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Abstract Cordilleran-type orogenic systems are characterized by high elevation regions that form in the
hinterland of long-lived convergent continental arcs. Despite their global tectonic and climatic significance,
reconstructing past surface elevations and crustal thicknesses of these highlands has proved difficult,
necessitating new methodological approaches. Here we apply geochemical proxies to expand the spatial and
temporal resolution of paleoelevation and paleocrustal thickness estimates in the North American Cordillera
(30-49°N). We compiled arc geochemical data (n = 11,865) from the Late Cretaceous to the Early Miocene
(95-17 Ma). Using new chemical “mohometers,” we construct maps of crustal thickness and elevation at 1 Ma
intervals. We also generate time series for the southern, central, and northern segments of the orogen, calculate
crustal thickness at the onset of metamorphic core complex exhumation, and compare our results to previous
stable isotope paleoaltimetry studies. Results indicate that a Paleogene highland was continuous for 1,500 km
along-strike of the North American Cordillera, consistent with previous stable isotope, structural, and
geochemical data. This region was characterized by crustal thicknesses between 50 and 60 km

(mean = 54.8 km) and paleoelevations between 3 and 4 km (mean = 3.6 km). In the central and southern
segments (Nevada and western Arizona) crust at least 50 km thick was present until the Early Miocene, which
suggests that thickened crust was maintained for a protracted interval following Cretaceous shortening. These
results indicate that most crustal thinning was contemporaneous with a change in plate boundary conditions
along the western North American margin.

Plain Language Summary In western North America, many modern mountains represent the
extended, collapsed remnants of a former high-elevation region. The past elevation and areal extent of this
region remain controversial, which limits our understanding of the processes that construct high-elevation,
plateau-like mountains and contribute to their subsequent extensional demise. We apply a recently developed
tool to reconstruct the elevation and crustal thickness of western North America (from northern Montana and
Idaho through southern Arizona) between 17 and 95 million years ago. The tool uses the geochemistry of
igneous rocks to reconstruct past elevation and crustal thickness during their eruption or emplacement in the
crust. Our results suggest that a broad, high-elevation region with an average elevation of about 3.6 km extended
across much of western North America, analogous to segments of the modern Central Andes in South America.
This highland persisted until fairly recently (~17 million years ago), suggesting that widespread extension and
collapse of this high elevation region was linked to a transition in the type of plate boundary on the western
margin of the North American plate.

1. Introduction

Cordilleran-type orogenic systems host some of the highest elevations and thickest crust on Earth (e.g., Beck
et al., 1996; Garzione et al., 2017). Crustal thickening and surface uplift in Cordilleran orogens are the product of
long-duration shortening in the retro-arc fold-and-thrust belt, which underthrusts lithosphere trench-ward to
construct a thickened, crustal welt in the hinterland (DeCelles et al., 2009; Long, 2023). As a result of high surface
elevations and thick crust, past Cordilleran-type orogens exerted an important control on global and regional
climate, biological evolution, and basin formation (DeCelles & Giles, 1996; Garzione et al., 2008; Kent-Corson
et al., 2013; C.-T. A. Lee et al., 2015; Smiley et al., 2024).

The Mesozoic—Cenozoic North American Cordillera was an archetypal Cordilleran-type orogenic system that
persisted from the Late Jurassic until extensional collapse in the mid-to-late Cenozoic (DeCelles, 2004; Dick-
inson, 2004; Ducea et al., 2015). From the trench inboard, the orogen featured an accretionary wedge, forearc
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Figure 1. Simplified tectonic map of the western North American Cordillera. The dashed red lines indicate the migration of
ignimbrite flare-up volcanism during foundering of the Farallon slab, modified from Best et al. (2016) and Humphreys
(1995). MFTB—Maria fold-and-thrust belt.

basin, magmatic arc, hinterland orogenic highland, retro-arc fold-and-thrust belt, and foreland basin. First-order
changes in the style and location of upper plate deformation in the hinterland are generally interpreted to
correspond to changes in the dip of the subducting Farallon slab (Coney & Reynolds, 1977; Copeland
etal., 2017). Normal-dipping subduction (~20—40° at depths of <125 km; Schellart & Strak, 2021) in the Early to
mid Cretaceous produced thin-skinned, east-propagating deformation in the Sevier retro-arc fold-and-thrust belt,
while slab flattening ca. 80-90 Ma corresponded to a shift toward higher-angle, basement-involved, Laramide-
style deformation east of the frontal Sevier belt (Humphreys, 2009; Jepson et al., 2025; Jones et al., 2011; Weil &
Yonkee, 2023; Yonkee & Weil, 2015). Slab flattening extinguished arc magmatism at coastal batholiths and
caused the discontinuous inboard migration of the arc, along with a general dissipation in the fluxes of arc
magmatism. Following accretion of the Siletzia oceanic plateau ca. 53 Ma, rollback or foundering of the Farallon
flat slab corresponded to exhumation along a belt of metamorphic core complexes (MCCs) and high-flux
volcanism during the “ignimbrite flare-up” (Armstrong & Ward, 1991; Coney & Harms, 1984; Dickinson &
Snyder, 1979; Glazner, 2022; Lipman et al., 1972; Schmandt & Humphreys, 2011). Syn-rollback volcanism was
diachronous across two trends that met in southern Nevada (~36°N) at ca. 17 Ma: a south or southwest-younging
trend beginning in Idaho and Montana and a northwest-younging trend across Arizona (Figure 1; Hum-
phreys, 1995; McQuarrie & Oskin, 2010). The ca. 28-30 Ma onset of the transition to a transform or transten-
sional margin resulted from subduction of an oceanic spreading ridge, followed by the onset of Basin-and-Range-
style extension at ca. 17 Ma (e.g., Atwater, 1970; Atwater & Stock, 1998; Colgan et al., 2006; Coney, 1987;
Dickinson, 2002; Zuza, Jepson, & Cao, 2024).

A variety of geochemical, structural, isotopic, and paleobiologic data sets have been used to reconstruct crustal
thickness and elevation of the hinterland of the North American Cordillera (e.g., Chamberlain et al., 2021; Licht
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Figure 2. Map of whole-rock geochemical samples used to calculate crustal thickness and elevation. Sample color
corresponds to age. Black and red boxes indicate the bounds of data used in chemical mohometry calculations in Figures 7
and 9, respectively. MCC—Metamorphic Core Complex.

et al., 2017; Long, 2023; Wolfe et al., 1998). Broadly, these studies indicate the presence of relatively thick crust
and high elevations spanning from southern Canada to northern Mexico by the Late Cretaceous or early
Paleogene. Despite general agreement about the existence of this high-elevation feature across western North
America, uncertainties persist about the spatial footprint, maximum elevation and crustal thickness, and relief of
this highland. For instance, some geochemical reconstructions of crustal thickness favor thick Late Cretaceous
and early Cenozoic crust (70+ km) comparable to the modern central Andes in the Nevada segment of the orogen
(Best et al., 2009, 2016), while other studies prefer more modest crustal thicknesses of 45-50 km (e.g., Kon-
stantinou, 2022; Lund Snee & Miller, 2022). Resolving these discrepancies is essential to both understanding the
mechanisms governing changes in crustal thickness and assessing the potential climatic, erosional, and geo-
dynamic implications of thickened crust and high elevations (DeCelles & Carrapa, 2023; Feng et al., 2013; Fricke
et al., 2010; Molnar & Lyon-Caen, 1988; Painter et al., 2014; Sewall & Sloan, 2006).

The mechanisms responsible for extensional thinning in the central and southern segments (~30-42°N) of the
orogenic hinterland also remain unclear (Axen et al., 1993; Gans, 1987; Sonder & Jones, 1999; Wernicke, 1992;
Wernicke et al., 1987). Modern crustal thicknesses in this region are ~30 = 5 km (Laske et al., 2013; Figure 3,
inset map). If crustal thicknesses were ~55 km during the Late Cretaceous (e.g., J. B. Chapman et al., 2015), ~20—
30 km of subsequent crustal thinning is required. Proposed models of thinning can be broadly classified into two
endmembers, each of which emphasizes distinct mechanisms of orogenic collapse: (a) The first model argues that
most crustal thinning occurred in the Miocene, after subduction of a spreading ridge resulted in a transition to a
dextral transform margin during the north and south-directed migrations of the Mendocino and Rivera triple
junctions, respectively (Best & Christiansen, 1991; Best et al., 2009, 2016; Cassel et al., 2014, 2018; Colgan &
Henry, 2009; Colgan et al., 2010; Henry et al., 2011; Lund Snee & Miller, 2022; E. L. Miller et al., 1999). This
model implies that crustal thinning was linked to a change in boundary conditions during this plate margin
reorganization and suggests that high elevations and thickened crust largely persisted into the Early Miocene, at
least 30 Ma after the cessation of shortening in most of the Cordillera. (b) A second model suggests that crustal
thinning initiated earlier, during rollback of the Farallon flat slab and coeval ignimbrite flare-up volcanism. This
model argues that crustal thinning was partitioned into distinct phases over a more protracted interval, and im-
plicates thermal weakening, removal of the Farallon slab, or the syn-rollback acquisition of lithospheric buoyancy
as a driver of thinning (Armstrong & Ward, 1991; Gans et al., 1989; Jones et al., 1998; Sonder & Jones, 1999).
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Each of these models make distinct predictions about the pre-Basin-and-Range evolution of crustal thickness in
the Cordillera: The former predicts limited changes in crustal thickness until Basin-and-Range extension (ca.
17 Ma) while the latter predicts an earlier phase of thinning coeval with Farallon slab removal.

The uncertainties in the estimates of past elevation and crustal thickness in the North American Cordillera persist
because of limitations of existing methods for reconstructing these parameters back in time. For instance, the
spatial and temporal resolution of stable isotope paleoaltimetry is limited by the availability of proxy material,
which is often not preserved prior to the Cenozoic (L. Li et al., 2024; Licht et al., 2017; Quade et al., 2020).
Interpretations of these data are often non-unique, requiring assumptions about paleo-temperature and relative
humidity during moisture ascent, isotopic lapse rates, and sources of meteoric water to obtain quantitative es-
timates of past elevation (S. J. Davis et al., 2008; Galewsky, 2009; Lechler & Niemi, 2011; Rowley, 2007). While
back-in-time strain integration studies provide high-resolution estimates of crustal thickness and elevation
(Bahadori et al., 2018; Bahadori & Holt, 2019; Bahadori, Holt, Feng, et al., 2022), they do not account for open-
system changes in crustal thickness that result from magmatic additions to the crust, crustal flow, or foundering of
eclogitic lower crust, which were significant in the North American Cordillera (Block & Royden, 1990; DeCelles
et al., 2009; DeCelles & Graham, 2015; Ducea & Saleeby, 1998; Gans, 1987; McQuarrie & Chase, 2000).

Recent advances in geochemical proxies of crustal thickness and elevation resolve some of these difficulties and
enable high-resolution estimates of crustal thickness and paleoelevation that are independent of existing stable
isotope or strain restoration studies. New calibrations also reduce uncertainty in paleoelevation and paleocrustal
thickness results, enabling detection of lower-magnitude changes in these parameters through time. Here we
apply these geochemical proxies to a compiled data set of 11,865 existing arc geochemical samples from the
western North American Cordillera (Luffi & Ducea, 2022). Using this data set, we construct map-view visual-
izations of crustal thickness and elevation from the Late Cretaceous to Early Miocene. Adopting the regional
classifications of Whitney et al. (2013) and J. B. Chapman et al. (2021), we generate time series of paleoelevation
and crustal thickness in the southern (~30-36°N), central (~36—42°N), and northern (~42—49°N) segments of the
orogen. To test whether surface elevation is controlled by crustal thickness, we compare our results to previous
stable isotope estimates of surface elevation. These analyses indicate the presence of a high-elevation (3—4 km),
thick-crusted (~50—60 km) highland that extended ~1,500 km along strike at the onset of proposed Eocene—
Oligocene slab foundering. In the central and southern segments of the North American Cordillera, high ele-
vations and thick crust largely persisted until the onset of Basin-and-Range extension (ca. 17 Ma), implying that
extensional collapse of the North American Cordillera was primarily achieved during post-Oligocene changes in
plate boundary conditions.

2. Methods

The geochemical composition of arc magmas correlates with crustal thickness due to pressure-dependent dif-
ferentiation at or near the base of the crust (Chiaradia, 2015; Dhuime et al., 2015; Farner & Lee, 2017; Hildreth &
Moorbath, 1988; Mantle & Collins, 2008; Profeta et al., 2015; Turner et al., 2016). Empirical correlations be-
tween geochemical ratios and elevation or crustal thickness within modern arcs have been applied back in time to
calculate these parameters within paleo-arcs. Most geochemical reconstructions have employed proxies that use a
single or paired geochemical value or ratio, such as La/Yb or Sr/Y (e.g., J. B. Chapman et al., 2015; Profeta
et al., 2015; Sundell et al., 2021), which necessarily limits the number of crustal thickness estimates that can be
obtained. The calibration of 41 new depth to Moho proxies, or chemical mohometers, by Luffi and Ducea (2022)
expands the quantity of estimates that can be derived from data within geochemical repositories, an advance that
enables our methodological approach of reconstructing the spatial (i.e., map-view) patterns of crustal thickness
through time (Liu et al., 2024). Previous single-proxy calibrations are also susceptible to systematic error related
to processes independent of crustal thickness, including variability in geothermal gradients, source rock
composition, disequilibrium garnet fractionation, and water activity (Kendrick & Yakymchuk, 2020; Lieu &
Stern, 2019; Pourteau et al., 2020; Roberts et al., 2024). While the influence of these factors cannot be entirely
excluded, chemical multi-mohometry results are better suited to isolating geochemical signatures attributable to
crustal thickness from these confounding effects.
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Figure 3. Maps of binned crustal thickness estimates from 53 to 17 Ma (a—f). Binned crustal thicknesses represent the median value within a 1.5° rectangle and a +3 Ma
moving window. See text for information about the binning methodology. Circles indicate the location of source data used in each map. The inset map in (f) shows
modern crustal thickness using the same color scale (Laske et al., 2013).

2.1. Data Compilation

Whole-rock igneous geochemical data were downloaded from the EarthChem (https://portal.earthchem.org) and
Western North American Volcanic and Intrusive Rocks (NAVDAT) databases for Late Cretaceous to Early
Miocene (95-17 Ma) samples located west of 104°W longitude in the United States and northern Mexico (Ducea
& Barton, 2007; Walker et al., 2006). Additional geochemical data were compiled from the literature (Best
et al., 2009 and references therein; Biek, 2013; J. B. Chapman, Greig, & Haxel, 2020; Christiansen, 2009;
Clark, 2007, 2015; Clark & Biek, 2017; Dudas et al., 2010; Feeley & Grunder, 1991; Gaschnig et al., 2011;
Hiza, 1999; McKean, 2017; McKean et al., 2013; Nelson et al., 1998; Scarberry et al., 2021; Tepper et al., 2023;
Valencia-Moreno et al., 2021 and references therein). Duplicates and samples with unreliable age or location
information were excluded from the data set.

Samples were filtered to include only those produced in an arc setting. Samples derived from Basin-and-Range,
slab-window (e.g., McQuarrie & Oskin, 2010), or Yellowstone hotspot volcanism are omitted by removing
samples younger than 17 Ma from the data set. Units classified by J. B. Chapman et al. (2021) as part of the North
American anatectic belt were also excluded, as crustal melts are not included in mohometry calibration data sets.
We retain samples from the Idaho Batholith due to their origin in the Cordilleran arc. Samples classified as airfall
tuffs were excluded because of the likely spatial offset between the volcanic source center and the sample
location. Due to the prevalence of large ignimbritic eruptions in the western United States, samples classified as
pyroclastic flows or ignimbrites were retained. The compiled data set consists of 11,865 samples from 444
publications (Figure 2; Table S1 in Supporting Information S2).

2.2. Crustal Thickness and Elevation Estimates

We use the Geochemical Arc Moho Estimator (GAME) tool to calculate crustal thickness and elevation from the
compiled data set (Table S2 in Supporting Information S2; Luffi & Ducea, 2022). This tool calculates elevation as
a function of the differentiation indicator MgO and a geochemical ratio or value using empirical regressions from
modern (i.e., Pliocene-Holocene) arcs. Moho depth is then calculated from elevation using the regression: Moho
depth (km) = 6.79 (£0.95) X elevation + 26.4 (+1.45), where Moho depth = crustal thickness — elevation.
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Figure 4. Maps of binned paleoelevation estimates from 53 to 17 Ma (a—f). Binned elevations represent median values within a 1.5° rectangle and a £3 Ma moving
window. See text for information about the binning methodology. Circles indicate the location of source data used in each map. The inset map in (f) shows modern

elevation using the same color scale.

We completed two types of analyses to determine the spatial and temporal trends of crustal thickness and
elevation in the North American Cordillera. First, we created maps of crustal thickness and elevation. This spatial
perspective is enabled by the breadth of magmatism related to inboard and outboard sweeps as the Farallon slab
flattened and subsequently rolled back (Coney & Reynolds, 1977). For all compiled samples that passed through
data quality filters (major elements = 97%—101%; SiO, = 45%—80%; Na,O + K,O less than 1.5% above the
alkaline-subalkaline boundary), individual Moho depths were calculated using up to 41 calibrations in GAME.
Mohometers with elevation calibration domain residuals (gy;5x in Luffi & Ducea, 2022) greater than 1.0 km were
excluded. To visualize spatial trends, median crustal thickness and elevation were calculated for 1.5° latitude and
longitude bins using a £3 Ma moving window. The spatial and temporal bounds of these bins were selected by an
iterative approach that ensured a sufficient quantity of geochemical data within each temporal interval and bin
while maintaining the resolution of estimates (e.g., Liu et al., 2024). Bins containing fewer than eight samples
were discarded to avoid erroneous results. Results are presented as animations of Late Cretaceous to Early
Miocene crustal thickness and elevation at 1 Ma intervals (Movies S1 and S2) and maps of Cenozoic time slices
(Figures 3 and 4). Using these maps, we calculated the difference between modern crustal thickness and a Kriging
interpolated surface of Early Miocene (17-23 Ma) crustal thickness (Figure 5) and median crustal thickness as a
function of latitude and time for all data west of 109°W (Figure 6).

Second, we calculated three types of time series and point-in-time estimates of crustal thickness and elevation.
Results for these analyses are reported as mean crustal thickness, and uncertainty bars indicate standard deviation.
Model input parameters and results for these analyses are available in Tables S3—S5 in Supporting Informa-
tion S2. (a) Time series of crustal thickness estimates and paleoelevation were constructed for three segments of
the U.S. Cordillera: The southern Cordillera in Arizona (30-36°N), the central Cordillera in Nevada (36—42°N),
and the northern Cordillera in eastern Washington, Idaho, and western Montana (42—49°N), corresponding with
the inferred Arizonaplano (J. B. Chapman, Greig, & Haxel, 2020), Nevadaplano (DeCelles, 2004), and Mon-
tanaplano (Lageson et al., 2020). We subdivide each region into 3—4 subregions (Figure 2, black boxes) and
calculate crustal thickness and elevation using GAME for geochemical data within each subregion at different
time intervals. (b) Elevation and crustal thickness at the onset of MCC exhumation were calculated for eight
MCCs or MCC clusters from southern Arizona to northern Washington (Figures 9; Figure 2, red boxes). While
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isotope estimate of paleoelevation (Figure 4). Stable isotope paleoaltimetry
results often represent minimum elevations, as moisture mixing, surface
evaporation, or moisture deflection can increase meteoric water §’H and §'%0
values. To ensure that paleoaltimetry results are directly comparable with
chemical mohometry data, we use studies that report absolute paleoelevation.

Since the quantification of paleoelevation estimates from stable isotope
values relies on regional and proxy-specific considerations, we use elevation
estimates reported within individual studies, except for two studies from
central Nevada (Cassel et al., 2014, 2018) where we use paleoelevation es-

timates recalculated by Ibarra et al. (2021) using the Rayleigh distillation
model of Rowley et al. (2001).

Figure 5. Map of changes in crustal thickness between the Early Miocene and

the present, calculated by subtracting interpolated crustal thickness estimates We here address several important caveats to our approach. First, map-view
within the 17-23 Ma time interval from modern crustal thickness (Laske estimates of crustal thickness and elevation tend to be dispersed in regions
etal, 2013). Negative values indicate a decrease in crustal thickness from where geochemical data are sparse. For this reason, we regard our time-series

the Early Miocene to the present. The red dashed line shows the approximate
outline of the Basin-and-Range extensional province.

estimates (Figure 7), which incorporate a mean of 87 samples per data point
(range of 14-277), as a more robust record of crustal thickness and prioritize
these results in our interpretations. Second, the availability of geochemical samples and the precision of sample
ages decrease in the early Cenozoic and Cretaceous relative to the mid and late Cenozoic (17-55 Ma: n = 9,254,
median uncertainty = 2.4 Ma; 55-95 Ma: n = 2,611, median uncertainty = 6.6 Ma). As such, we focus our
discussion on the Cenozoic record of crustal thickness and paleoelevation. Third, chemical mohometry results
assume crustal isostatic equilibrium and do not account for dynamic or non-crustal isostatic effects (e.g., removal
of mantle lithosphere or fluid-driven de-densification of lithosphere). In modern arcs, crustal thickness is the
primary control on surface elevation (e.g., Beck et al., 1996; Farner & Lee, 2017; Luffi & Ducea, 2022). As
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Figure 6. Crustal thickness as a function of latitude and time. Plotted values correspond to the midpoint of a £3 Ma moving
window of binned data. For each interval, crustal thickness is calculated as the average of all bins west of 109°W along a line
of latitude, which excludes data from Colorado, New Mexico, eastern Montana, and central and eastern Wyoming. Between
40° and 48°N, the Eocene shift to thinner crust corresponds to the cessation of most volcanism in Idaho and Montana and the
initiation of the Cascades arc to the west.
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Northern Cordillera discussed below, we evaluate this assumption in the past by comparing
_ 70 A : geochemical estimates of elevation with coeval and co-located estimates of
5 - 1 N surface elevation from stable isotope paleoaltimetry data (Figure 8).
~ 60 A 1 —
A : 4 E The uncertainty of individual geochemical values remains unquantified in our
g 50 1 L 3~ data compilation. To determine the influence of this uncertainty on Moho
ﬁ : S depth and elevation results, we performed a Monte Carlo analysis using
i€ 204 1 28 representative geochemical data from the central Cordillera (region 7 in
- Onset of | Subregion S i . ) i
= ignimbrite | ® s L, @ Figures 2, 35-38 Ma). We derived 100 synthetic data sets by sampling normal
" 30 (":"r‘:l‘i‘t’;‘ flare-up, m o w distributions created using each geochemical value as a mean and 3% as the
g thickness : t ;Ol cimetry | 0 standard deviation. Each synthetic data set was then input into GAME to
aleoaltimetry . R . K i K
20 : ; L ; quantify how uncertainty in geochemical input values may influence model
) outputs. Model outputs yield mean Moho depth estimates with a standard
Central Cordillera . . . . .

70 _ . deviation of 0.8 km and elevation estimates with a standard deviation of
’E B. : 1 L 5 0.1 km (Table S6 in Supporting Information S2). Thus, output uncertainty
X 50 . - from uncertainty in input geochemical values appears to be relatively small,
u f4 g and secondary to other quantified sources of uncertainty in our analysis.

. 4
2 50 : ° -3~
¥ : ] 5 . .
Z . : : Subregion | 2 B 3. Regional Results and Interpretations
= ] H 4 . . . .
N : : : 5 L, q>, We first discuss results within the northern, central, and southern regions of
? 304 Egns_et Ofd 1 A 6 w the North American Cordillera (Figure 2), and compare new elevation and
= basin-and- . . .« e .
2 :Range ! ¥ 7 ) -0 crustal thickness estimates to existing constraints from structural, stable
o ‘extension | ® Palecaltimetry . . ) . . . N
20 L | . . isotope, stratigraphic, and geochemical studies. We next examine the impli-
h dill cations of our results for the orogen-scale geometry of the North American

70 S?Ut ern Cordillera Cordilleran highland, the drivers of Cenozoic extensional collapse, and the
'g C. 1 L 5 mechanisms responsible for the development and support of high topography.
X 04 : : We then discuss the link between crustal thickness and the formation of
v : 1 T4 g metamorphic core complexes.

0 : I X
c 50 - : 1 -3
k] : 1 s .
9 : 1 0 3.1. Northern Cordillera
£ 401 -1 ’®
- : : Subregion | 1 q>, Crustal thickness results indicate the presence of a Cenozoic orogenic high-
© . Fl e . . . .
B304 . 1 e 1 w land in the western Montana and Idaho portions of the Cordillera with mean
2 : B2 |y crustal thicknesses of 58.9 km and paleoelevations of 4.2 km (Figures 3, 4,
hd 20 : 1 A 3 and 7a) during the Eocene. This feature (the Montanaplano of Lageson
T T T T
0 20 40 60 80 100 et al., 2020) was likely a northward continuation of the Nevadaplano,

Time (Ma)

Figure 7. Time series of mean crustal thickness and elevation for the

(a) northern, (b) central, and (c) southern Cordillera. Results represent
crustal thickness and elevation within subregions in Figure 2 calculated
using the Geochemical Arc Moho Estimator tool (Luffi & Ducea, 2022). A
mean and median of 87 and 58 arc geochemical samples, respectively, are
used to calculate each data point. Red circles indicate results from existing
stable isotope paleoaltimetry studies while dashed lines indicate the
approximate timing of Basin-and-Range extension and volcanism during the
“ignimbrite flare-up” within each region. Crustal thickness uncertainty bars
indicate the standard deviation.

consistent with a variety of previous constraints on paleoelevation and crustal
thickness. Stable isotope data indicate high elevations adjacent to the Sage
Creek and Kishenehn basins (Fan et al., 2017; Mix et al., 2011) during the
early Eocene, and paleoaltimetry results elsewhere in the Idaho and Montana
Cordillera are consistent with high Eocene paleoelevations ranging from 3 to
5 km (Chamberlain et al., 2012; Kent-Corson et al., 2006; Mulch et al., 2007;
Schwartz et al., 2019). Northeast-dipping fabrics in the Bitterroot lobe of the
Idaho Batholith have been interpreted as evidence of contraction during
crustal thickening (Byerly et al., 2017), while a shift toward more evolved
radiogenic isotope values through time indicates increased crustal melting
resulting from crustal thickening (J. B. Chapman et al., 2021; Gaschnig
et al., 2011). Thermobarometry estimates of the Idaho Batholith indicate

emplacement depths of ~12 km, which require crustal thicknesses of 52-57 km during emplacement given
modern crustal thicknesses of 40-45 km (Byerly et al., 2017; Jordan, 1994; Laske et al., 2013).

On the eastern margin of this highland, a series of east- and southeast-draining paleovalleys were incised during

the Late Cretaceous (Chetel et al., 2011; Janecke et al., 2000), analogous to a system of Cretaceous paleovalleys
from the central Cordillera (Henry, 2008; Henry et al., 2012). Paleovalley development and erosion on the eastern
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Figure 8. Plot of paleoelevation estimated from stable isotope paleoaltimetry (Cassel et al., 2014, 2018; Ibarra et al., 2021;
Mix et al., 2011; Mulch et al., 2007) versus co-located and coeval estimates of mean paleoelevation calculated from chemical
mohometry. See Table S5 in Supporting Information S2 for source data. Mohometry calculated paleoelevation uncertainty
bars indicate the standard deviation of the mean.

margin were likely enhanced by a strong west-directed monsoon originating from the Cretaceous Western Interior
Seaway (Foreman et al., 2011; Fricke et al., 2010; Lageson et al., 2020).

Similar to the Nevadaplano, crustal thickening in Idaho and Montana was
likely driven by Cretaceous and early Cenozoic shortening. Balanced cross
sections from southern Alberta (~50°N; Price, 1981), northwest Montana
(~48°N; Fuentes, 2012), and Wyoming and southern Idaho (~42°N; Coo-

Elevation (km)

Okanagan-Kettle -

Anaconda-Bitterroot

Pioneer -

Ruby-Humboldt

Snake -

Northwest Arizona -

Central Arizona -

Southeast Arizona -

gan, 1992) document an average of 182 km of minimum shortening, similar to
estimates of 150 and 222 km from northern and central Utah, respectively
(Coogan, 1992; DeCelles & Coogan, 2006). We interpret this along-strike
consistency in the magnitude of retro-arc shortening to indicate that an

- ] orogenic highland in the central and northern Cordillera was a north—south-
| | trending, spatially continuous physiographic feature. Crustal thickening may
) = ! have also been locally driven by magmatism during emplacement of volu-
minous plutons, such as the 6,000 km? Boulder batholith (Lageson

et al., 2001; Vejmelek & Smithson, 1995).
f—— Crustal thickness results do not show detectable crustal thinning from ca. 53

to 43 Ma (Figure 7a), and a lack of available geochemical data thereafter
precludes reconstruction of the timing and rate of crustal thinning from peak
Eocene thicknesses (~58 km) to modern thicknesses (40—45 km). Surficial

and thermochronologic evidence suggests this crustal thinning occurred

25

Figure 9. Mean crustal thickness and elevation at the onset of metamorphic
core complex (MCC) exhumation for eight clusters of MCCs. Red squares

Crustal Thickness (km)

{m Onset of MCC exhumation

40 45 50 55 60 through a combination of post-orogenic Paleogene extension, including via
reactivation of thrust faults, Neogene Basin-and-Range extension, and
extension related to the impingement of the Yellowstone hotspot (Camp
et al., 2015; Constenius, 1996; Janecke, 1994; Schwartz & Schwartz, 2013;

Thoresen et al., 2024; Wernicke, 1992).

/™ Modern

Following the accretion of the Siletzia oceanic plateau and the cessation of

indicate modern crustal thickness from Laske et al. (2013). See Figure 2 for

the locations of geochemical data for each metamorphic core complex or
cluster of metamorphic core complexes. Uncertainty bars of crustal
thicknesses indicate the standard deviation of the mean.

magmatism in the interior of the orogen, subduction re-initiated to the west to
form the Cascades arc ca. 45 Ma (Schmandt & Humphreys, 2011; Tepper &
Clark, 2024). Our results indicate that the Cascades had relatively thin crust
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(~30 km) and low (<1 km) paleoelevations during the Eocene and earliest Oligocene (Figures 3 and 4). This
result aligns with evidence that the early Cascades arc consisted of a discontinuous chain of low-elevation, sub-
aqueous to sub-aerial volcanic centers separated by large along-strike gaps in volcanism (Du Bray & John, 2011;
Hammond, 1979; Jutzeler et al., 2014; Methner et al., 2016). The early arc lacked a retro-arc fold-and-thrust belt,
and may have experienced a phase of early Oligocene slab rollback, consistent with the observation of relatively
thin arc crust until at least the early Oligocene (Basler & Cassel, 2025; Humphreys & Grunder, 2022;
Priest, 1990). In this scenario, the early Cascades represented a thin-crusted, weakly convergent endmember
continental arc, in contrast to the strongly convergent Cordilleran-type orogenic system that previously char-
acterized the margin.

3.2. Central Cordillera

Crustal thickness results from the central segment of the Cordillera indicate the late Paleogene—early Neogene (ca.
39-20 Ma) presence of the Nevadaplano orogenic plateau with mean crustal thickness of 54.0 km and elevation of
3.5 km (Figures 3, 4, and 7b). Although generally overlapping with previous estimates of crustal thickness in the
region (Bahadori et al., 2018; J. B. Chapman et al., 2015; Coney & Reynolds, 1977; DeCelles & Coogan, 2006;
Konstantinou, 2022; Long, 2019, 2023; Lund Snee & Miller, 2022), these estimates diverge from suggestions that
the crust was up to 70 km thick (Best et al., 2009, 2016).

Across the four subregions, mean estimates of crustal thickness are clustered around 54 km between the late
Eocene and Early Miocene. A plausible explanation for this uniformity in crustal thickness estimates is the
reduction of Moho topography via the lateral flow of lower or mid crust (Bird, 1991), consistent with the view that
the Cenozoic Nevadaplano was a high-elevation region with low internal relief (Best & Christiansen, 1991;
DeCelles, 2004; Henry, 2008). The low-angle unconformity between Cenozoic volcanic rocks and Paleozoic
strata in eastern Nevada and western Utah provides additional evidence of a plateau-like setting (Arm-
strong, 1972; DeCelles, 2004). Progressive topographic smoothing during emplacement of successive ignimbrite
sheets may have contributed to further reductions in internal relief during late Eocene to Early Miocene volcanism
(Best et al., 2009).

While the existence of plateau-like topography in the central Nevada hinterland is well-documented, the along-
strike continuity of this plateau to the southern portion of the Cordillera remains unclear. The paleo-width of the
hinterland was likely narrower in western Arizona and far southern Nevada (Jones, 2025), which may preclude
the existence of a broad, plateau-like feature comparable to central Nevada. Strain restoration studies also
reconstruct a narrower highland in Arizona relative to areas further north (Bahadori, Holt, Feng, et al., 2022;
Bahadori et al., 2018). This region was actively eroding in the Late Cretaceous and early Cenozoic, and may have
represented the sediment source of several regional drainages and basins (Caylor et al., 2021; Dickinson, 2012;
Kapp et al., 2023; Sharman et al., 2017). These data sets do not appear compatible with a wide, plateau-like region
and suggest that significant topographic heterogeneity may have been present in western and southern Arizona.

In all four central Cordillera subregions (Figure 2), Paleogene through early Neogene crustal thickness does not
change within the uncertainty of mohometry estimates. This result suggests that the crust remained relatively
thick until the Early Miocene, and that most crustal thinning was achieved via Basin-and-Range extension
beginning at ca. 17 Ma (Colgan & Henry, 2009). This lack of Eocene—Oligocene thinning of the crust in Nevada
and western Utah aligns with several lines of evidence: Sedimentologic studies indicate the lack of a significant
basin record of pre-Miocene normal faulting (Best & Christiansen, 1991; Henry et al., 2011), long run-out dis-
tances of ignimbrites attest to low-relief topography that had yet to be dissected by surface-breaking faulting (Best
et al., 2016), thermochronologic data indicate most ranges were not exhumed until the Miocene (E. L. Miller
et al., 1999; Zuza, Jepson, & Cao, 2024), and elongated E-W aspect ratios of calderas suggest extension post-
dated volcanism. In the eastern Nevadaplano, work suggests that normal faulting and corresponding deposi-
tion occurred during the Eocene—Oligocene, which could indicate that limited crustal thinning initiated prior to
the Miocene onset of Basin-and-Range-style extension (Constenius, 1996; Evans et al., 2015; Gans et al., 1989;
Henry et al., 2011; J. Lee et al., 2017; Long, 2019; Long & Walker, 2015). Our results suggest that this initial
phase of extension, which may have been limited in areal extent and magnitude, did not result in sufficient crustal
thinning to be detectable using paleocrustal thickness proxies (Figure 7b).

Within uncertainty, paleoelevation results from chemical mohometry are similar to coeval stable isotope studies
of Paleogene surface elevation (Figures 7b and 8; Cassel et al., 2014, 2018; Ibarra et al., 2021). Elevation
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estimates from arc geochemical proxies and stable isotopes are sensitive to different processes (i.e., lithospheric
vs. atmospheric archives of elevation), and agreement between these independent methods provides strong ev-
idence that high elevations persisted until the late Oligocene to Early Miocene.

3.3. Southern Cordillera

Estimates of crustal thickness from southern Arizona and northern Mexico indicate that moderately thick crust
and high paleoelevations developed by the early Cenozoic (Figures 3, 4, 6, and 7c). This region (the Arizonaplano
of J. B. Chapman, Greig, & Haxel, 2020) featured mean Cenozoic crustal thicknesses of 52.8 km and mean
paleoelevations of 3.4 km, in broad agreement with previous geochemical reconstructions of crustal thickness (J.
B. Chapman, Greig, & Haxel, 2020; Jepson et al., 2022) and results from integrating strain rates back in time
(Bahadori & Holt, 2019; Bahadori, Holt, Feng, et al., 2022; Bahadori et al., 2018).

The mechanisms responsible for thickening the crust may vary within the region. In western Arizona and far
eastern California, crustal thickening ca. 70-90 Ma was driven by shortening in the Maria fold-and-thrust belt
(MFTB), a basement-involved but thin-skinned ductile thrust belt that strikes east-west and verges south, in
contrast to the general eastward vergence of most Sevier-style shortening (Barth et al., 2004; Knapp & Hei-
zler, 1990; Salem, A. C., 2009; Spencer & Reynolds, 1990). Following the cessation of shortening in the Late
Cretaceous, thickening in the region may have occurred through the northeastward translation of lithospheric
material by the flat Farallon slab (Axen et al., 2018; A. Chapman, Shields, et al., 2020; Kapp et al., 2023; Rautela
et al., 2020) or through emplacement of subducted Pelona, Orocopia, and Rand schists (A. D. Chapman, 2017,
Seymour et al., 2018). Superimposed on these processes is the possibility of magmatic thickening via the Late
Cretaceous and early Cenozoic emplacement of Laramide plutons (Erdman et al., 2016).

The mechanisms of crustal thickening east of the Maria fold-and-thrust belt remain less certain. Thrust faults in
this region are generally interpreted as high-angle structures with limited offset (e.g., G. H. Davis, 1979; Favorito
& Seedorff, 2021), which could not contribute to significant crustal thickening. Our results suggest that crustal
thicknesses during both the Late Cretaceous—Paleocene and Oligocene—Miocene were lower in southeastern
Arizona relative to western and central Arizona, a discrepancy which could reflect a difference in the magnitude
of shortening. Nonetheless, some low-angle thrusts have been recognized in eastern Arizona, implying that
shortening could represent an under-appreciated mechanism of crustal thickening (Bykerk-Kauffman &
Janecke, 1987; J. B. Chapman et al., 2025; Dickinson, 1991; Gehrels & Smith, 1991).

New estimates of Oligocene and Early Miocene crustal thickness in the southern Cordillera provide constraints on
the mechanisms through which this highland thinned to modern crustal thicknesses of ~30 km (Figure 3, inset
map; Laske et al., 2013; Shen & Ritzwoller, 2016; Jepson et al., 2022). Results indicate crustal thicknesses of
59 + 8, 58 = 6, and 43 + 8 km in western, central, and southeast Arizona, respectively, at ca. 20 Ma (Figure 9).
Assuming maximum crustal thicknesses of ~55-60 km, these results imply that limited thinning occurred prior to
the onset of Basin-and-Range extension in western and central Arizona (Jepson et al., 2022).

The observation of relatively thick crust in the Early Miocene is difficult to reconcile with evidence that sig-
nificant extension began in the Oligocene in Arizona (J. B. Chapman et al., 2024; Fayon et al., 2000). This
discrepancy may in part reflect diachronous extension across the region: Thinner crust at ca. 20-30 Ma in
southeastern Arizona relative to areas farther northwest may be consistent with an earlier onset of extension (ca.
30 Ma) in the Catalina-Rincon, Pinalefio, and Coyote metamorphic core complexes relative to areas farther west,
which hosted thicker crust (J. B. Chapman et al., 2024; Fayon et al., 2000; Gottardi et al., 2020; Spencer
et al., 2022). Extension in metamorphic core complexes may be relatively slow (e.g., Buck, 1991), and initially
occur along high-angle faults (Kapp et al., 2008), both of which would limit the degree of crustal thinning
following the onset of exhumation.

Two additional mechanisms may have been important in maintaining relatively thick crust after the onset of
extension. First, mid-crustal flow during metamorphic core complex exhumation may offset upper crustal
extension during detachment faulting. During MCC exhumation, upper-crustal unloading produces a lateral
pressure gradient in the crust, driving crustal flow toward the locus of extension (Block & Royden, 1990). Upper
crustal extension is thus in part compensated by lower crustal flow, attenuating the degree of local crustal
thinning. The observation of a modern flat Moho beneath MCCs supports this interpretation, since upper-crustal
extension during MCC exhumation should locally thin the crust absent crustal flow. The ability of the lower crust
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to flow in the Oligocene in Arizona is supported by the existence of syn-rollback Oligocene—Miocene crustal
melting, which may reflect the exposure of upper plate lithosphere to hot asthenosphere following the foundering
of the Farallon slab, along with radiogenic heating of previously thickened crust (J. B. Chapman et al., 2021,
2023; Dombroski & Fodor, 2019). Second, the crust may have been locally thickened through Oligocene and
Miocene magmatism. Foundering of the Farallon flat slab drove volcanism throughout the western U.S. during
the “ignimbrite flare-up,” which migrated into southern Arizona by ca. 28 Ma (Armstrong & Ward, 1991;
McQuarrie & Oskin, 2010). Flare-up volcanism corresponded to the input of voluminous mantle basalt into the
crust, which may have provided an important mechanism to maintain or thicken the crust during initial extension
along low-angle detachment faults (Farmer et al., 2008; Gans, 1987; Johnson, 1991; Konstantinou, 2022; G. Li
et al., 2022; Lipman, 2021).

s

4. Cordilleran-Wide Interpretations

New chemical mohometry results indicate that a spatially continuous Late Cretaceous-Paleogene orogenic
highland extended ~1,500 km along strike (~30-49°N; Figures 3 and 4, Movies S1 and S2). Geochemical ev-
idence for this feature is independent of most previous efforts to reconstruct the crustal thickness and paleo-
elevation of the orogen, particularly in the northern segment of the Cordillera. High elevations and thick crust
likely extended farther south (J. B. Chapman, Greig, & Haxel, 2020) and north (Brown & Gibson, 2006; Mulch
et al., 2007; Teyssier et al., 2005) of our study area, consistent with a minimum along-strike distance of 1,500 km.
Between 30 and 49°N, the Cenozoic orogenic hinterland was characterized by average crustal thicknesses of
54.8 km and paleoelevations of 3.6 km, with maximum crustal thickness and paleoelevation of 62.4 and 4.6 km,
respectively. Paleogene crustal thicknesses were highest (~55-60 km) in the northern Cordillera and the western
Arizona portion of the southern Cordillera, and slightly lower (~50-56 km) in the central portion of the
Cordillera. The spatial extent of this thickened crust corresponds to the footprint of Cretaceous—Cenozoic crustal
anatexis, which may imply that prolonged radiogenic heating of thickened crust contributed to crustal melting (J.
B. Chapman et al., 2021; C. F. Miller & Bradfish, 1980).

4.1. Mechanisms of Topographic Support

Proposed controls on the development and support of elevated topography in Cordilleran hinterlands can be
partitioned into two endmember models. The first model emphasizes the role of incremental crustal thickening in
constructing an orogenic plateau through shortening in the retro-arc fold-and-thrust belt (DeCelles, 2004). While
not necessarily ruling out crustal thickening and shortening as a key component of highland development, the
second model argues that more abrupt processes, such as removal of eclogitic arc roots and/or mantle lithosphere,
are the primary factors controlling surface elevation (Ducea, Chapman, Bowman, & Balica, 2021; Ducea,
Chapman, Bowman, & Triantafyllou, 2021; Erdman et al., 2016; Garzione et al., 2008). In the North American
Cordillera, this latter model has been invoked as the driver of large-magnitude (>2 km), diachronous surface
uplift during south-directed foundering of the Farallon slab, which may have resulted from a combination of
delamination of mantle lithosphere, heating of mantle lithosphere, or dynamic uplift (Chamberlain et al., 2012;
Horton, 2004; Mix et al., 2011; Roy et al., 2009; Schwartz et al., 2019). Prior Late Cretaceous or early Cenozoic
de-densification of crust or mantle lithosphere through the release of fluids from the subducting slab may
represent an additional mechanism of topographic support that is independent of shortening-driven crustal
thickening (Butcher et al., 2017; Humphreys et al., 2003; Jones et al., 2015).

Chemical mohometry data can be compared with existing estimates of paleoelevation to evaluate the mechanisms
supporting high elevations. Since correlations between arc geochemistry and surface elevation reflect pressure-
dependent processes at or near the base of the crust, paleoelevation estimates from chemical mohometry primarily
represent the component of surface elevation produced via crustal isostasy (Farner & Lee, 2017; C.-T. A. Lee
etal., 2015; Luffi & Ducea, 2022). By contrast, estimates of paleoelevation from stable isotopes reflect the actual
magnitude of surface elevation, which is the integrated signal of flexural, dynamic, and isostatic topography,
including isostatic processes that are not controlled by crustal thickness (e.g., delamination of mantle lithosphere
or thermally driven changes in lithospheric density). These differences in the sensitivity of each proxy to the
mechanisms of topographic support can be exploited to reconstruct the first-order mechanisms controlling past
surface elevations.
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Such comparisons between stable isotope paleoaltimetry and chemical mohometry data, however, require careful
consideration of the spatial and temporal sensitivity of each proxy. Chemical mohometry results likely record
pressure conditions across tens of km over several Ma (Luffi & Ducea, 2022). While paleo-precipitation stable
isotope values typically have shorter integration times, most compiled data represent averages of several samples,
limiting the effects of shorter-term isotopic variability. Spatially, stable isotope paleoaltimetry data are sensitive
to upwind rainout along the moisture trajectory (Rowley, 2007). In leeward tectonic settings, these data can reflect
the elevation of upwind topography, rather than local elevation, which may preclude comparison with co-located
chemical mohometry data (Blisniuk & Stern, 2005). However, most stable isotope data compiled here were
generally located near the crest of a hinterland paleo-highland, suggesting that these results are likely local el-
evations, rather than the elevation of distant upwind topography. This interpretation is consistent with recon-
structed paleo-drainages in the central Cordillera, and isotope evidence that elevation-driven rainout occurred
progressively across the Nevadaplano (Cassel et al., 2014, 2018; Henry et al., 2012).

New comparisons between chemical mohometry-estimated paleoelevations and absolute estimates of paleo-
elevation from stable isotope paleoaltimetry (Figure 8) agree within uncertainty (median absolute differ-
ence = 0.4 km). Due to the uncertainties of both methods, this result does not exclude the possibility of smaller-
magnitude dynamic, thermal, or flexurally-supported topography during rollback of the Farallon slab (Bahadori
& Holt, 2019; Cassel et al., 2018; Smith et al., 2017). However, this result appears incompatible with large-
magnitude (>2 km) surface uplift at this time (Mix et al., 2011; Schwartz et al., 2019) resulting from dynamic
processes, the heating and de-densification of mantle lithosphere, or delamination of mantle lithosphere, which
would predict a detectable offset between stable isotope and chemical mohometry estimates of paleoelevation.

4.2. Implications for Cenozoic Extension in the Southern and Central Cordillera

Our results indicate that the crust remained relatively thick until the Early Miocene and late Oligocene in the
central and southern segments of the North American Cordillera (Figures 5 and 7; mean = 53.7 km at ca. 20 Ma),
with the exception of thinner crust in southeastern Arizona. Since the availability of pre-Eocene geochemical data
in the Sevier hinterland is limited, we cannot exclude the possibility of crustal thinning prior to foundering of the
Farallon slab, which would make our Eocene—-Miocene estimates of the elevation and crustal thickness of the
Cordilleran hinterland minima (Hodges & Walker, 1992; Long et al., 2015; Long & Kohn, 2020; Wells &
Hoisch, 2008; Wells et al., 1990, 2012). However, this earlier phase of Cretaceous and early Cenozoic syn-
convergent extension is distinct from subsequent mid- to late Cenozoic extension associated with detachment
faults and higher-angle Basin-and-Range-style faulting (Best & Christiansen, 1991; Dickinson, 1991).

The persistence of thick crust until at least the Early Miocene imposes several constraints on the potential drivers
of crustal thinning (Colgan & Henry, 2009; Sonder & Jones, 1999). Given the lack of detectable crustal thickness
change associated with rollback of the Farallon slab and exposure of upper plate lithosphere to warm astheno-
sphere, our results suggest that thermal weakening during Farallon slab rollback was insufficient to drive im-
mediate, large-magnitude crustal thinning. Similarly, lithospheric buoyancy acquired during slab foundering,
from delamination of mantle lithosphere or lithospheric heating (Bahadori & Holt, 2019), does not appear to be a
significant driver of orogenic collapse, given the lack of coeval thinning and agreement between paleoelevations
calculated via chemical mohometry and stable isotope paleoaltimetry (Figure 8). We cannot exclude the possi-
bility of limited pre-Miocene crustal thinning within the uncertainty of our chemical mohometry results. As noted
above, magmatic additions to the crust may have also been an important mechanism of crustal thickening that
could have locally offset initial thinning during syn-magmatic extension.

Since thick hinterland crust developed by the Late Cretaceous and early Cenozoic, at least 30 Ma prior to the onset
of widespread extension in western Arizona and southern Nevada, the mid to early Cenozoic collapse of over-
thickened crust was not the proximate driver of crustal thinning, although positive gradients in gravitational
potential energy associated with this thick crust likely facilitated later extension (Dewey, 1988; Long, 2019).
Instead, the synchroneity between the onset of extension and a transition to a transform plate margin implies that a
change in plate boundary conditions was necessary to initiate significant extension, especially given the ca. 17 Ma
expansion of the margin following the subduction of several microplates (Colgan & Henry, 2009). Thus, we favor
a model in which most crustal thinning in the central and southern Cordillera was temporally associated with a
change in boundary conditions along the western North American plate margin.
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4.3. Implications for Metamorphic Core Complexes

New results of crustal thickness at the onset of MCC exhumation indicate that MCCs formed within thick or
moderately thick crust in the North American Cordillera (Figure 9; Bahadori, Holt, Austermann, et al., 2022;
Coney & Harms, 1984; Mulch et al., 2007). Estimates of crustal thickness for eight MCCs and MCC clusters
(Figure 2) average 54.6 + 4.9 km (elevation = 3.6 + 0.6 km; uncertainty represents the standard deviation of mean
values) with seven of eight MCCs featuring average thicknesses of >50 km and one (SE Arizona cluster) with
slightly lower crustal thicknesses (45.4 = 12.7 km). These estimates of crustal thickness are likely minima, as
available geochemical data at some MCCs post-date the onset of exhumation by several Myr. Our results suggest
that moderately thick crust is a likely prerequisite for the formation of metamorphic core complexes in the North
American Cordillera, consistent with strain restoration (Bahadori & Holt, 2019; Coney & Harms, 1984) and
modeling studies (Buck, 1991). The link between thick crust and MCC formation likely reflects a combination of
buoyancy forces and decoupling between upper and lower crust as a result of post-thickening heating (Armstrong
& Ward, 1991; Buck, 1991; Tirel et al., 2008; Whitney et al., 2013; Wijns et al., 2005). Relatively steep
geothermal gradients within thick crust may promote lower or mid-crustal flow, preventing the development of
Moho topography and localizing strain along a detachment fault (Block & Royden, 1990; Gans, 1987,
Wernicke, 1992).

Beyond the first-order control of crustal thickness on MCC formation, recent work has linked crustal thickness to
the variable spacing of metamorphic core complexes in western North America (Levy et al., 2023; Zuza &
Cao, 2023; Zuza, Cao, et al., 2024; Zuza, Jepson, & Cao, 2024). This model suggests that MCCs west of the
Sevier fold-and-thrust front formed within thick (~55 km) hinterland crust, while those farther to the south and
east in Arizona and northern Mexico formed within thinner (~40 km) foreland crust. This inferred difference in
crustal thickness was interpreted to cause shorter-wavelength Rayleigh-Taylor instabilities in the foreland,
explaining the observation that foreland MCCs are more closely spaced than hinterland MCCs. New crustal
thickness results indicate that hinterland MCCs had mean crustal thicknesses (55.9 + 6.2 km; n = 5) indistin-
guishable from foreland MCCs (53.0 & 7.2 km; n = 3) at the onset of extension, which deviates from the 15 km
difference necessary to explain MCC spacing in this model. Thus, we do not find evidence that a spatial difference
in crustal thickness can account for the observed differences in MCC spacing, implying that mechanisms separate
from a diapiric Rayleigh-Taylor instability may be necessary to explain this variable spacing. In the Colorado
River Extensional Corridor, the spacing of MCCs may instead reflect the geomorphic expression of antiformal
footwall corrugations, which form individual ranges bounded by basins above corresponding footwall synforms
(e.g., Singleton, 2013).

5. Conclusions

We calculated crustal thickness and elevation of the western North American Cordillera from the Late Cretaceous
to Miocene (95-17 Ma) by applying new geochemical proxies to a compilation of arc geochemical data. We also
calculated crustal thickness at the onset of metamorphic core complex exhumation and compared geochemically
derived estimates of elevation to existing stable isotope paleoaltimetry results. Our new maps and time series of
past crustal thickness and elevation indicate:

1. At the ca. 53 Ma onset of Farallon slab foundering, a continuous orogenic highland likely extended at least
1,500 km along-strike (~30°—49°N), from southern Arizona to northern Idaho and Montana. This region was
characterized by crustal thicknesses between 50 and 60 km (mean = 54.8 km) and paleoelevations between 3
and 4 km (mean = 3.6 km).

2. Crustal thicknesses at the onset of exhumation for eight MCCs were ~55 km, indicating that thick to
moderately thick crust likely represents a precondition for MCC formation.

3. Crustal thickness estimates from central Nevada to central Arizona indicate that the hinterland maintained
moderately thick crust (~50-55 km) until the ca. 17 Ma onset of Basin-and-Range extension, suggesting that
most thinning post-dated rollback of the Farallon slab. We favor a model that implicates a change in plate
boundary kinematics during subduction of an oceanic spreading center as the cause of significant crustal
thinning.

4. Paleoelevation estimates from chemical mohometry overlap within uncertainty with previous stable isotope
estimates of paleoelevation. This result is incompatible with large-magnitude (>2 km) syn-rollback uplift via
dynamic topography, thermally driven changes in lithospheric density, and/or delamination of mantle
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