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This Supplemental Material contains additional text, five figures and three tables. The first section 
contains a description of the data used and generated by this study. These data are included separately 
as text files. The next section contains Tables S1 and S2, which show a comparison of paleobathymetric 
models, and a benchmark of environments from the Paleobiology Database (PBDB) against other 
paleoenvironmental analyses. The Figures S1 and S2 show the sea-level curves used in this study, and 
histograms of minimum, mean and maximum paleobathymetries. Figures S3 and S4 show geophysical 
data from western North America and the Borborema Province, Brazil. The final section expands on 
the methodology and parameters used to calculated topographic support, and includes Figure S5 and 
Table S3.

1 Datasets

Dataset 1 [rawdata.csv]: Data downloaded from the PBDB website (https://paleobiodb.org), con-
taining 580,346 fossil occurrences. The dataset fields contain information about: Accepted taxon name, 
Collection number, Longitude, Latitude, Two letter country code, State, Maximum age (Ma), Mini-
mum age (Ma), Formation, Member, Lithology, Depositional Environment, Tectonic Setting, Geology 
comments and Primary reference.

Dataset 2 [MeasuredUplift PBDB.txt]: Contains the 24,372 Cretaceous to Recent marine assemblages 
used to measure uplift, interpreted paleo-water depths and measured uplift. We note that references 
for each sample can be obtained from the raw PBDB inventory, which is included as a separate text 
file. The dataset fields contain information about: Longitude, Latitude, Identifier number, Mean Age 
(Ma), Minimum Age (Ma), Maximum Age (Ma), Mean Paleo-water Depth (PWD, km), Minimum 
PWD (km), Maximum PWD (km), Formation, Depositional Environment, Geology comments, Tag 
(a/b/c; see main text), Mean Elevation (km), Minimum Elevation (km), Maximum Elevation (km), 
Mean sea-level (km), Minimum sea-level (km), Maximum sea-level (km), Mean uplift with no sea-level 
correction (km), Mean uplift (km), Minimum uplift (km), Maximum uplift (km).
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2 Tables

Table S1: Comparison of paleobathymetric models.

Reference,
Location

Environment &
Description

B min
[m]

B max
[m]

PBDB
Environment

No.
Tectonic
Setting

B min
[m]

B max
[m]

Ziegler et al.
(1985),
Global

ocean trenches;
turbidites or pelagic

6000 12000
deep-water
indet.

10 none 250 4000

ocean floor; pelagic
sequence on ocean
floor

4000 6000
basinal
(silicicalstic)

3 none 500 4000

continental slope-rise 200 4000 slope 34 none 250 4000

prodelta fans 200 4000
basinal
(silicicalstic)

3 none 500 4000

outer shelf 50 200
offshore
indet.

21 none 50 250

prodelta 50 200 prodelta 29 none 15 100
inner shelf 0 50 shoreface 33 none 1 50
delta front 0 50 delta front 11 none 1 15

Sahagian and
Jones (1993),
Russian
platform

shoreface; beach
oolites, mudcracks,
evaporites, fossils

0 2 shoreface 33
passive
margin

1 150

lagoon; mud, fossils 0 2 lagoonal 16
passive
margin

0 2

reef; fossils 0 2
reef, buildup
or bioherm

30
passive
margin

0 250

transition zone;
storm beds, fossils

2 10
transition
zone/lower
shoreface

37
passive
margin

45 200

offshore; fossils 10 25 offshore 20
passive
margin

150 250

deep; fossils 25 50
deep-water
indet.

10
passive
margin

250 4000

Sahagian
et al. (1996),
Russian
Platform

deep water 100 200
deep-water
indet.

10
passive
margin

250 4000

Read (1985),
Global

deep shelf and ramp;
diverse open marine
biota, upward fining,
storm-generated
beds, dominantly
fair weather base

10 40
deep subtidal
ramp

8 none 45 150

He et al.
(2017),
Pearl River
Mouth

littoral; sea-level to
fair weather-wave
base

0 20
shallow
subtidal
indet.

32
passive
margin

1 45

inner shelf; fair to
storm-wave base

20 100
deep subtidal
indet.

7
passive
margin

45 150

outer shelf;
storm-wave base to
shelf break

100 200 offshore 20
passive
margin

150 250

continental slope;
bathyal

200 3000 slope 34
passive
margin

250 3000

basin plain; abyssal 3000 5000
basinal
(silicicalstic)

3
passive
margin

2000 4000

Katz et al.
(2013),
New Jersey
Shelf

upper shoreface 0 5
shallow
subtidal
indet.

32
passive
margin

1 45

lower shoreface 5 10
deep subtidal
indet.

7
passive
margin

45 150
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shoreface-offshore
transition zone

10 30
transition
zone/lower
shoreface

37
passive
margin

45 200

inner neritic shelf 0 30 shoreface 33
passive
margin

1 150

middle-outer neritic
shelf

30 200 offshore 20
passive
margin

150 250

offshore 20 200 offshore 20
passive
margin

150 250

El-Azabi and
El-Araby
(2007), Gulf
of Suez

foreshore intertidal 0 2 foreshore 13 rift 0 1

shoreface / shallow
subtidal

0 5
shallow
subtidal
indet.

32 rift 1 15

deep subtidal 5 30
deep subtidal
indet.

7 rift 15 50

offshore transition
zone

5 25
transition
zone/lower
shoreface

37 rift 15 70

offshore; lower deep
subtidal

25 30 offshore 20 rift 50 250

Short (2014),
southern
Australia
Shelf

inner shelf; benthic
species

0 70 shoreface 33
passive
margin

1 150

middle-outer shelf;
benthic species

70 250 offshore 20
passive
margin

150 250

intertidal 0 3 foreshore 13
passive
margin

0 1

middle-deep neritic 60 140 offshore 20
passive
margin

150 250

Allen (1970),
modern Niger
delta

delta front 0 30 delta front 11
passive
margin

1 45

prodelta 0 60 prodelta 29
passive
margin

45 100

nearshore/shoreface 0 20 shoreface 33
passive
margin

1 150

upper shoreface 0 7
shallow
subtidal
indet.

32
passive
margin

1 45

lower shoreface 7 20
deep subtidal
indet.

7
passive
margin

45 150

offhsore 20 200 offshore 20
passive
margin

150 250

continental slope;
bathyal

200 3000 slope 34
passive
margin

250 3000

Adegoke et al.
(2017), Niger
delta

nearshore; includes
shoreline, marsh and
estuary

0 8 foreshore 13
passive
margin

0 1

marsh 0 8
marginal
marine indet.

18
passive
margin

0 45

estuary 0 8 estuary/bay 12
passive
margin

0 45

inner neritic 8 55 shoreface 33
passive
margin

1 150

continental shelf 8 250 offshore 20
passive
margin

150 250

slope; bathyal 250 2000 slope 34
passive
margin

250 3000

basin floor; abyssal 2000 4000
basinal
(siliciclastic)

3
passive
margin

2000 4000

Davies et al.
(2002),
Arabian Plate

outer platform 50 200 offshore shelf 23
foreland
basin

50 250
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middle platform 10 50
deep subtidal
shelf

9
foreland
basin

15 50

inner platform 0 10
shallow
subtidal
indet.

32
foreland
basin

1 15

Olson and
Leckie (2003),
northern Gulf
of Mexico

marsh; benthic
foraminifera
zonations

0 5
marginal
marine indet.

18
passive
margin

0 45

bay; benthic
foraminifera
zonations

0 5 estuary/bay 12
passive
margin

0 45

lagoon; benthic
foraminifera
zonations

0 5 lagoonal 16
passive
margin

0 2

inner neritic; benthic
foraminifera
zonations

0 50 shoreface 33
passive
margin

1 150

middle-outer neritic;
benthic foraminifera
zonations

50 150 offshore 20
passive
margin

150 250

Brigaud et al.
(2018), Paris
basin

upper offshore;
storm dominated,
poorly sorted,
bioturbation

10 40
transition
zone/lower
shoreface

37
cratonic
basin

12 50

shoal (shoreface);
high energy, ooids,
cross-bedding, well
sorted

2 30 shoreface 33
cratonic
basin

1 40

lagoonal 0 2

lagoonal/
restricted
shallow
subtidal

17
cratonic
basin

0 5

intertidal; restricted
and protected
environment

0 2 peritidal 27
cratonic
basin

0 2

supratidal; brackish,
brine ponds and
episodic flux of
normal marine
waters

0 2
marginal
marine indet.

18
cratonic
basin

0 12
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Table S2: Benchmarking PBDB and independent paleoenvironments.

Location Age [Ma] Stratigraphy Reference, Environment Benchmark Reference,
Environment

Saudi
Arabia;
46.824,
25.203

83.5–70.6 Hajajah Mb,
Aruma Fm

El-Sorogy et al. (2016): basin
reef, intra-shelf basin.

Gameil et al. (2020): intra-shelf
basin reef, fore-reef, back-reef –
based on fossils (corals, solitary
corals, bivalves, rudists,
gastropods, echinoids).

Skane,
Sweden;
12.816,
55.566

66–61.6 Stevens
Klint Fm

Bjerager et al. (2010): basin reef,
deep-water coral reef complex,
reefs are 20 m high, 200 m long,
formed on a first order
paleo-seafloor high.

Schøder and Surlyk (2020):
cool-water, coral-bryozoan
mound complex within a chalk
seaway continental platform –
based on fossil assemblage and
associated sediments.

Colorado,
USA;
−104.717,
38.283

100.5–93.9 Bridge Creek
Limestone
Mb,
Greenhorn
Limestone

Elder (1987): basinal carbonate,
cratonic basin, chalky, very well
indurated. Section C2
constitutes interbedded
limestones and shales.

Elderbak and Leckie (2016):
deposition in deep axis of
Greenhorn seaway, in anoxic
event – based on benthic and
planktonic foraminifera.

England,
−0.267,
51.950

99.6–93.5 Totternhoe
Stone Mb,
Zig Zag
Chalk

Newton (1892): basinal
carbonate.

Woods (2015): sea floor pelagic
carbonate – based on
foraminifera, coccoliths,
sedimentology.

−110.094,
36.525

99.6–93.5 Mancos
Shale

Kirkland et al. (1996): basinal
siliciclastic, foreland basin.

Leckie et al. (1991): basinal to
neritic (oxygen minimum zone) –
based on kaolinite abundances,
benthic and planktonic
calcareous forams. Indicates
deeper water at peak
transgression, transition into
arenaceous benthic foraminifera
assemblage, hummocky
cross-beds (below fair weather
wave base = 5–15 m).

Bern,
Swizer-
land:
7.517,
46.867

20.44–
15.97

Upper
Marine
Molasse,
Belpberg
Beds

Kroh and Menkveld-Gfeller
(2006): sandstone, delta front.

Schlunegger et al. (1997):
Foreland basin deltaic shoreface,
offshore bay, nearshore,
foreshore, shoreface with
0–130 m PWD (given in text) –
based on sedimentology.

Alabama,
USA;
−85.317,
32.126

85.8–70.6 Blufftown Schwimmer et al. (1993):
estuary/bay, most likely
back-barrier or estuarine settings
during relatively high sea-level
stands.

Case and Schwimmer (1988):
back-barrier marine or estuarine
environment, near-normal
salinity, with considerable fluvial
input, shallow – based on
sedimentology.

Alberta,
Canada;
−110.470,
49.120

83.5–70.6 Dinosaur
Park

Eberth and Brinkman (1997):
mudstone, estuary/bay.

Beavan and Russell (1999):
paralic with increasing marine
influence, brackish water
marginal marine – based on
fossils (shark teeth, marine
reptiles) and sedimentology
(inclined heterolithic
stratification, characterized by
alternating sand, mud, and
carbonaceous shale laminae, with
localized ironstone concretion
suggestive of a lateral accretion
surface).
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South
Dakota,
USA;
−103.220,
43.270

99.6–93.5 Hartland
shale,
Greenhorn
Fm

Sageman and Bina (1997):
offshore, foreland basin.
Deposited during widespread
marine flooding of the Western
Interior U.S., the Greenhorn
Formation is renowned for its
organic carbon-rich shales and
limestone-marlstone cycles

Sageman (1989): offshore,
low-energy anoxia occasionally
oxygenated by storm events,
cratonic basin – based on
geochemical analysis, benthic
fossil assemblages, other fossil
associations (e.g. ammonites).

Alabama,
USA;
−87.475,
32.141

56–47.8 Bashi Mb,
Hatchetigbee
Bluff Fm

Palmer and Brann (1965):
perireef or subreef.

Gibson and Bybell (1984): inner
shelf deposits, inner to middle
neritic – based on foraminifera
and sedimentology (shelly
glauconitic silt and very fine
grained sand, commonly
including a thin sequence of
laminated silt and clay at the
top).

New
Mexico,
USA;
−105.893,
35.492

93.5–89.3 Carlile Shale,
Blue Hill

Coates and Kauffman (1973):
bafflestone, reef, buildup or
bioherm.

Shimada (2006): Comparing to
the laterally equivalent in
Kansas. Offshore to nearshore –
based on distribution of fossil
fish and sedimentary structures.

Maryland,
USA;
−76.516,
38.531

13.82–
11.62

Choptank,
Drumcliff

Shattuck (1904): shoreface
sandstone. Mollusk-dense pale
yellow-brown to pale orange
well-sorted sand. Sub-tropical to
temperate, in a current-swept
channel-like basin.

Kidwell et al. (2015): shoreface
to marine shelf – based on fossil
assemblage (sedimentary
structures are rare/absent).
Densely packed shells and fine
sand, onshore portions of a
marine shelf, including sandy and
shelly seafloors of a few meters
to 10–20 m PWD (given in text).

Arizona,
USA;
−110.819,
35.745

93.5–89.3 Toreva Fm,
Blue Point
Tongue

Kirkland et al. (1996): transition
zone/lower shoreface, foreland
basin.

Olesen (1991): shoreface – based
on sedimentology and fossils.
Fine-grained, non-calcareous
sandstone, stratification obscured
by bioturbation but consists of
small-scale, very low angle,
planar-tabular cross-bedding or
ripple laminations.
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3 Figures

Sea Level Curve
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Figure S1: Simplified global sea-level compilation from Bessin et al. (2017). Solid blue curve is mean
sea-level, light blue band indicates minimum and maximum values. These curves were used to correct
uplift estimates using Equation 1 in the main manuscript.
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Figure S2: Paleobathymetries for best-constrained samples. (a) Minimum paleo-water depth (PWD),
(b) mean and (c) maximum. These histograms exclude samples with tag ‘a’ and identified as ‘marine
indet.’, ‘carbonate indet.’ or ‘deep-water indet.’. See body text of main manuscript for discussion of
these results.
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Western North America: Geophysical Observations
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Figure S3: Geophysical observations from the Western Interior of North America. (a) Long wavelength
free-air gravity (GRACE; ∼ 800 − 2500 km band pass filter; Tapley et al., 2005). (b) Lithospheric
thickness from CAM2016 model (Priestley and McKenzie, 2013). (c) Shear-wavespeed anomaly at 100
km depth (SL2013sv; Schaeffer and Lebedev , 2013). (d) Crustal thickness from PnUS model (south
of dotted gray line Buehler and Shearer , 2016) and CRUST1.0 (north of dotted gray line Laske et al.,
2013). Black curves show locations of cross sections X–X′, Y–Y′ and Z–Z′ (see Figure 6 in main text).
(e–g) Cross sections X–X′, Y–Y′ and Z–Z′ showing topography from ETOPO1 (black curve), topography
within 100 km wide swath (gray band), mean uplift of points within swath (colored circles). Mean and
extrema of geophysical observations are shown along the swaths as colored curves and bands (see key).
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Borborema province: Geophysical observations
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Figure S4: Geophysical observations from the Borborema Province, northeast Brazil. (a–f) Geophysical
models are the same as those shown in Figure S3 of this document.
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4 Isostatic calculations

In the main manuscript we compare present-day elevations and paleobathymetries of PaleoDB points to
those predicted by isostatic calculations. Here, we describe the methodology in further detail. Figure
S5 shows a schematic that describes the model setup. Values for all parameters used are defined in
Table 1.
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Figure S5: Schematic illustrating lithospheric and asthenospheric columns used for isostatic calcula-
tions. T, P, ρ, z refer to temperatures, pressures, densities and depths, respectively. Symbols, parameter
values and units are defined in Table S3.

We explore the effects of lithospheric thinning and excess asthenospheric temperatures on the expected
elevation of continents (McNab et al., 2018; Klöcking et al., 2018). Assuming isostasy prevails, the
expected elevation, e, of a column of lithospheric material and associated asthenospheric mantle with
respect to the depth of a standard mid-ocean ridge is given by

e = tcc

(
ρL − ρcc
ρa

)
− tw

(
ρa − ρw
ρa

)
− toc

(
ρa − ρoc
ρa

)
+ (a− x)

(
ρa − ρL
ρa

)
+ b

(
ρa − ρca
ρa

)
(1)

where b is the thickness of asthenospheric mantle that contributes to uplift and x the thickness of
lithospheric mantle removed. We assume that e is small compared to a. The density of asthenospheric
mantle beneath a mid-ocean ridge, ρa, is estimated by accounting for its temperature dependence.
Assuming a linear adiabatic temperature gradient and accounting for compressibility

ρa = ρ◦

(
1 − αTa +

Pa

K

)
, (2)

where the average temperature of oceanic asthenosphere, Ta , is given by

Ta = Tbase −
1

2

dT

dz
(a− tw − toc + b− x), (3)

and the temperature at the base of the column, Tbase, is given by

Tbase = TP + (a+ b− x)
dT

dz
. (4)
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The average lithostatic pressure of oceanic asthenosphere, Pa, is given by

Pa =
g(ρwtw + ρoctoc)

1000
+

1

2

dP

dz
(a− tw − toc + b− x). (5)

Instantaneous removal of the base of continental lithosphere leaves the remaining portion thermally
disequilibrated. When nothing (i.e. x = 0) has been removed the lithosphere is assumed to be thermally
equilibrated (i.e. a steady-state geotherm, ∂2T/∂z2 = 0, is assumed). By assuming a linear geotherm
from the surface (T = 0◦C) to the base of the lithosphere and by accounting for the effects of mantle
depletion and compressibility, we estimate the density of the continental lithospheric mantle, ρl, to be

ρL = (ρ◦ − ∆ρd)

(
1 − αTL +

PL

K

)
(6)

where ∆ρd is the density difference between normal and depleted lithospheric mantle, and the average
pressure in the continental lithospheric mantle, PL, is given by

PL =
gtccρcc
1000

+
1

2

dP

dz
(a− x− tcc). (7)

The average temperature of continental lithospheric mantle, TL, is given by

TL =
TL◦

2a
(a− x+ tcc) (8)

and TL0 is the temperature at the base of unthinned continental lithosphere, given by

TL◦ = TP + a

(
dT

dz

)
. (9)

We also consider the effects of emplacing anomalously hot asthenospheric mantle of thickness b beneath
continental lithosphere. For an excess temperature of ∆T , the asthenospheric mantle beneath the
continent has a density of

ρca = ρ◦

(
1 − α(Tca + ∆T ) +

Pca

K

)
(10)

where the mean temperature of unheated continental asthenosphere, Tca, is given by

Tca = TP +

(
a− x+

b

2

)
dT

dz
(11)

and the average pressure of the asthenosphere, Pca, is given by

Pca =
gρcctcc
1000

+
dP

dz

(
a− x− tcc +

b

2

)
. (12)

These equations were combined with Equation 1 and measured uplift to infer geologic histories of
western North America and the Borborema province in the main manuscript (see also Figures S3 and
S4). It is straightforward to calculate uplift for a state-state (equilbrated) geotherm by modifying
dT/dz (Figure S6).
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Figure S6: Comparison of a steady-state (equilibrated) and a disequilibrated geotherm on
the generation of uplift by lithospheric thinning. Top row: predicted elevation as a function of
removed thickness of lithosphere for a (a) steady-state and (b) disequilibrium lithospheric geotherm.
Middle row: Gray scale and contours show calculated elevations for a crustal thickness of 40 km, and
lithospheric thinning and asthenospheric thermal anomaly for a (c) steady-state and (d) disequilibrium
geotherm. Bottom row: Predicted elevation for a crustal thickness of 30 km for a (e) steady-state
and (f) disequilibrium geotherm. Labeled boxes indicate estimates of support for Cretaceous western
interior of North America (K), Great Plains (GP), Araripe Plateau (AR), Rocky Mountains (RM), and
Potiguar Basin (PT).

12



Table S3: Parameters used in isostatic calculations. MOR = Mid-oceanic ridge.

Parameter Symbol Value Units

MOR Ridge depth tw 2.8 km
Oceanic crust thickness toc 7.1 km
Water density ρw 1.0 Mg m−3

Oceanic crust density ρoc 2.86 Mg m−3

Oceanic asthenosphere density ρa Mg m−3

Oceanic asthenosphere average temperature Ta
◦C

Oceanic asthenosphere average pressure Pa GPa

Continent Elevation above sea-level e km
Continental crust thickness tcc km
Original continental lithosphere thickness a km
Removed lithospheric mantle thickness x km
Thickness of hot asthenosphere b 200 km
Continental crust density ρcc 2.75 Mg m−3

Continental lithospheric mantle density ρL Mg m−3

Lithospheric mantle depletion density ρd Mg m−3

Continental lithosphere average temperature TL
◦C

Temperature at base of equilibrated lithosphere TL◦
◦C

Continental asthenosphere average temperature Tca
◦C

Asthenospheric mantle temperature anomaly ∆T oC
Lithospheric mantle average pressure PL GPa
Continental asthenosphere average pressure Pca GPa

General Reference mantle density ρ◦ 3.33 Mg m−3

Mantle adiabatic temperature gradient dT/dz 0.44 ◦C km−1

Mantle thermal expansion coefficient α 3.3 × 10−5 ◦C−1

Potential temperature of ambient mantle TP 1320 ◦C
Temperature at base of column Tbase

◦C
Mantle pressure gradient dP/dz 0.033 GPa km−1

Bulk Modulus K 115.2 GPa
Gravitational acceleration g 9.8 m s−1

13



References

Adegoke, O. S., Oyebamiji, A. S., Edet, J. J., Osterloff, P. L., and Ulu, O. K. eds., 2017, Foraminifera
and Calcareous Nannofossil Biostratigraphy of the Niger Delta, Chapter 5 - Paleoenvironmental
Synthesis: Elsevier, Oxford, UK, 129–144.

Allen, J. R. L., 1970, Sediments of the modern Niger delta: a summary and review, in Morgan, J. P.
eds. Deltaic Sedimentation, Modern and Ancient, Special Publications of SEPM, pp. 138.

Beavan, N. R. and Russell, A. P., 1999, An Elasmobranch Assemblage from the Terrestrial-Marine
Transitional Lethbridge Coal Zone (Dinosaur Park Formation: Upper Campanian), Alberta, Canada:
Journal of Paleontology, v. 73 no. 3, p. 494–503, doi:10.1017/S0022336000028006.

Bessin, P., Guillocheau, F., Robin, C., Braun, J., Bauer, H., and Schroëtter, J., 2017, Quantification
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