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The generation and evolution of continental topography are fundamental geologic and geomorphic
concerns. In particular, the history of landscape development might contain useful information about the
spatiotemporal evolution of deep Earth processes, such as mantle convection. A significant challenge is to
generate observations and theoretical predictions of sufficient fidelity to enable landscape evolution to be
constrained at scales of interest. Here, we combine substantial inventories of stratigraphic and geomorphic
observations with inverse and forward modeling approaches to determine how the North American
landscape evolved. First, stratigraphic markers are used to estimate postdepositional regional uplift.
Present-day elevations of these deposits demonstrate that >2 km of long-wavelength surface uplift centered
on the Colorado-Rocky-Mountain plateaus occurred in Cenozoic times. Second, to bridge the gaps
between these measurements, an inverse modeling scheme is used to calculate the smoothest
spatiotemporal pattern of rock uplift rate that yields the smallest misfit between 4,161 observed and
calculated longitudinal river profiles. Our results suggest that Cenozoic regional uplift occurred in a series of
stages, in agreement with independent stratigraphic observations. Finally, a landscape evolution model
driven by this calculated rock uplift history is used to determine drainage patterns, denudation, and
sedimentary flux from Late Cretaceous times until the present day. These patterns are broadly consistent
with stratigraphic and thermochronologic observations. We conclude that a calibrated inverse modeling
strategy can be used to reliably extract the temporal and spatial evolution of the North American landscape
at geodynamically useful scales.

1. Introduction

Topography is the result of complex interactions between the solid Earth and surface processes that operate
on multiple spatial and temporal scales (e.g., Anderson & Anderson, 2010; Roberts et al., 2019).
Consequently, surface uplift and subsidence histories have been combined with magmatic and tomographic
information to estimate temperatures, wavelengths, and timescales of mantle convection (e.g., Gurnis et al.,
2000; Lodhia et al., 2018; Roberts et al., 2018; Salles et al., 2017; van Wijk et al., 2010). The results of these
studies imply that mantle processes play a significant role in driving the erosional history of a landscape.
Unfortunately, existing inventories of uplift or denudation measurements are sparse, which makes it diffi-
cult to determine histories of geodynamical processes (e.g., subplate support) at appropriate scales. Here,
we explore how substantial biostratigraphic and thermochronologic compilations can be combined with
stratigraphic information to constrain continental-scale surface uplift histories on time scales of O(1-100)
Ma. We match insights from this approach with geomorphic observations to reconstruct a Cretaceous to
Recent uplift history of the North American continent where subplate processes appear to have played an
important role in generating and maintaining long-wavelength topography. Finally, we explore how cali-
brated rock uplift histories can be used to parameterize three-dimensional forward models of landscape evo-
lution, which make predictions about continental denudation, drainage routing, and sedimentary flux that
can be assessed using independent geologic observations.

Particular attention is paid to four regions with elevated topography: the Colorado-Columbia-Rocky
Mountains plateaus, the Appalachian mountain belt, the Yukon plateau, and the Mexican highlands. Spot
measurements of rock and surface uplift (e.g., uplifted marine stratigraphy, stable isotopes, paleoflora,
and structural geology), denudation (e.g., low-temperature thermochronometry and fluvial incision dating),
and the geochemistry of basaltic magmatism suggest that a broad region encompassing the Colorado-Rocky
Mountain plateaus experienced multistaged Cenozoic uplift and denudation generated, at least in part, by
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Figure 1. Topography, drainage, and dynamic support of North America. (a) Topographic map based upon ETOPO1 data-
base where physiographic provinces are named using nomenclature of Fenneman (1928). PM = Pacific margin; RM =
Rocky Mountains; BR = Basin and Range; CP = Colorado Plateau; GP = Great Plains; CS = Canadian Shield; O = Ozark-
Ouachita Plateau; AP = Appalachian mountains; C = Gulf and Atlantic Coastal Plains; MH = Mexican Highlands. Albers
Equal Area projection. (b) Thin black lines = 4161 rivers extracted from Advanced Space-borne Thermal Emission and
Reflection Radiometer global digital elevation model database. Ms = mouth of Mississippi; L = St. Lawrence; N = Nelson;
Ma = Mackenzie; Y = Yukon; Cb = Columbia; Cd = Colorado. Drainage network is draped over dynamic topography that
is calculated from long-wavelength (i.e., <800 km) free-air gravity anomalies assuming admittance, Z=25 mGal/km
(GRACE mission database; Tapley et al., 2005, Stephenson et al., 2014). Labeled circles indicate centers of major swells.
Y = Yukon; W = western North America; A = Appalachians; M = Mexico.

time-dependent thermal anomalies within the upper mantle (e.g., Chamberlain et al., 2012; Flowers et al.,
2008; Huntington et al., 2010; Karlstrom et al., 2008; Mix et al., 2011; Sahagian, 1987). Punctuated
delivery of clastic sediments into the Gulf of Mexico corroborate these observations (Galloway et al.,
2011). There is also evidence for youthful regional uplift elsewhere. For example, uplifted Pliocene marine
sedimentary rocks that crop out along the eastern seaboard and sedimentation rates within the Baltimore
Canyon Trough imply that significant topography of the Appalachian mountains may have been generated
during the last 20 million years (e.g., Poag & Sevon, 1989; Rowley et al., 2013). In the northern cratonic inter-
ior, thermochronometric observations and scattered outliers of Cretaceous marine sedimentary rock suggest
several hundred meters of post-Cretaceous uplift and denudation occurred (e.g., Ault et al., 2013; Nassichuk
& Mclntyre, 1995). Widespread magmatism, uplifted marine terraces, and incised drainage patterns suggest
that Mexico also experienced long-wavelength Cenozoic uplift (e.g., Stephenson et al., 2014). Nevertheless,
the timing and mechanism for generating these patterns of regional uplift remain uncertain.

1.1. A Role for Large-Scale Crustal and Lithospheric Thickening?

Some models explain kilometer-scale changes in continental elevation by invoking crustal thickening by, for
example, Early Cenozoic crustal flow (e.g., McQuarrie & Chase, 2000). These models have largely fallen
out of favor since they are difficult to reconcile with present-day crustal thicknesses estimated from
seismic wide-angle surveys, from receiver function analyses, and from shear wave dispersion modeling
(e.g., Becker et al., 2014; Levander & Miller, 2012; Shen & Ritzwoller, 2016). Isostatic considerations
would require the crust (and by inference the lithosphere) beneath the Colorado Plateau to be 1.7 times
thicker than that beneath the Great Plains in order to generate the observed 1.5 km of relief (Figure 1a;
Klocking et al., 2018; supporting information). However, empirical parametrization of shear wave tomo-
graphic models suggests that the lithospheric thickness beneath the Great Plains is approximately double
that of the Colorado Plateau (e.g., Priestley & McKenzie, 2006; Shen & Ritzwoller, 2016). The striking
similarity of crustal thicknesses beneath the Colorado-Columbia-Rocky Mountains plateaus and beneath
the Great Plains (35-45 km) is consistent with the view that orogenesis played an insignificant role in
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Figure 2. Mantle velocities, uplift, magmatism, and sedimentary provenance. (a) Shear wave speed anomalies beneath North America at depth of 100 km
(Schaeffer & Lebedev, 2013). (b) Distribution of uplift (upward triangles), denudation (downward triangles), paleoaltimetry (circles), and paleoflow
(squares) measurements since Late Cretaceous times (see text for references). (c) North American Cenozoic magmatism from NAVDAT database (Ferrari
et al.,, 2012; www.navdat.org). Gray shading = present-day topography from ETOPO1 database; orange/yellow polygons = Oligocene/Miocene ignimbrites
(Chapin et al., 2004; Ferrari et al., 1999). (d) Western North American magmatism centered on Colorado Plateau, which is outlined by black polygon
labeled CP. (e) Basement terranes colored by age (after Blum & Pecha, 2014). Solid black lines = portion of present-day Mississippi drainage; circles =
Cenomanian and Paleogene fluvial sandstones (Blum et al., 2017). Dotted polygons labeled GoM/BCT = Cenozoic clastic sedimentary deposition within
Gulf of Mexico/Baltimore Canyon Trough (Galloway et al., 2011; Poag & Sevon, 1989). (f) Detrital zircons and drainage patterns along northern fringe of Gulf
of Mexico. Black/gray/white lines = Mississippi/Texan/Mexican Rivers; labeled circles = subset of detrital zircon samples extracted from Cenomanian
(green) or Paleocene-Eocene (orange) fluvial deposits. Inset with labeled bars = cumulative percentages of detrital zircon populations at locations that
correspond to annotated circles on map. Colored circles = zircon ages (Blum et al., 2017).
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Figure 3. North American magmatism and sedimentary flux. (a) Magmatic record of Colorado Plateau taken from
NAVDAT database. (b) Magmatic record of North America from NAVDAT database. (c) Solid sedimentary flux for Gulf
of Mexico determined from seismic reflection surveys and well-log information by Galloway et al. (2011). (d) Uncorrected
sedimentary flux for New Jersey margin determined from seismic reflection surveys and well-log information by Poag and
Sevon (1989).

generating and maintaining the regional elevation of western North America since Late Cretaceous
times (Spencer, 1996; Wilson et al., 2005). The observed velocity structure of the crust indicates that
differences in crustal and sedimentary densities alone are insufficient to account for these
dramatic changes in topographic relief (Klocking et al.,, 2018; Levandowski et al., 2018; Roberts,
White, et al., 2012).

1.2. Epeirogeny and the Role of Dynamic Support

More popular models invoke the development of positive and negative mantle buoyancy anomalies gener-
ated by hot upwellings and subducting slabs to generate vertical motions (e.g., Humphreys, 1995;
Karlstrom et al., 2012; Liu & Gurnis, 2010; Spencer, 1996; Thompson & Zoback, 1979). The admittance, Z,
between long-wavelength (>800-2,500 km) free-air gravity anomalies and topography for western North
America show that it has an elastic thickness of 12+3 km, which implies that subplate buoyancy anomalies
ought to measurably deflect the Earth's surface (McKenzie, 2003). At the longest wavelengths, Z=23+5
mGal/km, which suggests that the topographies of western North America, the Yukon, Central Mexico,
and the Appalachian mountains are at least partially supported by subplate processes (e.g., Roberts,
White, et al., 2012; Stephenson et al., 2014; Figure 1b). These locations of inferred subplate support are
corroborated by seismic tomographic imaging, which shows that the upper mantle beneath these parts of
North America is anomalously slow and juxtaposed against a central region with thick (>150 km) lithosphere
(e.g., French et al., 2013; Molnar et al., 2015; Priestley & McKenzie, 2006; Ritsema et al., 2011; Rowley et al.,
2013). Basaltic magmatism coincides with many of these low-velocity zones (e.g., Figure 2). Beneath western
North America, an overall increase in melt volume at 40 Ma, as well as an abrupt change from lithospheric to
asthenospheric signatures at 5 Ma, points toward the emplacement of anomalously hot material during the
last 70 Ma (e.g., Fitton et al., 1991; Klocking et al., 2018; Roy et al., 2009; Figure 3). Drainage patterns of the
four most prominent topographic swells (e.g., Yukon, western North America, Mexico, and Appalachians)
are broadly radial, which suggests domal support of the present-day landscape (Figure 1b).

A burgeoning number of geodynamic models have been used to predict mantle flow patterns beneath the
continent with a view to constraining the history of dynamic topography (e.g., Davila & Lithgow-
Bertelloni, 2015; Lithgow-Bertelloni & Gurnis, 1997; Liu et al., 2008; Mitrovica et al., 1989; Spasojevi¢ &
Gurnis, 2012). These models estimate that transient dynamic topography has amplitudes of up to +2 km
and wavelengths of hundreds to thousands of kilometers (see, e.g., Flament et al., 2015). They have been
used to account for the aerial extent of the Western Interior Seaway as well as for Mesozoic-Cenozoic uplift,
subsidence and magmatic patterns (e.g., Flament et al., 2015; Heller & Liu, 2016; Liu, 2015; Rowley et al.,
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2013). There is considerable debate about how best to parametrize and test these models, and it is notable
that most of them fail to match the power spectral characteristics of a global database of oceanic residual
depth measurements (Hoggard et al., 2016). Thus, reliable histories of continental-scale vertical motions
of the lithosphere are important constraints for this rapidly evolving field.

The purpose of this study is to develop a testable history of uplift and denudation for the North American
continent. First, we review published estimates of rock and surface uplift and denudation used to constrain
North American topographic growth since Campanian times. We then fill in some of the gaps and omissions
by exploiting regional uplift measurements obtained from stratigraphic and biostratigraphic inventories. We
generate a continent-wide history of regional rock uplift by inverting an inventory of 4,161 river profiles. The
calculated rock uplift history is tested using independent stratigraphic data. Finally, we use this uplift rate
history to carry out continental-scale landscape simulations whose predictions are tested using a combina-
tion of legacy thermochronometric and detrital zircon measurements.

2. General Stratigraphic Constraints
2.1. Birth of the Western Interior Seaway

The chronology of deformed igneous rocks, metamorphic time-temperature paths, low-temperature
thermochronology, and biostratigraphic ages of deformed and overlapping sedimentary rocks testify to the
existence of an orogenic belt has spanned the length of the North American continent since Late Jurassic
times (see, e.g., DeCelles, 2004). Shortening along a ~200-km-wide and ~2,000-km-long structural belt that
is oriented north-south manifests the Sevier orogen (Gans & Miller, 1983; Wernicke, 1992). Marine sedimen-
tary rocks deposited within the adjacent Western Interior Seaway provide a useful datum against which
Cenozoic uplift can be gauged (e.g., Sahagian, 1987; Ziegler et al., 1985). Field mapping, seismic data, and
borehole penetrations imply that up to 4 km of Late Jurassic to Late Cretaceous marine sedimentary
rocks were deposited within the Western Interior basin, indicating that continental flooding was wide-
spread (e.g., Niobrara Formation, Mancos Shale; Cross, 1986; DeCelles, 1994; Nassichuk & Mclntyre,
1995; Roberts & Kirschbaum, 1995; Setterholm, 1994; Smith et al., 1994). These rocks have extensively
documented ammonite biozones and known chronostratigraphy (e.g., Jeletzky, 1971; Kauffman &
Caldwell, 1993; Obradovich & Cobban, 1975). Sedimentary isopachs and backstripped subsidence curves
show that between ~92 and 82 Ma the Western Interior basin was narrow and that subsidence patterns
are consistent with the growth of foreland basins generated by loading associated with the Sevier orogeny
(Cross & Pilger, 1978; Cross, 1986; Heller & Liu, 2016; Pang & Nummedal, 1995; Roberts & Kirschbaum,
1995). In contrast, subsidence between ~80 and 67 Ma occurred over a broader region centered on
Colorado and Wyoming. Loading by the Sevier belt or changes in sea level cannot easily account for
either the lateral extent or amplitude of observed subsidence (Bond, 1976; Liu & Nummedal, 2004;
Pang & Nummedal, 1995). A range of geodynamic models have been proposed to explain these subsi-
dence patterns by invoking kilometer-scale Cretaceous dynamic drawdown of large parts of the continent
(e.g., Gurnis, 1993; Liu et al., 2008; Mitrovica et al., 1989).

2.2. Regression of Western Interior Seaway

By ~70 Ma, when peak metamorphism became manifest within the main fold belt, eastward migration of
thrust faulting resulted in an increasing partitioning of the Western Interior basin into smaller basins
flanked by basement-cored uplifts (Cross, 1986; DeCelles, 2004; Dickinson et al., 1988; Stone, 1993). This
“Laramide” structural style developed over a wide region east of the Sevier belt (DeCelles, 2004;
Dickinson & Snyder, 1978). Despite the structural relief across these thrusts, intrabasinal deformation is
insufficient to denude existing sedimentary deposits or to halt accumulation of Late Cretaceous marine
sequences and associated deltaic facies (e.g., Dickinson et al, 1988). At the same time, a Late
Cretaceous to Early Paleocene transition from marine deposition (e.g., Pierre shale and Lewis shale) to del-
taic (e.g., Fox Hills sandstone) to terrestrial deposition (e.g., Lance formation) facies occurred diachronously
across North America (Dickinson et al., 1988; Heller & Liu, 2016; Lillegraven & Ostresh, 1988;
Setterholm, 1994). Paleoflow directions of conglomerates from the Laramide intramontane foreland basins
(e.g., Paleocene Ohio Creek Conglomerate, Colorado; Maastrichtian-Paleocene Ojo Alamo Sandstone, New
Mexico) indicate that a regional eastward tilt probably existed at ~70-60 Ma (Heller et al., 2013). Late
Paleocene to Early Eocene terrestrial, synorogenic conglomerates deposited within the Middle Rocky
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Mountains record active thrust faulting and erosion (Fan & Carrapa, 2014). These combined observations
show that during Late Mesozoic to Early Cenozoic times the Western Interior Seaway retreated and substan-
tial parts of western North America were uplifted (Dickinson et al., 1988; Roberts & Kirschbaum, 1995). The
resultant facies change caused by retreat of this seaway has been linked with variable sedimentary flux,
changing styles of subduction, hydration of the lower crust, and dynamic support (e.g., Davila & Lithgow-
Bertelloni, 2015; Humphreys et al., 2003; Kauffman & Caldwell, 1993; Levandowski et al., 2018). During this
period, minor tectonic shortening occurred across the Colorado Plateau (Spencer, 1996).

2.3. Post-Cretaceous Events

Thermochronometric and incision rate histories suggest that Cenozoic denudation of the Colorado and
Rocky Mountains plateaus occurred in several stages (e.g., Flowers et al., 2008; Karlstrom et al., 2017;
Winn et al., 2017). Staged Cenozoic uplift and denudation of North America is consistent with the history
of sedimentary deposition observed along the northern and western margin of the Gulf of Mexico
(Galloway et al., 2000; Stephenson et al., 2014). Feng et al. (1994), Peel et al. (1995) and Galloway (2008)
showed that Mesozoic strata in the Gulf of Mexico are relatively uniform in thickness, while Cenozoic sedi-
mentary strata increase in thickness toward the west. The highest rates of sedimentary flux occurred during
Paleocene (~65 Ma), Oligo-Miocene (~40-15 Ma) and Plio-Pleistocene (~5-0 Ma) times (Galloway et al.,
2011). Timing of these depositional phases is broadly coeval with the history of uplift estimated from
clumped isotopes (A47) and with other paleoaltimetric proxies, which imply that the Colorado Plateau
had an elevation of 1-2 km between Cretaceous and Oligocene times (e.g., Gregory & Chase, 1992;
Huntington et al., 2010; Wolfe et al., 1998). Galloway et al. (2011), Blum and Pecha (2014), and Blum et al.
(2017) argue that large-scale drainage of the Cordilleran highlands toward the Gulf of Mexico existed by at
least Late Paleocene times and that drainage catchments probably extended up to the western flank of the
Appalachian mountains. Further west, Cather et al. (2008) identified a major denudation event within the
Colorado Plateau between the deposition of the Chuska Erg (35-27 Ma) and the Bidahochi
Formation (~16 Ma).

Geologic mapping and regional palinspastic reconstructions suggest that the final stages of terrane accretion
in Western Canada and Alaska occurred between ~50 and 40 Ma and in the Pacific Northwest after ~30 Ma,
establishing the present-day tectonic configuration of the northwest Cordillera (Dickinson, 2004; Johnston,
2001). Oxygen isotope paleoaltimetry has been used to suggest that a kilometer-scale “Nevadaplano” plateau
was present in British Columbia by ~50 Ma and that it migrated south toward Nevada by ~30 Ma
(Chamberlain et al., 2012) The presence of an elevated, but low-relief, plateau is corroborated by reconstruc-
tion of deeply incised, west flowing paleovalleys across the present-day crest of the Sierra Nevada (Best et al.,
2009; Cassel et al., 2009; Henry et al., 2012). Crosscutting relationships of extrusive magmatism and ignim-
britic flows, and thermochronology together with wide-spread deposition of syntectonic basin fill suggest
that regional compressive stress gave way to extension stress. The Basin and Range Province started to
extend at ~30 Ma and experienced rapid Miocene (~20-15 Ma) stretching and subsidence, coeval with erup-
tion of the Columbia River basalts (Cassel et al., 2009; Chamberlain et al., 2012; Colgan & Henry, 2009;
Zoback et al., 1981).

The history and chemistry of extrusive western North American magmatism suggest that Cenozoic uplift is
related to decompression melting of anomalously warm asthenosphere (Figure 2c; Ferrari et al., 2012; Fitton
et al., 1991; Roy et al., 2009; Snyder et al., 1976). The NAVDAT database contains 6,713 samples of extrusive
magmatism from the Colorado Plateau that suggest a trimodal history with peaks at ~70-55, 40-20, and
6-0 Ma (Figure 3a). Spatiotemporal patterns of magmatism record a westward migration, culminating in
a maximum aerial extent during Oligocene times (Chapin et al., 2004). These phases of magmatism are
broadly coeval with pulses of sedimentary flux within the Gulf of Mexico between ~60-50, 37-11, and
2-0 Ma (Galloway et al., 2011; Figure 3c). Recent correlation of basalt geochemistry with shear wave veloci-
ties suggests that magmatism and uplift of western North America is generated by a thermal anomaly, which
sits beneath thin lithosphere (Klocking et al., 2018).

Mexican topography is characterized by an Altiplano-style physiography so that the 1-3 km high Sierra
Madre Occidental, the Mexican Altiplano, the Trans-Mexican Volcanic Belt, and the Sierra Madre del Sur
together form a broad, elevated region (Figure 1a). Reconstruction of an ignimbrite-capped plateau records
up to 2 km of incision of the western highlands since 26 Ma (Montgomery & Lopez-Blanco, 2003). The
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southern portion of this region has peaks that are higher than 5 km. Oligocene ignimbrite flare-ups occurred
throughout the Sierra del Sur and migrated southward during Miocene times with a decreasing lithospheric
signature (Figures 2a and 2b; Ferrari et al., 1999; Ferrari et al., 2002; Ferrari & Bryan, 2007; Marquez et al.,
1999). Thermal modeling of heat flow measurements suggests that anomalously hot mantle sits beneath the
lithospheric plate (Ferrari et al., 2012).

The cratonic interior of North America, including the Canadian Shield, has a modest average elevation
(0.5 km; Figure 1a). Backstripping of sedimentary rocks recorded in boreholes shows that it has experi-
enced slow (~0.01-0.001 mm/a) Paleozoic subsidence (Armitage & Allen, 2010). Nonetheless, portions of
the Canadian Rockies and of the craton show evidence of youthful uplift. Kimberlites of the Lac de Gras field
in central Slave Craton that are ~75- to 45-Ma crop out at 550- to 600-m elevation. Significantly, these
deposits contain xenoliths of marine and terrestrial sedimentary rocks of Albian (~113-100 Ma) and
Eocene (~56-45 Ma) ages, respectively. The present-day absence of cratonic Phanerozoic sedimentary cover
suggests that moderate (=300 m) uplift and denudation occurred prior to, and after, magmatic emplacement
(Ault et al., 2013; Heaman et al., 2004; Nassichuk & MclIntyre, 1995). Variations in coal rank from the Upper
Cretaceous Plains of Alberta suggest that between 1.1 and 1.9 km of overburden was removed from the
Western Canada basin within the last ~60 Ma (Bustin, 1991; Nurkowski, 1984). These observations are in
agreement with modeling of (U-Th)/He in Apatite (A-He) from the Slave craton, which indicate that regions
surrounding the cratonic core of North America experienced diachronous post-Cretaceous uplift and exhu-
mation with wavelengths of tens to thousands of kilometers (Flowers et al., 2012; Ault et al., 2013).

The origin of kilometer-scale Appalachian topography remains enigmatic. After the end of rifting at ~175
Ma, the eastern seaboard constituted a passive margin (e.g., Klitgord et al., 1988). Long-term slow exhuma-
tion rates (20 m/Ma for >80 Ma) inferred from apatite fission track (AFT) measurements are comparable to
rates of fluvial erosion estimated using cosmogenic dating. These measurements have been interpreted as
evidence for slow and steady decay of an old orogen (cf. Boettcher & Milliken, 1994; Matmon et al., 2003;
Naeser et al., 2004; Pavich et al., 1985; Portenga et al., 2013). In contrast, A-He thermochronometry suggests
that kilometer-scale Late Cretaceous denudation of the southern and northern Appalachians has occurred
(Amidon et al., 2016; McKeon et al., 2014). Topographic relief of the crests of the Appalachian mountains
has no obvious relationship to the underlying geologic terranes, which implies that prior tectonic shortening
may not be the primary geomorphic control (McKeon et al., 2014).

2.4. Neogene Uplift and Denudation

A range of observations suggest that the Appalachian Mountains experienced Neogene uplift and denuda-
tion. Elevation of the warped Orangeburg-Chippenham-Thornburg escarpments and of other reconstructed
Cenozoic paleoshorelines record tens of meters of Pliocene to Recent uplift (Rowley et al., 2013; Spasojevi¢ &
Gurnis, 2012). The shapes of longitudinal river profiles from the southern and central Appalachian
Mountains are convex upward, which suggests that this landscape is disequilibrated (Gallen et al., 2013;
Gallen, 2018; Miller et al., 2013; Prince & Spotila, 2013). Significantly, the Cenozoic stratigraphic record from
the adjacent Atlantic shelf shows major pulses of Cretaceous and Miocene sedimentary flux (Pazzaglia &
Brandon, 1996; Poag & Sevon, 1989). Sedimentary flux estimates are incompatible with slow and steady ero-
sion of the Appalachian Mountains. Thermal modeling of A-He observations show increased Miocene exhu-
mation of this region, which correlates with increased sedimentary flux (McKeon et al., 2014). As Taylor and
Fitzgerald (2011) and McKeon et al. (2014) point out, the lack of post-Cretaceous AFT or A-He ages at other
sites does not necessarily preclude Miocene uplift but it does imply that the magnitude of this denudation is
small (X1 km). In Florida, coarse siliciclastic rocks with a Southern Appalachian provenance overlie Late
Miocene carbonate platforms, an observation that is consistent with post-Miocene denudation (Missimer
& Maliva, 2017). Detrital zircon analyses from the Atlantic Coastal Plain suggest that the recent erosion in
the Appalachian Mountains is related to westward migration of eastern drainage divides (Naeser et al.,
2016). These combined observations indicate that Appalachian physiography is not solely a result of ero-
sional decay of a Paleozoic mountain chain (cf. Baldwin et al., 2003).

Youthful uplift of the northern Appalachian Mountains and of Newfoundland has also occurred. A combi-
nation of AFT modeling and “°Ar/*°Ar ages from Mount Washington in New Hampshire indicates an
increased exhumation rate after 60 Ma (Amidon et al., 2016; Roden-Tice et al., 2012). Along the continental
margin of Labrador, calibrated seismic profiles show that Mesozoic strata dip seaward and are truncated by
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Late Oligocene and younger strata, which are consistent with phases of regional uplift (Dickie et al., 2011). A
regional Miocene unconformity has also been documented in offshore seismic data (Ainsworth et al., 2014).
Subsidence curves and vitrinite reflectance measurements from the Hopedate E-33 well offshore Labrador
show that pre-Pliocene strata have been more deeply buried by as much as 750 m prior to removal of
Miocene strata (Japsen et al., 2016). Earthquake tomographic modeling has identified a region of slow velo-
city, which has a diameter of ~400 km and is known as the Northern Appalachian Anomaly (Menke et al.,
2016). This anomaly occurs within the asthenosphere beneath southern New England, and, if it is of thermal
origin, it may play a role in generating youthful uplift.

In western North America, sedimentary deposits of the Ogallala Group are exposed in the Great Plains and
suggest that the eastern margin of the Colorado Plateau was regionally tilted during Miocene times
(McMillan et al., 2002). Stratigraphic constraints on the timing of regional tilting places this differential
uplift between ~6 and 3.7 Ma (Duller et al., 2012). Evidence for younger (i.e., post-8 Ma) regional uplift
and surface tilting is corroborated by differential incision of the Rocky Mountains and by a reconstructed
low-relief surface generated by post-Laramide basin fill, which reached as far east as the Great Plains
(McKenna & Love, 1972; McMillan et al., 2006). Incision histories of “°Ar/>?Ar-dated basaltic flows within
the Colorado, Columbia, and Rio Grande catchments help to constrain long-term landscape development
(e.g., Karlstrom et al., 2008, 2017; Wakabayashi & Sawyer, 2001). These catchments have been incised by
tens to hundreds of meters during Neogene times (e.g., Channer et al., 2015; Karlstrom et al., 2012;
Nereson et al., 2013; Repasch et al., 2017). “°Ar/*°Ar dating and magnetostratigraphy of tephra deposits
within the oldest marine deposits of the Gulf of California suggests that rifting of the Gulf of California
initiated by ~7 Ma. Present-day elevations (>300 m) of the shallow marine Upper Bouse formation implies
that uplift of the lower reaches of the Colorado River occurred after ~4.8 Ma (Dorsey et al., 2018).
Quaternary marine terraces along southwestern and eastern coasts of Mexico are elevated by several tens
of meters above sea level, an observation that is interpreted as a consequence of uplift at rates of up to 3
m/ka (Ramirez-Herrera et al., 2011; Self, 1977).

3. Uplift Histories Inferred From Sedimentary Strata

Elevation of dated marine sedimentary strata is probably the least contentious and most robust constraint on
the history of continental uplift. In North America, the distribution of Cretaceous marine rocks, notably the
Mancos Shale, provides excellent evidence for kilometer-scale uplift of the Colorado-Columbia-Rocky
Mountains plateaus since ~80 Ma (e.g., Roberts & Kirschbaum, 1995; Sahagian, 1987; Ziegler et al., 1985).
Specifically, the youngest outcropping marine to terrestrial sedimentary sequences, which mark the latest
regressive transitions, provide the key datum against which uplift can be measured.

To determine cumulative uplift histories at spot locations across North America, we exploit an inventory of
4,633 unique marine fossil assemblages that have been extracted from the Paleobiology Database (PBDB,
https://paleobiodb.org). This inventory is focused upon Late Cretaceous and Cenozoic samples,
which span the last 82 Ma. The PBDB is a substantial, collection-based, occurrence and taxonomic data
set of biota that also contains information about host rock lithology, stratigraphy, age, and paleoenviron-
mental setting. Figure 4a shows the locations of samples exploited in this study. Additional stratigraphic con-
straints for the timing of uplift initiation were compiled using the methodology of Dickinson et al. (1988),
which identifies the last marine to nonmarine transitions in the sedimentary record. Each regressive
sequence is identified from published facies interpretations (e.g., Gani et al., 2015; Johnson et al., 2002;
Roberts & Kirschbaum, 1995). Locations were determined from state geologic maps (https://ngmdb.usgs.
gov; Figure 4a). Particular care was taken to identify the lateral and temporal variability of marine to terres-
trial transitions, such as those observed for depositional sequences within the Star Point Sandstone,
Blackhawk, Castlegate, and Sego Sandstone Formations (e.g., Gani et al., 2015). Stratigraphic ages were
assigned using published biostratigraphic and chronostratigraphic sections for the Western Interior
Seaway (Merewether & McKinney, 2015; Obradovich & Cobban, 1975, Figure 4b). The PBDBprovides addi-
tional constraints for loci of Late Cretaceous paleocoastlines, which themselves provide a reference paleo-
geography against which regional uplift can be gauged (Cao et al., 2017; Kauffman & Caldwell, 1993;
Roberts & Kirschbaum, 1995; Sahagian, 1987; Smith et al., 1994; Figure 4b).
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Figure 4. Stratigraphic and biostratigraphic constraints. (a) Colored circles show location and age of marine fossil assemblages from Paleobiology database (PBDB
paleobiodb.org) as well as youngest marine to nonmarine stratigraphic transitions (Dickinson et al., 1988). Black lines = locations of vertical cross sections
shown in panels (c)-(e); white circles = locations of stratigraphic columns shown in panels (f)-(h), (i)-(k), and (1)-(n). (b) Extent of Late Cretaceous seaway
interpreted from PBDB. Solid blue polygons/dashed lines = maximum flooding extent of Cretaceous (i.e., Late Maastrichtian) interior seaway (Smith et al., 1994;
Kauffman & Caldwell, 1993). Dark/light green polygons = outcropping Lower/Upper Cretaceous rocks (Reed et al., 2005). (c-e) Topographic and stratigraphic
cross sections (see panel a for location); black line with gray band = topography + maximum and minimum elevation within 100-km swath; labeled arrows =
location of stratigraphic columns shown in adjacent panels; colored circles = biostratigraphically dated marine rock colored according to age (see scale bar); light
blue band = free-air gravity anomaly + maximum and minimum within 100-km swath from GRACE database (Figure 1). SG = San Gabriel Mountains; RM =
Rocky Mountains; GP = Great Plains; MH = Mexican Highlands; TX = Texas; A = Appalachian Highlands; PC = Pacific Coast Ranges; CP = Colorado Plateau.
(f-n) Generalized stratigraphic sections with youngest marine regression or outcropping marine strata (arrow); blue boxes = shallow marine facies; yellow
boxes = marginal marine/shoreface facies; brown boxes = terrestrial facies.
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Table 1
Biostratigraphic Constraints on Uplift Histories Adapted From Five Samples in the PBDB

Elevation Age PWD U
Province Latitude Longitude (m) Fossil (Ma) Formation (m) (mm/a)
CP 38.9017 —107.9258 1,593 Baculites aquilaensis 77.05 + 6.45 Mancos Shale 20-200 0.0258 + 0.00289
RM 40.3166 —107.0333 2,310 Trochocyathus egerius 69.05 + 3.05 Lewis Shale 0-20 0.0336 + 0.00179
GP 43.2694 —104.2716 1,213 Baculites baculus 69.05 + 3.05 Pierre Shale 15-40 0.0179 + 0.0013
AP 38.8719 —78.5136 283 Mpyliobatis dixoni 61.0 +4.0 Nanjemoy 0-100 0.00546 + 0.00184
MX 28.2333 —100.2166 203 Sphenodiscus aberrans 68.3 + 2.3 Escondido 0-50 0.00335 + 0.00123

Note. CP = Colorado Plateau; RM = Rocky Mountains; GP = Great Plains; AP = Appalachian Mountains; MX = Mexico; latitude/longitude given in decimal
degrees; PWD = paleowater depth; U = average uplift rate (see text). Supporting information provides detailed fossil occurrences and uplift rate estimates for
complete inventory.

At any given location, cumulative uplift, jUdt, is equal to z+P=+S, where U is uplift rate, ¢ is age, z is present-
day elevation, P is paleowater depth and S is paleo-sea level with respect to present-day mean sea level.
Calculated uplift U is both rock and surface uplift and is a minimum value, since any putative subsidence
that occurred after deposition cannot easily be determined. Elevation of each sample was extracted from
the Advanced Space-borne Thermal Emission and Reflection Radiometer (ASTER) global digital elevation
model (GDEM), which has vertical and horizontal resolutions of ~20 and ~75 m, respectively (Tachikawa
et al., 2011). In each case, elevations are based upon locations reported in the PBDB, which have accuracies
of +£0.01°, which is equivalent to +1 km. The greatest source of uncertainty is paleobathymetry. Paleowater
depth ranges were provided for some samples in the database, based on the presence of depth-specific mar-
ine fauna (e.g., benthic foraminifera) and indicative sedimentary bedforms. In most cases, paleobathymetry
was estimated from the reported environment of deposition and calibrated from marine faunal occurrences
(e.g., dinoflagellate cysts and benthic foraminifera), and from geologic descriptions of the formation. The
paleobathymetric template described by Immenhauser (2009) was assumed (e.g., neritic: 0-150 m; upper
bathyal: 150-500 m; middle bathyal: 500-2000 m). Obviously, deltaic and marginal marine deposits have
much smaller uncertainties and therefore usually yield better constrained uplift histories. Examples of the
biota we used are shown in Table land a comprehensive inventory is provided in the supporting
information.

Stratigraphic observations of the last marine regression provide the tightest constraints for paleobathymetry
since they record the last time the reference surface sat at sea level, for which the paleowater depth is effec-
tively zero with minimal uncertainty. Many stratigraphic sequences are temporally well defined by ammo-
nite biostratigraphy with uncertainties of +0.1 Ma. Figures 4f-4n show examples of stratigraphic columns
used to estimate regional uplift (supporting information). Glacio-eustasy during Late Cretaceous and
Paleogene times is not accurately constrained, and so we included sea level change as an additional uncer-
tainty, §S=+50 m. This uncertainty is probably appropriate for post-Campanian sea level variations (Miller,
2005). Since all of the stratigraphic and biostratigraphic samples crop out at the Earth's surface, a loading
correction for overlying strata is not required (Sahagian, 1987). Extremal uncertainties in elevation,
paleowater depth, sea level, and sample age were used to estimate uncertainties of average uplift rates, U,
such that

Umax - (Pmax + Zmax + Smax)/amim

_ ey
Umin = (Pmin + Zmin + Smin)/amax-
Sample age, a, has a range which primarily depends upon the first and last occurrences of the faunal assem-
blage in question (Gradstein et al., 2012).

Compiled uplift constraints are summarized in Figures 4 and 5. Cross sections shown in Figures 4c-4e com-
pare present-day elevations of biostratigraphic and stratigraphic constraints with a 100-km-wide topo-
graphic swath along three key transects. In each case, the spatial distribution of samples reveals a broad
swell, which matches the topography. Figure 5 shows the interpreted paleowater depth and calculated uplift,
which is greater than present-day elevation. Samples used in this study indicate that water depth of the Late
Cretaceous Western Interior Seaway was <300 m (Figure 5a; Arthur & Sageman, 2004). These shallow
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Figure 5. Paleobathymetry and cumulative uplift from stratigraphic and biostratigraphic constraints. (a) Blue circles =
paleowater depths (see scale bar). (b) Colored circles = cumulative uplift determined from marine to terrestrial transi-
tions recorded by stratigraphic record and fossil assemblages.

values imply that the present-day elevation of each sample is broadly representative of its cumulative uplift.
Our compiled results show that since 80-65 Ma, a region encompassing the Colorado Plateau, Southern
Rocky Mountains, and swathes of the Great Plains have been uplifted to form a broad swell that has a
wavelength of ~1,500 km (Figures 4c, 4e, and 5b). Calculated uplift reaches a maximum of ~3 km in the
Colorado Plateau and Southern Rocky Mountains, decreasing smoothly to ~500 m at the eastern edge of
the Great Plains (e.g., Figure 5). The age constraint for initiation of uplift is in general agreement with the
proposed start of the Laramide orogeny (Dickinson et al., 1988). Superimposed on this broad swell are
shorter wavelength (<100 km) variations in elevation of up to 1 km, which probably reflect uplift caused
by horizontal shortening within the Rocky Mountains (Figures 4c and 4e; e.g., Fan & Carrapa, 2014). In
general, however, the correlation between large-scale uplift patterns and individual Laramide structures is
tenuous since in many locations there is little difference in cumulative uplift between the Rocky
Mountain front and the Great Plains (cf. DeCelles, 2004; Figure 5b). A similar pattern is observed for the
central and southern portions of the Mexican Highlands where 1.5-2.5 km of post-Cretaceous uplift
decreases smoothly toward the Gulf coast and toward the Basin and Range province. Sample density
makes it difficult to distinguish smaller scale uplift patterns.

Along the Gulf and Atlantic Coastal Plains, sedimentary successions containing marine fossils were depos-
ited on a shallow marine shelf, at the shoreface, or within a deltaic environment. In general, they record sea-
ward progradation of the continental shelf (Figure 5a; Gohn, 1988; Olsson et al., 1988; Pazzaglia & Gardner,
1994). Figure 4d shows Late Cretaceous to Eocene age samples from the Gulf Plain region at elevations of
~200 m. Here, calculated uplift smoothly increases westward toward the Mexican Highlands where
Cretaceous samples from the Rio Grande Embayment are at an elevation of 500 m. Regional tilt of the east-
ern Gulf Coast and Atlantic Coastal Plain samples (Figures 4d and 4e; stratigraphic columns j, k, and n) is
suggestive of long-wavelength (~1,000 km) surface uplift of magnitude <300 m that has developed since
Eocene times. Regional uplift calculated for samples along the Pacific Coastal Ranges reveals no simple
large-scale pattern, which probably reflects the complex tectonic history of terrane accretion, lateral displa-
cement, subduction, and subsidence (e.g., Awater, 1970).

The magnitude of regional uplift across the Colorado Plateau, Mexico, and the Appalachian Mountains is
obviously too great to be accounted for by glacio-eustasy (cf. Miller, 2005). Figures 4c-4e shows the pattern
of maximum and minimum free-air gravity anomalies, which broadly mimics topographic elevation. Long-
wavelength (>1,000 km) post-Cretaceous warping of North American topography and the colocation of
gravity anomalies, slow shear wave velocity anomalies, and magmatic observations indicate that subplate
support has played a significant role in generating and maintaining kilometer-scale Cenozoic epeirogeny
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of large portions of North America (cf. Figures 1 and 2). Despite the spatial and temporal coverage provided
by the PBDB, there are extensive tracts where uplift histories are poorly understood since it is difficult to
interpolate between spot measurements. A potentially fruitful approach is to exploit drainage patterns,
which are ubiquitous throughout the continent.

4. Geomorphic Considerations

In principle, drainage networks should indirectly record uplift histories although this record is obscured by
the erosional process (e.g., Howard, 1994; Kirby & Whipple, 2001; Snyder et al., 2000; Whipple & Tucker,
1999; Wobus et al., 2006). Significant effort has been put into developing techniques that can be used to
extract information about geologic and geomorphological processes from fluvial networks. Many modeling
studies have shown that the shape of a river profile is affected by changes in uplift rate, which acts to gen-
erate transient knickzones (e.g., Crosby & Whipple, 2006; Howard & Kerby, 1983; Rosenbloom &
Anderson, 1994). It is evident that longitudinal river profiles from multiple catchments share common
knickzones, which suggests that uplift rate can affect whole catchments (e.g., Roberts, Paul, et al., 2012;
Roberts et al., 2019). In this study, we apply a general inverse approach that enables regional rock uplift rates
as a function of time and space to be extracted from large inventories of river profiles (Rudge et al., 2015).
This approach has four important steps. First, continent-wide drainage patterns are extracted from a suitable
digital elevation model and their veracity checked using satellite imagery. Second, a physically appropriate
erosional model is chosen. Third, the erosional constants used in this model are calibrated and the drainage
inventory is inverted to determine the smoothest rock uplift rate history that minimizes the misfit between
observed and calculated river profiles. It is crucial that the calculated rock uplift history is carefully tested
using independent geologic observations. Finally, the calibrated uplift rate history can be used to parameter-
ize landscape evolution models that make testable predictions about regional denudation and sedimentary
flux, which allows us to examine sensitivities of drainage planforms to calculated uplift. Each of these steps is
tackled in the following way.

4.1. Drainage Inventory

An inventory of 4,161 river profiles was extracted from the ASTER GDEM database. Rivers were extracted
from cells with calculated upstream drainage areas larger than 4 km?. Esri flow-routing algorithms were used
to calculate overland flow, which in turn enables river profiles to be constructed. The planform drainage net-
work was compared to satellite imagery (e.g., Copernicus, Landsat), and it can be shown that the extracted
network has high fidelity in regions away from flat topography and narrow (<30 m wide) gorges. Figure 1
b shows the drainage distribution for North America, which is radially distributed about four major topo-
graphic swells: the Yukon plateau (centered on 60°N and 140°W), the Colorado-Columbia-Rocky
Mountains plateaus (45°N and —05°W); Mexico (20°N and 100°W); and the Appalachian mountains (35°N
and 80°W).

Families of longitudinal river profiles grouped by catchment are shown in Figure 6. Profiles from the
Colorado catchment exhibit two substantial convexities at ~500-1,000 km and at ~1,500-2,500 km
(Figure 6). River profiles from the Columbia catchment and from the upper western reaches of the
Mississippi catchment also have substantial knickzones (Figure 6). Pronounced convexities are observed
on river profiles that drain northern and eastern North America (e.g., at ~1,500-2000 km along the
Nelson River). Many other North American catchments also have large convex-upward knickzones. The
locations of these broad knickzones do not generally correlate with lithologic contacts, which suggests that
their shapes are not related to substrate (e.g., bedrock) in a simple way (Roberts, White, et al., 2012). Instead,
the observed commonalities of long-wavelength knickzones draining the four topographic swells suggests
that they could have been generated by the spatial and temporal pattern of regional uplift.

4.2. Erosional Parametrization

Shapes of longitudinal river profiles, z(x), are controlled by the history of rock uplift rate, U, and by erosion
rate, E, both of which can vary as a function of space, x, and time, ¢ (e.g., Anderson & Anderson, 2010; Davis,
1899; Gilbert, 1877; Howard, 1994; Loget & Van Den Driessche, 2009; Sklar & Dietrich, 1998; Whipple &
Tucker, 1999). A range of laboratory experiments and field measurements suggest that erosion rate depends
upon a suite of complex processes that include the dynamics of water flow (e.g., discharge, turbulence, and
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Figure 6. Inverted longitudinal river profiles. (a) Observed river profiles for Mississippi and its principal tributaries
(see Figure 1). (b) Observed and calculated river profiles for Mississippi catchment. Red dotted lines = best fitting
theoretical river profiles calculated using uplift history shown in Figure 8; value of root-mean-square (rms) misfit is
shown in top right-hand corner. (c) Observed and calculated river profiles from six catchments shown in Figure 1.

vorticity), strength of the substrate (e.g., bedrock), orientation of jointing and fracturing, local erosional
mechanisms, sediment supply, and biota (e.g., Allen et al., 2013; Baynes et al., 2018; Brocard et al., 2016;
Brocard & Van Der Beek, 2006; Castelltort et al., 2015; DiBiase et al., 2014; Mackey et al., 2014; Rengers &
Tucker, 2014; Sklar & Dietrich, 1998, 2001).

At continental scales, it appears that large, coherent signals become emergent and that the stream power
equation provides a practicable way to model drainage evolution through time and space (e.g., Roberts et al.,
2019). For example, at wavelengths >10 km, lithology does not appear to correlate with changes in slope,
with curvature or with stream power (Roberts, White, et al., 2012; Czarnota et al., 2014). These inferences
are consistent with spectral analyses of river profiles, which suggest that processes operating at long wave-
lengths (>100 km) dominate the shapes of river profiles (Roberts et al., 2019; Roberts, 2019). Assumptions
of erosional thresholds do not seem to be required in order to achieve a good match between observed
and calculated river profiles at these long wavelengths (Roberts, White, et al., 2012). Furthermore, changes
in precipitation rate where the period is less than about 1 Ma do not significantly affect calculated river pro-
file shapes (e.g., Paul et al., 2014). Fluvial erosion appears to be a highly integrative process such that regio-
nal uplift primarily determines profile shape. The empirical stream power equation is given by

625;, ) apm <Lg’;’ t)> + U, D), @

where upstream drainage area A varies as a function of distance, x; z is elevation above sea level, ¢ is time,
and U is rock uplift rate. Values of the erosional constants v, m, and n can be determined by independent
calibration. Equation (2) can be solved in order to calculate U. For example, Pritchard et al. (2009) demon-
strated that U can be extracted from river profiles by exploiting the method of characteristics. Later, Royden
and Perron (2013) employed the same integrative approach to calculate metrics that may relate to landscape
evolution. These metrics, notably 7 and ¥, are often used to gauge the time taken for erosional signals to
propagate through a given landscape and to infer drainage divide migration. A challenging problem is that
regional uplift signals are generally inserted into the upstream reaches of individual rivers and catchments.
An obvious solution is to pose the inverse problem whereby a smoothly varying rock uplift rate history, U(x,
,b), is sought. The problem can be solved by either linear or nonlinear optimization. We assume that drai-
nage area is temporally invariant, which implicitly assumes that reorganization of planform does not signif-
icantly affect shapes of rivers at the scales of interest (Paul et al., 2014; Rudge et al., 2015). Significantly, no a
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priori assumptions about the spatial and temporal distribution of uplift signals are made. An inverse
approach provides a pragmatic and testable way to calculate rock uplift rate histories at scales appropriate
for investigating histories of subplate support.

4.3. Inverse Modeling

The inverse scheme proposed by Pritchard et al. (2009) was generalized to incorporate “erosional diffusivity”
and spatiotemporal changes in uplift rate histories by exploiting quasi-linear optimization methodologies
(Roberts & White, 2010; Roberts, Paul, et al., 2012). A significant benefit of nonlinear inverse modeling is
that it is possible to investigate the importance of erosional parameters whose values are much debated
(Lague, 2014). For example, a suite of inverse models shows that residual misfit is minimized when the slope
exponent, n, equals 1 (Paul et al., 2014). This result means that a simplified erosional model can be used to
develop a linearized inverse model using a Bayesian approach in which a posteriori probability distributions
(e.g., prior guesses at approximate rock uplift histories) are defined and, alternatively, a damped linear least
squares approach that has a null starting set (Fox, Goren, et al., 2014; Goren et al., 2014; Rudge et al., 2015).
Other schemes have also been proposed (e.g., Campforts & Grovers, 2015, Glotzbach, 2015).

Rudge et al. (2015) show that smooth spatiotemporal rock uplift histories can be obtained by linear inverse
modeling without recourse to prior information. By solving the simplified stream power equation using the
method of characteristics, the landscape response time, 75, can be expressed as

x(t) dx

TG—t = j‘O M—m (3)

Elevation is given by

7 = [ U(e), t)dt, @

(Luke, 1972; Weissel & Seidl, 1998). The resultant set of linear equations that relate elevation to rock uplift
and erosion is rewritten in matrix form as

z=MU. (5)
Families of river profiles are inverted by minimizing
[MU-z|* + 22|SU|* + 2%|TU%. (6)

where S and T are the spatial and temporal smoothing matrices, respectively (Rudge et al., 2015). U is per-
mitted to vary subject to a non-negativity constraint, U > 0, since river profile elevations constitute positive
measurements. Uplift rate is allowed to vary as a function of time at vertices arranged in a triangular grid
with a spacing of 125 km. The starting set is the null set, and we make no assumption about preexisting
North American paleotopography. Uplift along river profiles is linearly interpolated from this spatiotem-
poral grid. It is important to note that the model cannot resolve uplift rate at times that are greater than
the largest value of 7. Following Parker, 's (1994) protocol, the spatial and temporal smoothing coefficients,
As and A, are systematically varied to identify the smoothest model that yields the best fit between observed
and calculated river profiles (Figure 7). Here, we used 45=0.5 and 17=0 and the effective temporal resolution
is just under 6 Ma. Different values of Ag and A7 have also been tested.

One way to constrain the value of m is to calculate residual misfit from a suite of inverse models for which m
is systematically varied. In each case, it is important to ensure that the same number of free parameters is
used. In essence, this approach exploits the spatial geometry of drainage networks (i.e., A(x)) to constrain
m. Crucially, we allow rock uplift to vary spatially and temporally, which means signals can be inserted at
any position along different river profiles and we do not assume river profiles are in steady state (i.e., dz/0
t=0). Indeed, we caution against the use of methodologies, which assume steady state, which exploit the
derivative of river profiles, or which prescribe an a priori uplift history. In general, all three of these assump-
tions yield unstable and misleading results. Figure 7 shows that North American river profiles are consistent
with an optimal value of m=0.4, although the range 0.2 < m < 0.5 has sufficiently small residual misfits to be
deemed acceptable. The value of v, which trades off against m, was calibrated using the history of incision
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Figure 7. Inverse model parametrization. (a) Data misfit plotted as function of model smoothness for suite of inverse models with different values of smoothing
parameter, Ag (see Figure 8a for configuration of inverse model). Black arrow = locus of smoothest, best fitting model where Ag = 0.5. (b) Residual misfit
plotted as function of erosional parameter m. Black arrow = locus of weak global minimum at m~0.4. (c) Cumulative model coverage as a function of time
(Figure 8c). (d) Histogram of residual misfit between observed and predicted river profiles. (e) Inset showing full frequency distribution of residuals. (f) Residual
positive misfit map between observed and calculated river profiles. (g) Residual negative misfit map.

recorded by eroded lava dams within the Grand Canyon (Karlstrom et al., 2008). The mean incision rate is
111+7 m/Myr. By combining this rate with local slope and area measurements Roberts, White et al. (2012)
showed the relationship between erosional parameters v and m is v=4.16x10*x(2.78x107 %™, For m=0.4, v
has a value of 0.99+0.062 m®?/Myr. We explore the impact of changing v by plus or minus 1 order of
magnitude (supporting information).

The optimal fit between observed and calculated river profiles shown in Figure 6 is obtained using the cumu-
lative rock uplift history shown in Figure 8. The root-mean-square (rms) misfit is given by

1/2

AN
[ii 5;% <i o :) ] ) (7)

where N = number of data values and z° and z° are observed and calculated river elevations, respectively.
Elevation variance was set as a constant value of =20 m, based upon the reported resolution of the
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Figure 8. Calculated uplift history for North America. (a) Sixteen panels that show cumulative uplift history (i.e., temporally integrated uplift rate history) calcu-
lated by linear inverse modeling of 4,161 river profiles (residual rms misfit = 1.25; Figure 6). Grid of red points in top left-hand panel = loci of vertices used to
discretize uplift rate. Age, in millions of years, is shown for each panel. Hatched region = Great Basin and Pacific margin where internal drainage, plate accretion,
and strike-slip tectonics compromise assumptions that underpin inverse model. (b) Calculated uplift rate at four different times. (c) Selected panels at four different
times that show model coverage (i.e., number of nonzero entries in model matrix, M, corresponding to given uplift node). Note that model coverage is highest
toward present day and significantly decreases for ages >70 Ma (see Figure 7c). (d) Four panels showing cumulative uplift history of North America calculated using
coarser mesh (residual rms misfit = 2.62). (e and f) Calculated uplift rates and model coverage for coarser mesh at 0 Ma. rms = root-mean-square.

ASTER database (Tachikawa et al., 2011). We emphasize that alternative objective functions can be used to
measure the goodness of fit between observed and calculated river profiles without significantly affecting our
principal results. Finally, we note that our approach does not explicitly address the difficult problems of
internal drainage or of strike-slip tectonics, which means that calculated uplift histories along the Pacific
seaboard and Great Basin should be treated with caution.

4.4. Calculated Rock Uplift History

The calculated uplift history is shown in Figure 8. This history yields a residual rms misfit of 1.25 between
observed and calculated river profiles. The most striking feature of this history is the Cenozoic growth of
topography in western North America, which can be divided into two principal uplift events. Between
~80 and 40 Ma, regional uplift rate is modest, rarely exceeding ~0.02 mm/a. Between 30 and 20 Ma and
the present day, uplift rate dramatically increases and reaches values as high as 0.1 mmy/a. This calculated
history predicts that the Colorado-Columbia-Rocky Mountains plateaus was uplifted from approximately
sea level (i.e., <250 m) at ~80 Ma to an average elevation of 1.5-2.5 km at the present day. Note that the
Rocky Mountains front and the Great Plains are uplifted at approximately the same time. Late Cretaceous
to Recent cumulative uplift reaches 2.5-3.0 km within the southern Rocky Mountains, decreasing north-
ward to ~1.5 km toward the Canadian Rockies and eastward to 0.5-1.0 km toward the Great Plains.
Along the southern slopes between the Rocky Mountains and the Great Plains, cumulative uplift appears
to have occurred in two broadly synchronous pulses between 60-40 and 20-0 Ma. Regional uplift is progres-
sively younger and of shorter duration toward the north. The southern portion of the Great Plains becomes
emergent after 20 Ma.

With the exception of the Rio Grande Embayment, calculated cumulative uplift along the Gulf Coastal Plain
is <250 m. Between Georgia and the Mississippi Embayment, a rapid episode of regional uplift occurs at
~35 Ma. A cumulative uplift of 400 m is predicted to have occurred within the last 20 Ma for the Rio
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Figure 9. Testing results of inverse modeling. Comparison of time-averaged Late Cretaceous to Recent uplift from inverse
model and (a) stratigraphic and (b) biostratigraphic constraints (Figures 4f-4n and 4a, respectively). Inset histograms =
percentage error distribution of observations. Solid black line = 1:1 relationship; white circles = inverse results that agree
with stratigraphic estimates; gray points = samples with large observational uncertainties (i.e., greater than 1 order of
magnitude) with error bars omitted for clarity; red/blue points indicate where inverse model overpredicts/underpredicts
uplift rate by more than a factor of 2. (c) Spatial distribution of stratigraphic and biostratigraphic constraints colored by
accuracy of inverse model. Symbols same as for panels a and b. (d) Comparison of inverse modeling results and obser-
vations centered on Colorado Plateau (labeled box in panel c). Inverse model best matches uplift measurements across the
Colorado Plateau and Rocky Mountains. Supporting information shows results obtained when erosional parameter, v, is
increased/decreased by 1 order of magnitude.

Grande Embayment with fastest uplift rates between 20 and 10 Ma. Post-Cretaceous uplift of the Mexican
Highlands generally exceeds 1 km. The southern and northernmost portions of these highlands were
uplifted by almost 3 km and ~2 km, respectively. Along the eastern seaboard, our results suggest that the
central Appalachian mountains were uplifted by ~1 km. The adjacent coastal plain underwent a
maximum uplift of 300 m. Within cratonic North America, cumulative uplift is modest which suggests that
the Canadian Shield and Interior lowlands have sat at relatively low elevation since Late Cretaceous times.

4.5. Independent Tests

A significant advantage of an inverse modeling approach is that the predicted regional rock uplift as a func-
tion of space and time can be tested against independent observations. Here, we have carried out this testing
by comparing predicted uplift histories with those determined from the biostratigraphic and stratigraphic
inventory (Figure 4). The average uplift rate at each location was estimated from the age and elevation of
the biostratigraphic sample. This value can be directly compared with the average predicted uplift rate,
which is determined from the amount of cumulative uplift that has occurred since the time of deposition.
We did not use samples that are younger than 5 Ma since the temporal resolution of the calculated uplift his-
tory is of O(5-10) Ma (Figure 8).
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Comparison between observed stratigraphic and biostratigraphic constraints and predicted average uplift
rate measurements are presented in Figure 9. Analysis of the smaller stratigraphic database shows that
the inverse model yields a good agreement between observed and predicted uplift rates. Figure 9b presents
a similar set of results for the much larger PBDB inventory. Open white circles comprise observations with
relatively small uncertainties that are within an order of magnitude of the central value. In these cases,
observed and predicted values agree to within a factor of 2. Gray circles also agree but have large observed
uncertainties, principally because of relatively poorly constrained paleobathymetry. We conclude that calcu-
lated average uplift rates for most of the Colorado-Columbia-Rocky Mountains plateaus, the Appalachians,
Texas, Mexican Highlands, Yukon, and the Great Plains are consistent with a combination of biostrati-
graphic and stratigraphic uplift measurements (Figures 9c and 9d).

There are two regions where the inverse model significantly overpredicts or underpredicts observed uplift
rates: the Pacific Coastal Ranges and the Rio Grande Embayment. It is unsurprising that a damped inverse
model yields a poorer fit along the Pacific Coast, which has experienced a complex tectonic history domi-
nated by transcurrent plate motions and regional subsidence (e.g., Awater, 1970; Bartow, 1991).
Overpredicted uplift rates within the Rio Grande Embayment are more problematic. The biostratigraphic
compilation indicates that this embayment progressively shallowed from a deep marine Upper Cretaceous
environment until Late Eocene times when deposits were predominantly deltaic or estuarine (e.g., Wilcox
Formation; Galloway, 2001; Milliken et al., 2018). Since then, this region probably remained close to sea
level, manifest by a record of Cenozoic shoreline progradation along the Coastal Plain (Galloway, 2001;
Hosman, 1996). At present, the embayment is adjacent to the uplifted Sierra Madre province. Since relatively
few rivers drain this region, there is lower model coverage, which is a possible reason why regional uplift has
been overpredicted (Figures 1b and 8). We note that if the prefactor of the stream power relationship, v, is
either decreased or increased by 1 order of magnitude, the resultant uplift history yields calculated rates that
significantly mismatch stratigraphic and biostratigraphic constraints. These tests suggest that our calibrated
value of v is a reasonable one (supporting information).

An assessment of model fidelity can also be made using additional independent uplift constraints (e.g., num-
ber of recorded extrusive events and clumped-isotope constraints). A two-stage Cenozoic uplift history of the
Colorado Plateau is consistent with paleoaltimetric observations calculated from clumped isotopic analysis
(Huntington et al., 2010). The distribution of extrusive magmatic events summarized in the NAVDAT data-
base displays two broad peaks at ~80-55 Ma and at ~40-0 Ma (see, e.g., Chapin et al., 2004). In Alaska, three
phases of magmatism centered at 33, 15, and 2 Ma have been recorded (Figure 2). Timing of peak magmatism
is consistent with changes of predicted uplift rates (Figure 8b). In southern North America and Mexico, pre-
dicted regional uplift is consistent with the distribution of Cretaceous marine sedimentary rocks (Figure 4a;
Bond, 1976; Sahagian, 1987). Along the Atlantic margin, Cretaceous marine sedimentary rocks also crop out,
which is consistent with calculated regional uplift since the age of deposition. Between 30°N and 35°N, the
elevation of an emergent Pliocene marine terrace increases from 20-30 to 60-80 m (Rowley et al., 2013).
Calculated cumulative uplift in this region increases from ~40 Ma with higher rates between 30 Ma and
the present day (Figure 8b).

The inverse model yields a good match to 100% and 86% of the stratigraphic and biostratigraphic inventories,
respectively. We conclude that a continent-wide spatial and temporal uplift history calculated by inverting
an inventory of 4,161 river profiles generally agrees with a suite of independent constraints. Our results build
upon and are consistent with, nonlinear inverse modeling of a much smaller inventory of 93 river profiles
(Roberts, White, et al., 2012).

5. Landscape Modeling

The inverse modeling procedure that we have described and applied can be further tested by landscape mod-
eling. By forcing a landscape evolution model with the rock uplift rate history calculated by inverse model-
ing, testable predictions about elevation, drainage patterns, denudation, and sedimentary flux are made. In
particular, the way in which the planform of drainage patterns evolves as it responds to regional uplift can be
examined. In the future, it may prove possible to directly invert continental-scale topography for uplift and
denudation using a landscape evolution model (e.g., Croissant & Braun, 2014). At present, guided forward
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modeling is a pragmatic and computationally efficient approach for calculating continental-scale
landscape evolution.

5.1. Badlands Algorithm

A modified version of the Basin and Landscape Dynamics (Badlands) model is used to calculate the spatial
and temporal evolution of North American topography during the last 82 Ma together with discharge, denu-
dation, and sedimentary flux (Salles, 2015). This landscape evolution model exploits a triangular mesh to
solve the relevant geomorphic equations. Here, this mesh is generated from vertices with a regular spacing
0f 10x10 km. Drainage flow paths were determined using a single flow direction, steepest descent algorithm.
Volumetric sedimentary flux was calculated across cell edges. The time steps are determined in accordance
with a Courant-Friedrichs-Lewy condition to ensure numerical stability. As proposed by Salles (2015) a dif-
fusion coefficient, k=10"2° m*/Ma, is included to ensure model stability. We purposefully ensured that the
forward model is kept as simple as possible and that the three erosional parameters, v, m, and n, have iden-
tical values to those used for inverse modeling. Fixed Dirchlet boundary conditions were employed along the
edges of the box to ensure that no interference with drainage development of the continental domain
occurred. The model was not permitted to deposit sediment on the continent or along its margins, sea level
was assumed to be constant, and precipitation rate, P, was set at unity. Finally, flexural responses to repar-
titioning of surface loads, glacial erosion, and ice cover were not included, and we made no corrections to the
loci of paleoshorelines (cf. Salles et al., 2017; Wickert, 2016). The governing empirical equation takes the
form

% = —V(AP)"Vz—xV?*z + U(x,y,1), (8)
where U is the rock uplift rate history that was previously obtained by inverse modeling of the drainage
inventory (Figure 8a). Incision rates (i.e., 0z/0t—U) are easily extracted from numerical solutions of equa-
tion (8). In turn, these rates can be used to calculate cumulative denudation at spot locations by integrating
incision rate with respect to time or to calculate sedimentary flux by integrating with respect to flow length
in a downstream direction. We investigated the impact of four initial conditions on channelization and sub-
sequent drainage planforms: a random distribution of slopes with small (i.e., meter-scale) relief, and 1%, 5%,
and 10% of present-day topography (supporting information). These percentage fractions of present-day
topography were calculated by multiplying the ASTER GDEM grid by 0.01, 0.05, and 0.1, respectively. By
etching the initial condition (i.e., starting topography), the initial drainage pattern is set which subsequently
evolves as the landscape develops. The impact of alternative uplift histories on calculated landscape evolu-
tion was investigated by rotating inserted rock uplift patterns by 90°. This test broadly preserves the
amplitude-frequency content of inserted uplift (supporting information).

5.2. Calculated Landscape

Figure 10 presents elevation, discharge (i.e., drainage networks), cumulative denudation and sediment load
as a function of geologic time for the last 70 Ma for a Badlands model that has a 5% initial condition.
Unsurprisingly, this model predicts elevations at the present day that are similar to the ASTER GDEM topo-
graphy (Figure 10a). In some locations, calculated elevations are lower than observed, especially within the
Appalachian Highlands and Canadian Rockies, which we attribute to model smoothing. Calculated
Cenozoic discharge suggests that the major continental-scale catchments (e.g., Mississippi, Colorado,
Columbia, Yukon, and Mackenzie) are broadly stable. For example, most of the large rivers that drain wes-
tern North America into the Gulf of Mexico have similar flow patterns over the last ~65 Ma, which is con-
sistent with zircon provenance measurements from Cretaceous and Paleocene fluvial sandstones along the
northern margin of the Gulf of Mexico (Figure 2; Blum & Pecha, 2014; Blum et al., 2017). Similar results have
been obtained for the random slope condition and for the 1% initial condition. Drainage planforms are more
entrenched for the 10% initial condition (supporting information). One concern is that the cell size used to
parameterize the landscape evolution model can potentially force the drainage planform to remain fixed
(Goren et al., 2014). This concern was examined by changing the inserted rock uplift history. In these tests,
the initial condition (5% of present-day topography) was kept the same as for the earlier test. Results show
that calculated planforms (e.g., rivers and drainage divides) do indeed adjust and change as the landscape
develops, in accordance with the pattern of forcing uplift.
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Figure 10. Predicted landscape evolution. (a) Late Mesozoic and Cenozoic topographic evolution of North America cal-
culated using modified version of Badlands landscape evolution model (Salles, 2015). Model was forced using uplift his-
tory calculated by inverse modeling (Figure 8). Model resolution = 10 km. Hatched region = portion of model where
calculated uplift history should be treated with caution. Lowest panel = present-day topography from ASTER GDEM
database for comparison. (b) Calculated discharge. Bottom panel = present-day discharge calculated using Esri flow-
routing algorithms and ASTER GDEM database (see Figure 1 for annotation. (c) Calculated cumulative denudation (i.e.,
jézdt /0¢). (d) Calculated sedimentary load (i.e., jazdx /0¢). (e) Gray histogram = observed solid sedimentary flux for Gulf of
Mexico redrawn from Galloway et al. (2011). Orange/black/red lines = flux calculated for three different Badlands land-
scape evolution models parameterized using 1%, 5%, and 10% starting conditions (see supporting information). Brown/
peach band shows stratigraphy: W = Wilcox; Q = Queen City; S = Sparta; Y = Yegua; J = Jackson; F/V = Frio/Vicksburg;
L, M, U = Lower, Middle, and Upper Miocene. Note model coverage is <20% before 55 Ma (see Figure 7c). ASTER =
Advanced Space-borne Thermal Emission and Reflection Radiometer; GDEM = global digital elevation model.

5.3. Denudational History

Thermochronometric measurements provide an additional means of estimating denudation over long time
scales. In essence, these techniques record the temperature of rocks as a function of time. By relating these
histories to estimates of crustal temperatures, it is possible to extract denudational histories (see, e.g., Farley,
2002; Gallagher, 1995; Gleadow & Brown, 1999; Green et al., 1989). A key result from thermochronometers
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Figure 11. Comparison of thermochronmetric and calculated denudation rates. (a) Synthesis of independent estimates of
U-Th/He (A-He) closure ages for North America. Gray shading = present-day topography calculated from ETOPO1
database; thin white line encloses Colorado Plateau. (b) Apatite fission track (AFT) closure ages. (c) Histograms of A-He
and AFT closure ages from Colorado Plateau. (d) Histograms of closure ages for North America. (¢) Comparison of
denudation rates calculated from landscape evolution model that was parameterized using results of inverse modeling
(Figure 10c) and independent A-He closure ages (see panels a and b). Error bars = data where match between the para-
metrized forward model and independent estimates is good; blue points = data where calculated denudation rates are
factor of 2 or more lower than A-He estimates where error bars have been omitted for clarity (see supporting information).
(f) Comparison of calculated denudation rates and independent estimates from AFT closure ages.

is the age at which rock has cooled below the closure temperature of the individual system. The presence of
cooled rock at Earth's surface today is usually interpreted as removal of overburden by denudation. We have
tested our predicted denudation history by exploiting the results from two well-known low-temperature
thermochronometers: AFT and apatite (U-Th)/He (A-He). Our principal aim is to investigate how well
the landscape evolution model, which was parameterized using a smoothly varying rock uplift history,
can reproduce independent estimates of exhumation. Our compilation of thermochronometric results
builds on previous inventories and includes 1,642 AFT and 789 A-He closure ages from North America
(e.g., Herman et al., 2013; Slone et al., 2003; U.S. Geological Survey National Geochronology Database;
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supporting information). The spatial and temporal distribution of this compilation is presented in Figures
11a-11d. We have attempted to identify samples with cooling histories that have been overprinted by
tectonic and/or magmatic events and manually excised them from the compilation.

Figure 11d shows there are three broad peaks evident within AFT closure age measurements: 80-60, 50-30,
and 30-10 Ma. The number of measurements of A-He closure ages is greatest between ~20 Ma and the pre-
sent day. Thermobarometric modeling and rock cooling histories suggest that Cenozoic denudation rates
across southern North America and Mexico were highest during the last 40 Ma (Gray et al., 2001;
Montgomery & Lopez-Blanco, 2003; Ferrari et al., 2012). One interpretation of this trimodal distribution is
that North America has experienced at least three discrete kilometer-scale phases of Late Mesozoic to
Recent denudation. However, we acknowledge that this database has significant spatial bias; coverage is
greatest on the Colorado-Columbia-Rocky Mountains plateaus, along parts of the Appalachian mountains,
Mexican highlands, and within the Yukon region (Figures 11a and 11b). Portions of the Colorado Plateau
that have a two-stage Cenozoic cooling history have been interpreted as evidence for an ancestral
Colorado River. We note that alternative explanations exist (see, e.g., Flowers & Farley, 2012; Karlstrom
et al., 2014). Late Cretaceous to Early Paleocene A-He and AFT ages along the Appalachian mountains
suggest that ~2 km of overburden has been removed during the last ~60 Ma. Closure ages along the
northern Pacific Coastal Ranges are mostly younger than 50 Ma. In the north and central Rocky
Mountains, closure ages are between 70 and 40 Ma, which is broadly coeval with the timing of Laramide
tectonism (e.g., Dickinson et al., 1988; Peyton & Carrapa, 2013). In the Southern Rockies and Rio Grande
Rift, there are a suite of A-He and AFT closure ages <40 Ma. Kelley and Chapin (1995) and Peyton and
Carrapa (2013) related this post-Laramide cooling to burial, subsequent epeirogenic uplift and removal of
sedimentary rocks while the Rio Grande Rift developed. O'Sullivan and Currie (1996) and O'Sullivan and
Lane (1997) propose that the Yukon plateau has had a staged denudation history, with cooling phases
between 60 and 40 Ma, and at ~15 Ma.

In order to compare this compilation with our predictions, we first convert reported closure ages into average
denudation rates. Temperature histories of rocks can be extracted by inverting apparent ages and fission
track length distributions (Ketcham, 2005; Gallagher, 2012). However, it is still unclear how spatial aver-
aging of cooling histories, rates of exhumation at the time of closure, and time-dependent geothermal gradi-
ents affect these results (Schildgen et al., 2018). Here, we use a simple expression that relates surface and
closure temperatures, T and T, geothermal gradient, dT/dz, and closure age, a., in order to calculate the
time-averaged denudation rate, which is given by

dz T
=, ©)
dt  a.(dT/dz)

where T=T.—T. Measurement errors and uncertainties in the thermal properties of the crust were propa-
gated to obtain

2 5”/“ (%Y s = S Gn ) (10)
el m \dT/dz\ o)) 7 T VR TR

These errors can also be gauged by using extremal values of the variables. Significant uncertainties include
closure temperatures, which vary between 110+10 °C for AFT and ~60 =+ 30 °C for A-He, although a larger
range for AFT is sometimes reported (Dodson, 1973; Green et al., 1989; Reiners & Brandon, 2006).
Geothermal gradients can be affected by changes in basal heat flow, by the distribution of radiogenic ele-
ments, and by thermal advection. We tested a suitable range of geothermal gradients (25+15 °C/km), which
broadly encompasses those values reported for radiogenic to weakly radiogenic crust. These values are the
most significant control for crustal temperatures of unstretched lithosphere (e.g., McKenzie et al., 2005).
Surface temperatures are often poorly constrained, and we assumed that T,=15+10 °C (see, e.g.,
Greenwood & Wing, 1995). We acknowledge that more complex thermokinetic models exist, which incorpo-
rate, for example, the effects of two- and three-dimensional conductive cooling and advection of heat (e.g.,
Braun, 2002). In our view, the uncertainties in thermal structure of the crust and its time-dependent
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behavior mean that simple models are justifiable in this instance. For each sample, denudation rate and
associated error were calculated using equations (9) and (10) (supporting information).

It is important to emphasize that rock uplift without concomitant denudation is difficult to detect using ther-
mochronometric techniques. Conversely, rapid erosion can in principal produce significant denudation in
the absence of surface uplift. One way to examine the cause of rock cooling and its relationship with uplift
is to extract denudational estimates from parametrized landscape evolution models. Here, we use the com-
pilation of rock cooling rates to test predicted values (Figure 10). It is important that these rates are com-
pared at the same location and for the timescale determined by the closure age of the
thermochronometric measurement. We avoided comparing samples with closure ages younger than 6 Ma,
which is the limit of resolution for our landscape model. Furthermore, young AFT (or AHe) ages that are
<5 Ma can be affected by thermal advection which we have ignored for simplicity (Lisker et al., 2009). A
comparison between observed and predicted denudation rates is presented in Figures 11e and 11f. For
clarity, uncertainties are shown for samples where our model matches thermochronometric measurements
within error (plus or minus a factor of 2), representing 90% of the A-He and 36% AFT samples in our inven-
tory. Samples where denudation cannot be predicted within error are shown as blue circles. The landscape
evolution model underpredicts 10% and 64% of the A-He and AFT measurements, respectively. One way to
interpret these results is that A-He closure ages are more closely related to the formation of the modern land-
scape than AFT measurements. Rock cooling histories can be sensitive to short wavelength tectonic pro-
cesses and abrupt changes of denudation rate are unlikely to be expressed in the smooth landscape
evolution model presented here. Finally, fission track annealing can result in bias toward younger AFT ages,
and therefore higher denudation rates, which is consistent with systematic undeprediction.

6. Discussion
6.1. Continental Epeirogeny

The stratigraphic and biostratigraphic inventories that we exploit were taken from a substantial body of
published paleoaltimetric constraints. They provide excellent evidence for staged regional Cenozoic growth
of North American topography, with at least 2 km of topography having been generated since Campanian
times (~82 Ma; Figure 2; Chamberlain et al., 2012). To further explore and constrain the history of vertical
motions and subplate support, we solved for spatially and temporally smooth rock uplift histories by invert-
ing a continental inventory of river profiles. This inverse model was calibrated using a small number of
incision rates from the Colorado Plateau (Karlstrom et al., 2008; Roberts, White, et al., 2012). The calculated
uplift history is consistent with the independent inventory of stratigraphic and biostratigraphic uplift con-
straints across the Colorado-Columbia-Rocky Mountains plateaus, for large portions of the Appalachian
Mountains, for Mexico and for the Gulf Coast. It is also broadly consistent with a range of other indepen-
dent uplift constraints (e.g., clumped and stable isotopes and magmatism; Chamberlain et al., 2012; Fitton
et al., 1991; Huntington et al., 2010). Calculated uplift from the Rockies to Great Plains suggests that regio-
nal tilting developed during the last ~10 Ma, which is consistent with tilting histories recorded by the Late
Miocene Ogallala Group and by the Pliocene Broadwater Formation adjacent to the North Platte river
(Duller et al., 2012; Willett et al., 2018). The model performs poorly where there has been significant lateral
tectonic displacements (e.g., Pacific seaboard) or where spatially smooth uplift histories are less appropri-
ate. Despite the simplicity of the inverse modeling scheme, there is a reasonable match between timing
of uplift and location of paleoshorelines inferred from the biostratigraphic inventory and from previous stu-
dies (Figure 12; Kauffman & Caldwell, 1993; Roberts & Kirschbaum, 1995; Smith et al., 1994; Ziegler
et al., 1985).

Observed and calculated uplift rates are broadly consistent and suggest that North American topography
grew in several stages. These results imply that drainage planforms tend to respond to changes in uplift rate
in a predictable fashion, which can be exploited to investigate continental-scale histories of regional uplift.
An important test of this approach is to compare calculated uplift and denudation with independent obser-
vations. In Figures 9 and 11, we show that a simple erosional model can yield results that provide a reason-
ably good match. The calibrated value of v is appropriate for extracting continental-scale uplift histories from
drainage (supporting information). These combined results provide additional constraints for the driving
mechanisms of continental epeirogeny (Figure 12).
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Figure 12. Landscape evolution model of North America. (a-d) Four panels show calculated Mesozoic to Cenozoic topo-
graphic evolution compared with coeval independent paleogeographic constraints. Red circles = magmatic record from
NAVDAT database (Figure 2); blue circles = stratigraphic shoreline markers/marine fossils from PBDB (Figure 4); light
blue shading = maximum flooded surface from Smith et al. (1994) revised with stratigraphic and biostratigraphic con-
straints presented here.

6.2. Consequences for Landscape Evolution

The inverse modeling strategy that we have described and applied makes a series of simplifying assumptions
that warrant further discussion. With regard to the drainage evolution of North America, there are three sig-
nificant concerns: simplicity of our erosional model, stability of the drainage planform, and the influence
of glaciation.

First, we have assumed a simplified version of the nonlinear stream power erosional model. This model
appears to be sufficiently complex to fit large inventories of river profiles with geologically meaningful uplift
rate histories in that they are comparable to independent constraints (e.g., Figure 9). This model assumes
that the values of the erosional parameters, v and m, are constant and that shock waves are unimportant
at long wavelengths (i.e., n=1; equations (2) and (8)). Implicit in these assumptions is that substrate (e.g.,
bedrock lithology and alluvium), biota, hydrodynamic processes, and changes in climate (e.g., precipitation
and discharge) do not set the pace of landscape evolution at long wavelengths and timescales of tens of mil-
lions of years. More generally, poor correlations between substrate (or change in substrate) as a function of
river elevation, slope, curvature, or calculated stream power at wavelengths greater than a few kilometers
support the suggestion that lithology may not control channel geometry at wavelengths of more than a
few kilometers (Czarnota et al., 2014; Paul et al., 2014; Roberts, White, et al., 2012). These observations
are consistent with spectral analyses of longitudinal river profiles, which indicate that their shapes are domi-
nated by wavelengths >10 km and that river profiles from adjacent catchments contain commonalities
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generated by regional uplift (Roberts et al., 2019; Roberts, 2019). Nevertheless, there is a substantial body of
work which demonstrates that at smaller scales these processes determine the efficacy of fluvial erosion and
the geometry of river profiles (e.g. Armitage et al., 2018; Baynes et al., 2018; Forte & Whipple, 2018; Gallen,
2018). It is unclear how these complex, dynamic, threshold-dependent, and undoubtedly nonlinear, pro-
cesses scale over geologic timescales. However, at a continental scale, we propose that the long-wavelength
portions of landscapes are controlled by regional uplift but moderated by integrated fluvial erosion through
time and space in a predictable way.

The way in which erosion scales with slope is debated. For example, the value of the slope exponent in the
stream power model, n, might range between 2/3 to 5/3 or greater, and may be location, process and scale
dependent (e.g., Attal et al., 2008; Howard & Kerby, 1983; Lague, 2014; Whipple & Tucker, 1999;
Whittaker & Boulton, 2012). If n>1, then information about tectonic history may be lost from longitudinal
river profiles (e.g., Pritchard et al., 2009; Royden & Perron, 2013). However, several observations exist that
suggest that the integrated history of fluvial erosion on scales of 0(10*-10%) km and O(1-10) Ma may depend
linearly on slope. For instance, (Czarnota et al., 2014) shows that there is a global minimum at n=1 by mini-
mizing misfit between modeled and observed longitudinal river profiles of modern and ancient thalwegs of
the Tumut river, Eastern Australia. In general, testing and validation of fluvial erosional models at long
wavelengths and timescales is difficult (Salles et al., 2017). Large inventories of independent constraints
on surface and rock uplift can be used to evaluate the success of erosional models (see supporting informa-
tion). The simple, linear version of the stream power erosion model we use appears to provide sufficient
complexity to match observed longitudinal river profiles and reproduce meaningful uplift histories.
However, we acknowledge that at short timescales and length scales, more complex erosional models might
be more appropriate.

A second and related issue concerns the evolution of drainage planforms (e.g., Willett et al., 2014). There is
much uncertainty about the longevity of drainage networks. Changing drainage planforms by divide migra-
tion or by stream capture should, with time, rearrange catchment planforms thus rendering attempts to
extract information about uplift signal problematic, especially over long temporal and spatial scales.
However, a small number of observations suggest that, at large scales, the assumption of essentially fixed
drainage planforms could be a reasonable one. First, laboratory sandbox experiments point to the impor-
tance of preexisting topography in determining the fixity of drainage divides and the extent to which they
can migrate under changing experimental conditions (e.g., Bonnet, 2009; Lague et al., 2003). We note that
fluvial systems have been used to infer lateral migration of drainage divides by using simple geomorphic
parameters (e.g., x). Unfortunately, use of these simple metric values require unreasonable assumptions
about the spatial pattern of uplift rate which are demonstrably incorrect, especially at continental length
scales (Herman & Braun, 2006).

Landscape evolution models suggest that drainage divide migration is not especially significant and in any
case the inverse modeling presented here is robust to large excursions in values of upstream drainage area
since A is taken to a fractional power. Nonetheless, we can examine how calculated uplift histories are
affected by changing drainage planform by comparing our results with the history of long-term planform
evolution inferred by detrital zircon studies (Blum & Pecha, 2014). In Figure 2, we summarize measure-
ments of detrital zircon ages along the northern margin of the Gulf of Mexico. Figure 2e shows crustal
and magmatic zircon source terranes adapted from Figure DR5 of Blum and Pecha (2014) where the cumu-
lative percentage plots of Figure 2f were redrafted from their Figure DR6. Their observations suggest that the
Paleocene drainage planform had a broadly similar distribution to that of the present day. For example,
>50% of the zircons in Paleocene samples close to the eastern tributaries were derived from the Grenville
(1250-950 Ma), Mid-Continent (1500-1300 Ma), and Appalachian (750-280 Ma) terranes (e.g., sample 43).
Paleocene samples located west of the Mississippi River have >50% of zircons ages that correspond to the
Yavapai-Mazatzal (1800-1600 Ma) and Western Cordillera (275-50 Ma) terranes (e.g., sample 64). These
observations imply the large-scale planform of the Mississippi catchment may not have significantly chan-
ged during Cenozoic times.

Another way to estimate longevity of drainage patterns is to compare observed and predicted sedimentary
flux. Sedimentary flux was calculated by integrating incision rate in a downstream direction using the land-
scape evolution model shown in Figure 10. The tectonic history of western North America complicates
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interpretation of sedimentary flux observations from, for example, the Los Angeles basin or Baja California
(see, e.g., Dorsey et al., 2018). In contrast, the Gulf of Mexico appears to have acted as a stable depositional
sink since Cretaceous times (Galloway et al., 2000). Figures 10c-10e compare predicted to independent esti-
mates of flux in the Gulf of Mexico (Galloway et al., 2011). Calculated cumulative denudation is highest in
the regions of highest predicted uplift rates (e.g., Rocky Mountains-Colorado plateaus, Appalachian
Mountains, Yukon, and Mexican Highlands). Predicted sedimentary flux is smoother than that measured
by Galloway et al. (2011), which is unsurprising because the landscape model was parameterized using a
damped, smooth, rock uplift history. The biggest discrepancy between predicted and observed flux is at
~60 Ma (e.g., the Wilcox Formation). We note that model coverage in the headwaters of the Mississippi
catchment is low before ~55 Ma (Figure 10c).

Finally, we have ignored the possible effects of glacial erosion and widespread continental ice cover during
the last glacial maximum, partly for simplicity but mostly because it is not obvious how this issue can be
addressed in a transparent way. Most of the area that was covered by ice sheets is located within the cratonic
regions of northern and eastern Canada where glacial isostatic rebound continues to be the driver of surface
uplift. Temporal resolution of the inverse model presented here is too coarse to accurately compute the effect
of this glacial signal. The effect that extensive ice sheets could have upon drainage planform and their effi-
ciency in topographic erosion relative to fluvial processes are poorly understood. For example, global com-
pilations of erosion rates from glaciers and rivers on timescales of 10'~107 years implies that glacial erosion
tends to decrease by 1 to 2 orders of magnitude over glacial cycles, whereas fluvial erosion rates reveal no
such dependence upon time. This observation suggests that uplift histories control rates of both fluvial
and glacial erosion over millennial and longer timescales (Koppes & Montgomery, 2009). It remains unclear
how drainage planforms were dramatically modified by the last glacial maximum (~21 ka; Wickert, 2016).
Geologic constraints for the uplift and denudation history of a region covered by the Laurentide ice sheet are
sparse (Figures 2 and 4). Additional testing of the results of our inverse model for this region would
be insightful.

6.3. Geodynamic Implications

Both orogenic and epeirogenic processes can generate topography. Shortening, extension, magmatic under-
plating, and dynamic uplift all contribute toward continental uplift, and, to some extent, these phenomena
can be discriminated between based upon their magnitude and wavelength (e.g., Pazzaglia & Brandon,
1996). Cretaceous uplift of the Rocky Mountains region was partially caused by growth of Laramide-aged
structures (Figures 4 and 5). The geomorphic modeling and stratigraphic observations presented here sug-
gest that regional uplift of western North American topography has predominated. Isostatic considerations
indicate that the present-day surface elevation of this extensive region is supported by density variations
within and beneath the lithospheric mantle rather than by crustal thickening (e.g., Levandowski et al.,
2018). Rare earth element inverse modeling of <5 Ma basaltic melts with Ocean Island Basalt affinities com-
bined with the presence of shear wave velocity anomalies constrained by earthquake tomographic models
are consistent with moderately elevated mantle potential temperatures and thin (~70 km) lithosphere
beneath western North America (Klocking et al., 2018). These observations support the notion that large-
scale dynamic topography is generated and maintained by temperature anomalies within asthenospheric
mantle directly beneath a thin plate. The detailed driving mechanisms that underpin observed and predicted
vertical displacements have been explored by a range of numerical flow models on different temporal and
spatial scales (see, e.g., Forte et al., 2009; Lithgow-Bertelloni & Gurnis, 1997; Liu et al., 2008; Liu, 2014;
Mitrovica et al., 1989; Moucha et al., 2016; Rowley et al., 2013; Spasojevi¢ et al., 2009; Spasojevi¢ &
Gurnis, 2012; van Wijk et al., 2010). The results from this study could provide additional constraints for
such models.

7. Conclusions

Cenozoic evolution of the North American landscape is determined by combining constraints provided by
stratigraphic and biostratigraphic databases with inverse and forward modeling of drainage inventories.
Average uplift rates estimated from fossil and stratigraphic data suggest that, following the retreat of the
Western Interior Seaway at ~80 Ma, western North America experienced staged uplift of up to 3 km. The
Yukon, Appalachian Mountains, and Mexico mostly underwent Neogene uplift. By inverting 4,161
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longitudinal river profiles, assuming a simplified version of the widely used stream power relationship, we
have generated a smooth spatiotemporal uplift history that fills the gaps between spot stratigraphic and bios-
tratigraphic constraints. Mapped drainage planforms indicate that North American rivers flow radially from
large-scale swells, which have wavelengths of the order 100-1,000 km. The principal swells are centered on
the Colorado-Columbia-Rocky Mountains plateaus, Yukon, Appalachians, and Mexico where subplate
dynamic support is important. Predicted regional uplift rates of the Colorado-Columbia-Rocky Mountains
plateaus increased from ~0.02 mm/a between 80 and 50 Ma to ~0.1 mm/a between 30 and the present
day. To estimate denudation and to examine sensitivities of drainage patterns to tectonic forcing, we para-
meterized the Badlands landscape evolution model using the inverted uplift history. The results of this for-
ward simulation is compared with a synthesis of independent estimates of denudation from
thermochronometric studies and with continent-wide provenance analyses.

Several significant implications are apparent. First, substantial compilations of stratigraphic observations
can be used to gauge uplift and denudation rates at large length and timescales. Second, drainage patterns
can be inverted by assuming a simplified version of the stream power relationship despite the apparent com-
plexity of eroding landscapes. This modeling approach provides a useful way to constrain uplift histories on
continental scales. Finally, measured and calculated uplift and denudation histories are consistent with
Cenozoic sub-plate support which seems to have played a defining role in generating the North American
landscape, especially at wavelengths greater than a few tens of kilometers.
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