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ABSTRACT

Western North America is the archetypical 
Cordilleran orogenic system that preserves a 
Mesozoic to Cenozoic record of oceanic Faral-
lon plate subduction-related processes. After 
prolonged Late Jurassic through mid-Creta-
ceous normal-angle Farallon plate subduc-
tion that produced the western North Ameri-
can batholith belt and retroarc fold-thrust 
belt, a period of low-angle, flat-slab subduc-
tion during Late Cretaceous–Paleogene time 
caused upper plate deformation to migrate 
eastward in the form of the Laramide base-
ment-involved uplifts, which partitioned the 
original regional foreland basin. Major ques-
tions persist about the mechanism and timing 
of flat-slab subduction, the trajectory of the 
flat-slab, inter-plate coupling mechanism(s), 
and the upper-plate deformational response 
to such processes. Critical for testing vari-
ous flat-slab hypotheses are the timing, rate, 
and distribution of exhumation experienced 
by the Laramide uplifts as recorded by low-
temperature thermochronology. In this con-
tribution, we address the timing of regional 
exhumation of the Laramide uplifts by com-
bining apatite fission-track (AFT) and (U-
Th-Sm)/He (AHe) data from 29 new samples 
with 564 previously published AFT, AHe, 
and zircon (U-Th)/He ages from Laramide 
structures in Arizona, Utah, Wyoming, Colo-
rado, Montana, and South Dakota, USA. We 
integrate our results with existing geological 
constraints and with new regional cross sec-
tions to reconstruct the spatial and temporal 
history of exhumation driven by Laramide 
deformation from the mid-Cretaceous to Pa-
leogene. Our analysis suggests a two-stage ex-
humation of the Laramide province, with an 
early phase of localized exhumation occur-

ring at ca. 100–80 Ma in Wyoming and Mon-
tana, followed by a more regional period of 
exhumation at ca. 70–50 Ma. Generally, the 
onset of enhanced exhumation occurs ear-
lier in the northern Laramide province (ca. 
90 Ma) and later in the southern Laramide 
province (ca. 80 Ma). Thermal history mod-
els of selected samples along regional cross 
sections through Utah–Arizona–New Mex-
ico and Wyoming–South Dakota show that 
exhumation occurred contemporaneously 
with deformation, implying that Laramide 
basement block exhumation is coupled with 
regional deformation. These results have 
implications for testing proposed migration 
pathway models of Farallon flat-slab and for 
how upper-plate deformation is expressed in 
flat-slab subduction zones in general.

INTRODUCTION

The North American Cordillera is a well-pre-
served example of an orogenic system involving 
a subducting oceanic plate and overriding con-
tinental plate (e.g., Burchfiel and Davis, 1972; 
DeCelles, 2004; Yonkee and Weil, 2015; Law-
ton, 2019). Subduction of the oceanic Farallon 
plate initiated as early as ca. 180 Ma (Mulcahy 
et al., 2018) but did not become strongly coupled 
to the overriding North American plate until the 
Late Jurassic (ca. 155 Ma) following regional 
accretion of parautochthonous arc terranes and 
closure of marginal ocean basins (Harper and 
Wright, 1984; Wright and Fahan, 1988; Saleeby, 
1992; Saleeby and Busby-Spera, 1992; Dick-
inson et al., 1996). The transition to a simple, 
two-plate, east-dipping ocean-continent subduc-
tion system at the latitudes of California, USA, 
occurred at ca. 155 Ma and marked the onset of 
growth of the Cordilleran orogenic belt, which is 
thought to have two major shortening “events,” 
referred to as the Sevier (Armstrong, 1968) and 
Laramide orogenies (e.g., Blackwelder, 1914; 
Brown, 1988). The difference between these 
two events is generally a matter of tectonic style 

and spatial distribution, with the Sevier hav-
ing mainly a thin-skinned thrust belt style and 
the Laramide being a thick-skinned basement-
involved style. The Sevier and Laramide struc-
tures are also spatially separate (with only very 
local spatial overlap): the Sevier belt is charac-
terized by a linear group of closely spaced thrust 
faults and related folds (from Las Vegas, Nevada, 
USA, to the Idaho state line, USA) concentrated 
along the frontal portion of the much larger 
Cordilleran belt (e.g., Allmendinger, 1992; 
DeCelles, 2004), which extends latitudinally 
from Sonora, Mexico, to the Yukon Territory, 
Canada, and eastward from Nevada to western 
Wyoming, USA, following the former passive 
margin of western North America (Fig. 1). The 
Laramide uplifts, however, are restricted to the 
western interior region of Montana, Wyoming, 
Utah, Colorado, Arizona, New Mexico, and 
South Dakota, USA. The Cordilleran orogen 
involved a magmatic arc, crustal thickening, 
and surface uplift (e.g., Livaccari, 1991; Lawton 
et al., 1994; Bahadori et al., 2022). A regional 
foreland basin developed east of the frontal 
Sevier belt in response to flexural loading and 
subsidence from Late Jurassic to Late Creta-
ceous time (e.g., Jordan, 1981; Cross, 1986; 
Kauffman and Caldwell, 1993; DeCelles, 2004; 
Miall et al., 2008). The regional subsidence pat-
tern transitioned from mostly flexural to flexural 
plus dynamic subsidence beginning ca. 81 Ma 
associated with shallowing of the subducting 
plate (e.g., Mitrovica et  al., 1989; Pang and 
Nummedal, 1995; Painter and Carrapa, 2013). 
Beginning in the Late Cretaceous, the foreland 
basin was partitioned by basement-involved 
uplifts and associated intervening intraforeland 
basins (e.g., Saylor et  al., 2020; Erslev et  al., 
2022; Weil and Yonkee, 2023). Most of the 
uplifts are bounded by variably dipping reverse 
faults that extend downward to mid-crustal 
depths (e.g., Smithson et al., 1978). These intra-
foreland basement uplifts and basins define 
the “Laramide province” (Brown, 1988; Weil 
and Yonkee, 2023). Thin-skinned shortening in 
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the Sevier fold-thrust belt continued through 
the early Eocene overlapping temporally with 
Laramide deformation (DeCelles, 2004). The 
onset of Laramide basement-involved uplifts, 
in conjunction with the shutdown of the Sierra 
Nevada arc segment at ca. 80 Ma (Cecil et al., 
2012), shutdown of the Mojave arc sector at 
ca. 70 Ma (Schwartz et al., 2023), and inboard 
migration of igneous activity to the Colorado 
Mineral Belt (Chapin, 2012), are interpreted to 
be the product of shallowing of the Farallon slab 
and subsequent flat-slab subduction (e.g., Dick-
inson and Snyder, 1978; Livaccari et al., 1981; 
Axen et al., 2018).

The Laramide orogenic event is of geody-
namic relevance because it preserves a record 
of Cordilleran processes that serve as an ancient 
counterpart for modern and paleo flat-slab sub-
duction systems and far-field intracontinental 
deformation (Jordan and Allmendinger, 1986; 
Zuza et al., 2018; Clinkscales and Kapp, 2019; 
Tan et al., 2022; George et al., 2022). Two broad 
categories of models have been proposed to 
explain how deformation is transmitted from the 
subducting flat slab to the overriding plate. The 
first category, basal traction, associates defor-
mation with increased shear coupling during 
subduction, with a relatively short stress trans-
mission distance between the upper crust and a 
low-angle slab (e.g., Bird, 1984, 1998; Copeland 
et al., 2017; Weil and Yonkee, 2023). The second 
category, end-loading, associates deformation 
with the occurrence of an end-load on the over-
riding plate, which causes a regionally extensive 
compressional stress state (e.g., Oldow et  al., 
1989; Livaccari, 1991; Axen et al., 2018; Erslev 
et al., 2022).

Within the basal-shear mechanism for defor-
mation, the distribution and timing of exhuma-
tion of Laramide structures can be used as a 
proxy for the timing and location of flat slab 
subduction (e.g., Bird, 1998; Copeland et  al., 
2017). There are two favored groups of models 
for the trajectory of the Farallon flat slab. The 
first set hypothesize that slab flattening initi-
ated at ca. 90–80 Ma and migrated from the 
south-southwest (present-day Mojave region) 
to the north-northeast along a narrow corridor 
(e.g., Saleeby, 2003; Liu et al., 2010; Copeland 

et al., 2017). These models rely on subduction 
of an oceanic plateau or aseismic ridge (Shatsky 
and Hess rise conjugates; e.g., Livaccari et al., 
1981; Henderson et  al., 1984; Saleeby, 2003; 
Liu et al., 2010). However, shapes and existence 
of Shatsky-Hess conjugates remain uncertain 
(Torsvik et al., 2019; Sano et al., 2020). The sec-
ond set hypothesize an uneven plate geometry 
and initiation of flat-slab subduction at ca. 80 Ma 
beneath much of the California margin, which 
later migrated east into the western interior 
(e.g., Bird, 1984). This second group of mod-
els does not require plateau or ridge subduction 
and instead invokes a combination of upper and 
lower plate processes, such as increased conver-
gence rate (Engebretson et al., 1984), transmis-
sion of shear stresses inboard (Dickinson and 
Snyder, 1978; Bird, 1984, 1998), and/or upward 
forces derived from asthenospheric flow near the 
deep keel of the Wyoming cratonic lithosphere 
(Jones et al., 2011). Because the broad, uneven 
plate geometry does not involve spatially limited 
features on the subducting Farallon plate, it can 
better explain the broad spatial distribution of 
Laramide deformation, the temporal overlap in 
thin-skinned and thick-skinned deformation, and 
the diachroneity of exhumation, and it permits 
more variable slab trajectories.

One way to assess various models for the 
Laramide orogenic event is to establish the 
regional pattern of exhumation of Laramide 
uplifts using low-temperature thermochro-
nology. Low-temperature thermochronology 
records the time at which a rock passes through 
a given temperature window or closure tempera-
ture (Tc) and can be used as a proxy for cool-
ing and exhumation (e.g., Reiners and Brandon, 
2006; Braun et al., 2006). As a result, low-tem-
perature thermochronology, more specifically 
apatite fission-track (AFT, partial annealing 
zone = 120–60  °C), apatite (U-Th-Sm)/He 
(AHe, Tc = 80–40 °C), and zircon (U-Th)/He 
(ZHe, Tc = 200–150  °C), has long been used 
to date exhumation of Laramide uplifts (e.g., 
Cerveny and Steidtmann, 1993; Omar et  al., 
1994; Kelley et al., 1992, 2001; Kelley, 2005; 
Naeser et  al., 2002; Peyton et  al., 2012; Kel-
ley and Karlstrom, 2012; Peyton and Carrapa, 
2013; Stevens et al., 2016; Winn et al., 2017; 

Rønnevik et  al., 2017; Carrapa et  al., 2019; 
Thacker et al., 2021; Davis et al., 2022; Caylor 
et al., 2023; Howlett et al., 2024). Currently, the 
body of published Laramide thermochronomet-
ric data, when combined with structural data, is 
sufficient to address the following questions: (1) 
Is the timing of exhumation of Laramide uplifts 
compatible with the location of the flattened 
Farallon slab? (2) If so, does the distribution of 
thermochronometric ages favor a particular tra-
jectory/model? (3) Did stress driving deforma-
tion propagate into the North American craton as 
a function of basal-shear or end-loading? In this 
contribution, we aim to address these questions 
by integrating new AFT and AHe data from 29 
samples from multiple Laramide uplifts across 
Wyoming, South Dakota, and Colorado, along 
with 564 previously published thermochrono-
metric ages (AFT, AHe, and ZHe). We consider 
these data within the context of regional struc-
tural cross sections and thermal history model-
ing from selected Laramide uplifts to evaluate 
the regional spatial and temporal distribution of 
Laramide exhumation.

TECTONIC BACKGROUND

The North American Cordillera has long been 
interpreted as the product of subduction of the 
oceanic Farallon plate beneath continental North 
America beginning during the Late Jurassic (ca. 
160 Ma) when the convergent margin became 
a simple two-plate system (Hamilton, 1969; 
Oldow et al., 1989; Burchfiel et al., 1992; Smith 
et al., 1993; Dickinson et al., 1996; DeCelles, 
2004; Weil and Yonkee, 2012). The paleo-Far-
allon trench strikes N-S to NW-SE along the 
western margin of continental North America 
with convergence occurring obliquely to the 
plate boundary (e.g., Engebretson et al., 1984; 
Saleeby et  al., 1992). During Late Jurassic to 
mid-Cretaceous time, convergence velocity 
between the Farallon and North American plates 
increased from ≤5 cm/yr to ≥10 cm/yr (Enge-
bretson et al., 1984; DeCelles, 2004; Doubrovine 
and Tarduno, 2008; Yonkee and Weil, 2015; Liu 
and Currie, 2016). Subduction of the Farallon 
plate formed an extensive continental magmatic 
arc extending from the Yukon to Baja California 

Figure 1. Map of the Laramide province (including the Colorado Plateau [CP]), western United States, showing locations of low-temper-
ature thermochronometric data (apatite fission-track [AFT], apatite [U-Th-Sm]/He, and zircon [U-Th]/He) between 153 Ma and 30 Ma. 
Circles denote published AFT samples with a mean track length (MTL) >13 μm, indicative of relatively rapid cooling. Squares denote 
samples that have either MTLs <13 μm or no MTLs reported, indicative of relatively low cooling or more complex cooling histories. Tri-
angles denote apatite and zircon (U-Th-[Sm])/He ages and stars denote samples from this study. Orange arrow represents Farallon-Pacific 
plate convergence direction after Torsvik et al. (2019). Cross-section trace is denoted by red lines, with A to A′ shown in Figure 2 and B 
to B′ shown in Figure 3. AZ—Arizona; CA—California; CO—Colorado; ID—Idaho; KS—Kansas; MT—Montana; ND—North Dakota; 
NE—Nebraska; NM—New Mexico; NV—Nevada; OK—Oklahoma; OR—Oregon; SD—South Dakota; TX—Texas; UT—Utah; WA—
Washington; WY—Wyoming.
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(Fig. 1) largely composed of calc-alkaline gran-
itoid rocks (Ducea and Barton, 2007; Gehrels 
et al., 2009; Cecil et al., 2012; Schwartz et al., 
2021). In the Sierra Nevada batholith, the mag-
matic arc exhibits two main phases of volumi-
nous magma production: one during the Late 
Jurassic (160–150 Ma) and a second during the 
mid- to Late Cretaceous (100–85 Ma; Ducea and 
Saleeby, 1998; Ducea, 2001).

Retroarc shortening during growth of the Cor-
dillera was accommodated by folding and thrust-
ing of Neoproterozoic–Jurassic passive margin 
and platformal sedimentary rocks from the east-
ern flank of the Sierra Nevada to Nevada, central 
Utah, Idaho, and western Montana and Wyoming 
(e.g., Dunne and Walker, 1993; Carpenter et al., 
1993; Mitra, 1997; Taylor et al., 2000; Currie, 
2002; Wyld, 2002; DeCelles, 2004; DeCelles 
and Coogan, 2006; Greene, 2014; Long, 2012, 
2015; Long et al., 2014; Yonkee and Weil, 2015; 
Giallorenzo et al., 2018; Yonkee et al., 2019). 
The eastern part of the Cordilleran thrust belt 
in central Utah, western Wyoming, and eastern 
Idaho is referred to as the Sevier belt (Arm-
strong, 1968). Although much of the Cordilleran 
deformation is known from surface exposures of 
upper crustal level structures, particularly in the 
frontal Sevier belt, its mid-crustal ductile expres-
sion, as well as voluminous partial melting, is 
locally well documented (e.g., Snoke and Miller, 
1988; Miller et al., 1988; Miller and Gans, 1989; 
Camilleriand Chamberlain, 1997; McGrew 
et al., 2000; Wells and Hoisch, 2008). Anatectic 
melts formed ca. 95–65 Ma in Nevada and north-
ern Utah and ca. 85–40 Ma in southern Arizona 
and northern Sonora (Miller and Bradfish, 1980; 
Chapman et al., 2021). Partial melting is corre-
lated with the Cretaceous–Eocene emplacement 
of peraluminous muscovite-bearing granites 
associated with anatexis and has been associated 
with decoupling of the crust-mantle boundary 
(Vlaha et al., 2024). Shortening in the Cordille-
ran fold-thrust belt commenced during late Mid-
dle Jurassic time and continued through the early 
Eocene in the frontal Sevier belt (ca. 50 Ma, e.g., 
DeCelles, 2004; Giallorenzo et al., 2018; Yon-
kee et al., 2019). Major thrust faults propagated 
eastward through time and generally climbed 
stratigraphically upward from Neoproterozoic 
strata in the basal western part of the belt to Cre-
taceous strata, with local basement involvement 
(Royse et al., 1975; DeCelles, 2004; Yonkee and 
Weil, 2015; Di Fiori et al., 2021; Chapman et al., 
2024). A regional foreland basin developed con-
temporaneously and in response to the eastward 
migrating Cordilleran fold-thrust belt.

During the Late Cretaceous–Paleocene, thick-
skinned deformation began to occur within the 
foreland basin, east of the frontal Sevier fold-
thrust belt. Unlike most of the deformation in the 

fold-thrust belt, the intraforeland deformation 
mainly involved Archean–Proterozoic crystalline 
basement, which was overlain by a relatively thin 
(∼1.5–3 km) Paleozoic–Mesozoic stratigraphic 
section. The change in deformational style 
occurred along with a Late Cretaceous change 
from flexural to flexural and dynamic basin sub-
sidence (e.g., Pang and Nummedal, 1995; Painter 
and Carrapa, 2013; Heller and Liu, 2016). This 
change to basement-involved faulting and more 
dynamic subsidence has been correlated with 
similar observations in the South American 
Cordillera latitudes in which the subducting 
slab becomes subhorizontal (e.g., Jordan and 
Allmendinger, 1986). Major Laramide uplifts, 
some of which reactivated preexisting base-
ment shear zones and Ancestral Rocky Moun-
tains faults, formed a complex of anastomosing 
basement uplifts and intervening flexural basins 
(e.g., Keefer, 1970; Schmidt and Garihan, 1983; 
Dickinson et al., 1988; Erslev, 1993; Neely and 
Erslev, 2009; Weil et al., 2016; Lawton, 2019). 
Shortening in the fold-thrust belt continued while 
Laramide structures partitioned the foreland 
region into a broken foreland setting (Jordan, 
1981; Constenius et al., 2003; DeCelles, 2004). 
Laramide deformation at latitudes 36°–42°N 
coincided with a period of progressive shutdown 
of the Sierra Nevada (ca. 80 Ma) and Mojave arc 
(ca. 70 Ma) segments, an eastward magmatic 
sweep, and the transition from mostly flexural to 
dynamic basin subsidence (e.g., Coney and Reyn-
olds, 1977; Bird, 1984; Cross, 1986; Mitrovica 
et al., 1989; Dumitru, 1990; Constenius et al., 
2003; Liu et al., 2011; Paterson et al., 2011; Cecil 
et al., 2012; Painter and Carrapa, 2013; Premo 
et  al., 2014; Economos et  al., 2021; Schwartz 
et al., 2023). The progressive shut-off of the arc 
combined with eastward underplating of subduc-
tion zone rocks led workers to suggest that the 
Farallon slab had begun shallowing regionally 
(e.g., Coney and Reynolds, 1977; Bird, 1984; 
Saleeby, 2003; Constenius et al., 2003; Jacob-
son et al., 2011). Lower crustal xenolith samples 
from beneath the Colorado Plateau display eclog-
ite recrystallization and zircon growth between 
ca. 80 Ma and 33 Ma. Eclogite recrystalliza-
tion is correlated with the introduction of water 
associated with flattening of the Farallon slab 
(e.g., Usui et al., 2003; Smith et al., 2004). Two 
major mechanisms have been proposed to cause 
flattening of the Farallon slab: (1) the subduction 
of buoyant oceanic lithosphere of the conjugates 
of the Hess and Shatsky Rises (Livaccari et al., 
1981; Tarduno et al., 1985) and (2) changes in 
relative motions of the North American and Far-
allon plates (e.g., Engebretson et al., 1985; Bird, 
1998; Jones et al., 2011). However, the Creta-
ceous–Paleogene motion of the flattened Faral-
lon slab remains debated, with two contrasting 

trajectories: an oblique approximately SSW 
to NNE trajectory (Fig. 1; e.g., Saleeby, 2003; 
Doubrovine and Tarduno, 2008; Liu et al., 2010; 
Liu and Currie, 2016; Axen et al., 2018) or an 
approximately WSW to ENE trajectory as origi-
nally proposed by Bird (1998), which allows for 
flat-slab subduction to initiate earlier to the north 
as a function of plate paleogeography (Fig. 1; 
e.g., Carrapa et al., 2019).

By Eocene time, the Farallon slab began to 
founder and roll back to the west, as evinced by 
a regional flare-up in silicic back-arc magmatism 
and west-southwestward retreat of the magmatic 
front back toward the trench (e.g., Coney and 
Reynolds, 1977; Feeley, 2003; Constenius et al., 
2003; Best et al., 2016; Copeland et al., 2017). 
Rollback of the Farallon slab led to the gravita-
tional collapse of high topography (∼3000 m) by 
the Paleogene, formation of extensional basins, 
and exhumation of metamorphic core complexes 
from Alberta to southern Arizona (e.g., Wells and 
Hoisch, 2008; Cassel et al., 2018; Howlett et al., 
2021; Jepson et al., 2022; Zuza and Cao, 2022; 
Flansburg and Stockli, 2023; Davis et al., 2023; 
Zuza et al., 2025). Much of the Oligocene–Mio-
cene and younger extension was concentrated 
west of the Sevier thrust front. However, Late 
Cretaceous to Eocene shortening structures and 
associated intraforeland basins are preserved in 
the southern Arizona Basin and Range province 
(e.g., Davis, 1979; Favorito and Seedorff, 2018; 
Caylor et al., 2021).

METHODS

To decipher the spatio-temporal path of Late 
Cretaceous–Paleogene cooling and exhumation 
across the western United States, we compiled 
564 published apatite fission-track and apatite 
(U-Th-Sm)/He ages from prominent Laramide 
uplifts in Montana, Wyoming, Utah, Colorado, 
Arizona, New Mexico, and South Dakota (Table 
S1 in the Supplemental Material1; Bryant and 
Naeser, 1980; Kelley and Duncan, 1986; Cer-
veny, 1990; Kelley et al., 1992, 2001; Naeser, 
1992; Cerveny and Steidtmann, 1993; Roberts 
and Burbank, 1993; Dumitru et al., 1994; Omar 
et al., 1994; Strecker, 1996; Kelley and Chapin, 
1997; Crowley et al., 2002; Naeser et al., 2002; 
Kelley and Chapin, 2004; Peyton et al., 2012; 

1Supplemental Material. Single-grain apatite 
fission-track data of samples collected in this study; 
thermal history models, assumptions, and model fits; 
published low-temperature thermochronological 
data from the Laramide Province; and a version of 
Figure  5 filtered for apatite fission-track data with 
long confined track lengths (>13 µm). Please 
visit https://doi​.org​/10​.1130​/GSAB​.S.28220111 to 
access the supplemental material; contact editing@
geosociety.org with any questions.
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Painter et al., 2014; Stevens et al., 2016; Brown 
et al., 2017; Rønnevik et al., 2017; Winn et al., 
2017; Carrapa et al., 2019; Murray et al., 2019; 
Jepson et al., 2021; Thacker et al., 2021; Davis 
et  al., 2022; Caylor et  al., 2023; Kapp et  al., 
2023; Howlett et al., 2024). Despite widespread 
coverage of low-temperature thermochronology, 
there remains a paucity of data along smaller, 
less prominent uplifts. To fill this gap, we col-
lected 29 samples from Laramide uplifts in Col-
orado, Wyoming, and South Dakota (Table 1; 
star-symbols, Fig. 1).

Apatite Fission-Track

Apatite fission-track (AFT) thermochronom-
etry relies on the spontaneous fission decay of 
238U (Hurford and Green, 1983). Spontaneous 
fission within apatite creates linear damage 
zones (tracks) that undergo temperature-depen-
dent shortening in the apatite partial annealing 
zone at ∼120–60 °C (e.g., Wagner and Van den 
Haute, 1992, and references within). Thus, the 
statistical relationship among the density of fis-
sion tracks, the distribution of confined track 
lengths, etch pits (Dpar), composition, and tem-
perature make the AFT system useful for con-
straining cooling through the upper-crust (e.g., 
Laslett et al., 1987; Galbraith, 2005; Tamer and 
Ketcham, 2020). Apatite crystals were mounted 
in epoxy and polished to reveal their internal sec-
tion and etched using 5.5 M nitric acid for 20 s 
at 21 °C before irradiation (after Donelick et al., 
2005). Samples were analyzed via the external 
detector method (Gleadow et al., 1976), which 

utilizes low uranium muscovite mica detectors 
that were irradiated together with samples and 
associated standards at the Oregon State Univer-
sity Triga Reactor, Corvallis, Oregon, USA. The 
total neutron fluence was determined using CN5 
U-doped glass (Bellemans et al., 1995). Follow-
ing irradiation, the mica sheets were etched in 
40% hydrofluoric acid for 45 min at 21 °C (after 
Carlson et al., 1999; Donelick et al., 2005). Fis-
sion-tracks were counted and measured using 
an Olympus BX51 microscope with an associ-
ated digitizing tablet and computer-controlled 
stage (Kinetek). The fission-track analyses were 
performed at the University of Arizona Fis-
sion Track Laboratory, Tucson, Arizona, USA 
(Tables 2 and S2). Confined fission-track length 
distributions and Dpar were obtained to model 
cooling histories (Ketcham et  al., 2007). The 
AFT central ages were calculated from single-
grain ages determined using the ζ-method after 
Hurford and Green (1983; see also Table 2).

Apatite (U-Th-Sm)/He

(U-Th-Sm)/He thermochronometry relies on 
the accumulation and thermally activated diffu-
sion of radiogenic 4He. The apatite partial reten-
tion zone for (U-Th-Sm)/He is typically between 
∼80 °C and 40 °C, making it valuable for deter-
mining upper-crustal cooling (e.g., Farley, 2002; 
Flowers and Kelley, 2011). Apatite (U-Th-Sm)/
He (AHe) analyses were performed at the Ari-
zona Radiogenic Helium Dating Laboratory at 
the University of Arizona and followed the pro-
tocols described in Reiners (2005). Helium (4He) 

was extracted at 900–1300 °C, under ultra-high 
vacuum with a diode laser, spiked with 3He and 
measured by quadrupole mass spectrometry fol-
lowing Reiners (2005). Following 4He extrac-
tion, tubes that contained degassed apatites were 
retrieved from the laser cell, dissolved, and ana-
lyzed for U and Th isotopes via isotope dilution 
after addition of 233U-229Th spike on a Thermo 
Fisher E2 inductively coupled plasma–mass 
spectrometer (ICP-MS; Reiners, 2005). Blank, 
sample, as well as spiked standard solutions 
were subsequently analyzed via isotope dilution 
for 238U and 232Th, and then with an external cali-
bration for 147Sm via ICP-MS (Reiners, 2005). 
Replicate analyses of Durango apatite were per-
formed as an internal standard (n = 4) yielded 
a mean (U-Th-Sm)/He age of 30.1 ± 0.4 Ma 
(1σ), consistent with the Durango (U-Th-Sm)/
He reference age of 31.02 ± 1.01 Ma (McDow-
ell et al., 2005).

Thermal History Modeling

Thermal history modeling was performed 
utilizing AHe and AFT single-grain ages, and 
associated mean track length (MTL) distribu-
tions, with Dpar. Here, we used the QTQt soft-
ware (version 5.7.0) to model the thermal his-
tory of the samples. The QTQt software applies a 
Bayesian trans-dimensional approach to Markov 
Chain Monte Carlo statistics (Gallagher, 2012) 
to produce a cooling evolution of the sample that 
predicts the measured data by applying the AFT 
annealing model after Ketcham et  al. (2007) 
and the AHe diffusion model after Flowers 
et al. (2009). Models were initiated at tempera-
tures within the apatite partial annealing zone 
(80 ± 40 °C) at an initial age equal to at least 
double the measured AFT central age to allow for 
both full and partial annealing. In our approach, 
we use an initial unconstrained run to explore 
the statistical space that was then followed by 
adjustments to the search parameters as well as 
the addition of geological constraints. A large 
number of iterations (>>100,000) were run to 
generate a range of models that can constrain a 
probability distribution. From the obtained prob-
ability distribution an individual thermal history 
can be selected, such as the maximum likelihood 
as well as “expected” (weighted mean) paths. 
Detailed modeling approach and metadata are 
available in Figs. S1 and S2 and Table S3 (see 
Flowers et al., 2015).

Regional Cross Sections

Regional cross sections in Figures 2 and 3 were 
constructed in Petroleum Experts (Petex) 2D/3D 
Move software suite using standard techniques. 
Cross sections were constrained by stratigraphic 

TABLE 1. NEW SAMPLES COLLECTED FROM LARAMIDE STRUCTURES ACROSS THE WESTERN USA

Sample Method Lithology Age Latitude (°N) Longitude (°W) Elevation (m asl)

IT-02 AFT Gneiss Archean 41.0903 106.664 2860
IT-03 AFT Granite Proterozoic 40.9827 106.536 2556
IT-04 AFT Granite Proterozoic 41.0201 106.516 2605
IT-05 AFT Gneiss Archean 41.1319 106.58 2484
DR-01 AFT Granite Archean 42.3057 106.782 2051
RU-01 AFT Sandstone Cambrian 41.8803 107.329 2286
SU-01 AFT Gneiss Archean 42.1525 106.916 2079
SU-02 AFT Granite Archean 42.1598 106.909 1879
SU-03 AFT Granite Archean 42.1756 106.933 2282
SU-05 AFT Granite Archean 42.2325 106.823 1889
HT-01 AFT Quartzite Proterozoic 42.3199 110.495 2277
BLH-T03-20 AFT Granite Proterozoic 43.7991 103.499 1607
MR20-2 AFT Granite Proterozoic 43.8781 103.458 1611
SR-RM-01 AFT Granite Archean 44.5017 109.186 1656
OC-C2 AFT Granite Archean 43.4497 108.169 1409
GV18-01 AFT/AHe Granite Archean 43.5043 110.667 2220
GV18-02 AFT/AHe Granite Archean 43.4582 110.629 3162
GV18-03 AFT/AHe Granite Archean 43.431 110.589 3013
GV18-04 AFT/AHe Granite Archean 43.4192 110.567 2894
GV18-05 AFT/AHe Granite Archean 43.377 110.536 2723
GV18-06 AFT/AHe Granite Archean 43.3867 110.389 3174
GV18-07 AHe Granite Archean 43.341 110.309 2847
WDA-GV-2 AFT Granite Archean 43.2898 109.825 2593
GRL17-1 AFT Granite Archean 43.1956 109.908 2964
WR18.1 AFT Granite Archean 42.7372 109.206 2981
WR18.2 AFT Granite Archean 42.4411 108.869 2543
SPASS1-2 AFT Granite Archean 43.2989 109.792 2765
WR2 AFT Granite Archean 43.2982 109.791 2835
WR1 AFT Granite Archean 43.2899 109.825 2593

Note: Age is the reported crystallization age of the rock. AFT—apatite fission-track; AHe—apatite (U-Th-Sm)/
He; m asl—meters above sea level.
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TABLE 2. APATITE FISSION-TRACK DATA FROM LARAMIDE UPLIFTS IN COLORADO, WYOMING, AND SOUTH DAKOTA (USA)

Sample n* ρs × 105 cm−2† ρD × 105 cm−2§ ρi × 105 cm−2# U ±1σ** Dpar
†† Χ2§§ Age ±1σ (Ma) MTL (µm) ± 1σ††† n§§§

Northern Colorado—Southern Wyoming
IT-02 20 7.0 14.4 19.0 16.2 ± 10.2 2.6 0.31 88.9 ± 7.4## 13.3 ± 1.4 7
IT-03 20 9.9 14.2 28.8 24.8 ± 8.3 2.6 0.53 83.1 ± 5.0## — —
IT-04 20 8.6 14.0 27.5 24.0 ± 12.3 2.7 0.65 74.8 ± 3.9## 14.2 ± 0.8 13
IT-05 20 5.7 13.8 19.1 16.9 ± 8.0 2.5 0.90 70.2 ± 4.4## 13.7 ± 1.1 80
DR-01 20 3.4 12.5 11.7 11.5 ± 5.5 3.1 0.99 62.5 ± 4.7## 13.6 ± 1.2 100
RU-01 20 8.0 12.9 29.5 28.0 ± 16.6 2.6 0.31 58.9 ± 4.5## 13.9 ± 1.3 66
SU-01 20 5.3 12.1 16.1 16.2 ± 9.6 2.6 0.81 67.9 ± 4.3## 14.2 ± 0.5 11
SU-02 20 4.4 11.9 13.9 14.2 ± 8.6 2.8 0.89 64.4 ± 4.4## — —
SU-03 20 11.6 11.7 31.5 32.7 ± 10.0 2.6 0.95 71.6 ± 3.6## 14.3 ± 1.0 31
SU-05 20 7.9 11.5 24.0 25.4 ± 10.5 2.6 0.95 64.8 ± 3.5## 14.4 ± 0.9 14

Northern Wyoming—South Dakota
HT-01 20 8.1 12.7 25.1 24.1 ± 18.1 2.2 0.50 71.3 ± 4.8## — —
BLH-T03-20 20 14.4 10.8 42.1 47.7 ± 18.7 2.5 0.11 62.5 ± 3.3## 13.5 ± 1.3 101
MR20-2 20 28.6 11.0 81.3 90.2 ± 19.9 2.6 0.57 64.4 ± 3.5## 13.6 ± 0.6 5
SR-RM-01 20 16.1 11.4 20.8 22.3 ± 13.3 2.5 0.5 148.3 ± 11.3## 13.6 ± 0.6 50
OC-C2 20 0.7 11.8 2.7 2.7 ± 0.9 2.5 1.00 55.9 ± 8.4## — —

Western Wyoming
WDA-GV-2 20 5.7 11.5 23.2 24.6 ± 37.0 — 0.73 46.9 ± 4.7*** — —
GV18-1 22 2.9 10.5 9.7 11.3 ± 6.4 — 0.34 51.2 ± 5.1*** — —
GV18-2 14 10.4 10.6 32.2 36.9 ± 19.2 — 0.98 56.0 ± 4.7*** — —
GV18-3 22 4.1 10.8 14.7 16.7 ± 7.5 — 0.97 48.5 ± 3.8*** — —
GV18-4 5 10.4 10.6 32.2 36.9 ± 16.6 — 0.98 63.2 ± 14.2*** — —
GV18-5 20 10.9 11.1 35.0 38.4 ± 19.4 — 0.98 56.4 ± 4.3*** — —
GV18-6 20 14.4 11.3 45.9 49.8 ± 19.9 — 0.36 57.5 ± 4.2*** — —
GRL17-1 20 8.0 14.5 32.4 27.4 ± 16.7 — 0.95 58.3 ± 3.0*** — —
WR18-1 20 6.7 11.6 24.2 25.4 ± 12.2 — 1.00 52.1 ± 4.3*** — —
WR18-2 20 8.2 11.8 26.4 27.4 ± 14.5 — 0.47 59.1 ± 4.7*** — —
SPASS1-2 12 8.2 14.1 33.0 28.5 ± 11.1 — 0.22 57.2 ± 5.3*** — —
WR2 20 1.8 10.0 5.0 6.0 ± 2.3 — 0.58 59.5 ± 6.3*** — —
WR1 20 2.0 10.1 8.4 10.1 ± 4.5 — 0.49 38.6 ± 3.7*** — —

*Number of grains analyzed per sample.
†Density of spontaneous tracks counted.
§Density of dosimeter tracks counted.
#Density of induced tracks counted.
**Mean concentration of 238U.
††Mean length of the etch pits in µm.
§§Probability that single grain ages belong to the same population.
##Samples counted by Gilby Jepson (GJ), ζ-value of 341.6 (8.5).
***Samples counted by Walter D. Afonso (WDA), ζ-value of 326.9 (8.9).
†††Mean track length.
§§§Number of confined fission tracks.

Figure 2. Thermal history models for Southern Transect, southwestern Colorado Plateau–southeastern Wyoming (Fig. 1, A–A′). Black 
squares indicate starting point of thermal history model; red box shows the extent of time-temperature sensitivity. B&R—Basin and Range; 
SR—structural relief.
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and structural contacts, bedding attitudes, and 
stratigraphic thicknesses reported on published 
geologic maps (Doelling, 2008; Hackman and 
Olson, 1977; Hackman and Wyant, 1973; Haynes 
et  al., 1972; Love and Christiansen, 1985; 
O’Sullivan and Beikman, 1963; Redden and 
DeWitt, 2008; Wyoming State Geological Sur-
vey, 2022), and publicly available well log data 
(Utah Division of Oil Gas and Mining, https://
oilgas​.ogm​.utah​.gov​/oilgasweb​/live-data-search​
/lds-main​.xhtml [accessed March 2021]; Wyo-
ming Oil and Gas Conservation Commission, 
https://dataexplorer​.wogcc​.wyo​.gov/ [accessed 
February 2022]). The eastern portion of the Wyo-
ming cross section was influenced by previous 
structural interpretations by Stone and Hollberg 
(1987). Geometries of nonemergent basement 
faults were determined with trishear fault-fold 
relationships with algorithms (e.g., Zehnder and 
Allmendinger, 2000) from Erslev (1991) built 
into Petex Move software exploiting geometric 
constraints of the deformed sedimentary cover.

RESULTS

Apatite Fission-Track Dating

Twenty-nine samples were collected from 
Laramide structures across Wyoming, Colo-
rado, and South Dakota (Fig. 1). These samples 
are subdivided into northern Colorado–southern 
Wyoming, northern Wyoming–South Dakota, 

and western Wyoming (Table  2). Samples 
from the Gros Ventre uplift, western Wyoming 
(n = 13) yielded AFT central ages between 
63 Ma and 49 Ma (Table 2). Samples from the 
Sweetwater uplift, central Wyoming (n = 6) 
yielded AFT central ages between 72 Ma and 
59 Ma (Table  2). Samples from the Snowy–
Sierra Madre uplift in northern Colorado–
southern Wyoming (n = 4) yielded a range of 
AFT central ages between 89 Ma and 70 Ma 
(Table  2). Samples from northern Wyoming–
South Dakota (n = 5) yielded AFT central ages 
between 71 Ma and 55 Ma, with an outlier age of 
ca. 148 Ma (SR-RM-01, Table 2). Finally, sam-
ples (n = 13) from western Wyoming yielded 
AFT central ages between 60 Ma and 38 Ma 
(Table  2). Confined track lengths were mea-
sured when available; samples yielded a range 
of relatively long MTLs between ∼13.3 µm and 
∼14.4 µm (Table 2).

Apatite (U-Th-Sm)/He Dating

Seven samples from western Wyoming were 
selected for AHe dating. Five single-grain ali-
quots were measured for each sample and yielded 
mean squared weighted deviation (MSWD) ages 
between 80 Ma and 30 Ma (Table 3). Samples 
GV18-3 and GV18-4 yielded single-grain AHe 
ages that are significantly older than the remain-
ing single-grain age distribution (Table  3). A 
number of factors are invoked to explain sin-

gle-grain AHe age dispersion such as radiation 
damage, spherical equivalent grain radius, grain 
fragmentation, U-Th zonation, U- and Th-bear-
ing inclusions, He implantation, chemical com-
position, and crystal imperfections (e.g., Shuster 
et al., 2006; Fitzgerald et al., 2006; Brown et al., 
2013; Wildman et al., 2016; Gerin et al., 2017). 
Given that many, if not all, of these factors can 
contribute to increasing a single-grain AHe age 
(Guo et al., 2021; He et al., 2021), we exclude 
the significantly older and outlier AHe ages 
(n = 2) from further interpretation.

INTERPRETATION

Thermal history modeling was conducted 
using samples along two structural transects 
(Figs. 2 and 3). The Southern Transect (A–A′, 
Fig. 1) runs through the central Colorado Pla-
teau, a physiographic region that covers Utah, 
Colorado, Arizona, and New Mexico (thick 
black outline in Fig. 1). The Northern Transect 
(B–B′, Fig.  1) runs from western Wyoming 
to western South Dakota across the northern 
Laramide province (Fig.  3). Thermal history 
models for the Southern and Northern Transects 
are presented in Figures 2 and 3; single-grain 
apatite data and thermal history model metadata 
are available in Tables S2 and S3 and Figure S2.

In order to achieve a suitable coverage of 
cooling histories, samples from this study were 
integrated with previously published AFT and 

Figure 3. Thermal history models for Transect Two, northern Wyoming–South Dakota (B–B′). Black squares indicate starting point of 
thermal history model; red box shows the extent of time-temperature sensitivity. SR—structural relief.
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AHe ages described below. Samples for thermal 
history modeling were selected based on their 
location relative to major fault (i.e., structur-
ally highest and lowest samples with closest 
proximity), prior interpretation from published 
literature, and availability of single-grain (U-Th-
[Sm])/He and fission-track data. When single-
grain fission-track data were not provided, we 
produced synthetic data that matched the central 
age and uncertainty, MTL, and reported distribu-

tion. Thermal history models are reported spa-
tially from west to east along the two transects.

Southern Transect

Thermal history model 00GC49 from the 
eastern Grand Canyon (Fig. 2) uses AFT data 
from Kelley and Karlstrom (2012). This model 
indicates slow cooling from ca. 120 Ma until 
the present day. Thermal history model 91UT-

147 from the Circle Cliffs includes AFT data 
from Dumitru et  al. (1994) and independent 
geological constraints (depositional age) and 
shows heating from ca. 200 Ma to ca. 50 Ma 
and a prolonged period of minor cooling from 
the mid Miocene until present day. The thermal 
history models from the eastern Grand Canyon 
and Kaibab uplift (Fig.  2) indicate relatively, 
slow monotonic cooling from ca. 150 Ma to ca. 
50 Ma. Although the western Colorado Plateau 

TABLE 3. APATITE (U-Th-Sm)/He DATA FROM LARAMIDE UPLIFTS IN WYOMING (USA)

Sample n* U 
(ppm)

Th 
(ppm)

Sm 
(ppm)

eU† FT§ 4He 
(nmol/g)

Mass (g)# Raw age 
(Ma)

Corr. age ± 
1σ (Ma)

GV18-1 1 34.2 32.1 524.4 41.7 0.754 12.8 4.74E-06 55.7 74.2 ± 1.2
1 49.7 50.1 668.8 61.5 0.766 17.2 6.45E-06 50.9 66.9 ± 1.1
1 28.8 19.1 351.2 33.3 0.763 9.1 4.66E-06 49.7 65.4 ± 1.1
1 21.8 32.4 708.5 29.4 0.814 8.2 8.42E-06 50. 3 62.0 ± 1.0
1 51.6 78.3 707.6 70.0 0.774 18.9 6.25E-06 49.2 64.1 ± 1.0

64.5 ± 2.0 Ma

GV18-2 1 42.2 34.1 449.5 50.2 0.705 17.6 2.76E-06 59.1 91.4 ± 1.1
1 54.6 43.1 504.5 64.7 0.696 18.0 3.13E-06 51.1 73.7 ± 0.9
1 40.3 60.9 628.9 54.6 0.68 14.0 1.86E-06 177.2 69.3 ± 0.8
1 65.7 57.3 592.7 79.1 0.654 26.3 1.75E-06 52.0 93.8 ± 1.2
1 58.9 41.6 467.1 68.7 0.707 22.7 3.07E-06 45.6 85.9 ± 1.0

80.1 ± 1.8 Ma

GV18-3 1 23.0 12.5 567.9 26.0 0.741 8.5 4.03E-06 21.5 79.6 ± 1.0
1 19.4 9.3 353.9 21.6 0.782 6.1 7.58E-06 13.3 65.4 ± 0.8
1 20.2 12.5 559.8 23.1 0.676 23.1 1.76E-06 21.0 260.8 ± 3.2
1 33.2 18.7 738.5 37.6 0.648 10.8 1.56E-06 40.0 80.2 ± 1.0
1 21.3 13.3 517.6 24.4 0.647 6.2 1.56E-06 23.1 70.5 ± 0.9

72.8 ± 1.8 Ma

GV18-4 1 145.7 102.3 397.6 169.8 0.697 14.7 2.56E-06 16.0 23.2 ± 0.3
1 2.4 48 37.6 13.7 0.791 50.0 5.19E-06 653.5 844.6 ± 24.8
1 0.4 15.3 111.6 4.1 0.75 0.8 2.67E-06 33.5 46.1 ± 0.8
1 1.0 4.3 106.0 2.0 0.572 0.2 7.97E-07 19.9 35.3 ± 4.1
1 7.6 6.5 227.1 9.2 0.767 2.5 3.18E-06 49.8 64.9 ± 0.9

42.3 ± 1.5 Ma

GV18-5 1 25.5 4.5 350.2 26.5 0.809 8.3 1.00E-05 57.1 70.5 ± 0.9
1 31.5 4.8 317.3 32.6 0.718 9.3 2.76E-06 52.0 72.3 ± 1.0
1 22.4 4 228.8 23.3 0.743 7.0 3.62E-06 55.1 74.1 ± 1.0
1 16.1 0.7 264.0 16.3 0.733 4.3 2.74E-06 47.5 64.5 ± 0.9
1 18.8 0.7 337.7 19.0 0.781 5.6 5.68E-06 52.8 67.4 ± 1.0

69.9 ± 1.6 Ma

GV18-6 1 52.3 18.3 317.1 56.6 0.775 15.5 1.89E-07 50.2 64.9 ± 0.8
1 57.0 33 587.2 64.8 0.737 16.4 4.65E-08 46.3 63.1 ± 0.8
1 49.1 18.1 651.4 53.4 0.707 14.5 5.67E-08 49.5 70.1 ± 0.9
1 59.0 22.7 678.7 64.3 0.761 17.7 4.28E-08 50.2 66.0 ± 0.9
1 61.7 27.9 817.7 68.3 0.687 17.2 9.16E-08 45.9 66.9 ± 0.9

66.0 ± 1.6 Ma

GV18-7 1 81.3 38.9 403.0 90.4 0.822 25.5 1.09E-05 51.9 63.2 ± 1.1
1 76.4 62.1 344.0 91.0 0.805 24.5 1.02E-05 49.5 61.8 ± 1.0
1 99.0 92.7 497.0 121.0 0.797 33.8 8.84E-06 51.5 64.9 ± 1.1
1 59.8 40.9 365.4 69.4 0.806 19.5 1.07E-05 51.5 64.2 ± 1.1
1 59.7 42.5 427.5 69.7 0.768 17.9 5.86E-06 47.0 61.5 ± 1.1

63.1 ± 1.8 Ma

DUR 1 — — — — 1 — 1.57E-06 — 28.6 ± 0.4
1 — — — — 1 — 1.25E-05 — 30.8 ± 0.4
1 — — — — 1 — 8.59E-06 — 29.6 ± 0.4
1 — — — — 1 — 2.47E-06 — 31.9 ± 0.5

30.1 ± 1.8 Ma

Note: Samples in italics are excluded from further interpretation. Corr. age—corrected age.
*Number of grains per aliquot.
†Effective uranium scaled for relative alpha production rate (U [ppm] + 0.235 × Th [ppm]).
§Alpha-ejection correction after Farley, 2002.
#Mass weighted average radius of apatite crystals measured in the aliquot analyzed.
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models suggest that exhumation may have initi-
ated during the Early Cretaceous and continued 
steadily into Cenozoic time, the depositional 
record from the East Kaibab area indicates non-
marine conditions by ca. 80 Ma (Fig.  4; e.g., 
Leckie et  al., 1991; Tindall et  al., 2010). The 
burial record coupled with slow, monotonic ther-
mal history models suggests that these ages are 
more likely a “mixed-age” as a result of incom-
plete thermal resetting during protracted burial 
(Gleadow et  al., 1986). A mixed-age for the 
eastern Grand Canyon and Kaibab uplift is sup-
ported by thermal history modeling of sample 
91UT-147 from the Circle Cliffs uplift showing 
only minor Cretaceous–Paleogene burial (Fig. 2; 
Dumitru et al., 1994). Much of the thermochro-
nometric data from the western margin of the 
Colorado Plateau (Fig. 1) appear to be only par-
tially reset through the apatite partial annealing 
zone and apatite partial retention zone, rendering 
interpretations of the Mesozoic–Cenozoic onset 
of Laramide exhumation based on thermal his-
tory models non-unique (Dumitru et al., 1994; 
Flowers et  al., 2008; Karlstrom et  al., 2017; 
Winn et al., 2017). Together, the thermal history 
models suggest that the western Colorado Pla-
teau experienced a greater degree of reheating 
via burial compared to the Circle Cliffs region, 
but that the magnitude of burial was not enough 
to fully reset the AFT system.

Thermal history model 12ABA14 from Mon-
ument uplift (Fig. 2) includes geological con-
straints (depositional age), AFT, and AHe data 
from Murray et  al. (2019) and shows reheat-
ing from ca. 250 Ma to 60 Ma, followed by 
enhanced cooling at ca. 60–35 Ma. The thermal 
history model for HP02 from the Defiance uplift 
(Fig. 2) includes AFT and AHe data from Davis 
et  al. (2022) and shows a period of enhanced 

cooling at ca. 70–40 Ma (Figs. 2 and S2). The 
interior of the Colorado Plateau records a period 
of enhanced exhumation ca. 50 Ma (Fig.  2; 
Naeser et al., 2002; Murray et al., 2019). The 
thermal history model from sample 12ABA14 
shows complete resetting prior to rapid cooling 
at ca. 50 Ma (Murray et  al., 2019). The con-
straints on cooling provided by thermal history 
modeling are consistent with sedimentological 
evidence from the Mesaverde Group and the San 
Jose formation (Lawton, 1986; Cather, 2004; 
Fig. 4). However, they are significantly younger 
(ca. 50 Ma) than the proposed Campanian 
onset of Laramide-associated deposition in the 
San Juan basin (Lawton, 1986; Cather, 2004). 
Sample 12ABA14 is located to the east of the 
Monument uplift and is proximal to the La Sal 
laccolith, which yields zircon U-Pb ages of ca. 
29 Ma (Rønnevik et al., 2017). Thus, cooling at 
ca. 50 Ma in the thermal history model could be 
partly the result of thermal disturbance of the 
AFT and AHe data by laccolith emplacement, a 
process that has been suggested to explain Oli-
gocene–Miocene thermochronometric ages of 
samples from the Uncompahgre uplift (Fig. 2; 
Reiners, 2009; Rønnevik et al., 2017; Murray 
et al., 2019). However, an Eocene phase of exhu-
mation in the Colorado Plateau interior is consis-
tent with fault-gouge clays from the Uncompah-
gre uplift, which has been interpreted to represent 
fault displacement (Bailey et al., 2022). Eocene 
exhumation is also widely documented across 
the southern Colorado Plateau (Flowers et al., 
2008; Karlstrom et al., 2022; Kapp et al., 2023). 
Finally, sedimentological and low-temperature 
thermochronometric datasets from the Defiance 
and Zuni uplifts in the southeastern Colorado 
Plateau also record Eocene exhumation (Fig. 2; 
Thacker et al., 2021; Davis et al., 2022). Thus, 

we suggest that the eastern half of the Colorado 
Plateau underwent a significant period of exhu-
mation (up to ∼3 km) at ca. 60–40 Ma.

Northern Transect

The Northern Transect runs from the west-
ern Wyoming to western South Dakota (B–B′, 
Fig.  1). The structural relief in the northern 
Laramide province is far greater than to the 
south. As a result, the thermochronometric 
data collected across Wyoming and Montana 
are more likely to record a broader range of 
Laramide cooling. Sample HT-01 (hanging wall 
of the Hogsback thrust) is from this study and 
yielded a cooling age of 71.3 ± 4.8 Ma, but 
insufficient confined-track lengths for thermal 
history modeling. The westernmost part of the 
cross section is through the Hogsback thrust, 
which marks the structural front of the Sevier 
fold-thrust belt. Shortening along the Hogsback 
thrust is well constrained by crosscutting and 
overlapping stratigraphic relationships to ca. 
56–54 Ma. The AFT data from the Hogsback 
hanging wall, however, yield a cooling age of ca. 
71 Ma (HT-01), which is too old to be explained 
by slip on the Hogsback thrust. However, the ca. 
71 Ma age is broadly consistent with the age of 
uplift along the Laramide Moxa uplift, a subsur-
face west-vergent anticline that was erosionally 
beveled before the deposition of overlapping 
Campanian Ericson Formation (Devlin et  al., 
1993; Leary et al., 2015) and subsequently over-
lapped by the Hogsback thrust sheet (Lamerson, 
1982; Coogan, 1992; DeCelles, 1994).

The thermal history model for wy101-89 for 
the Wind River uplift (Fig. 1) includes AFT data 
from Stevens et al. (2016) and shows enhanced 
cooling at ca. 70–50 Ma. The thermal history 

Figure 4. Temporal constraints 
and associated citations as 
defined by the stratigraphy 
and thermal history modeling 
from major Laramide uplifts 
along the Southern and North-
ern Transects. Black lines 
indicate timing constraints 
through sedimentological cor-
relations. Uplift exhumation 
via thermal history constraints 
is in blue. Dashed lines indicate 
that no clear period of cool-
ing was identified via thermal 
history modeling. Pal.—Pa-
leocene; Olig.—Oligocene; 
Mi.—Miocene.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37625.1/7117533/b37625.pdf
by University of Oklahoma  user
on 21 February 2025



Jepson et al.

10	 Geological Society of America Bulletin, v. 136, no. XX/XX

model for GRSM-02 from the Wind River uplift 
includes AFT data from Caylor et al. (2023) and 
shows a period of enhanced cooling at ca. 110–
80 Ma. The ca. 110–80 Ma onset of exhumation 
in the Wind River uplift is consistent with sedi-
mentary evidence that places the onset of motion 
along the Wind River fault during the Late Cre-
taceous and deposition of the Frontier Forma-
tion in the western Bighorn Basin at ca. 99 Ma 
(Fig. 4; Steidtmann and Middleton, 1991; May 
et al., 2013). Sevier thrust belt flexural loading 
could have caused the observed subsidence. The 
Late Cretaceous onset of exhumation in western 
Wyoming is consistent with thermochronologi-
cal data from western Montana, which have also 
documented 100–80 Ma exhumation (Omar 
et  al., 1994; Carrapa et  al., 2019; Ronemus 
et al., 2023). The Wind River uplift experienced 
a second period of exhumation at ca. 65–50 Ma 
(Fig. 3; Cerveny and Steidtmann, 1993; Stevens 
et al., 2016; Weil and Yonkee, 2023). Paleocene–
Eocene cooling is consistent with rapid basin 
subsidence and extensive conglomerate deposi-
tion and is the dominant exhumation synorogenic 
signal preserved throughout the Wind River uplift 
(Steidtmann and Middleton, 1991; Cerveny and 
Steidtmann, 1993; Fan et al., 2011; Peyton et al., 
2012; Stevens et al., 2016; Caylor et al., 2023).

The thermal history model for SR-RM-01 
from the Rattlesnake Mountain anticline (Fig. 1; 
Bucher et al., 1933; Stearns, 1978; Erslev, 1993) 
uses AFT data from this study and yields a cool-
ing history with an episode of slow, protracted 
heating from ca. 500 Ma to ca. 220 Ma, cooling 
from ca. 220 Ma to ca. 180 Ma, minor reheat-
ing (∼20 °C) from ca. 100 Ma to ca. 15 Ma, and 
subsequent enhanced cooling from ca. 15 Ma to 
present day. The thermal history model from the 
Rattlesnake Mountain Anticline shows a tT path 
with cooling at ca. 250–200 Ma that is inconsis-
tent with the Triassic strata preserved along the 
anticline margins (e.g., Neely and Erslev, 2009; 
Beaudoin et al., 2012). Thus, we interpret this 
AFT age as a mixed-age (a mixture of two cool-
ing histories), reflecting incomplete resetting of 
the AFT system prior to Laramide-associated 
exhumation, similar to what is documented in 
samples from the western Colorado Plateau 
(sample 91UT147).

The thermal history model for sample B4 
from the southwestern Bighorn uplift (Fig. 1) 
includes AFT data from Caylor et  al. (2023) 
and shows a period of enhanced cooling from 
ca. 65 Ma to 45 Ma, minor reheating (∼20 °C) 
at ca. 40–10 Ma, and Neogene cooling to sur-
face temperatures. The thermal history model 
for sample HP1 (distal to the Clear Creek thrust 
system; Hoy and Ridgway, 1997) from the Big-
horn uplift includes AFT data from Caylor et al. 
(2023) and shows a period of enhanced cool-

ing from ca. 110 Ma to 65 Ma. Sample LA7 
(proximal to the Clear Creek thrust system; Hoy 
and Ridgway, 1997) from the Bighorn uplift 
includes AFT data from Caylor et al. (2023) and 
shows a single period of enhanced cooling at ca. 
80–60 Ma. The Late Cretaceous cooling signal 
is older than the timing of erosion recorded by 
Eocene conglomerate deposition in the western 
Powder River basin (Hoy and Ridgway, 1997). 
However, conglomerate deposition during the 
Eocene constrains the time at which the Archean 
granitic basement was exposed at the surface 
(Hoy and Ridgway, 1997) and may not capture 
the earlier erosional history. Peyton et al. (2012) 
noted that the conglomerate units were depos-
ited upon angular basal unconformities, and 
thus, a considerable amount of exhumation may 
have occurred prior to conglomerate deposition 
(DeCelles et al., 1991b). Given that the isopach 
patterns of the Paleocene strata in the Powder 
River basin are indicative of initial uplift (Heller 
and Liu, 2016; Hoy and Ridgway, 1997) and 
sample HP1 is distal to the Clear Creak thrust 
system, our signal may represent the erosional 
product caused by Late Cretaceous exhumation 
preserved in the Powder River basin. In addi-
tion, some amount of cooling may occur during 
rock uplift and may pre-date erosion (ter Voorde 
et al., 2004). Here, we suggest that the Bighorn 
uplift underwent a period of initial exhuma-
tion or fault-induced cooling at ca. 100–90 Ma, 
consistent with previous thermochronometric 
investigations of the range (Crowley et al., 2002; 
Peyton et al., 2012; Caylor et al., 2023). The sec-
ond phase of Paleocene–Eocene cooling at ca. 
70–50 Ma in the Bighorn uplift is consistent 
with erosion recorded by conglomerate deposi-
tion (Dickinson et al., 1988; Hoy and Ridgway, 
1997) and the bulk of the low-temperature ther-
mochronometric data (Crowley et al., 2002; Pey-
ton et al., 2012; Caylor et al., 2023).

The thermal history model for BHL-T03 from 
the Black Hills (Fig. 1) uses AFT data from this 
study and shows a period of enhanced cooling 
at ca. 75–50 Ma. A ca. 75–50 Ma period of 
exhumation is consistent with sedimentary con-
straints provided by the Fort Union and Wasatch 
Formations (Fig.  4; Lisenbee, 1988). Finally, 
five of the seven thermal history models from 
the Northern Transect show a period of minor 
reheating at ca. 40–10 Ma (Fig. 3). We suggest 
that this is due to a regional period of Cenozoic 
basin fill and subsequent evacuation consistent 
with Caylor et al. (2023).

Stratigraphic and Structural Constraints of 
Laramide Exhumation

Timing of exhumation of basement-cored 
uplifts throughout the Laramide province has 

long been constrained via sedimentological evi-
dence prior to widespread application of low-
temperature thermochronometric dating (e.g., 
Dorr et al., 1977; Nichols et al., 1985; Graham 
et al., 1986; DeCelles et al., 1987, 1991b; Dick-
inson et al., 1988; Crews and Etheridge, 1993; 
Hoy and Ridgway, 1997; Fan et al., 2011). To 
augment thermal history models of basement-
involved uplifts, we compiled sedimentological 
and structural evidence from Laramide basins 
along our two transects.

The Southern Transect (A–A′ in Fig.  1; 
Fig.  2) starts with the eastern Grand Canyon 
(model 01GC87). Few sedimentary constraints 
are preserved near the Grand Canyon samples. 
However, the widespread occurrence of Creta-
ceous marine sedimentary rocks on the plateau is 
evidence that parts of the Colorado Plateau must 
have been below sea level until the Late Creta-
ceous (e.g., Leckie et al., 1991). The more proxi-
mal Kaiparowits Plateau preserves a combina-
tion of Santonian–Campanian shoreface, fluvial, 
and alluvial-fan deposits associated with active 
tectonics and source exhumation (Shanley and 
McCabe, 1991; Gooley et al., 2016). However, 
there are no clear sedimentological constraints 
on the Cretaceous–Paleogene exhumation of the 
western Colorado Plateau (Flowers et al., 2008; 
Winn et al., 2017). The Kaibab uplift preserves 
depositional and folding relationships that con-
strain initiation of surface uplift to the Campan-
ian and cessation to the Paleocene (Tindall and 
Davis, 1999; Tindall et  al., 2010). Dynamic 
topography models suggest that the Kaibab 
region was uplifted to low elevations (∼500 m) 
by ca. 84 Ma (Heller and Liu, 2016). The Circle 
Cliffs uplift (model 91UT-147) preserves a depo-
sitional contact that constrains the initiation of 
exhumation to the Maastrichtian and cessation to 
the Paleocene (Goldstrand, 1994). The Uncom-
pahgre uplift preserves depositional and folding 
relationships that broadly constrain the initiation 
of exhumation to the Late Cretaceous with ces-
sation during the Eocene (Stone, 1977; Jamison 
and Stearns, 1982). Deposition of the Mesaverde 
Group suggests that exhumation of the Monu-
ment uplift initiated during the Campanian with 
cessation in the Paleocene (Lawton, 1986). The 
Defiance uplift preserves a broad record of exhu-
mation with initiation at ca. 75 Ma and cessation 
as late as the late Eocene (Kelley, 1967; Fowler, 
2017; Davis et al., 2022).

The Northern transect (western Wyoming to 
eastern South Dakota; B–B′ in Figs. 1 and 3) 
starts with the Hogsback thrust in the frontal 
part of the Sevier fold-thrust belt. Synorogenic 
sedimentation constrains latest fault slip on the 
Hogsback thrust to ca. 56–50 Ma (Royse et al., 
1975; Coogan, 1992; DeCelles, 1994). Synoro-
genic deposits in the Green River Basin constrain 
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initial exhumation of the Wind River uplift to 
Maastrichtian and cessation to the mid-Eocene 
(Dickinson et al., 1988; Steidtmann and Mid-
dleton, 1991; Fan et al., 2011; Fan and Carrapa, 
2014). In the western part of the Green River 
basin, the subsurface Moxa uplift, a basement-
involved Laramide uplift, is erosionally trun-
cated by Late Campanian (ca. 75–74 Ma) strata 
(Devlin et al., 1993; Leary et al., 2015). Strati-
graphic relations in and around the Rock Springs 
uplift in the southern Green River basin demon-
strate prolonged structural activity of the dome 
from Early Campanian through early Eocene 
time (Roehler, 1993; Mederos et al., 2005; Finn 
and Johnson, 2005; Leary et al., 2015). Initia-
tion of uplift along the Rattlesnake Mountain 
anticline is documented to be Paleocene in age 
by the deposition of the synorogenic Beartooth 
conglomerate and Fort Union Formation, with 
cessation occurring variably during the Eocene 
(DeCelles et al., 1991a, 1991b). The southwest-
ern Bighorn uplift preserves coarse-grained flu-
vial clastic rocks that constrain uplift initiation to 
the Maastrichtian and volcanic and volcaniclas-
tic rocks bracket its cessation to the mid-Eocene 
(Dickinson et al., 1988; Paylor and Yin, 1993). 
The Bighorn uplift preserves depositional con-
tacts that constrain initiation of exhumation to 
the middle Paleocene and cessation to the middle 
Eocene (Hoy and Ridgway, 1997; Caylor et al., 
2023). The Black Hills uplift in eastern South 
Dakota preserves a depositional contact that 

constrains initiation of exhumation to the early 
Paleocene based on increased sand abundance, 
with cessation in the Oligocene due to the pres-
ence of flat-lying siltstones and tuffs (Lisenbee, 
1988). Finally, in southwest Montana, a growth 
structure named the Maastrichtian Sphinx Con-
glomerate documents the timing of uplift of the 
Madison-Gravelly uplift (DeCelles et al., 1987) 
and the syntectonic Campanian Lima Conglom-
erate provides a constraint on the uplift and ero-
sion of the Blacktail-Snowcrest uplift (Nichols 
et al., 1985; Haley, 1986).

DISCUSSION

Temporal and Spatial Patterns of 
Exhumation

The timing of Laramide deformation has 
traditionally been considered to be from the 
Maastrichtian to the middle Eocene (Dickinson 
et  al., 1988). However, recent work suggests 
that exhumation of northern Laramide uplifts 
may have initiated as early as ca. 100–80 Ma 
(Carrapa et al., 2019). This is consistent with 
deposition of the ca. 86–78 Ma syntectonic 
Lima Conglomerate derived from Laramide 
uplifts in southwestern Montana (Nichols et al., 
1985), a ca. 99–88 Ma maximum depositional 
age for the Ceno-Turonian Frontier Formation 
derived from detrital zircon samples from the 
eastern Beartooth uplift (May et al., 2013), and 

an 87–85 Ma age for unroofing of the Black-
tail-Snowcrest uplift (Finzel et al., 2023). The 
ca. 100–80 Ma subsidence and concomitant 
exhumation cannot be explained by Sevier 
belt deformation propagating into the region 
because the ages reported by Carrapa et  al. 
(2019) are exclusively from Laramide base-
ment uplifts in southwest Montana and north-
west Wyoming. A change from mostly flexural 
to flexural and dynamic subsidence at ca. 81 Ma 
suggests a switch to flat-slab subduction within 
the northern Laramide province at this time 
(e.g., Painter and Carrapa, 2013; May et  al., 
2013; Heller and Liu, 2016; Finzel et al., 2023). 
To explore the regional timing of exhumation 
across the Laramide province, we produced a 
kernel density estimate of all low-temperature 
thermochronometric ages between 150 Ma and 
30 Ma (Fig. 5A). We observe that the Laramide 
province transitions from low frequency of 
cooling ages to a period of high frequency of 
cooling ages at ca. 100–80 Ma (Fig. 5A). The 
preservation of highly dispersed AFT cooling 
ages prior to 100 Ma matches age-elevation 
relationships from the Beartooth, Bighorn, 
Wind River, and Laramie uplifts. Omar et al. 
(1994) and Peyton et al. (2012) both identified 
that AHe and AFT data from the Bighorn and 
Beartooth uplifts show increased age disper-
sion and short confined-track lengths prior to 
100 Ma, typically preserved at higher elevations 
and associated with slow, pre-Laramide cooling 

A B

Figure 5. (A) Kernal density estimate of all thermochronometric ages for the Laramide province indicating an increase in density at ca. 90–
80 Ma. (B) Contoured density plot of thermochronometric age by orthogonal distance relative to the Farallon–North America convergence 
direction (orange arrow, Fig. 1) after Copeland et al. (2017) and Torsvik et al. (2019). tT is time-temperature history as defined in Figure 3. A 
version of this figure that only uses apatite fission-track data with mean track lengths >13 μm is available as Figure S3 (see text footnote 1).
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due to low-magnitude exhumation or prolonged 
residence in the apatite partial annealing zone 
and apatite partial retention zone. Furthermore, 
several studies have documented a distinct 
change from relatively slow to fast cooling, lon-
ger track lengths, and low age-elevation varia-
tion from ca. 100 Ma to 80 Ma associated with 
the initiation of deformation and exhumation 
in the northern Laramide uplifts (Peyton et al., 
2012; Ronemus et al., 2023). The occurrence 
of ca. 100–80 Ma exhumation ∼300–500 km to 
the east of the Sevier thrust front (Fig. 3) sup-
ports a change in the style of deformation and 
initiation of Laramide tectonics at this time. The 
dominant timing of cooling preserved across 
the Laramide province is ca. 70–50 Ma, yield-
ing ∼43% of the low-temperature thermochro-
nometric ages (Fig. 5). The Late Cretaceous–
Eocene peak is consistent with the majority 
of sedimentological and structural constraints 
from uplifts throughout the Laramide province 
(Fig. 4; Dickinson et al., 1988; DeCelles, 2004; 
Saylor et  al., 2020; Weil and Yonkee, 2023). 
This signature is consistent with relatively rapid 
cooling across a broad area from New Mexico 
and Arizona (Kelley and Chapin, 1997; Caylor 
et al., 2021) to north-central Montana (Figs. 2 
and 3; Bryant and Naeser, 1980; Cerveny and 
Steidtmann, 1993; Kelley and Chapin, 2004; 
Stevens et al., 2016; Howlett et al., 2024). Thus, 
the 70–50 Ma period of cooling is interpreted to 
represent the main phase of exhumation associ-
ated with Laramide-related deformation (e.g., 
Crowley et al., 2002; Kelley and Chapin, 2004; 
Weil and Yonkee, 2023).

The two principal models for the migration 
of the Farallon slab suggest either a SSW to 
NNE (∼015°) path with earlier exhumation in 
the south (Saleeby, 2003), or a WSW to ENE 
(∼065°) path with an irregular plate geometry 
allowing for earlier exhumation to the north 
(Fig. 1; Cross, 1986; Bird, 1998). A variety of 
plate convergence velocities are permissible in 
the Late Cretaceous–Paleocene, with those based 
on Kula-Pacific rotations following a SSW-NNE 
trajectory, and those based on Farallon plate 
rotations favoring a more WSW-ENE trajectory 
(e.g., Doubrovine and Tarduno, 2008; Torsvik 
et al., 2019). Assuming that contractional defor-
mation associated with the flat slab is the major 
driver behind exhumation (e.g., Schildgen et al., 
2018), each of these pathways makes specific 
predictions for the temporal distribution of low-
temperature thermochronology. The SSW-NNE 
model (Saleeby, 2003; Liu et al., 2010) would 
predict low-temperature thermochronology to be 
older in northern Arizona and younger toward 
the NNE (Wyoming–South Dakota) along a nar-
row corridor (Axen et al., 2018). The WSW to 
ENE model combined with a variable Farallon 

plate geometry (Fig. 1; Cross, 1986; Bird, 1998) 
allows for a more variable pattern of low-tem-
perature thermochronometric ages and regional 
exhumation to extend across a broader area.

To test between these models, we compared 
low-temperature thermochronometric age 
against distance from the Farallon–North Amer-
ica convergence direction (Figs. 1, 5B, and S3; 
Copeland et al., 2017; Torsvik et al., 2019) with 
greater distances being in the northwest and 
shorter in the southeast at present day. Based on 
the earliest appearance of a 0.001% 2-D density 
contour, the increased thermochronometric age 
density initiates earliest in samples with greatest 
distance from the convergence (1200 km) vector 
at ca. 100 Ma, and youngs to the southeast with 
increased thermochronometric age density of ca. 
80 Ma and ca. 70 Ma at distances of 800 km and 
400 km, respectively (Fig. 5B). These first-order 
age-distance trends are inconsistent with the 
SSW-NNE model of a migrating flat-slab along 
a narrow corridor (Saleeby, 2003). The pattern 
of older thermochronometric ages in the north 
compared to the south, and the broad distribu-
tion of 70–50 Ma ages, is more congruent with 
the original flat-slab trajectory models and plate 
geometries proposed by Cross (1986) and Bird 
(1998). However, major caveats need to be con-
sidered with regard to these data. Considerable 
spread exists in thermochronometric ages, with 
a cluster of ages at ca. 120 Ma at 600–500 km 
distance from the plate convergence vector 
(Fig. 5). We suggest that the ca. 120 Ma cluster 
represents mixed-ages as recorded by shorter 
MTLs and broad track length distributions, 
indicative of prolonged residence in the partial 
annealing zone (e.g., Omar et al., 1994; Rein-
ers and Farley, 2001; Kelley and Chapin, 2004; 
Peyton et  al., 2012). The interpretation of ca. 
120 Ma AFT ages as mixed ages is consistent 
with sedimentary data, which document that a 
large portion of the Laramide province was cov-
ered by the Western Interior Seaway until the end 
of the Cretaceous (e.g., Kauffman, 1985). The 
ca. 120 Ma cooling signal may also be partly the 
result of erosion from the eastward migration 
of the forebulge through the regional foreland 
basin prior to actual Laramide basement uplifts 
(DeCelles, 2004).

A longer duration of movement along 
Laramide faults, assuming continuous short-
ening, would promote greater denudation and 
remove the older mixed-age signal. Estimates 
of structural relief across the Laramide province 
suggest that there has been significantly less 
exhumation south of the Uinta uplift (1–3 km) 
compared to the north (3–10 km; Figs.  2 and 
3). Marshak et al. (2017) showed similar north-
south trends based on calculated basement struc-
tural relief estimates across Laramide faults. 

It should be noted that many of the Laramide 
uplifts are reactivated structures in which total 
structural relief is the sum of pre-Laramide and 
Laramide relief (e.g., Hoppin, 1961; Paylor and 
Yin, 1993; Bader, 2019). Structural relief esti-
mates are consistent with detailed thermal his-
tory models that show that samples in the south-
ern Colorado Plateau (e.g., Circle Cliffs and 
Eastern Grand Canyon) have not experienced 
sufficient exhumation to remove the record 
of older (older than 100 Ma) cooling (Fig. 2; 
Dumitru et  al., 1994; Kelley and Karlstrom, 
2012). An alternative mechanism for preserva-
tion of a mixed-age signal could be a stronger 
lower crust rheology beneath the Colorado Pla-
teau (e.g., Rautela et al., 2020). Flexural rigidity 
and seismic velocity models, however, show a 
similar rheology between the Wyoming Craton 
and the Colorado Plateau at present (e.g., Lowry 
and Smith, 1995; Levander et al., 2011). Regard-
less of these local details, the regional structural 
relief estimates illustrate the relatively shallower 
exhumation in the southern Laramide province 
compared to the north, which we interpret as at 
least partially contributed to by an earlier onset 
of flat-slab associated deformation in the north.

In a regional synthesis of available structural, 
sedimentological, and low-temperature ther-
mochronological data, Weil and Yonkee (2023) 
emphasize the ca. 75–50 Ma AFT ages in many 
of the northern Laramide uplifts as a record of 
Laramide-related cooling. The low-temperature 
thermochronometric data, which yield ages older 
than 75 Ma, are interpreted by these authors to 
reflect mixed-ages as a result of residence in the 
apatite partial annealing zone due to shallow 
burial. Following this approach, Weil and Yon-
kee (2023) suggest that exhumation initiated ca. 
80 Ma in southwestern Utah and youngs to the 
northeast into Wyoming. Other low-temperature 
thermochronometric studies (Omar et al., 1994; 
Crowley et al., 2002; Peyton et al., 2012; Rone-
mus et al., 2023) have interpreted cooling ages 
older than 100 Ma to represent prolonged burial, 
slow cooling or mixed-ages. Our thermal his-
tory modeling shows that at least some samples 
are sufficiently annealed to record cooling at 
ca. 100–80 Ma. Coupled with sedimentary con-
straints, we suggest that the northern Laramide 
province underwent a two-stage exhumation 
history: an initial and more limited phase of 
exhumation at ca. 100–80 Ma, followed by 
a major and regionally widespread period of 
exhumation at ca. 70–50 Ma (Fig. 6). The Late 
Cretaceous and Paleocene–Eocene periods of 
exhumation observed in the Wind River, Big-
horn, and Black Hills uplifts are consistent with 
what is observed in the Beartooth uplift (Omar 
et  al., 1994; Peyton et  al., 2012; Peyton and 
Carrapa, 2013; Carrapa et al., 2019; Ronemus 
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et al., 2023). The exhumation pattern is consis-
tent with the regional Laramide basin subsid-
ence record, which shows initial tectonic sub-
sidence developing at ca. 100–80 Ma, followed 
by a more prominent period at ca. 75–60 Ma 
due to dynamic subsidence associated with 
shallowing of the Farallon slab (Heller and Liu, 
2016). This two-stage thermal and exhumation 
history is inconsistent with models that seek to 
propagate deformation and exhumation along a 
narrow SSW-NNE corridor (e.g., Saleeby, 2003; 
Axen et  al., 2018). Instead, we find the tim-
ing of northern Laramide exhumation is more 
consistent with a WSW to ENE trajectory and 
irregular plate boundary geometries, proposed 
by Cross (1986) and Bird (1998); however, this 
phase of deformation and exhumation initiated 
earlier and propagated in an episodic and spa-
tially heterogeneous manner across a broader 
region than previously proposed.

Tectonic Mechanisms for Laramide 
Exhumation

Based on regional low-temperature thermo-
chronology (Fig. 5) and thermal history mod-

els in the context of our regional cross sections 
(Figs. 2 and 3) we suggest that (1) the magni-
tude of exhumation in the northern Laramide 
province is greater than what is observed in the 
southern Laramide province, consistent with an 
earlier inception of Laramide deformation to the 
north, and (2) exhumation in the Laramide prov-
ince occurred in two pulses, first during the Late 
Cretaceous and second during the Paleocene–
Eocene. Based on the shut-off of the magmatic 
arc, inboard sweep of magmatism, and transition 
from thin-skinned to thick-skinned faulting and 
mostly flexural to flexural and dynamic subsid-
ence, Laramide deformation has been interpreted 
as the result of flattening of the subducting Far-
allon slab and increased coupling between the 
down-going and overriding plates (e.g., Coney 
and Reynolds, 1977; Dickinson and Snyder, 
1978; Weil and Yonkee, 2023). However, out-
standing questions remain regarding how the 
Farallon slab coupled with the overriding North 
American plate as outlined in the introduction 
(Fig. 1). Here, we seek to assess various mod-
els of Laramide flat-slab subduction through an 
analysis of the distribution of regional exhuma-
tion within the Laramide province.

Flattening of the Farallon Plate
Livaccari et  al. (1981) suggested that slab 

flattening could be facilitated by subduction of 
a buoyant oceanic plateau. Based on the pres-
ent-day locations of the Shatsky and Hess rises 
(Henderson et al., 1984), the paleo-conjugates 
were suggested to have subducted beneath the 
North American plate at ca. 90–70 Ma (Shatsky) 
and at ca. 65–50 Ma (Hess), which is thought to 
have produced a general SW to NE younging 
pattern in the ages of individual Laramide uplifts 
(e.g., Liu et  al., 2010). Our regional analysis 
of low-temperature thermochronological data 
from the Laramide province shows that there 
is both a timing and spatial inconsistency with 
the proposed trajectory for the Shatsky conju-
gate model. The timing of the putative Shatsky 
conjugate subduction agrees with the onset of 
uplift in the Colorado Plateau (ca. 80 Ma; Tin-
dall et al., 2010; Thacker et al., 2023) but post-
dates the initiation of exhumation recorded in 
the northern Laramide province (ca. 100–80 Ma; 
Figs. 2, 3, and 5). Continued magmatism in the 
Southern California Batholith at ca. 90–70 Ma 
suggests a more limited footprint of the proposed 
Shatsky conjugate (Schwartz et al., 2023). Thus, 

BA

Figure 6. Paleogeographic maps during (A) Late Cretaceous and (B) Paleocene time after Blakey and Ranney (2017), modified to include 
thermochronological data and to show earlier onset of exhumation of the northern Laramide province. Circles are published apatite fission-
track (AFT) samples with a mean track length (MTL) >13 μm, indicative of relatively rapid cooling. Squares are samples that have either 
MTLs <13 μm or no MTLs reported, indicative of relatively slow cooling or more complex cooling histories. Triangles are apatite and 
zircon (U-Th-[Sm])/He ages, and stars are samples from this study.
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if the hypothesized plateau subduction model 
holds true, its timing requires an ∼10 m.y. ear-
lier initiation to satisfy the regional exhumation 
history resolved by low-temperature thermo-
chronology and an almost synchronous propa-
gation of exhumation to satisfy older ages (ca. 
100–80 Ma) in Wyoming and Montana. The 
temporal inconsistency is compounded when 
we consider the spatial distribution of initial 
exhumation in the Laramide province. Several 
major Laramide uplifts (Wind River, Beartooth, 
and Bighorn) record initial exhumation at ca. 
100–80 Ma, which is when the Shatsky conju-
gate plateau is proposed to have subducted far 
to the south beneath the southwestern Cordille-
ran margin (Saleeby, 2003). This pattern would 
have been difficult to achieve without invoking 
an independent geodynamic process. Further, 
low-temperature thermochronology from Kapp 
et al. (2023) suggests that the southern margin 
of the Colorado Plateau underwent significant 
exhumation at ca. 60–40 Ma. Neither of these 
time frames of exhumation is consistent with the 
Saleeby (2003) model.

Recent plate kinematic models for the Creta-
ceous to early Cenozoic evolution of large igne-
ous provinces (LIPs) in the northwest Pacific 
basin provide updated possibilities for which, if 
any, conjugate plateaus could have collided with 
North America during the mid- to Late Creta-
ceous. Torsvik et al. (2019) provided adjustments 
to the Müller et al. (2016) plate kinematic model, 
and interpreted that all or most of the Shatsky 
Plateau was transferred by ridge jump onto the 
Pacific plate no later than 134 Ma. This implies 
that no significant conjugate to the Shatsky Pla-
teau existed on the Farallon plate. Fletcher et al. 
(2020) reconsidered conventional mantle plume 
models and presented a reconstruction in which 
at least five LIP-related conjugate features on the 
Farallon plate collided with the western coast of 
California in two successive events from 85 Ma 
to 64 Ma and 67 Ma to 65 Ma. The earlier event 
occurred mainly at northern California latitudes, 
whereas the younger event occurred at more 
southerly latitudes; both sets of collisions had 
ENE trajectories. All of the conjugates in the 
Fletcher et al. (2020) model are thought to have 
been much smaller than previously assumed, 
consistent with Torsvik et  al. (2019). Results 
of these studies are more consistent with our 
regional Laramide thermochronology signature 
than previous models invoking a Shatsky conju-
gate, with dimensions comparable to the Shatsky 
Plateau colliding at southern California lati-
tudes with a NNE trajectory. This would largely 
remove the need for a single, large oceanic pla-
teau to explain flat-slab subduction and would 
suggest that an increase in plate convergence 
velocity facilitated flattening of the Farallon slab 

and associated deformation (e.g., Bird, 1984). 
Although uncertainty persists, the velocity of 
the Farallon plate relative to North America as 
reconstructed from seafloor magnetic anomalies 
increased abruptly at ca. 100 Ma and ca. 75 Ma 
(e.g., Engebretson et al., 1984; Matthews et al., 
2012; Liu and Currie, 2016). We suggest that a 
combination of increased convergence rates and 
the subduction of moderate to small oceanic edi-
fices at northern and southern California latitudes 
can explain the spatial and temporal distributions 
of Laramide low-temperature cooling ages.

Basal-Shear versus End-Loading
Regardless of the precise mechanism for 

flattening of the Farallon slab, deformation 
was transmitted from the subducting slab to the 
upper-plate via increased coupling (e.g., Coney 
and Reynolds, 1977; Dickinson and Snyder, 
1978). It has long been hypothesized that migra-
tion of the flattened Farallon slab would result in 
temporally coincident deformation (Henderson 
et al., 1984; Saleeby, 2003). Geodynamic mod-
els of the Farallon flat-slab suggest that defor-
mation is progressively transferred to the upper-
plate along its leading hinge via basal traction 
(Bird, 1998). The model of progressive defor-
mation is supported by stratigraphic and limited 
low-temperature thermochronological evidence 
in the southern Laramide province (Thacker 
et  al., 2023). However, when considering the 
entire Laramide province, we suggest that exhu-
mation does not follow a coherent, spatial migra-
tion as posited by Bird (1998; Fig. 1). Rather, 
based on thermal history models along the two 
transects through the Colorado Plateau and Wyo-
ming–South Dakota, we show that exhumation 
initiated in the region closest to the Sevier thrust 
front but then propagated rapidly into the inte-
rior of the Laramide province (Figs. 2 and 3). 
A mixture of both older (ca. 100–80 Ma) and 
younger (ca. 70–50 Ma) cooling ages consistent 
with rapid cooling is found in both the Laramie 
and Colorado Front uplifts and in the Beartooth 
and Wind River uplifts (e.g., Omar et al., 1994; 
Kelley and Chapin, 2004; Stevens et al., 2016; 
Caylor et al., 2023). This distribution of exhuma-
tion supports the end-loading model as defined 
by Erslev et al. (2022), in which deformation and 
exhumation propagate synchronously from the 
margin, far into the interior, perhaps facilitated 
by inherited structures (Schmidt et  al., 1988; 
Schmidt and Garihan, 1983) and pre-shortening 
stratigraphic architecture (Bader, 2019; Parker 
and Pearson, 2021; Howlett et al., 2024).

CONCLUSIONS

Our compilation of published and new ther-
mochronometric ages documents the spatial and 

temporal trends of regional exhumation across 
the Laramide province. We identify distinct 
periods of exhumation within the Laramide 
province. The first, initial exhumation at ca. 
100–80 Ma, is mostly concentrated in the north-
ern Laramide, temporally consistent with an 
increase in relative Farallon–North America 
plate velocity. The second, widespread and 
more rapid exhumation event at ca. 70–50 Ma, is 
temporally consistent with a second increase in 
relative Farallon–North America plate velocity. 
Both events may be correlated with subduction 
of two sets of oceanic edifies, rather than a single 
very large Shatsky Plateau conjugate. We find 
that the northern Laramide province (Montana-
Wyoming) underwent higher magnitude and ear-
lier (ca. 100 Ma) exhumation compared to the 
southern Laramide province (Utah-Arizona, ca. 
75 Ma). The earlier initiation of deformation in 
the northern Laramide is consistent with the Bird 
(1998) trajectory and paleogeographic model for 
the flattened Farallon plate but broader in spa-
tial extent. Finally, our thermal history models 
coupled with regional cross sections through the 
southern and the northern Laramide province 
show that exhumation occurred relatively syn-
chronously across a broad region with no clear 
W-to-E trends. Thus, we suggest that deforma-
tion and exhumation occurred in response to 
end-loading rather than increased coupling dur-
ing basal-shear.
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