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Abstract

Reconstructing patterns of topographic evolution is key to our understanding of the various processes responsible for landscape
development. Suites of existing geodynamic models suggest the North American landscape has been influenced by a history
of evolving dynamic support. This study investigates the extent to which this process has played a role in generating the
elevation and long-wavelength topographic relief observed. Review of studies investigating distribution of magmatism, marine
sedimentary rocks, sediment flux, thermochronology models, paleoaltimetry and geomorphic analyses all point towards a staged
uplift history of North America since the Late Cretaceous. Another way to investigate regional uplift is to use deposits of known
age, containing paleo-water depth indicators, as a datum against which post-depositional uplift can be measured. Compilations
of paleobathymetry from interpreted biostratigraphic and stratigraphic markers, compared to their present-day elevations, are
therefore exploited to give detailed geologic constraints on surface uplift. Our results indicate > 2 km of long-wavelength
differential uplift has developed in the continental interior during the Cenozoic. In conjunction with these datasets, the uplift
history of North America can be calculated by considering the geomorphic evolution of continental drainage. Results of a
calibrated inverse stream-power model are presented, where > 4000 river longitudinal profiles are used to calculate best-fitting
smooth spatio-temporal histories of uplift rate. The resulting model also points towards a staged uplift history in most regions
of high elevation. Evaluation of results using the biostratigraphic and stratigraphic databases shows the model is broadly
consistent with the geological record. As a further validation of the inversion we present a continental landscape evolution
model, fed with the uplift history and erosional parameters from the inversion. This outputs elevation, discharge, denudation
and sedimentary flux histories that are consistent with our inverse modeling schemes and compiled datasets of sediment flux
and low temperature thermochronology. Data and modeling results are in agreement with geodynamic models predicting > 1

km dynamic support of the North American continent.
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tary sequences provide additional constraints. Each » Since 80 - 65 Ma a region encompassing the Colorado Plateau,
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Figure 4: Biostratigraphic and stratigraphic uplift constraints. (a) Colored circles show location and age of marine fossil assemblages i

from PBDB (paleobiodb.org) and youngest outcropping marine to non-marine stratigraphic transitions. Black lines = locations of cross eaStern Great PlalnS.
sections; white circles = locations of stratigraphic columns shown in panels (f-h), (i-j) and (I-n). (b) Extent of Late Cretaceous seaway

calculated from PBDB compilation. Solid blue polygons/dashed lines = maximum flooding extent of the Cretaceous (Late Maastrichtian)

interior seaway from Smith et al. (1994) and Kauffman et al. (1993). Dark/light green polygons = outcropping Lower/Upper Cretaceous . LOng wave Iength (> 1000 km) pOSt'CretaCeOUS Warping of North

rocks. (c-e) Topographic and stratigraphic cross sections; black line/grey 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 American topog raphy and COIOcated 9 raVity, tomog raphiC and mag'

. ] rock colored by age. Light blue band = free air gravity anomaly/maximum and minimum within 100 km swath (from GRACE dataset). (f-n) i i i i -
* Other Upllft, denudation and pa- Generalized stratigraphic sections containing youngest marine regression or outcropping marine strata; broadly, blue = shallow marine, matic observations indicate that sub plate support has played an

leoaltimetry oretraints aleg pOint - Oy T pmew. | L - yellow = marginal marine/shoreface, brown = terrestrial. Interpreted paleoenvironment shown in schematic diagram. important role in generating kilometer scale Up“ft

G Thermochronology ﬂ Conclusions

- We test our predicted denudation history using the results from two ) Large compilations of geological data can be used to measure
well-known thermochronometers: apatite fission track (AFT) and apatite UIO“ft and denudation rates at large length and timescales.

(U-Th)/He (A-He). Data compiled from 74 papers and existing databases,
Distance, km with 1074 AFT and 323 A-He points. 2) Inversion of drainage patterns can be used to ‘fill-in’ the gaps be-

tween geological observations of uplift and to investigate how uplift
ig rates change through time.
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Figure 1: Topography, drainage and dynamic support of North America. (a) ETOPO1 topographic
dataset and physiographic provinces. (b) Thin black lines = 4161 rivers extracted from ASTER GDEM.
Drainage network is shown atop calculated dynamic topography; contours = long wavelength ( < 800
km) free-air gravity anomalies converted to dynamic topography using an admittance, Z = 25 mGal/km
from GRACE dataset.

.

Age of Magmatism, Ma

Aquia | Manjemoy

fm.

Elevation,km
Free Air Gravity Anomaly, mgal

Kemp Clay | Kincald fm.
Owd Creek fm. | Clayton fm ;
Brightseat

« The present day topography of the Earth’s surface is the
result of a complex interactions between deep and surface
processes operating on multiple spatial and temporal
scales. Therefore constraining histories of vertical motion
may contain important clues about geological processes.
The admittance between long-wavelength (~ 800-2500 km) Figure 3: North American magmatism and sedimentary flux. Magmatism - . . .

. . . . Magmatism recorded in the NAVDAT catalog (a) within the Colorado |a Colorado Plateau _ North America
free'alr graVlty anoma“es and topography N WeStern North Plateau (b) throughout North America (c) Solid sedimentary flux to the Gulf 6713 Samples 39645 Samples
America SuggeStS h|gh elevation regions are at IeaSt partial- of Mexico from Galloway et al. (2011), which were calculated using seismic | |

reflection surveys and well data. (d) Uncorrected sedimentary flux calculat-

- ed from seismic reflection surveys and well data along the New Jersey
ly supported by sub-plate processes. o e oo o0,

toward a staged uplift history of
North America.

Heneler fm,

:

Bamwell Gp.
Cooper Gp.

Pigrra Shale | Fox Hills sst. | Laramie fm.

Aspen Shale | Frontier fm,

sanora

Free Air Gravity Anomaly, mgal

na
S
L]
Mumber of Samples

Mumber of Samples

Sedimentary Flux

2
=

Landscape Evolution Modelling

Cc Gulf of Mexico Baltimore Canyon Trough

ot | : , . . ! - T - 3) From our measured and calculated uplift and denudation histories

evation, km Discharge, m*/s Cumulative Denudation, m Sediment load, m¥/s 1 / A ] ] o i

0o 1.2 3 T 10000 I Eoiwﬂ -wiw -ziﬂﬂ -1%0*:' 9 0.00010.001 ﬂ-ﬂ|1 01 | & ¥y _ we can infer that sub-plate support has played a significant role in

g | ol | g 3 | e : generating much of North America’s landscape, especially at wave-
70 Ma L,M 70Ma ' Z. - ' 128 lengths greater than a few tens of kilometers.

25

£ s
L]

an A
. 10! Wl 1 2
] 0 0 10 10

==
=
I I——

0S5

O b

Sediment IoacF_b *10% km* /Ma
=
1

Sediment load, x10% km® /Ma

rms misfit

| Global minimum Ké\“\‘ et E\é\‘\— e o S i 1 Figure 14: North American Landscape Evolution Model. Four panels show Mesozoic to Cenozoic topographic evolu-
Best-fit m=0.4 - . : : . : : : : . ; { : = ] VO L ] o T ) tion calculated using our parametrized forward model compared to coeval independent paleogeographic constraints.
A, =0.5 I | 40 40 - o N, BTSN A Ll : o N & Red circles = magmatism from NAVDAT database; Blue circles = stratigraphic shoreline markers/marine fossil collections
%’ 1 ' ' | ' ) =2 1 e ShEEE 1 \ ”~ J from the Paleobiology Database (Figure 6); light blue shading = maximum flooded surface from Smith et al., (1994)
F g T corrected using stratigraphic and biostratigraphic constraints.
[

wn
=
=

: = =
2 4 B
rms misfit

Closure Age, Ma Campanian - Maastrichtian (82 — 66 Ma) n v : Paleccene - mid Eocene (66 — 40 Ma)

- We tested the results of the inverse model by comparing them to 4 Ma n R fo 2 4 @& ST | S o0 WL NS . TRy . o
. . . . . . . ; > W < agmabsm age, Ma = 1 = : agmalism age, Ma

uplift measured using our independent biostratigraphic and strati- o Q S S P — % A i

graphic inventory. We omitted PBDB samples with ages younger o 230 ? ’ - LA YW 5. AR Y

n

Elevation, km

—
=

A7 i AR I : e Sekd than 5 Ma because the temporal resolution of our inverse model is
5 | | _ E— P Pl il V| | a;l_,f” 5.7 Ma.

ot
tn
—i
o

C Colorado Plateau North America

I B J.L
80 60 40 20 0 80 60 40 20 0

Age, Ma Age, Ma

Figure 12: Low-temperature thermochronology data. (a) Synthesis of independent estimates of thermochronometric A-He closure

- 4161 drainage profiles were extract-
ed frOm dlgltal elevatlon data and thelr ages across North America. Gray shading = modern topography from ETOPO1 database; thin white line encloses Colorado Plateau. (b) : _ = :
AFT closure ages. (c) Histograms of A-He (light green) and AFT (dark green) closure ages from the Colorado Plateau. (d) Histograms of i Eacane = Olggaans 110 < sl : : Gl L
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Figure 7: Inverting drainage patterns for uplift histories: data and best-fitting theory. (a) Observed longitudi Figure 8: Inverse model parametrization. (a) Data misfit plotted 23 Ma
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nal river profiles of Mississippi and its principal tributaries (rms misfit = 0.47). (b) Observed and calculated river  as function of model smoothness for suite of inverse models with * 1 OO /° and 86 /° Of Upllft measurements from Stratlgraphlc and blO

profiles. Gray lines = observed profiles; Red dotted lines = best-fitting profiles calculated by inverse modeling  different values of smoothing parameter, A_.b) Residual misfit plot- Stratigraphic inventories reSpeCtively are matChed by the modeled

Paleo—water depth, km

using cumulative uplift history. (c) Observed and calculated longitudinal river profiles of six catchments.In each  ted as function of erosional parameter m. (c) Positive and (d) Neg-

case, rms misfit is shown (global rms misfit = 1.24). ative misfit map between observed and calculated river profiles. up||ft within error within a factor of 2.
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- To compare this inventory with our results we first converted reported clo-
sure ages into average denudation rates.

Fredicted uplift rate, mm/a
Predicted uplift rate, mm/a

» We use a simplified version of the
- We use a simple expression that relates surface and closure tempera-
tures (T, T_), geothermal gradients ( d7'/ dz ) and closure ages ( a ) to cal-
culate time-averaged denudation rate, where T=(T_-T ).
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b . I Figure 11: Calculated landscape evolution. (a) Late Mesozoic and Cenozoic topographic evolution of North America calculated using a
° We assume that n = 1 f|Xed dra'n_ 2 . modified version of Badlands landscape evolution model. Model was parameterized using uplift history calculated from calibrated North Ameri-

- . ) :-f.f"*:' i : ] can river provile inversion. Model resolution = 10 km. Lowest panel = modern topography from ASTER GDEM. (b) Calculated discharge; final ] - I
age area over Space and ’[|me, that Y. I panel = modern discharge calculated using Esri flow routing algorithms and ASTER GDEM. (c) Calculated cumulative denudation. (d) Calcu- : : R f
. . . cpr o | ¢ GBS n - lated sedimentary load. Calculated solid sedimentary flux (black line) compared to published estimates (grey) for the (e) Baltimore Canyon ] ! e eren ces
variable climate does not Slgnlflcantly A TR & & i Trough (Poag & Sevon, 1989) and (f) Gulf of Mexico (Galloway et al., 2011).
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Figure 9: Calculated cumulative uplift. (a) North America, calculated by linear inversion of 4161 river profiles Figure 13: Comparison of calculated and independent denudation rates. (a) Comparison of denudation rates calculated using

(rms misfit = 1.24). Grid of red points in top left-hand panel = loci of spatial vertices used to discretize uplift rate. (b) 4 12\m ) . R . . ) . . inverse model and from independent A-He closure ages. Error bars = range of measured denudation rates; blue points show where our

Selected panels at four different times that show model coverage (i.e. number of non-zero entries in model matrix). y = 41 6 X 1 O X (278 X 1 O ) . over-/under-predicts uplift rate by more than a factor of two. (c) Spatial distribution of stratigraphic and biostratigraphic 52 _ —v(AP)m VZ _ KVZZ + U(JC f) calculated denudation rates are a factor of two or more lower than A-He estimates; note error bars have been omitted for clarity. (f) Com- ] ] ] ] .

(c) Four panels showing cumulative uplift history of North America calculated using coarser mesh (rms misfit = 2.62). Y parison of calculated denudation rates and independent estimates from AFT closure ages. Department of Earth Science and Engineering, Imperial College, London, UK.

constraints colored by accuracy of inverse model; symbols same as for panels (a) and (b). (d) Comparison of inversion a— —
lts and ob ti tered on Colorado Plateau. [ : : : :
(d) Coverage for coarser mesh. results and observations centered on Lolorado Flateau ?Bullard Laboratories, University of Cambridge, UK.




