (southwestern USA) is distinct from and
relatively poorly understood compared with surrounding regions in the North Ameri-
can Cordillera, including the Grand Canyon region and the southwestern Plateau
margin. Here, we present new apatite thermochronologic results from Paleozoic-
Mesozoic sandstones sampled in the Canyonlands region—the interior of the Colo-
rado Plateau in southeastern Utah. The apatite (U-Th-Sm)/He (He) ages are highly
dispersed, with both positive-slope and negative-slope age-effective U (eU) trends.
Samples with apatite He results suitable for thermal history modeling are from the
Abajo and La Sal mountains intrusive complexes and the Permian, Triassic, and
Jurassic rocks sampled near the Colorado River at Lees Ferry, Arizona, and Hite, Utah.
Samples with the richest thermal history information have positive-slope apatite He
age-[eU] trends, with ages ca. 10 to 5 Ma at [eU] < 10 ppm and ca. 25 to 20 Ma at
[eU] > 60 ppm. Modeled thermal histories that best predict this pattern require
two periods of rock cooling: one during the middle Cenozoic ca. 30 to 20 Ma and
the other since the latest Miocene ca. 6 Ma. The most recent cooling documents the
transition from a slowly eroding Miocene landscape to recent rapid erosion that
likely postdates 6 Ma and the integration of the modern Colorado River. Middle
Cenozoic rock cooling can be attributed to either ~1 km of erosion between ca. 25
and 15 Ma, as previous workers have suggested in other parts of the Colorado
Plateau region, or relaxation of a geothermal gradient transiently doubled by
magmatism associated with the vigorous magmatic flare-up that swept through the
region ca. 34 to 20 Ma. The ambiguity of using middle Cenozoic rock cooling as a
proxy for erosion in this region means that this event should be described using a
nongenetic term: the Middle Cenozoic Cooling Event.

Keywords: Colorado Plateau, apatite thermochronology, (U-Th) /He age variabil-
ity, erosion, flare-up magmatism, middle Cenozoic rock cooling

INTRODUCTION

Deciphering the geodynamic history of eroded landscapes like the Colorado
Plateau (fig. 1) is challenging because erosion destroys the physical geologic record.
Even with excellent exposures of distinctive Paleozoic and Mesozoic strata, which
offered early workers a guide to the total amount of rock removed from the Plateau by
Cenozoic erosion (Powell, 1875; Dutton, 1882; Emmons, 1897), it was not until the
development of low-temperature thermochronology a century later that it became
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Fig. 1. Digital elevation map of the Colorado Plateau and surrounding regions in the southwestern
USA. H—Henry Mountains; LS—La Sal Mountains; A—Abajo Mountains.

possible to infer the spatial and temporal scales of erosion itself—using rock cooling as
a proxy for exhumation. Along with other advances, apatite fission-track (AFT;
temperature sensitivity 140-90 °C, Green and others, 1989; Ketcham and others, 2007)
and apatite (U-Th-Sm)/He (He; temperature sensitivity 90-45 °C, Farley, 2000;
Flowers and others, 2009) thermochronology has spurred a resurgence in studies of
the Colorado Plateau (Flowers and others, 2008; Wernicke, 2011; Karlstrom and
others, 2012; Braun and others, 2013; Lee and others, 2013; Karlstrom and others,
2014; Winn and others, 2017) because the erosion history of the region is one of the few
ways to test or constrain the various hypotheses regarding the cryptic Cenozoic history of
this iconic landscape (Morgan and Swanberg, 1985; Spencer, 1996; McQuarrie and Chase,
2000; Pederson and others, 2002; Moucha and others, 2009; Humphreys, 2009; Levander
and others, 2011; Roy and others, 2009).

It is now widely accepted that the Colorado Plateau region experienced three
periods of rock cooling documented by apatite thermochronology: Late Cretaceous to
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early Paleogene, middle Cenozoic, and latest Miocene to Recent (Dumitru and others,
1994; Flowers and others, 2008; Hoffman, ms, 2009; Hoffman and others, 2011;
Wernicke, 2011; Flowers and Farley, 2012; Kelley and Karlstrom, 2012; Lee and others,
2013; Fox and Shuster, 2014; Karlstrom and others, 2014). The oldest cooling
dominates the low-temperature history of rocks from the southwestern margin of
the Plateau, including the Western Grand Canyon, whereas the youngest cooling
dominates the Plateau interior (fig. 1; for example, Flowers and others, 2008). The
interpretation of these cooling ages is controversial because datasets of the thermo-
chronologic system sensitive to the lowest temperatures, apatite He, exhibit substantial
inter- and intra-sample single-grain age variability (that is to say, dispersion) that is
challenging to interpret. In the Grand Canyon region, this He age variability inspired
widely applicable advances in our understanding of how radiation damage in apatite
grains controls the diffusivity of He and the resulting cooling ages (Flowers and others,
2007; Flowers and others, 2009; Gautheron and others, 2009). These data also
stimulated a vigorous argument about how to model and interpret the thermal
histories of samples from the Grand Canyon region (Wernicke, 2011; Flowers and
Farley, 2012; Lee and others, 2013; Fox and Shuster, 2014; Karlstrom and others, 2014;
Flowers and others, 2015; Fox and others, 2017; Winn and others, 2017). In the Plateau
interior northeast (and upstream) of the Grand Canyon in southeastern Utah (called
the Canyonlands region by Hunt, 1956), dispersed apatite He ages have also made
thermal history interpretations difficult (Hoffman, ms, 2009; Murray and others,
2014). Additional data are needed to fill important geographic gaps and to better
understand the thermochronologic record here and how it pertains to the region’s
Cenozoic history.

We present new results from the Canyonlands region (fig. 2) that enrich our
understanding of the processes documented by apatite thermochronology from the
Colorado Plateau. A new suite of samples of Permian-Cretaceous sandstones collected
in a transect from the Vermilion Cliffs near Lees Ferry, Arizona, to the mesas northeast
of Hite, Utah, fill a >200 km gap in apatite thermochronologic data along the upper
Colorado River corridor (fig. 3A). This transect is complemented by additional
samples of Permian-Cretaceous sandstones from the thermal aureoles around Oligo-
cene plutons in the La Sal and Abajo mountains. Localized heating from this plutonic
activity, which was part of a larger flare-up in regional magmatism (Johnson, 1991;
Lipman and Glazner, 1991; Best and others, 2009; Best and others, 2016), is an
independently constrained Oligocene thermal event useful for modeling the Neogene-
Recent thermal history of these sedimentary rocks (for example, Murray and others,
2016).

Apatite He results from both sample suites are dominated by highly variable
single-grain ages (>20 % standard deviation on sample mean age). Recent work on
the sources of apatite He age variability (for example, Flowers and Kelley, 2011)
allows us to distinguish samples useful for thermal history interpretations—with
reproducible ages or age variability consistent with the known coevolution of
radiation damage and He diffusivity in apatite (Flowers and others, 2009; Gau-
theron and others, 2009)—from those that suffer from additional, currently
intractable, sources of age dispersion (Spiegel and others, 2009). Samples from our
study area with age trends suitable for thermal history modeling document rock
cooling during both middle Cenozoic and latest Miocene-Recent time. Middle
Cenozoic cooling in sandstone samples from the Oligocene plutonic complexes is
likely the localized, postmagmatic cooling around shallow plutons purposefully
targeted for this study. In contrast, middle Cenozoic cooling in samples far (>20
km) from the intrusive complexes could be the result of erosion, as has been
reported previously for the south-central Colorado Plateau (Flowers and others,
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Fig. 2. Simplified geologic map of the study region (modified from Hintze and others, 2000) with the
locations of the apatite thermochronology samples from this study (white circles) and previous studies.
Sample locations are projected along the A to A’ transect in figure 3.

2008; Karlstrom and others, 2017) and Eastern Grand Canyon (Lee and others,
2013). Alternatively, this middle Cenozoic cooling may document transient changes
in the regional geothermal gradient during the magmatic flare-up (Murray and
others, 2018). Here, we evaluate the geologic evidence for middle Cenozoic
erosion in the Canyonlands region and use thermal history and simple 1D thermal
models to test whether it is possible to distinguish between magmatic and exhuma-
tional cooling with these thermochronologic data.
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Fig. 3. Thermochronology samples and results from this and previous studies in the context of the
topographic and structural features from A to A’ in figure 2. Samples from the Henry (Murray and others, 2016),
La Sal, and Abajo mountains (this study) are not plotted. (A) Sample elevation vs. distance along the A to A’
transect with an approximately 25X vertical exaggeration. Black lines are the mean (thick), maximum, and
minimum surface elevations from a DEM swath from the Colorado River and a region ~50 km NW of the river.
The minimum elevation along this swath profile is the Colorado River. The gray field is a swath profile of the base
of the Cretaceous Dakota Sandstone from the same ~50-km-wide region, as contoured by Bump and Davis
(2003), which shows long-wavelength variability in the elevation of the Colorado Plateau stratigraphy. Black labels
identify physiographic features. Light gray labels identify structure features. Thermochronology sample locations
from this and previous studies are projected onto this transect. The step in the river profile upstream of Lees Ferry
is the Glen Canyon Dam. (B) Thermochronology sample locations vs. their elevation relative to the base of the
Dakota Sandstone. (C) Thermochronometer age vs. distance from A to A’.
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GEOLOGIC SETTING

The Colorado Plateau (fig. 1) is an ~350,000 km® province of Proterozoic
lithosphere (Bowring and Karlstrom, 1990) covered by a 3 to 5 km veneer of mostly
Phanerozoic sediments, which indicate that this region was at or near sea level until
Late Cretaceous time. At that time, the Colorado Plateau was part of the foreland basin
of the Sevier Orogeny, the convergent orogenic system that built the Sierra Nevada
batholith, the extensive Sevier thin-skinned fold and thrust belt, and a high-elevation
orogenic plateau (DeCelles, 2004; Cassel and others, 2012). The end of foreland
marine sedimentation during the Late Cretaceous corresponds with the beginning of
the Laramide Orogeny, when there was a fundamental shift in the style and position of
crustal shortening and magmatism in this region. The Laramide is commonly attrib-
uted to a period of shallow or flat subduction of the Farallon slab that subsequently
re-steepened in middle Cenozoic time (Armstrong, 1974; Dickinson and Snyder, 1978;
Humphreys, 1995; English and others, 2003; Humphreys and others, 2003; Liu and
others, 2010; Jones and others, 2011; Copeland and others, 2017). During and after
the Laramide Orogeny, the Rocky Mountain and Basin and Range provinces (fig. 1)
experienced extensive crustal deformation and voluminous magmatism as a result of
the region’s protracted transition from mature convergent orogen to collapsed
transform plate boundary. Meanwhile, sometime during the Cenozoic, the rocks and
surface of the Colorado Plateau uplifted from sea level to ~2 km above sea level
without voluminous volcanism or the extensive crustal deformation that commonly
drives rock uplift of this magnitude.

Cenozoic Shortening

During the Laramide Orogeny, the laterally continuous retroarc foreland basin
and marine shelf east of the Sevier thrust belt fragmented into discrete sedimentary
basins bounded by basement-cored uplifts of various scales and orientations (Dickin-
son and others, 1988). In the Colorado Plateau region, isolated Laramide uplifts and
monoclines folded the Paleozoic and Mesozoic stratigraphy (Bump and Davis, 2003)
and controlled the local fluvial and lacustrine systems that developed in the wake of the
final regression of the Late Cretaceous seaway (Elston and Young, 1991; Goldstrand,
1994; Davis and others, 2009). Laramide sediments are preserved in basins at the
northwestern, northern, and southwestern edges of the Plateau (Dickinson and others,
1988; Davis and others, 2009) but not in our study area (fig. 2). An erosional response
to Laramide shortening in the Grand Canyon region and along the southwestern
margin of the Colorado Plateau is documented by early Cenozoic thermochronologic
cooling ages (Naeser and others, 1989; Dumitru and others, 1994; Flowers and others,
2008; Kelley and Karlstrom, 2012; Lee and others, 2013; Karlstrom and others, 2014;
Karlstrom and others, 2017) and preserved paleocanyons and canyon fill (Elston and
Young, 1991; Dumitru and others, 1994; Young, 2001; Young and Hartman, 2014).
AFT ages from the Waterpocket fold (Circle Cliffs uplift, fig. 3) may document some
early Cenozoic erosion at the crest of a Laramide uplift in the Plateau interior and
Canyonlands region (Dumitru and others, 1994). The Uinta Mountains uplift at the
northern edge of the Plateau experienced significant Paleogene erosion (Carroll and
others, 2006).

Cenozoic Magmatism
Magmatism swept inboard from the Sierra Nevada arc as far east as the Colorado
Mineral Belt in the southern Rocky Mountains at ca. 75 Ma. Together with the
complementary eastward sweep of crustal shortening, this event is thought to track
flattening of the subducting Farallon slab (Snyder and others, 1976; Coney and
Reynolds, 1977; Dickinson and Snyder, 1978; Chapin, 2012; Copeland and others,
2017). From the latest Cretaceous to Eocene time, arc magmatism continued in the
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Idaho batholith to the north of the Colorado Plateau region and Mexican Cordillera to
the south (Armstrong and Ward, 1991), but there was a lull in magmatic activity at
Colorado Plateau latitudes (Dickinson and Snyder, 1978; Copeland and others, 2017).
At ca. 40 Ma, magmatic activity began to sweep back toward the west, likely following
the rollback of the Farallon flat slab (Best and Christiansen, 1991; Humphreys and
others, 2003; Farmer and others, 2008; Best and others, 2016). By the end of Oligocene
time, regional magmatism had grown into one of the largest productions of silicic
magma in the geologic record g]ohnson, 1991; Best and others, 2009). This magmatic
flare-up erupted ~500,000 km” of volcanic rock across southwestern North America
(Johnson, 1991; Lipman and Glazner, 1991; Best and others, 2009; Best and others,
2016).

The Colorado Plateau was surrounded by large silicic eruptive centers during the
middle Cenozoic magmatic flare-up. The San Juan volcanic field at the eastern edge of
the Plateau erupted 25,000 km? of intermediate and 16,000 km® of ignimbrite lava,
most ca. 29 to 26.9 Ma (Lipman, 2007; Farmer and others, 2008; Lake and Farmer,
2015). The Marysvale volcanic complex at the western edge of the Plateau erupted
12,000 km® of material ca. 26 to 23 Ma (Rowley and others, 1998). The Mogollon-Datil
volcanic field at the southeastern Plateau edge erupted 6,000 km® of lava, mostly in a
large pulse ca. 29.1 to 27.4 Ma (McIntosh and others, 1992; Davis and others, 1993).

The only evolved Cenozoic igneous rocks in the Colorado Plateau interior are the
comparatively small Oligocene intrusive complexes of the Henry, La Sal, and Abajo
mountains (Hunt and others, 1953; Hunt, 1958; Witkind, 1964; Nelson and others,
1992; Nelson and Davidson, 1993). The potassic, xenolith-bearing maar-diatreme
volcanoes of the Navajo field in the Four Corners region southeast of Canyonlands are
also coeval with the ignimbrite flare-up (Roden and others, 1979; Laughlin and others,
1986; Semken, 2003). Following the middle Cenozoic flare-up, magmatism in the
Colorado Plateau region was restricted to small-volume mafic dikes, lava flows, and
cinder cones (Gonzales and Lake, 2017) erupted mainly at the western and southern
Plateau margins (Roy and others, 2009; Van Wijk and others, 2010; Crow and others,
2011).

Plateau Uplift

A range of competing, but not mutually exclusive, models have been proposed for
the surface uplift of the Colorado Plateau. These models include (1) Paleogene uplift
driven by the Laramide flat slab changing the buoyancy of the Colorado Plateau
lithosphere via hydration (Spencer, 1996; Humphreys and others, 2003; Jones and
others, 2015; Porter and others, 2017), crustal flow (Bird, 1984; McQuarrie and Chase,
2000), or dynamic effects (Liu and Gurnis, 2010); (2) middle Cenozoic uplift driven by
buoyancy changes from lithospheric foundering (Bird, 1979), basaltic melt extraction
during the magmatic flare-up (Roy and others, 2004), or lithospheric hydration
(Schulze and others, 2015; Porter and others, 2017); and (3) Neogene uplift related to
progressive post-Laramide warming of the lithosphere (Roy and others, 2009) or
dynamic uplift driven by mantle upwelling (Moucha and others, 2009; Liu and Gurnis,
2010; Braun and others, 2013). A component of uplift is likely an isostatic response to
Cenozoic erosion (Pederson and others, 2002). Given the complex and evolving
tectonic setting, the surface uplift history of the Colorado Plateau likely has multiple
phases and drivers. Paleoelevation estimates for the Grand Canyon region, though
likely blurred by Cenozoic climate variability, support kilometer-scale Paleogene
surface uplift of the southwestern Plateau margin (Huntington and others, 2010).

Thermochronology has been used to infer the surface uplift history of the
Colorado Plateau (for example, Flowers and others, 2008), but such work requires two
assumptions. The first assumption is that the rock thermal histories document ero-
sional exhumation and not rock cooling resulting from changes in the crustal thermal
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field (for example, Dumitru and others, 1991; House and others, 2003 and our
considerations here). The second is that the rock uplift induced a temporally associ-
ated and measurable erosional response. In this study, we focus explicitly on thermal
and erosion histories inferred from thermochronology results and do not infer insights
regarding the surface uplift history of the Plateau.

The Colorado River and Late Cenozoic Erosion

The modern Colorado River flows from the western Rocky Mountains and
through the Canyonlands of the central Colorado Plateau, cutting across Laramide
structures and through the Grand Canyon before entering the Basin and Range en
route to the Pacific basin. Although the mechanisms for the integration of the river
remain controversial (for example, Dickinson, 2013), the timing is clear: the modern
Colorado River did not deliver sediment to the basins downstream of the Grand
Canyon until the latest Miocene ca. 5.3 Ma (Dorsey and others, 2007), and since that
time an enormous volume of sediment has been transported off the Plateau and
deposited in the transtensional basins of the San Andreas fault system (Dorsey and
Lazear, 2013; Lazear and others, 2013; Kimbrough and others, 2015). This river
integration accompanied a substantial base-level drop from the Plateau interior to the
Basin and Range province, and this change in base-level is the principal candidate
driver of the subsequent erosion of the Colorado River headwaters. Erosion rates in the
central Colorado Plateau region since the late Miocene may be unsteady and reflect
transient response(s) to river integration modulated by knickpoint migration and
response to variable rock strength (Cook and others, 2009; Darling and others, 2012;
Pederson and Tressler, 2012; Bursztyn and others, 2015), feedback between erosion
and isostatic rebound (Lazear and others, 2013; Pederson and others, 2013), and
possibly upper mantle dynamics (Karlstrom and others, 2012).

STUDY AREA

The Canyonlands region of the Colorado Plateau in southeastern Utah encom-
passes an extensive network of canyons occupied by the modern Colorado River and its
tributaries (figs. 1 and 2). The samples in this study, with the exception of those from
the Vermilion Cliffs near Marble Canyon and Lees Ferry, are from the Upper Colorado
River Basin and upstream of a lithologic boundary at Lees Ferry that likely affected the
erosional responses to base-level fall when the river integrated through the Grand
Canyon (Cook and others, 2009). The orientation of this upstream-dipping boundary
is the result of the Kaibab uplift, one of several Laramide monoclines with wavelengths
of 50 to 100 km that control the elevation of the Permian-Cretaceous strata (fig. 2).
The most extensive areas of significant erosion of the Mesozoic stratigraphy—where
the deepest parts of the stratigraphic section are exposed—are on the crests of the
Laramide uplifts and deep in the canyons of the Colorado River system (figs. 2 and
3A). Paleozoic sediments also crop out in contact with the laccoliths in the Henry,
Abajo, and La Sal mountains. The entire pre-Laramide Permian-Cretaceous stratigra-
phy, at least up though the Mancos Shale and its equivalent units, are preserved in the
Henry Mountains, Kaiparowits, and Unita Laramide structural basins; in the Henry, La
Sal, and Abajo mountains intrusive complexes; and in the mesas along the Colorado-
Utah border (fig. 2). This preservation permits the confident reconstruction of the
thickness of this sedimentary sequence across the study area. Therefore, the presence
or absence of the Mesozoic strata and their current elevation above sea level are useful
measures of the total rock uplift and exhumation since the Late Cretaceous (fig. 3A).

The Henry, La Sal, and Abajo mountains (figs. 1 and 2) are Oligocene intrusive
complexes (Gilbert, 1877; Hunt, 1958; Witkind, 1964; Nelson and others, 1992)
comprising groups of sills, dikes, and laccoliths up to ~5 km in diameter, which
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uplifted and folded the sedimentary cover rocks during emplacement (Gilbert, 1877;
Johnson and Pollard, 1973; Pollard and Johnson, 1973; Jackson and Pollard, 1988).
Previous low-temperature thermochronology from the Canyonlands region (fig.
2) includes AFT results from the Waterpocket fold that may reflect some Late
Cretaceous erosional exhumation of the Circle Cliffs uplift followed by moderate
reheating in middle Cenozoic time (Dumitru and others, 1994). Other AFT results
include two ~28 Ma ages from Permian sandstones near Hite (Huntoon and others,
1999) and river-level samples in the Permian sandstones from the Lees Ferry-Marble
Canyon region that are 28 to 39 Ma (Kelley and Karlstrom, 2012). Modeling of AFT
and He results from the Lees Ferry region supports rock cooling in both middle and
late Cenozoic time (Lee and others, 2013) and suggests that Marble Canyon was carved
in the last ca. 6 Ma (Karlstrom and others, 2014). AFT results from the La Sal
Mountains laccoliths document rapid postmagmatic thermal relaxation to colder than
partial-annealing temperatures (Rgnnevik and others, 2017). The only apatite He
cooling ages from the central Colorado Plateau Canyonlands prior to this study suggest
an onset or acceleration of erosion in the late Miocene (ca. 10—4 Ma, Hoffman, ms,
2009; Hoffman and others, 2011). Additionally, thermal history modeling of sand-
stones sampled from the thermal aureole of the Henry Mountains intrusive complex
document little-to-no Neogene erosion until after 5 Ma (Murray and others, 2016).

METHODS

We collected surface bedrock samples from Permian-Cretaceous sandstones ex-
posed across the central Colorado Plateau and from the plagioclase-hornblende
diorite porphyries that core the intrusive complexes in the Abajo and La Sal mountains
in southeastern Utah (table 1, figs. 2 and 3A). Apatite and zircon grains were separated
from each sample using standard crushing, density, and magnetic separation methods.
Additional methodology information is available in the Appendix. We provide the
complete geochronologic and thermochronologic analyses in the supplementary data
tables (http://earth.geology.yale.edu/ %7eajs/SupplementaryData/2019/Murray). All
age errors are =20 unless otherwise noted.

We collected samples for AFT and He thermochronology along a NE-SW-trending
transect from the Vermilion Cliffs near Lees Ferry in northern Arizona to the mesas
northeast of Hite, Utah. This work fills a >200 km gap in apatite He data along
the main stem of the Colorado River between the Eastern Grand Canyon and the
confluence with the Green River in Canyonlands (figs. 2 and 3). In addition, we
sampled in the Abajo and La Sal intrusive complexes because previous work in the
Henry Mountains demonstrated the utility of dating detrital apatite grains from
Paleozoic-Mesozoic sandstones that likely experienced a localized middle Cenozoic
heating event (Murray and others, 2016). In the Abajo and La Sal mountain ranges, we
used a multichronometer approach to evaluate the timing and extent of heating and
cooling related to the local magmatic activity. Zircon U-Pb and AFT dating of the
shallow diorite porphyries documents the timing of magmatic activity and the timing
and extent of postmagmatic cooling, respectively.

U-Pb geochronology of zircon grains from the La Sal and Abajo mountains diorite
porphyries was conducted by laser ablation multicollector inductively coupled plasma
mass spectrometry (LA-MC-ICP-MS) at the Arizona LaserChron Center using an
Element 2 ICP-MS and following the methods of Gehrels and others (2008). Weighted
mean 2°°Pb/?*®U ages reported with the analyses in supplementary data table 1 were
calculated using the routines in Isoplot (Ludwig, 2008). Final uncertainties were
determined by quadratic addition of the weighted mean and external uncertainties.

For AFT analysis, samples were analyzed by applying the external detector method
(Gleadow, 1981). Central ages (Galbraith, 1981), presented with 1o errors in table 2,
were calculated using the IUGS recommended zeta calibration approach of Hurford
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TABLE 2

Apatite Fission Track data

Sample # Track Density Mean Age Central Mean Track Length
crystals (x10° tr cm) Dpar  Dispersion Age
P pi Pa (um) ®y) (Matlo) (um=lse)  sd
(Ny) (N) (Na) (no. oftracks)  (um)

Abajo Mountains
sandstone samples

12 ABA 04 7 0.2699  0.924  0.9634  3.05 <0.01% 51.6+8.5 - -
(52) (178)  (3083) (87.8%)
12 ABA 08 5 0.1953  0.1101  0.9558  1.94 <0.01% 31.1+10.3 - -
(11) (62) (3058) (28.7%)
12 ABA 14 20 0.7102  0.2654 0.9482  2.17 <0.01% 46.5+4.2 14.43 £0.14 1.05
(205) (765)  (3034) (97.1%) (59)
La Sal Mountains
porphyry samples
10 SAL 01 20 0.1375  1.251 1.251 2.11 <0.01% 253429 - -
(121) ~ (1101)  (4003) (99.8%)
10 SAL 05 14 0.0991 08215  1.216 2.07 <0.01% 269+48 - -
(38) 315) (3891 (98.1%)
sandstone samples
10 SAL 02 20 0.1511  1.279 1.239 2.35 <0.01% 269 +3.1 - -
(96) (813)  (3966) (99.9%)
10 SAL 03 14 0.1329  1.186 1.228 2.43 <0.01% 253+3.5 - -
(66) (589)  (3928) (93.3%)
Transect
Xa CO 18 20 0.4624  0.839 1.244 2.66 0.1% 125.0+10.0 13.42+0.24 1.44
(340) (617)  (3982) (75.9%) mixed age? (38)
Xa CO 20 20 1.183 2.536 1.23 2.08 4.9% 105.0+£7.9 12.72+0.28 1.84
(412) (883)  (3937) (32.2%) mixed age (43)
Xa CO 21 20 0.4129 0.6848  1.216 2.73 9.6% 135.7£11.7 13.95+0.31 1.4
(334) (554) (3891 (31.9%) mixed age (22)
Xa CO 23 sum 60 0.3658  2.816 1.188 1.95 <0.01% 28.4+1.7 13.65+0.38 1.72
(610)  (4695)  (3800) (99.9%) (22)
Xa CO 23 20 0.37 2.787 1.202 2.1 <0.01% 29.3+2.5 - -
211)  (1589)  (3846) (99.9%)
Xa CO 234 20 0.349 2.656 1.188 1.87 <0.01% 28.7+3.0 - -
(128) (974)  (3800) (99.9%)
Xa CO 23B 20 0.3711 2.92 1.173 1.88 <0.01% 27.4+2.1 - -
271)  (2132)  (3754) (99.9%)
Xa CO 25 10 1.327 2.975 1.158 2.15 24.8% 93.9£13.8 - -
(124) (278)  (3709) (14.9%) mixed age
Xa CO 37 20 0.5646  0.8924  1.145 2.6 3.6% 131.8+10.8 13.64+0.23 1.54
(348) (550)  (3663) (48.6%) mixed age (46)
Xa CO 38 20 0.5419 09928  1.131 2.73 19.7% 110.9£10.9 13.7240.23 1.21
(292) (535)  (3618) (15.7%) mixed age (28)
Xa CO 40 20 0.6822 1.7 1.116 1.97 13.3% 82.3+6.7 12.16+0.27 1.73
(403)  (1004) (3572) (29.0%) mixed age (42)

and Green (1983). AFT analysis and length data were limited by low track densities and
the small grain size common in the sandstones sampled. The complete AFT results for
each sample are available in supplementary data table 2.

We selected individual apatite grains for apatite He analysis under a 120-160x
stereo-zoom microscope based on size, clarity, morphology, and the lack of visible
inclusions or grain boundary phases (GBPs, Murray and others, 2014). A minimum of
four grains were selected per sample and as many as 15 to 20 grains were dated from
samples with apparently useful age variability. Dimensions of each dated grain were
measured from digital photographs and used to calculate the alpha-ejection (F;)
correction (Ketcham and others, 2011). U, Th, and Sm contents of each grain were
measured by isotope dilution and solution ICP-MS on an Element 2 ICP-MS, as
described by Reiners and others (2004) and Reiners (2005). The complete apatite He
results for each grain dated are available in supplementary data table 3.
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To interpret the apatite He results, we used the lo standard deviation on the
sample mean age to determine whether each sample had reproducible ages (<20 %)
or dispersed ages (that is to say, variable, overdispersed, or apparently reproducible
ages; =20 %; Flowers and Kelley, 2011; table 1). To interpret the cooling ages of
samples with variable He ages, we plotted single-grain ages against two known—and
useful—sources of age variability: grain effective U (eU) concentration
([eU]=[U]+0.235[Th]) and grain size (Flowers and Kelley, 2011). Dispersed samples
with no apparent correspondence between He age and grain [eU] and/or size have
age variability that is not useful for thermal history interpretations given our current
understanding of these systems (Flowers and Kelley, 2011). In contrast, dispersed
samples with a positive-slope age-[eU] trend and sufficient range of [eU] (at least ~10
ppm to >30 ppm) contain robust thermal history information. We built thermal
history models for the samples with apatite He data useful for thermal history analysis
using the radiation damage accumulation and annealing model (RDAAM, Flowers and
others, 2009) as implemented in the program HeFTy (v. 1.9.3, Ketcham, 2005).
Thermal history modeling details are described below and in the Appendix. We jointly
modeled the results with AFT data where available.

RESULTS

Laccolith-cored Mountain Ranges

Abajo Mountains.—Four porphyry samples from the Abajo Mountains intrusive
complex have a weighted mean zircon U-Pb age of 27.8 = 0.16 Ma (supplementary
data table 1). To our knowledge, these are the first zircon U-Pb analyses from the Abajo
Mountains. This result agrees with but is significantly more precise than previous horn-
blende K-Ar and *°Ar/*°Ar age determinations (Witkind, 1964; Armstrong, 1969; Nelson
and others, 1992). Dated zircon grains have abundant Proterozoic inherited cores (supple-
mentary data table 1). Although not the focus of this study, we note that most of these cores
have ages of ca. 1.44 to 1.38 Ga, similar to xenocryst ages abundant in xenoliths from the
nearby Oligocene Navajo Volcanic field (Condie and others, 1999; Crowley and others,
2006). Curiously, the oldest ages in the inherited cores are 1.68 to 1.6 Ga (that is, Mazatzal)
and not 1.8 to 1.7 Ga (that is, Yavapai) as would be expected based on a strictly vertical
projection of the inferred configuration of the basement terranes (Bowring and Karl-
strom, 1990).

AFT ages from three sandstone samples have middle Cenozoic central ages
younger than the depositional age but older than 28 Ma (table 2). Sample 12ABA08
from the Navajo sandstone exposed at the northern end of the range near Shay
Mountain has an AFT central age of 31.1 = 10.3 Ma (1o). The sample had only five
datable grains, leading to high age uncertainty, but the age is within error of the
crystallization age of the intrusive complex. Sample 12ABA04 from the Chinle Forma-
tion exposed in the Johnson Creek dome is 51.6 = 8.5 Ma (lo). Sample 12ABA14, also
from the Johnson Creek dome, is from the Organ Rock Member of the Cutler Group
and has a central age of 46.5 * 4.2 Ma (lo) and long track lengths of 14.41 * 0.14 pm
(n=59).

The apatite He ages from four Oligocene porphyry samples in the Abajo Moun-
tains are 33.0 to 12.7 Ma, with three ages older than 28 Ma (table 1, fig. 4). Like apatite
grains from the coeval Henry Mountains porphyries (Murray and others, 2016), these
apatite grains have low [eU] values (mostly <20 ppm) and significantly dispersed ages.
The youngest single-grain apatite He ages from the porphyry samples are middle
Miocene and all younger than the magmatic activity in the Abajo Mountains intrusive
complex.

The apatite He ages from five Permian-Cretaceous sandstones also have signifi-
cant intra-sample age variability, and most ages are <28 Ma (table 1, fig. 4). At the
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Fig. 4. Apatite He results from the Abajo Mountains diorite porphyries and their sedimentary country
rocks. Symbols are scaled to apatite grain size (the effective spherical radius). (A) Most samples have
single-grain age variability at low apatite [eU] (<50 ppm) that results in an overall wedge-shaped trend. (B)
Results from Johnson Creek dome, the most deeply exhumed part of the intrusive complex. Ages from
Permian Sandstones (white circles) have a positive-slope age-[eU] trend with a steep change in ages from 10
to ~25 Ma in apatite grains with [eU] from 5 to 50 ppm, and a flat age-[eU] plateau at ~25 Ma for apatite
grains with up to 200 ppm [eU].

northern end of the Abajo Mountains study area, Cretaceous Dakota Sandstone has
reproducible He ages 20.8 to 15.0 Ma (12ABA07). The Jurassic Navajo Sandstone in
this area, which is lower stratigraphically and in elevation, has younger variable ages
(11.9-5.5 Ma, 12ABAO08) from apatite grains that were smaller and lower in [eU] than
those from the Dakota Sandstone (fig. 4A). The Jurassic Morrison Formation at
Jackson Ridge (12ABA15) has ages 40.0 to 6.8 Ma. At the Johnson Creek dome (fig.
4B), where lower Triassic and upper Permian rocks are exposed in contact with the
Prospect laccolith, ages range from 43.0 to 10.7 Ma. Unlike the other sandstone
samples, these samples—especially two from the Permian Cutler Group— have positive-
slope age-[eU] trends with ages of 25 to 11 Ma at [eU] values of <50 ppm and an ~27
to 25 Ma age plateau at [eU] values of 50 to 200 ppm (fig. 4B).

La Sal Mountains.—Two porphyry samples from the La Sal Mountains intrusive
complex, North Mountain and Round Mountain (Castle Valley) localities, have a
weighted mean zircon U-Pb age of 27.7 + 0.21 Ma (fig. bA, supplementary data table
1). This result is consistent with previous K-Ar, hornblende 1Ay /39Ar, and zircon U-Pb
age determinations (Stern and others, 1965; Armstrong, 1969; Nelson and others,
1992) and slightly younger than recently published zircon U-Pb ages of 29.1 * 0.3 Ma
from Middle Mountain (Rgnnevik and others, 2017). As in the Abajo Mountains, Protero-
zoic inherited cores are abundant (supplementary data table 1).

The AFT ages from four samples, two porphyry and two sandstone samples, are
younger than, but within error of, the zircon U-Pb crystallization age of the La Sal
Mountains intrusive complex (table 2, fig. 5A) They have central ages from 26.9 *
4.8 Ma to 25.3 £ 3.5 Ma (lo). This range agrees with the 33 to 27 Ma AFT ages
reported by Rgnnevik and others (2017).

The apatite He ages from three samples are 26.7 to 8.3 Ma (table 1, fig. 5), with
significant intra-sample age variability. Minimum He ages young with decreasing
elevation (fig. 5A). The highest-elevation sample is a porphyry with ages from 27.6 to
14 Ma that are positively correlated with grain size. The other two samples, from the Upper
Jurassic Dakota Sandstone and the Salt Wash Member of the Morrison Formation, have
positiveslope age-[eU] trends (fig. 5B), with 10 to 7 Ma ages at [eU] values < 10 ppm and
an 18 to 17 Ma age plateau at [eU] values of 25 to 150 ppm.
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Fig. 5. Apatite thermochronology results from the La Sal Mountains diorite porphyries and their
sedimentary country rocks. (A) Sample elevation vs. thermochronologic age. The vertical gray bar is the
zircon U-Pb age of porphyry samples 10SAL05 and 10SALO1. (B) Apatite He age vs. [eU] plot for the two
sandstone samples.

Lees Ferry to Hite Transect

Nineteen samples from Permian-Cretaceous sandstones collected along the Colo-
rado River corridor (fig. 2) lie along a transect that cuts several Laramide structural
highs and lows (fig. 3A). AFT results vary as a function of stratigraphic level and
proximity to Laramide structures (table 2, fig. 6). Cretaceous and Upper Jurassic strata
have depositional and older AFT ages, whereas older Jurassic, Triassic, and Permian
strata have partially reset Late Cretaceous central ages at the deeply exhumed cores of
Laramide structures or fully reset Oligocene ages along the Colorado River corridor
far from Laramide structural highs. All He ages from these samples, with the exception
of seven (of 131) grains, are Cenozoic and significantly younger than the deposition
age of the sampled units. There is significant inter- and intra-sample apatite He age
variability. Before addressing this He age variability, we present the results by geo-
graphic region.

Vermilion Cliffs near Lees Ferry.—Three samples form an ~1 km vertical profile up
the Vermilion Cliffs (figs. 3A and 7A). These samples sit on the northeastern side of the
Kaibab uplift and have a systematic age-elevation pattern (fig. 7A). The highest-
elevation sample (2015 m) is from the Jurassic Kayenta Formation, and has four apatite
He ages from 87 to 48 Ma with a steep and positive-slope age-[eU] pattern over a
narrow range of [eU] values from 15 to 34 ppm (fig. 7B; XaCo09). In the middle of this
profile (1775 m), a sample from the Triassic Moenkopi Sandstone has ages from 32 to
21 Ma with a large range of apatite eU compositions (11-81 ppm; XaCo06; fig. 7B).
The lowest-elevation samples, taken from the Triassic Moenave Formation on the
Marble Platform (1073 m) has apatite He ages from 23.2 to 6.8 Ma that have a
positive-slope age-[eU] pattern over [eU] values from 9 to 129 ppm (fig. 7B; XaCo08).
Lee and others (2013) presented apatite He data from river-level samples ~100 m
lower in Marble Canyon that have the same age range and age-[eU] patterns as this
Moenave sample.

Straight Cliffs.—This vertical profile samples a similar range of elevations as the
Vermilion Cliffs profile, but the units are higher in the stratigraphic section because
they sit in the Kaiparowits structural basin (figs. 3A, 3B, and 7C). All samples have at
least one He age younger than 25 Ma. The highest-elevation sample, from the Upper
Cretaceous Straight Cliffs Formation (2308 m) has apatite He ages from 50 to 20 Ma
and an AFT age of 82.3 £ 6.7 Ma (*1o; XaCo40; fig. 7C). This sample also has a
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Fig. 6. AFT results from this and previous studies. (A) AFT central age (*10) vs. stratigraphic position
relative to the base of the Dakota Sandstone as projected by Bump and Davis (2003). Pink and purple lines
indicate the timing of Oligocene magmatism in the laccolith complexes and regional Laramide deforma-
tion, respectively, as in figure 3C. High in the stratigraphic section, AFT ages become older with depth,
following the depositional age of the sampled unit. Below the Dakota Sandstone, AFT ages become younger
with depth and are (partially) reset from their host sandstone depositional age. (B-D) Radial plots of AFT
single-grain age data from samples from three categories of results. 20 error bar shown on the youngest
grain(s) to evaluate whether any grains are significantly younger than the stratigraphic age (gray line).
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the Dakota Sandstone (top panels) and apatite [eU] (bottom panels) to evaluate the sources of age dispersion. (A, B) A vertical profile up the Vermilion Cliffs above
Marble Canyon near Lees Ferry. (C, D) A second vertical transect higher in the stratigraphic section from the Straight Cliffs of the Kaiparowits plateau. (E, F) Other

samples.
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wedge-shaped age-[eU] trend, with high-[eU] grains (>50 ppm) that all have ages of
40 to 30 Ma and low-[eU] grains that are as old at 50 Ma or young as 20 Ma (fig. 7D).
This He age variability in low-[eU] apatite grains is typical of the entire dataset. A
sample from the Jurassic Morrison Formation is an extreme example, with a mixed
AFT central age of 125 = 10 Ma (*10) and low-[eU] grains that range in He age from
144 to 5.2 Ma (XaCol8; figs. 7C and 7D). The three lowest-elevation samples from the
Straight Cliffs have He ages of 30 to 3 Ma (figs. 7C and 7D).

Other samples.—The inter- and intra-sample apatite He age variability in the rest of
the dataset (nine samples) is similar to results from the Straight Cliffs. All samples have
at least one single-grain He age younger than 25 Ma (fig. 7E). Some samples have
negative-slope age trends with substantial age variability at low [eU] (XaCol2, fig. 7F);
others have positive-slope trends over a large range of [eU] with ages ~5 Ma at low
[eU] values and ~20 to 16 Ma at [eU] values of 50 to 115 ppm (XaCo23). One sample,
XaCo22 from the Henry Mountains region, has reproducible apatite He ages of 13 to
18 Ma. As with results from the Straight Cliffs, positive- and negative-slope age-[eU]
trends coexist in individual sample results (for example, XaCol0, XaCo20) and make a
wedge-shaped apatite He age-[eU] trend with substantial age variability at low [eU]
(fig. 7F).

Identifying Samples for Thermal History Analysis

Only four samples from this study have apatite He ages on individual single-grain
aliquots with <20 % 1lo standard deviation on the sample mean age: Moenave
Formation sample XaCo06 from Lees Ferry, Entrada Sandstone sample XaCo22 from
the Henry Mountains region near Mt. Ellsworth, Dakota Formation sample 12ABA07
from the Abajo Mountains, and Prospect laccolith igneous sample 12ABA05 from the
Abajo Mountains. Igneous samples from the Abajo Mountains have very low-[eU]
(mostly <20 ppm) apatite grains that exhibit substantial age variability, so despite
sample 12ABAO05 passing the standard deviation test, we chose not to rely on it for
thermal history analysis because of the likelihood of *He implantation (Murray and
others, 2014). Otherwise, the reproducible samples are useful for thermal history
interpretations.

The considerable intra-sample He age dispersion in the remaining 32 samples is
consistent with multiple, perhaps coexisting, sources of age variability. Only two
sources of He age dispersion—radiation damage accumulation and annealing (RDAA,
Flowers and others, 2009; Gautheron and others, 2009) and grain size variability—are
currently useful for quantitative thermal history interpretations (Flowers and Kelley,
2011). Qualitative evaluation of [eU] and grain size effects identified seven samples
with age dispersion consistent with these useful sources of age variability and therefore
appropriate for additional thermal history analysis.

Before presenting thermal history modeling results, we next discuss the apatite He
age variability that dominates this dataset. Another large apatite He dataset from
sandstones of the north-central Colorado Plateau (n~300, Hoffman, ms, 2009) has an
identical age range and pattern (fig. 8A). Therefore, the observed variability appears to
be a characteristic of this region’s rocks.

DIAGNOSING APATITE He AGE VARIABILITY

Expected He Age Variability

Dispersed apatite He ages from the Colorado Plateau’s Permian-Cretaceous
sedimentary bedrock are to be expected because the detrital grains have diverse
predepositional ages, cooling histories, and compositions and therefore exhibit di-
verse susceptibilities to partial resetting (Gautheron and others, 2013). Moreover, the
sedimentary units sampled were likely buried to depths between ~1.5 to 3 km. This
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Fig. 8. Apatite grains from the central Colorado Plateau’s Permian-Cretaceous sandstones have highly
variable He ages (from this study and Hoffman, ms, 2009). These data form a distinctive wedge-shaped age-[eU]
trend, with hundreds of percent age variability at [eU] < 50 ppm and a reproducible age of ~25 Ma in
high-[eU] grains. (B) Types of apatite He age variability observed in this dataset include useful
positive-slope age-[eU] trends (Flowers and others, 2008; Flowers and others, 2009) and negative-slope
trends known to be produced by implantation of excess *He (Murray and others, 2014) and other parent
nuclide zonation issues (for example, McKeon and others, 2013). The latter trends are identifiable but
not useful for thermal history interpretations at this time. (C) A few samples from this and other studies
(Hoffman, ms, 2009; Lee and others, 2013) have positive-slope patterns that provide rich thermal
history information.

magnitude of burial, combined with typical geothermal gradients, is generally insuffi-
cient for complete resetting of the radiation damage and He content of apatite grains.
Such partial resetting will have substantial effects on the temperature sensitivity of the
apatite He system during subsequent rock cooling and is itself a function of a sample’s
thermal history (Fox and Shuster, 2014). We do not know enough about each grain’s
pre- and postdepositional history to specifically calculate these effects because a 5 to 10 °C
difference in burial temperature has a substantial effect on the temperature sensitivity of
the He system (Fox and Shuster, 2014). However, we can use the RDAAM to predict the
expected pattern of age variability in rocks that have been at near-surface temperatures
(<100 °C) for tens to hundreds of My: an age-[eU] trend where He age and grain [eU]
are positively correlated (fig. 8b; Shuster and others, 2006; Flowers and others, 2007;
Flowers and others, 2009). As a whole, the apatite He data from the central Colorado
Plateau sandstones are dominated by the opposite trend—a negative-slope age-[eU] trend
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(fig. 8A). This trend is inconsistent with the RDAA model because the oldest measured He
ages are from the low-[eU] apatite grains, not the high-[eU] grains (fig. 8B). This pattern
suggests that other sources of apatite He age variability dominate the He ages from
sandstones of the central Colorado Plateau, co-mingling with and largely obscuring the
RDAA signal that would perhaps otherwise characterize apatite He ages from across the
region (fig. 8C).

Speculative Sources of He Age Variability Unrelated to Rock Thermal Histories

Although it is beyond the scope of this study to definitively diagnose the more
insidious age dispersion in this dataset, we offer a brief summary of its potential causes.
Intragranular zonation of [eU] (Ault and Flowers, 2012; McKeon and others, 2013)
and neighboring [eU]-bearing phases (Spiegel and others, 2009; Gautheron and
others, 2012; Murray and others, 2014) are known sources of apatite He age-[eU]
trends with negative slopes and highly variable He ages in low-[eU] apatite grains.
Intracrystalline zonation is unlikely to cause apatite He age dispersion of more that
~15 percent (Farley and others, 2011; Ault and Flowers, 2012; Gautheron and others,
2012; Johnstone and others, 2013). In central Colorado Plateau datasets, however,
single-grain apatite He ages from single samples can vary by more than 100 Ma (>1000 %
variability) in grains with <20 ppm [eU]. The only documented source of apatite He age
variability of this magnitude is [eU]-rich mineral phases located outside the apatite grain
that implant “excess” (that is, parentless) “He (Spiegel and others, 2009; Gautheron and
others, 2012; Murray and others, 2014). The most extreme effects are from [eU]-rich GBPs
(Murray and others, 2014). The He age variability that results from the effects of
extragranular [eU] cannot be used for thermal history interpretations because full
reconstruction of the in situ neighborhood of each dated apatite grain is not possible. We
can, however, identify samples likely affected by He implantation using this diagnostic
negative age-[eU] trend—a trend distinct from the positive-slope age-[eU] pattern charac-
teristic of the useful RDAA effects (fig. 8B).

Along the Lees Ferry to Hite transect, there may be some geologic control on He
age patterns. Negative-slope (He implantation) or positive-slope (RDAA) age-[eU]
pattern trends appear to be dependent on sample stratigraphic and structural position
(fig. 3, fig. 7). Sandstone samples with useful positive-slope trends are confined to the
Triassic and deeper parts of the central Colorado Plateau stratigraphy. This could be
because these rocks were buried to sufficient depth and temperature during the
Cenozoic to reset predepositional age variability. Alternatively, or in addition, their
stratigraphic position may have shielded these rocks from near-surface oxidized fluids
capable of precipitating [eU]-rich GBPs. Such shielding could be caused by imperme-
able shale units, such was the Chinle or Moenkopi Formations, or perhaps the
near-surface fluid flow had a finite penetration depth. Cenozoic fluid flow capable of
mobilizing U has been documented by regional bleaching of the Navajo Sandstone
and widespread digenetic oxides hosted in the Mesozoic sandstones of the Colorado
Plateau (Reiners and others, 2014 and references therein).

A Triassic sandstone sample with a negative-slope He age-[eU] trend that ostensi-
bly contradicts this idea (XaCo20, fig. 7E) may actually be consistent with it, because
this sample is from the crest of the Circle Cliffs uplift (fig. 3). This structural position,
in the exhumed core of a Laramide anticline, makes the Cenozoic history of this
sample distinct from the other Triassic rocks sampled in this study, for two reasons.
First, fold-related fracturing may have formed pathways for near-surface eU-mobilizing
fluids to penetrate deeper in the stratigraphy; such fracturing is thought to control
bleaching of the Triassic-Jurassic Glen Canyon Group rocks by the migration of
petroleum-related fluids (Beitler and others, 2003). Second, AFT results from the steep
limb of this anticline, the Waterpocket fold, suggest that the core of this structure may have
exhumed as a local erosional response to Laramide deformation (Dumitru and others,
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Are the He ages reproducible? (n=36)
<20% 10 standard deviation of the sample mean age

No, they are dispersed. (N=32) Yes. (N=4)
Does the age variability appear to be a This sample is likely useful
function of grain [eU] and/or size? for thermal history modeling.
Yes. (n=7) No. (n=25)
Test this quantitatively using This sample is not useful for
thermal history modeling. thermal history modeling.

For thermal history modeling, we binned He data from each sample by [eU] to
identify 3-5 representative grains to use as HeFTy inputs.

1. In bins containing one grain, we used the reported 1o error or 10% of the age,
whichever was larger. If the grain was <30 ppm [eU] and significantly older than
nearby grains with similar or greater [eU], then we imposed a 20% age error to
account for the potential effects of implantation.

2. In bins containing more than one grain, a representative grain was created by
averaging the uncorrected ages, grain sizes, and [eU]s of the grains in the bin. The
10 standard deviation on the average bin age was used as the input age error.

3. We did not bin the youngest, lowest-[eU] grain with others, because it is an
important observation the model results are sensitive to.

Fig. 9. Flowchartillustrating the approach used to evaluate the suitability of apatite He ages for thermal
history modeling in this study.

1994). Thus, by early Cenozoic time these Triassic and older rocks could have been closer
to the surface and near-surface fluids. Additionally, Laramide erosion could have removed
shale units that would have otherwise acted as barriers to fluid flow.

In the laccolith-cored mountain ranges, the distribution of negative-slope and
positive-slope He age-[eU] patterns is less systematic with respect to sample strati-
graphic position than in other areas. We speculate that the magmatism ca. 28 to 25 Ma
disrupted the regional fluid flow and/or distribution of GBPs. GBPs are abundant in
the Henry Mountains intrusive complex (Murray and others, 2014), and we observe
similar age patterns and GBP precipitates on grains in mineral separates from the La
Sal and Abajo mountains porphyries and sandstones. The magnitude of the intra-
sample He age variability in these samples (at most ~300 %) is less than that in
sandstone samples collected far from the intrusive centers.

THERMAL HISTORY MODELING

Apatite He results from only ten sandstone samples are appropriate for thermal
history modeling because they have reproducible apatite He ages or positive-slope He
age-[eU] trends (figs. 8C and 9). We used the RDAAM in HeFTy (Ketcham, 2005;
Flowers and others, 2009) to model each sample individually. We used HeFTy’s
inversion mode to predict cooling ages from hundreds of thousands of {7 paths until
either 100 good-fit paths were found or one million paths were attempted. Paths with
acceptable fits (0.05 < goodness of fit (GOF) < 0.5) are not ruled out by the cooling age
data, and those with good fits (GOF > 0.5) are supported by the data (Ketcham, 2005).
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For each model, we applied the following geologic constraints: (a) depositional
temperature of 15 = 5 °C, (b) range of burial temperatures at ca. 85 to 80 Ma
calculated using the locally preserved thickness of Mesozoic stratigraphy and a 20 to
30 °C/km geothermal gradient, (c) one large constraint box to allow ¢7 paths to
explore temperatures from 0 °C to 160 °C and nonmonotonic histories during
Cenozoic time, and (d) the modern surface temperature * 2.5 °C. The apatite He
results were binned to create inputs for HeFTy as described in figure 9. See Appendix
and supplementary tables for detailed descriptions of the thermal history model setup
and assumptions as suggested by Flowers and others (2015).

Laccolith-cored Mountain Ranges

Abajo Mountains.—In the Johnson Creek dome, the ca. 28 Ma Prospect laccolith
intrudes the Permian Cutler Group in close proximity to samples 12ABAI3 and
12ABA14. Therefore, in addition to the geologic constraints described above, we
added three constraint boxes between 29 to 25 Ma to explore, but not require, a
heating event at this time. These samples have positive-slope age-[eU] variability with
single-grain He ages from 30 Ma and 11 Ma over a wide range of [eU] (table 1). Sample
12ABA13 has one anomalously old He age (43 Ma) in a low-[eU] grain (11 ppm),
which we exclude from our analysis because of likely implantation effects (Murray and
others, 2014). Modeling results of apatite He ages from both of these samples (figs.
10A and 10B) do not rule out Neogene cooling to <40 °C starting in middle Miocene
time. More than 90 percent of the good-fit ¢T paths support that these samples were
warmer than 40 °C, sitting at apatite He partial-retention temperatures, until at least 6
Ma. These samples are from the most deeply exhumed strata in the Abajo Mountains.

A sample with reproducible He ages (12ABA07, 15-21 Ma, table 1) from the Upper
Cretaceous Dakota Sandstone sampled along Shay Ridge supports a wider range of
Neogene ¢T histories (fig. 10C). Good-fit T paths are all colder than 50 °C by ca. 8 Ma
and only 12 percent are warmer than 40 °C at 6 Ma.

Sample 12ABA14 (fig. 10B) has an AFT age of 46.5 * 4.2 Ma (*1o) with long
track lengths (14.46 = 0.14, n=>59) that, if included in the thermal history model,
results in an inversion with no good- or acceptable-fit {7 paths after 100,000 attempts.
This result is the same with or without the additional ca. 29 to 25 Ma thermal history
constraint boxes. The inflexible “frequentist” statistics used by HeFTy to judge fit may
be responsible, as the RDAA and annealing models are not perfect predictors (Ver-
meesch and Tian, 2014). Additionally, AFT age and track lengths have a threshold-like
behavior in HeFTy that make them acutely sensitive to reheating events like the one
likely experienced by these rocks during Oligocene magmatism. A systematic forward-
model approach using HeFTy (fig. Al) reveals this behavior and suggests a very narrow
range of thermal histories, with a peak Oligocene T of ~135 °C, may fit the apatite He
and AFT data from this sample. Given that our current understanding of damage
annealing kinetics is limited (Fox and Shuster, 2014; Fox and others, 2017) and
unlikely to accurately predict such a narrow range of peak T, we prefer the He-only
inversion modeling results from this sample.

La Sal Mountains.—Two sandstone samples from the La Sal Mountains have
Oligocene AFT ages (table 2) and dispersed apatite He ages with apparent age-[eU]
trends. These samples were not collected in close proximity to mapped laccolith rocks,
so we do not use extra constraint boxes as in the Abajo Mountains. Our approach to
setting up thermal history models (Appendix, fig. 9) yields very few acceptable- and no
good-fit ¢T" paths (figs. 10D and 10E) after one million attempted paths for each
sample. The acceptable-fit paths require similar ca. 30 Ma to recent thermal histories as
the other thermal history modeling results presented here (figs. 10, 11, and 12) but do
not support more specific Neogene thermal histories.
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Fig. 10. Thermal history modeling results for samples from the laccolith-cored mountain ranges. In left and
center time vs. temperature panels, black boxes are thermal history constraints, the light gray field contains all
acceptable ¢7"paths, and each dark gray line is a good-fit 7" path. Dotted lines are 40 °C and 6 Ma reference lines.
In He age vs. [eU] plots, white-filled circles are single-grain apatite He ages, black diamonds are single apatite
grains and uncertainties input into the model, light gray circles are analyses excluded from modeling, and the
gray fields encompass the age-[eU] trends for the acceptable- and good-fit (T paths. (A) 12ABA13. (B) 12ABA14.
(C) 12ABA07 (D) 10SAL02. (E) 10SAL03. See text and Appendix for modeling details.

Canyonlands Transect

Vermilion Cliffs vertical profile near Lees Ferry.—Three samples collected in a vertical
profile in the Vermilion Cliffs (fig. 7A) have reproducible or variable He ages (figs.
11A, 11B, and 11C) appropriate for thermal history modeling.

The lowest-elevation sample XaCo08 (fig. 11C, 1073 m) is from the Lower Triassic
Moenave Formation, which is the oldest part of the stratigraphy we sampled in this
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Fig. 11. Thermal history modeling results for sandstone samples from the Lees Ferry vertical profile and
two samples from the Henry Mountains region. Dotted lines are 40 °C and 6 Ma reference lines. (A) XaCo09.
(B) XaCo06. (C) XaCo08. (D) XaCo22. (E) XaCo23. See text and Appendix for modeling details.

location. This sample has dispersed apatite He ages, with single-grain ages as young as
6 Ma and the same positive-slope age-[eU] trend previously reported in the Permian
rocks (~100 m lower) at river level (Lee and others, 2013). Published AFT data exist
for nearby river-level samples from Marble Canyon (Kelley and Karlstrom, 2012), and
we incorporate the AFT central age (28.4 * 2.9 Ma) and track density data from
sample 01GC92 into our thermal history model. The model results (fig. 11C) supporta
wide range of Paleogene thermal histories but by ca. 30 Ma require that this sample was
at temperatures between 50 °C and 100 °C. This sample resided at those temperatures
until the latest Miocene. Ninety-three percent of the good-fit 7 paths are warmer than
45 °C until at least 6 Ma, and acceptable-fit paths rule out rock cooling <40 °C until
after 8 Ma. This result agrees with the findings of Lee and others (2013).
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Sample XaCo06 is from the Moenkopi Formation, which is ~700 m higher in the
stratigraphy, and has reproducible He ages of 26 = 3.3 Ma (table 1). The thermal
history modeling results require sample cooling to <40 °C by ca. 20 Ma (fig. 11B). The
model results support a wide range of Paleogene thermal histories but rule out
temperatures colder than 50 °C prior to ca. 35 Ma.

Sample XaCo09 is from the Lower Jurassic Kayenta Formation of the Glen Canyon
Group sampled at the top of the Vermilion Cliffs. This sample has low-[eU] grains
(15-35 ppm) with dispersed He ages (44—88 Ma) that form a positive-slope age-[eU]
trend. Thermal history modeling of this sample supports the hypothesis that this age
variability is consistent with the effects of RDAA (fig. 11A). Model results require
sample cooling to temperatures <40 °C after ca. 55 Ma, and good-fit ¢T paths support
cooling between ca. 48 Ma and 27 Ma.

The modeling results agree with the age-elevation relationship between these
samples (fig. 7A). This agreement confirms that the shallowest sample cooled earliest,
perhaps during the Laramide-age erosion previously inferred from AFT ages in Marble
Canyon (Kelley and Karlstrom, 2012), and was therefore not sensitive to the later
Cenozoic history of the rocks exposed at Vermilion Cliffs. The middle-elevation sample
clearly documents a period of rapid cooling during Oligocene time. Finally, the most
deeply exhumed sample is most sensitive to the middle and late Cenozoic thermal
history, supporting rock cooling during both Oligocene and Pliocene-Pleistocene
time.

Henry Mountains region.—Sample XaCo23 is from the Permian Cutler Group on
the shores of Lake Powell near Hite, Utah, approximately 20 km from outcrops of the
Oligocene laccoliths. It has dispersed ages with a positive-slope age-eU trend, He ages
from 5 Ma to 21 Ma, and an AFT central age of 28.4 = 1.7 Ma (*10). The model results
support a range of Paleogene thermal histories with temperatures >55 °C until the end
of the Oligocene (fig. 11E). The good-fit (T paths (n=31) support a specific Neogene
thermal history: temperatures warmer than 50 °C but colder than ~65 °C until after ca.
2.6 Ma. The acceptable-fit paths rule out the onset of this final pulse of cooling prior to
6 Ma. This result agrees with previous findings in the Henry Mountains near Mt. Hillers
(Murray and others, 2016).

Sample XaCo22 from the Upper Jurassic Entrada Sandstone has reproducible
apatite He ages of 16 * 2.6 Ma. This sample was collected several kilometers from
outcrops of the Mt. Ellsworth laccolith. The rock thermal histories supported by the
good-fit paths narrow during Oligocene time (fig. 11D). The model results support
rock cooling below 40 °C no earlier than ca. 16 Ma and cooling below 35 °C as recently
as ca. 2.8 Ma.

Green-Colorado confluence.—Three samples collected from Permian and Triassic
sandstones in Canyonlands near the confluence of the Green and Colorado rivers
and dated by Hoffman (ms, 2009) have positive-slope apatite He age-[eU] trends
that have not been previously modeled using the RDAAM. We modeled these data
the same way as our own (fig. 12). One sample (fig. 12B) from the Triassic
Moenkopi Formation yielded only 8 good-fit ¢T paths, and the results do not rule
out thermal histories supported by the other samples. The good-fit tT paths for a
sample from the Permian White Rim Sandstone (fig. 12C) support Oligocene rock
cooling to temperatures between 45 °C and 80 °C by ca. 23 Ma followed by sample
residence at partial-retention temperatures until at least 8 Ma. The model results
from the Triassic Chinle Formation (fig. 12A) support a range of Paleogene
thermal histories. The good-fit ¢T paths support sample residence at temperatures
70 to 45 °C through Miocene time, and 90 percent of these paths do not cool below
35 °C until after 6 Ma.
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Fig. 12. Thermal history modeling results for sandstone samples from the Canyonlands region
collected and dated by Hoffman (ms, 2009). Dotted lines are 40 °C and 6 Ma reference lines. (A) 07CP58.
(B) 07CP72. (C) 08CP71. See text and Appendix for modeling details.

DISCUSSION

Samples from Canyonlands that are useful for thermal history analysis document
different parts of the region’s Cenozoic history depending on the temperatures at
which they resided during the last ca. 80 My. Samples from relatively shallow strati-
graphic levels and/or proximal to the hinges of Laramide anticlines (for example,
Lees Ferry sample XaCo09, fig. 11A) cooled during Paleogene time and are therefore
not sensitive to the Neogene history of the region. In contrast, samples from the deeply
and recently exhumed regions (for example, the Johnson Creek dome in the Abajo
Mountains, figs. 10A and 10B) resided for tens of millions of years at temperatures
within the apatite He and AFT partial-retention/annealing zones and therefore
document more recent, multiphase thermal histories. The richest thermal history
information is contained in samples with positive-slope He age-eU patterns and
Oligocene-Pliocene He ages because the coevolution of radiation damage and He
diffusivity in apatite requires specific ¢7" conditions. These samples must have spent
significant time at partial-retention temperatures (45—-60 °C) during Miocene time.
The vertical profile at Lees Ferry (fig. 7A) encapsulates the resulting inter- and
intra-sample age variability and thermal history sensitivity (figs. 11A, 11B, 11C). The
AFT age vs. stratigraphic depth relationship (fig. 6A) we document across the Canyon-
lands region offers a complementary regional perspective on the cooling age architec-
ture that likely characterizes this region.

The thermochronologic samples in this study that contain the richest thermal
history information have positive-slope age-[eU] trends that document two periods of
rock cooling: one starting no earlier than latest Miocene time ca. 6 Ma and the other
during middle Cenozoic time ca. 30 to 20 Ma. This uniformity across the sample suite
suggests that both the mountainous intrusive complexes and the deeply incised
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Canyonlands of the Plateau interior share aspects of a common regional thermal
history. Late and middle Cenozoic erosion events have been previously inferred from
apatite thermochronology results in the Eastern Grand Canyon region (Flowers and
others, 2008; Karlstrom and others, 2014), near Lees Ferry (Lee and others, 2013;
Karlstrom and others, 2014), and along the southwestern Plateau margin (Karlstrom
and others, 2017). We consider the candidate drivers of these two rock cooling events
in the Canyonlands region separately, with a focus on how best to interpret the history
of the Canyonlands region in middle Cenozoic time.

Late Cenozoic Rock Cooling

Central Colorado Plateau samples with positive-slope age-[eU] patterns and
Oligocene-Pliocene single-grain He ages require a specific Neogene thermal history:
residence at apatite He partial-retention temperatures (45-60 °C) throughout the
Miocene followed by cooling to surface temperatures. This signal is present in Permian
sandstones in the Abajo Mountains (this study); Triassic to Upper Jurassic sandstones
in the Henry Mountains (Murray and others, 2016); Triassic (this study) and Permian
rocks (Lee and others, 2013) at Marble Canyon; Permian rocks near Hite in Glen
Canyon (this study); and Triassic and Permian sandstones along the Shafer Trail and
Lathrop Canyon upstream of the confluence of the Green and Colorado rivers
(Hoffman, ms, 2009 modeled in this study). Given the average modern geothermal
gradient of 25 °C/km in this region (Blackett, 2004) and modern surface temperatures
(which vary with sample location and elevation, see Appendix), we interpret this
cooling as the erosion of ~1.5 km (* ~0.3 km) since the latest Miocene. There is
substantial independent geologic evidence for kilometer-scale late Cenozoic erosion in
the Canyonlands region (for example, Pederson and others, 2002; Cook and others,
2009; Darling and others, 2012; Karlstrom and others, 2012; Dorsey and Lazear, 2013;
Lazear and others, 2013). The thermal history models of cooling ages from deeply
exhumed samples in this study support that most of the ~1.5 km (* ~0.3 km) of
erosion occurred rapidly during the last ca. 6 Ma, which is a useful refinement of
previous estimates from the region (10-6 Ma, Hoffman and others, 2011; Karlstrom
and others, 2012).

A rapid pulse of rock cooling due to erosion in the last ~6 Ma is likely a record of
Colorado River base-level fall moving upstream as a wave of incision from the Grand
Canyon region after river integration, although we do not resolve a clear spatial
pattern of erosion onset in this dataset. This erosion event may also reflect isostatic
feedback between erosion and uplift centered in the Glen Canyon region (Pederson
and others, 2002; Lazear and others, 2013; Pederson and others, 2013). As in the
Henry Mountains (Murray and others, 2016), at least a component of this exhumation
in the Abajo Mountains is likely related to the response of this high-relief, high-
elevation landscape to changes in global and regional climate in the last 3 to 2 Ma.
Increased moisture, particularly snowpack, after 2.6 Ma may have accelerated rock
cooling in this mountainous catchment by substantially enhancing the magnitude of
bedrock erosion during spring runoff (Zhang and others, 2001; Pelletier, 2009;
Johnson and others, 2010). Cool groundwater flowing downslope through these
sandstones from the highest elevations (that is, Whipp and Ehlers, 2007) could also
rapidly depress bedrock temperatures, though erosion is still required to bring these
rocks from temperatures >40 °C to the surface.

The thickness of the Mesozoic stratigraphic section varies by up to ~2 km across
the central Colorado Plateau, because the Cretaceous foreland basin deposits thicken
substantially toward the Sevier orogenic front and the older massive aeolian sandstones
generally thicken to the west (Hintze and Kowallis, 2009). Therefore, at each location
where we infer ~1.5 km of late Cenozoic exhumation, we can evaluate whether some



in the Canyonlands region of the Colorado Plateau 365

earlier Paleogene erosion is also required, or if the entire thickness of the Mesozoic
section was intact, at least locally, until the end of the Miocene.

Is Paleogene erosion of the central Colorado Plateau required?—In the La Sal and Abajo
mountains there are abundant magmatic contacts between the Oligocene laccoliths
and the Upper Cretaceous Mancos Shale, which requires that little Mesozoic sedimen-
tary cover was removed prior to ca. 28 Ma (Hunt, 1958; Witkind, 1964). In the Abajo
Mountains, the stratigraphy is sufficiently thin (Witkind, 1964; Hintze and Kowallis,
2009) that the entire Mesozoic section needed to be present in the Johnson Creek
dome (~1200 m) through the Miocene to hold samples at ~40 to 50 °C, assuming a
modern ~25 °C/km geothermal gradient and ~5 = 2.5 °C surface temperature.

In contrast, the Triassic and older sandstones with interpretable cooling age
trends far from the laccolith ranges do require Paleogene exhumation in order to be at
apatite He partial-retention depths by early Miocene time, assuming a modern
~25 °C/km geothermal gradient: at least ~1 km in Marble Canyon near Lees Ferry; at
least ~1 to 1.5 km in the Glen Canyon region near Hite; and at least 1 km at the
confluence of the Green and Colorado rivers. Each of these locations is on the
shallowly dipping flank of a Laramide fold ~35 to 50 km from the fold hinge.
Resolving the timing and rate of this pre-Miocene rock exhumation—whether it is a
middle Cenozoic erosion event, an earlier erosional response to Laramide shortening,
or simply constant slow erosion (~20-30 m/My)—would help distinguish between
proposed geodynamic drivers of Colorado Plateau surface uplift and erosion. Next, we
demonstrate that available apatite thermochronology data cannot definitely resolve
the region’s pre-Neogene erosion history.

Mddle Cenozoic Rock Cooling

In the thermal aureoles of the Oligocene intrusive complexes, middle Cenozoic
rock cooling is likely the result of local postmagmatic thermal relaxation, whereas in
sandstones from the canyons and mesas far (>20 km) from these intrusive complexes,
this cooling is ambiguous and requires additional geologic information to interpret.
This cooling could be documenting a period of rapid erosion, as inferred by previous
thermochronologic studies in parts of the southwestern Plateau, Eastern Grand
Canyon, Marble Canyon, and the Little Colorado River area (Flowers and others, 2008;
Lee and others, 2013; Karlstrom and others, 2014; Karlstrom and others, 2017).
Alternatively, we consider how thermal perturbations from mid-crustal magmatic
systems are capable of resetting low-temperature thermochronometers in rocks sitting
at partial-retention depths at the time of magmatism (Murray and others, 2018), and
middle Cenozoic cooling could therefore reflect regional cooling of the upper crust
following transient high heat flow driven by the magmatic flare-up in the region ca. 34
to 20 Ma (Coney and Reynolds, 1977; Dickinson and Snyder, 1978; Burke and McKee,
1979; Best and Christiansen, 1991). The laccoliths of the La Sal, Abajo, and Henry
laccolith complexes, as well as the mid-crustal magma chambers that must have
sourced them, are direct evidence of this crustal magmatism (Nelson and Davidson,
1993).

To investigate these end-member rock cooling scenarios, we use a 1D numerical
conduction-advection model that tracks particle temperature and depth over time as a
crustal thermal field responds to changing exhumation rates with or without the
presence of a transient heat source at mid-crustal depths (see Appendix for model
details). With this model, we predict the ¢7 paths that rocks in the upper crust
experience given various exhumation-only and magmatic-cooling scenarios (for ex-
ample, fig. 13). We use ¢7 paths computed by the model as forward-model inputs in
HeFTy in order to predict the apatite He and AFT ages that would result, which can be
compared to observed ages (fig. 14). These scenarios are not intended to capture
best-fit solutions. Instead, they demonstrate that a range of reasonable Paleogene
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Fig. 13. Particle time-temperature paths and cooling rates calculated using a simple 1D finite-difference
model (described in the Appendix). This model predicts, for example, (A) that a similar timescale and
magnitude of rock cooling in the upper 5 km of the crust results from an instantaneous drop in exhumation
rate from 1 to 0.05 km/Myr (dotted lines) and from the thermal relaxation of a 750 °C region at 15 km depth
(solid lines) in a landscape steadily exhuming at 0.05 km/Myr. Both scenarios achieve equilibrium with the
new state of the system in less than 10 Myr. (B) The cooling rates of these curves.

erosion histories are consistent with the observed apatite cooling ages if the geother-
mal gradient is considered a variable.

We implement a transient high heatflow scenario in this model, with a peak
geothermal gradient of ~50 °C/km, by holding mid-crustal (12-15 km) depths at
temperatures of 610 to 760 °C for 5 My. This is consistent with (1) geophysical models
(Condie and Selverstone, 1999) that suggest a density discontinuity at ~12 km in the
Colorado Plateau lithosphere, which is a likely place for Oligocene magma to stall and
pool while feeding the laccolith intrusive complexes and (2) ~300 °C of post-flare-up
cooling in the lower crust suggested by an isotopic shift in volcanic rocks erupted
across the Great Basin (Perry and others, 1993). Numerical results predict that rocks at
partial-retention depths during the Oligocene equilibrate to the presence of this
mid-crustal thermal anomaly within 1 to 2 My and that the postmagmatic thermal
relaxation occurs in <10 My.

We compare model predictions of three possible histories of the Permian-Triassic
rocks at Lees Ferry that result in Oligocene AFT ages and apatite He ages from 5 to 22
Ma that vary with eU (fig. 14A), as reported in this study and Lee and others (2013).
Each modeled history has constant burial heating from ca. 250 Ma to 85 Ma followed by
different Paleogene to early Miocene exhumation histories before final Pliocene-
Pleistocene exhumation to the surface.

In the first scenario, only exhumation changes rock temperatures (fig. 14, solid
line). The rock experiences a peak burial depth of 3.5 km (96 °C) at 85 Ma and then
exhumes a total of ~0.5 km at a constant slow rate during the following 60 My. A
period of rapid erosion (0.125 km/Myr) occurs from 25 to 15 Ma and exhumes the
rock an additional 1.25 km to apatite He partial retention zone (PRZ) depths, where it
resides until final rapid exhumation to the surface starting at 3 Ma (fig. 14B).

In the second and third scenarios (fig. 14, dashed and dotted lines), exhumation to
apatite He PRZ depths occurs earlier in the Paleogene and the middle Cenozoic cooling
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Fig. 14. Evaluation of erosion vs. thermal relaxation scenarios for the Colorado Plateau in middle
Cenozoic time using samples from Lees Ferry and the 1D advection-conduction model. We compare three
Paleogene erosion scenarios: solid line—rapid Oligocene erosion, which is the interpretation of rock
cooling from previous studies; dashed line—gradual Paleogene erosion with Oligocene heating; dotted
line—rapid Paleocene erosion with Oligocene heating. (A) Age-[eU] results from this study and Lee and
others (2013). Ages that are older than the modeled trend are likely affected by He implantation (that is to
say, fig. 8) and are therefore excluded from this exercise. (B) Sample depth vs. time. (C) Sample thermal
histories were used as forward-model inputs in HeFTy in order to predict the resulting He age-[eU] pattern
and AFT age (not shown). These three scenarios produce indistinguishable AFT ages and He age-[eU]
trends; this modeling exercise is not intended to find a best-fit solution.

signal is the result of the transient thermal perturbation we impose between 30 and 25 Ma.
In scenario two, the Triassic rock starts at the same depth and temperature at 85 Ma as
scenario one but exhumes a total of 1.65 km between 85 and 30 Ma at a more rapid rate
(0.03 m/Myr). At 30 Ma, the exhumation rate decreases to 0.005 m/Myr and is constant
until 2 Ma, so the rock stays at ~1.8 km depth. However, the rock experiences a thermal
perturbation during the Oligocene that heats it from ~56 °C at 30 Ma to a peak
temperature of ~100 °C from 27 to 24.5 Ma. The rock cooling during postmagmatic
thermal relaxation occurs at a similar rate as the rock cooling predicted by the middle
Cenozoic exhumation (first) scenario (fig. 14C), so the predicted age-eU trends are
indistinguishable (fig. 14A). Scenario three demonstrates that if we allow for an Oligocene
thermal perturbation, the low-temperature thermochronologic data are insensitive to the
pre-Oligocene exhumation history and, for example, the Triassic rock at Marble Canyon
could have exhumed to apatite He PRZ depths by 60 Ma during a period of Laramide
erosion atarate of 0.1 m/Myr (fig. 14).

This modeling exercise suggests that, if geologically reasonable transient middle
Cenozoic magmatic heating is allowed, the apatite cooling ages at Mable Canyon, Hite,
and the Green-Colorado confluence support a range of erosion histories between two
end-member scenarios. These include rapid erosion of ~1 km between 25 and 15 Ma,
as previously proposed for Marble Canyon (Lee and others, 2013; Karlstrom and
others, 2014) or ~1.5 to 2 km of earlier, possibly gradual, Paleogene erosion paired
with a transient doubling of the geothermal gradient during middle Cenozoic time.
Given this ambiguity, we propose that this middle Cenozoic rock cooling be referred to
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as the Middle Cenozoic Cooling Fvent, the interpretation of which requires additional
independent geologic evidence.

Canyonlands Erosion and Magmatism in Middle Cenozoic Time

Middle Cenozoic erosion.—Hunt (1956, 1969) first speculated about regional middle
Cenozoic erosion across the Colorado Plateau ca. 38 to 26 Ma, suggesting that Dutton’s
(1882) “Great Denudation” of the Grand Canyon area was a regional, multiphase
event. Apatite cooling ages from the southwestern Plateau, Eastern Grand Canyon,
Marble Canyon (Naeser and others, 1989; Flowers and others, 2008; Kelley and
Karlstrom, 2012; Lee and others, 2013), and the Little Colorado River (Karlstrom and
others, 2017) reported by previous workers appear to support this idea. In turn, it has
permeated many models of the Plateau’s landscape evolution and uplift history
(Flowers and others, 2008; Cather and others, 2012; Roberts and others, 2012; Lee and
others, 2013; Sears, 2013; Karlstrom and others, 2014). There is direct evidence of
middle Cenozoic erosion and aggradation in the southern Plateau region, as discussed
below, as well as in the Uinta Mountains at the edge of the Plateau north of our study
area (Hansen, 1986). However, no geologic observations require kilometer-scale
Oligocene erosion of the Plateau interior in southeastern Utah.

Along the Mogollon Rim escarpment on the southwestern margin of the Plateau (fig.
15), thin Paleogene ‘rim’ gravels, canyons filled with Paleogene sediments, and angular
unconformities between these deposits and Miocene volcanic rocks document a pro-
tracted and heterogeneous history of erosion and aggradation during the Laramide
Orogeny though middle Cenozoic time (Peirce and others, 1979; Elston and Young, 1991;
Holm, 2001). Elston and Young (1991) state that ca. 39 Ma AFT ages from the Eastern
Grand Canyon (Naeser and others, 1989) suggest late Eocene tectonic uplift and erosion
at the end of the Laramide triggered the end of rim gravel deposition. They note, however,
that there is no direct evidence of this erosional event north of the Mogollon Rim. As
Dumitru and others (1994) point out, the late Eocene (43-33 Ma) AFT ages in the Eastern
Grand Canyon and Marble Canyon could be documenting rapid exhumation ca. 38 Ma or
some more complicated, multiphase cooling history.

In the south-central Plateau, lower Oligocene aeolian sandstones in the Chuska
Mountains and Mogollon-Datil volcanic field are interpreted as erosional remnants of
a regionally extensive sand sea known as the Chuska Erg (fig. 15, Cather and others,
2008). Reconstruction of erg thickness and extent, together with several ca. 35 Ma
paleosurfaces, prompted Cather and others (2008) to propose ~1200 m of Oligocene-
Miocene erosion in the south-central Colorado Plateau region prior to the deposition
of the Miocene Bidahochi Formation at ca. 16 Ma (fig. 15). Holm (2001) proposed a
southwest to northeast sweep of erosion of the Triassic units in the same region during
the Miocene. These interpretations are based on geologic evidence for middle
Cenozoic aggradation and erosion in parts of the southwestern Plateau. However, no
stratigraphic relationships or other geologic observations require a similar history
several hundred kilometers to the north in our study area. In addition, there is no
direct evidence of a middle Cenozoic paleoriver system and terminal basin capable of
transporting and receiving the sediment that would have been generated by eroding
~1 km from the 100,000 km?® area that comprises the extent of the Chuska Erg plus the
Canyonlands region, although various models have been proposed (for example,
Galloway and others, 2011; Sears, 2013).

Muddle Cenozoic magmatism.—The magmatic record clearly documents that a
prodigious amount of mantle-derived heat and melt was added to the Colorado
Plateau region’s lithosphere during the late Eocene and Oligocene. There is, however,
little surficial expression of this event in the Canyonlands region. The lack of
ignimbrite volcanism in the Plateau interior is attributed to several potential drivers.
For example, the Farallon slab may have stayed shallow beneath the Plateau and
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Fig. 15. Distribution of middle Cenozoic rocks of the Colorado Plateau modified from Cather and
others (2008). Outline of the modern Colorado Plateau and state boundaries outlined by black and gray
dotted lines, respectively. UT—Utah. CO—Colorado. NM—New Mexico. AZ—Arizona. WY—Wyoming.
Volcanic fields: M—Marysvale, SJ—San Juan, MD—Mogollon-Datil. Navajo volcanic field extent from
Semken (2003).

shielded it from the prolonged incursion of hot asthenosphere that drove magmatism
in the surrounding regions (Humphreys, 1995; Humphreys and others, 2003). Alterna-
tively, the regional pattern of flare-up volcanism may reflect how the composition of
the mantle lithosphere controlled the production and aggregation of primary melt
(Farmer and others, 2008; Lake and Farmer, 2015). Mantle xenolith data suggest that
in contrast to surrounding regions, the Colorado Plateau’s lithospheric mantle is
depleted (that is, not fertile for melting) and forms a thick thermal boundary layer
between the crust and the asthenosphere (Lee and others, 2001) that may have
impeded the transfer of heat and melt into the lithosphere. In each case, the nature of
the Colorado Plateau lithosphere and the lack of ignimbrite volcanism appear to
suggest that the Plateau experienced normal (25 °C/km) crustal temperatures in the
middle Cenozoic. However, the magmatic flare-up’s potential thermal effects on the
upper crust of the Colorado Plateau cannot be dismissed because magma rapidly
advects heat from the mantle to the crust and thereby overcomes the time- and
length-scale limitations of conductively heating the lithosphere by increasing the basal
heat flow alone (Murray and others, 2018).

Previous apatite thermochronology results from the eastern Colorado Plateau and
the neighboring Rio Grande rift, southern Rocky Mountains, and southern High
Plains has prompted occasional discussion of the middle Cenozoic as a time of high
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heat flow (Leonard and others, 2002; House and others, 2003; Roy and others, 2004;
Ricketts and others, 2016; Landman and others, 2016; Rgnnevik and others, 2017).
Samples from the Uncompahgre Plateau east of the La Sal Mountains experienced
complete resetting during late Eocene to Oligocene time, which Rgnnevik and others
(2017) attributed to the magmatic flare-up. In the southern Rocky Mountains along
the eastern and southeastern Plateau margin, Roy and others (2004) demonstrated
that the voluminous magmatism in the San Juan and Mogollon-Datil volcanic fields
had the capacity to generate ca. 25 Ma AFT ages in northern New Mexico and western
Colorado, though Roy and others interpreted this as a regional signal of an erosional
response to magmatism-driven uplift. In the Rio Grande rift (House and others, 2003)
and parts of the Rocky Mountains and the southern High Plains (Leonard and others,
2002; Roy and others, 2004; Landman and others, 2016), an Oligocene thermal
anomaly is documented by an abrupt vertical transition in AFT ages (that is, a
paleoisotherm of ~110 °C) in which ages are ca. 30 to 25 Ma below this transition and
>100 Ma above.

AFT ages from Canyonlands region have a similar vertical architecture of cooling
ages (fig. 6) in the most deeply exhumed parts of the Colorado River corridor. In the
Henry Mountains region, the Jurassic Morrison Formation ~10 km north of the
intrusive complex has a Jurassic depositional AFT age and long track lengths (Murray
and others, 2016), whereas neighboring Permian rocks from ~1 km deeper in the
stratigraphic section have AFT ages of 25 to 27 Ma (this study; Huntoon and others,
1999). Therefore, between these two samples is the same abrupt age transition
observed in eastern Colorado Plateau and Rocky Mountains. Samples from the
Waterpocket fold ~20 km west of the Henry Mountains have entirely unreset or
partially reset AFT ages older than 100 Ma with AFT length data suggest cooling during
the Laramide (ca. 75 Ma) followed by moderate middle Cenozoic heating, perhaps due
to the Henry Mountains intrusive complex to the east and Marysvale volcanic fields to
the west (Dumitru and others, 1994).

Despite geologic evidence for extensive magmatic activity and the trends in the
low-temperature thermochronologic data, a thermal relaxation mechanism for region-
ally extensive middle Cenozoic rock cooling has not been previously proposed for the
Colorado Plateau itself or the Canyonlands region in particular.

The Middle Cenozoic Cooling FEvent.—Rock cooling documented by apatite He ages,
AFT ages, and thermal history model results in the Canyonlands region, as with all
thermochronologic results, requires interpretation in the context of independent
geologic information. Unlike in the south-central and southwestern parts of the
Colorado Plateau, there is no geologic evidence for middle Cenozoic erosion in our
study area. Instead, the only Oligocene features are the Abajo, La Sal, and Henry
mountains laccolith complexes, which reflect the unequivocal fact that the during
Oligocene time, the Colorado Plateau region was sitting in the midst of one of the
largest flare-ups of magmatic activity in the geologic record.

We have modeled our magmatic-cooling hypothesis of the Middle Cenozoic Cooling
Event as a thermal anomaly in the middle crust. However, in reality, a warm middle
Cenozoic geothermal gradient would have an upper crustal thermal field with a complex
spatial and temporal pattern produced by a combination of (1) paleotopography, (2)
minor far-field effects of the massive volcanic centers that surround the Plateau (fig. 15),
(3) moderate effects from a warm lower crust, where mantle melts would pool and
geophysical evidence of extensive mafic intrusions was recently reported in the southern
Colorado Plateau (Tork Qashqai and others, 2016), and (4) the additive and more
proximal effects of the upper crustal magma chambers including the laccolith complexes,
which intruded at ~850 °C (Nelson and others, 1992). It is also possible that cooling to a
normal (thatis, 25 °C/km) geothermal gradient in early Miocene time could mark the end
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of a much longer period of elevated crustal temperatures that started when magmatism
moved through the region during Late Cretaceous time (Snyder and others, 1976;
Erdman and others, 2016).

CONCLUSIONS

The importance of erosion in the history of the Colorado Plateau is obvious to even
the casual observer. However, apatite thermochronologic results suggest that parts of this
story, as viewed from the perspective of rock cooling ages and thermal histories, are
challenging to untangle from heating and cooling related to the region’s middle Cenozoic
magmatic history. Additionally, interpreting the thermal histories of sandstones from the
Colorado Plateau pushes the limits of our current ability to identify the mechanisms that
control He mobility in each detrital apatite grain. Here, we follow a standard approach to
dispersed apatite He datasets (Flowers and Kelley, 2011) and limit our thermal history
analysis to samples with reproducible apatite He ages or He age dispersion that we can
clearly attribute to the effects of grain size (Reiners and Farley, 2001) and the coevolution
of radiation damage and He diffusivity in apatite (Shuster and others, 2006; Flowers and
others, 2009; Gautheron and others, 2009).

Most thermochronologic samples from the Canyonlands region suffer from
additional, currently intractable, He age dispersion in low-[eU] grains (figs. 8A, 8B). A
distinctive pattern of age variability in apatite He age-[eU] trends (fig. 8A) appears to
be characteristic of the sedimentary rocks of the Canyonlands region. Old and variable
He ages in low-[eU] apatite grains, which manifest as negative-slope He age-[eU]
trends (fig. 8B), are likely the result of ‘He implantation, perhaps from the U-Th-rich
grain boundary phases that are common in this region (Murray and others, 2014). The
abundance of this type of He age complexity appears to be related to stratigraphic
position, so we tentatively propose that it reflects a history of diagenesis and fluid flow
capable of mobilizing U and Th and variably affecting apatite He ages in the 1 to 2 km
of stratigraphy above the uraniferous Triassic Chinle Formation.

Apatite cooling ages useful for thermal history modeling document different parts
of the region’s thermal history as a function of how a sample’s stratigraphic position
and location contributed to its residence time at fission-track partial-annealing and He
partial-retention temperatures (for example, figs. 7A and 11). Our thermal history
modeling of deeply exhumed rocks clearly documents ~1.5 km of erosion in the
Canyonlands region since the latest Miocene. However, it is not yet possible to resolve
the timing or rate of Paleogene erosion in the Canyonlands region using thermochronol-
ogy due to likely thermal effects of the magmatic flare-up that swept across the region ca. 34
to 20 Ma. Given the current difficulty of distinguishing between magmatic and exhuma-
tional cooling using thermochronology alone (Murray and others, 2018) and our ability to
fit apatite thermochronology data in this study with either driver of middle Cenozoic rock
cooling (fig. 14), we propose that all middle Cenozoic rock cooling on the Colorado
Plateau should be described as documenting a Middle Cenozoic Cooling Fvent of ambiguous
origin(s). The likely drivers of middle Cenozoic rock cooling should be determined based
on local evidence for erosion and/or magmatic activity.

Despite ambiguity regarding the timing and rate of Paleogene erosion in the
Canyonlands region, its spatial pattern and magnitude are clear. At Lees Ferry, Hite,
and the Green-Colorado confluence, ~1 to 1.5 km of Paleogene erosion is required to
exhume samples to apatite He partial-retention depths by early Miocene time. In
contrast, Paleogene erosion likely did not remove Mesozoic strata from the Abajo
Mountains (this study) or the Henry Mountains (Murray and others, 2016); indeed,
the entire Mesozoic stratigraphic section is still intact in multiple parts of the Plateau
interior today (fig. 2). After Paleogene time, the Canyonlands region was largely
isolated from erosion until after the development of the modern Colorado River
system ca. 6 Ma.
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APPENDIX

Analytical Methods

Zircon U/Pb.—We picked ~50 zircon grains from each igneous sample and mounted them on a l-inch
epoxy mount with Sri Lanka and Fish Canyon Tuff zircon standards. The mounts were sanded down to a
depth of ~20 pm, polished, imaged, and cleaned. Prior to analysis, we imaged grains with a Hitachi 3400N
SEM and a Gatan CL2 detector system in order to optimally locate analysis pits and assist in interpreting
results. The isotopic analyses involved ablation of zircon with a Photon Machines Analyte G2 excimer laser
equipped with HelEx ablation cell using a spot diameter of 20 pum. The ablated material was carried in He
into the plasma source of the Element2 HR-ICP-MS, which sequences rapidly through U, Th, and Pb
isotopes.

ij)utite Fission Track.—Apatite grains were mounted in epoxy resin, alumina and diamond polished,
and spontaneous fission tracks were revealed by etching with 5.5 M HNOjy at 20 °C for 20 s. Samples were
irradiated at the Oregon State University Triga Reactor, Corvallis, USA. The neutron fluence was monitored
using European Institute for Reference Materials and Measurements (IRMM) uranium-dosed glasses IRMM
540R. After irradiation, induced tracks in the mica external detectors were revealed by etching with 48 % HF
for 20 minutes. Spontaneous and induced FT densities were counted using an Olympus BX61 microscope at
1250X magnification with an automated Kinetek Stage system. Apatite FT lengths and Dpar values were
measured using FTStage software, an attached drawing tube and a digitizing tablet supplied by T. Dumitru of
Stanford University calibrated against a stage micrometer. According to the recommendations of Hurford
(1990), an apatite IRMM 540R zeta calibration factor of 368.1+14.9 was obtained by repeated calibration
against a number of internationally recognized age standards, including Durango and Fish Canyon apatite.
For young ages with low track counts, a binomial (or Z) age was calculated with 95 % confidence intervals
using the F-distribution method described by Galbraith (2005).

Apatite (U-Th-Sm)/He.—Individual apatite grains were wrapped in niobium foil packets and heated to
~1065 °C for 3 minutes using a Nd-YAG or diode laser in a laser cell attached to an ultrahigh vacuum gas
extraction line. Extracted He gas was spiked with *He, purified using cryogenic and gettering methods, and
analyzed on a quadrupole mass spectrometer. Analysis of a known quantity of *He was performed after every
4 to 5 unknown analyses to monitor instrumental sensitivity drift. Then, apatite grains were dissolved in
HNOj at ~90 °C for 1 h. U, Th, and Sm contents of each grain were measured by isotope dilution and
solution ICP-MS on an Element 2 ICP-MS, as described by Reiners and others (2004) and Reiners (2005),
using 2**U-**Th and '*"Sm spikes. After 2012, a **Ca spike was used to calculate the stoichiometric apatite
mass and volume. Precision on measured U/Th values was typically better than 0.5 %.

Thermal (tT) History Modeling

The method used to determine the suitability of each sample for thermal history modeling and the
selection of three to five representative apatite He analyses to use as model inputs is described in figure 9.
Thermal history modeling was performed using HeFTy v. 1.9.3 (Ketcham, 2005). We used the following
apatite He kinetic parameters: ‘RDAAM (Flowers and others, 2009)’; precision ‘good’; stopping distances
‘Ketcham and others, 2011’; alpha calculation ‘redistribution’; rmr0 ‘0.8’; and age alpha-correction
‘Ketcham and others, 2011°. The statistical fitting criteria used were the HeFTy defaults: a merit value for
‘good’ fit of 0.5 and a merit value for ‘acceptable’ fit of 0.05. Thermal history models had four (7 constraints
as summarized in the main body text: sample deposition, sample burial ca. 85 to 80 Ma, a range of ¢1 paths
during the Cenozoic, and the modern surface temperature projected to the sample elevation using a
temperature lapse rate of -6.5 °C/km (Minder and others, 2010). Apatite cooling ages of modeled samples
postdate sample deposition by more than 100 My, but our simulations begin at a sample’s depositional age in
order to permit accumulation and annealing of radiation damage over a geologically relevant period. Burial
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Fig. Al. Comparative results of forward models of apatite He and AFT data from sample 12ABA14,
which do notyield acceptable or good-fit ¢7'paths when jointly modeled after 100,000 ¢7" path attempts. With
the currently accepted kinetics implemented in HeFTy, these systems are very sensitive, perhaps unrealisti-
cally so, to the combination of Paleogene burial temperature and peak Oligocene heating temperatures
likely experienced by this sample. (A) He age-[eU] plot with He ages from sample 12ABAl4 and
forward-modeled age-[eU] trends predicted from the time-temperature histories shown in (B). (C)
Observed fission-track length distribution compared to those predicted by the same forward models. Peak
Oligocene temperatures of ~137 °C would produce the observed track lengths, approximate AFT central
age, and He age-[eU] trend.

depths ca. 85 to 80 Ma were calculated using the local stratigraphic thicknesses that are compiled across the
region in Hintze and Kowallis (2009) and supplemented by local studies in the Abajo (Witkind, 1964) and
Henry (Hunt and others, 1953) mountains.

We used (7 path characteristics with random subsegment spacing. Paths between the (7" constraints had
the following characteristics: 2G, 1Ev, 2Ev. Models of two samples collected next to the Prospect laccolith in
the Abajo Mountains (figs. 10A and 10B) included three additional ‘laccolith’ ¢T"constraint boxes to explore,
but not require, transient heating and cooling during the emplacement of the laccolith ca. 28 Ma. The (T
paths between the constraints in these models had the following characteristics: 2G, OE, 1Ev, OE, OE, 2E. For
all thermal history models, the number of paths attempted was the number required to return 100 good-fit
paths or one million paths. Models with the additional ‘laccolith’ constraints were also run for 100,000
attempts with four constraint boxes instead of seven (that is to say, run identically to all other models) to
confirm that a significantly different result was not returned.

Supplementary tables (http://earth.geology.yale.edu/%7eajs/SupplementaryData/2019/Murray) in-
clude all additional information required to justify and reproduce the thermal history modeling results
presented in this paper (Flowers and others, 2015). This includes the complete AFT (supplementary table 2) and
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apatite He analyses (supplementary table 3) as well as the specific inputs and constraints used to model samples
from the Abajo Mountains (supplementary table 4), La Sal Mountains (supplementary table 5), Lees Ferry
(supplementary table 6), the Hite-Henry Mountains region (supplementary table 7), and near the Green-
Colorado river confluence (supplementary table 8).

Thermal Modeling

Our 1D conduction-advection model tracks particle temperature and depth in a thermal field that
evolves with time using a numerical finite-difference method. The code is written in MATLAB® and uses
operator splitting, with advection solved by the upwind differencing method (without corrections) and
conduction solved using the Crank-Nicolson method. Dirichdlet boundary conditions are T .. = 10 °C
and T, = 900 °C. The thermal diffusivity is 25 km?/My. The model domain is 30 km thick, with a node
spacing of 10 m. The model time step is 0.025 My. The stability of the advection solution is monitored using
the Courant-Friedrichs-Lewy condition (that is, Courant Number), which must be less than 1.
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