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Determining the timescale over which continental surface elevation (hypsometry) evolves is
difficult because it reflects a combination of isostasy and dynamic topography operating in
concert with erosion and deposition. Here, we use 252 million year old and younger shal-
low marine sediments exposed at the surface as tracers of net change in continental surface
elevation relative to the geoid surface defined as sea level between two points in time: to-
day and when those sediments were deposited. In aggregate, we find that the elevations of
Triassic and younger surface-exposed shallow marine sediments closely mirror global conti-
nental hypsometry. However, dispersion in the elevations of marine sediments increases with
increasing depositional age away from a constant modal elevation of ∼0 m. This empirical
age-elevation relationship is consistent with the expectations of a diffusion model, wherein
shallow marine sediments are continually deposited near 0 m in the submerged and initially
subsiding regions of the continents and then undergo vertical displacements down and up
with a constant stochastic distribution of rates. When such a model is tuned to empirical
age-elevation data, an asymptotically-stable distribution of surface elevations congruent with
observed continental hypsometry emerges on a timescale of 107 − 108 years.

Keywords: continental hypsometry; surface elevation; marine sediments; surface uplift; sea
level

I. INTRODUCTION

Isostasy and dynamic topography result in crustal sur-
face uplift or subsidence and their time-integrated ef-
fects acting in concert with erosion and deposition de-
termine global hypsometry1,2. Isostasy primarily reflects
the correlation of surface elevation with crustal thickness,
with secondary contributions from variations in den-
sity and/or flexure. Dynamic topography, that part of
Earth’s topography that is not accounted for by isostasy,
results from stresses acting on the lithosphere that are
associated with radial components of mantle flow as well
as thermal and chemical buoyancy residing within the
mantle lithosphere2. The timescales of change in conti-
nental hypsometry, then, depend on the rates of change
of crustal thickness, with contributions from erosion, de-
position and dynamic topography. Thermochronology
and cosmogenic estimates of local erosion capture aspects
of denudation3, but these do not provide estimates of
changes in surface elevation. In principle, paleoaltime-
try can yield estimates of surface uplift4, but most ap-
proaches are capable of detecting only large-magnitude
uplifts associated with mountain building. It is, there-
fore, difficult to assess how and over what timescale
Earth’s continental surface elevation evolves1,5,6.

The present-day elevations of globally-distributed shal-
low marine sediments (Fig. 1) are useful tracers of net
vertical continental surface motion because geological ob-
servations constrain their initial elevation to within a
few tens of meters of sea level7 and because determin-
ing their present-day elevation is straight-forward. Thus,
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regardless of the specific history of burial, uplift, and ex-
humation/erosion after deposition, the present-day eleva-
tion of surface-exposed shallow marine sediments unam-
biguously constrain the elevation of Earth’s surface rela-
tive to sea level at two points in time: today and when
those sediments were deposited. A global scale analysis
is advantageous because the integrated vertical motions
of continental lithosphere are likely to be approximately
zero-centered on long timescales, whereas isolated regions
are free to undergo directional shifts in elevation due to
changes in local boundary conditions.

II. DATA

We use data from the Paleogeographic Atlas Project
(PGAP) at the University of Chicago8 and elevation data
from the ETOPO1 global digital elevation model9. The
PGAP data represent a globally comprehensive survey
of surface-exposed rock units grouped into one of 15
chronostratigraphic stages (average duration 5 Myr) from
the Early Triassic Induan stage (252 Ma) to the recent;
ages are based on the updated international chronos-
tratigraphic timescale10. Each PGAP location consists
of latitude and longitude coordinates and descriptions
of sedimentary deposits and their environments of de-
position. Here, we use 11,251 locations (Fig. 1) that
preserve marginal marine and marine shelf sediments es-
timated to have been deposited in water depths of less
than∼50 m7. Because the geographic coordinates of each
PGAP location are resolved to the nearest tenth of a de-
gree, the elevation of each location was estimated using
the minimum, maximum, and mean elevation from the
36 surrounding one arc-minute ETOPO1 grid cells. The
global and statistical nature of our analysis, combined
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FIG. 1. All 11,251 shallow marine sediment locations from the PGAP compilation plotted on shaded relief ETOPO-1 DEM.

with the inherent crustal length-scale of surface uplift,
renders random error in our estimated elevation of each
observation of little importance. Results are not sensi-
tive to which ETOPO1 elevation estimate is used (Fig.
6) and they are robust to data culling and subsampling
(Fig. 7).

III. RESULTS AND MODEL DESCRIPTION

In aggregate, the surface elevations of exposed Triassic
and younger shallow marine sedimentary rocks closely
mirror global present-day continental hypsometry (Fig.
2), with a combined mean elevation of 711 m. This falls
between the approximately 793 m mean elevation from
ETOPO1-Ice regridded at a tenth of a degree resolution
and the 649 m mean elevation from ETOPO1-Bed re-
gridded at a tenth of a degree. It is also close to the 797
m mean elevation of the continents estimated from other
surface elevation data11.

The fact that Triassic and younger shallow marine
sediments exposed at the surface are widely distributed
with respect to present-day surface elevation and, in ag-
gregate, closely reproduce present-day global continental
hypsometry is a fundamental observation that relates di-
rectly to the processes governing vertical surface uplift
and subsidence. Specifically, it raises the possibility that
the timescale required to modify an initially low elevation
surface (defined by the formerly ocean covered portions
of the continents) and to converge on present-day global
continental hypsometry is captured by the elevation-age
relationships of shallow marine sediments.

When the present-day elevations of surface-exposed
marine sedimentary rocks are segregated into groups
based on their geological age of deposition (Fig. 3), there
is a significant and systematic change in the distribution

of elevation as a function of sediment depositional age.
Notably, there is a significant increase in mean elevation
with increasing age, from 0 m in young marine sedi-
ments to over 1,000 m among Triassic shallow marine
deposits (Fig. 4a). The general pattern of increasing
mean elevation with increasing age persists regardless of
which ETOPO1 elevation estimate is used (Fig. 6), after
random culling of data (Fig. 7), and after removing all
samples located within active orogenic zones (Fig. 8).

The observed increase in mean elevation as a function
of geological age is closely mirrored by an increase in the
variance in elevations (Fig. 4B). Indeed, the observed in-
crease in mean elevation with increasing age is not driven
by a change in modal elevation. Instead, the increase in
mean reflects a systematic increase in the dispersion of
elevations away from a constant mode of ∼0 m (Fig. 3).

Increase in the variance of tracer positions as a function
of time with no change in mode is characteristic of a
diffusive process:

V (t) = Cθt
θ (1)

where V (t) is the mean square displacement (variance)
at time t and Cθ is the normal coefficient of diffusion for
the case θ = 1. That is, if all tracer points are indepen-
dent, there is no spatial or temporal correlation in their
motions, and the system is unbounded (i.e., all positions,
regardless of magnitude, are possible), then normal dif-
fusion applies. In such cases, the distribution of point
positions is Gaussian around the starting position, with
variance in position increasing as a linear function of time
(i.e., θ = 1). If any one or more of these conditions are vi-
olated, then θ 6= 1 and the system will exhibit anomalous
diffusion12,13. When θ < 1 the system is subdiffusive and
when θ > 1 the system exhibits superdiffusive behavior.

Linear regressions of the observed variance in eleva-
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ETOPO1 Estimate Model θ Cθ r2 P-value Cθcor

average normal 1.00 5,918 m2/Myr 0.81 8x10−6 17,037 m2/Myr
average anomalous 0.68 38,095 m2/Myrθ 0.86 1x10−6 -

maximum normal 1.00 6,772 m2/Myr 0.84 3x10−6 20,004 m2/Myr
maximum anomalous 0.57 81,739 m2/Myrθ 0.86 1x10−6 -
minimum normal 1.00 5,171 m2/Myr 0.80 4x10−6 14,230 m2/Myr
minimum anomalous 0.75 21,253 m2/Myrθ 0.85 2x10−6 -

TABLE I. Description of linear and power-law fits to the observed elevation variance-age data following Equation 1. In these
fits, the intercept was not forced to zero because the distribution of elevations of Pleistocene marine sediments (at ∼0Ma) have
non-zero variance due to a combination of error in the estimate and uplift over short amounts of time (see Fig. 3). Cθcor is the
half-normal distribution corrected estimate for the Cθ.
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FIG. 2. Global continental hypsometry and marine sediment
elevations. A. Density distributions of elevations. B. Same
data, but on cumulative x-axis and elevation vertical axis, the
familiar representation of continental hypsometry. Observed
global continental hypsometry is in gray, with error bounds (±
2 standard deviations) generated from 1,000 replicate samples
of 11,251 randomly-drawn coordinates from ETOPO1. Ob-
served marine sediment elevations, generated using different
conventions for assigning point locations with relatively low
precision an elevation from the ETOPO1 grid cells. Eleva-
tions estimated using different values from the ETOPO1 grid
intersecting and surrounding each location are shown in blue,
black and red lines.

tion vs. geologic age provide fits with adjusted r2 ≥ 0.8
(see Table 1 for all regression results). Power law fits to
the elevation-age data provide better overall descriptions,
with r2 ≥ 0.85 and more normally-distributed residuals.
In all cases, θ < 1, which is indicative of subdiffusive
behavior. Subdiffusion occurs in random walk models
when the distribution of waiting times between steps has
high variance. In other words, when there are “sticking
points” that can trap tracers in regions of comparative
stability for extended periods of time before undergoing
comparatively large and abrupt displacements. Such a
scenario is a very good description of large areas of ini-
tially low-elevation continental crust flooded by shallow
seas. Much of this area could remain rather stable for
long periods of time, undergoing slow isostatic and dy-
namic topographic adjustments before being caught up
in plate boundary interactions. For the purpose of model
data comparison, it is important to note that subdiffu-
sion results in highly kurtotic, non-normal distributions
of tracer positions, which is consistent with the observed
non-normality of marine sediment elevations (Fig. 3;
Shapiro tests for normality of all reflected distributions,
P < 10−16).

The advantage of any diffusive model is that the ag-
gregate behavior of a closed system can be characterized,
as a whole, using empirically grounded observations of
the positions of particles (i.e., geographic locations with
shallow marine sediment at the surface). Several diffu-
sion models yield reasonably good fits to the observed
age-elevation distributions for these shallow marine sed-
iments. One such model14 describes the waiting times
between successive displacements as:

w(τ) =
α/τ0

(1 + τ/τ0)1+α
(2)

where w(τ) is the waiting time probability density, τ0
is unit time, and 0 < α < 1. Step sizes at w(τ) were
drawn from a normal distribution with a mean of 0 and
a standard deviation of ws. In the example parameter-
ization presented here, α = 0.23, ws = 950 m, and an
upper boundary was imposed at +9,000 m, past which
points underwent attrition (the probability of achieving
such high elevations is low and therefore the effect is neg-
ligible; see Fig. 4C). The starting elevations of each point
were randomly drawn from a uniform distribution be-
tween -150 and 150 m; all points were also incremented
in each time step by drawing a random deviate from a



Sediment elevation and continental hypsometry 4

..

Pleistocene-R (~0 Ma)
n= 199

Elevation (m)

D
en

si
ty

0 2000 4000 6000

0.
00

00
0.

00
15

0.
00

30

Langhian ~15 Ma
n= 640

Elevation (m)

D
en

si
ty

0 2000 4000 6000

0.
00

00
0.

00
15

0.
00

30

Chattian ~26 Ma
n= 519

Elevation (m)

D
en

si
ty

0 2000 4000 6000

0.
00

00
0.

00
15

0.
00

30

Lutetian ~45 Ma
n= 810

Elevation (m)

D
en

si
ty

0 2000 4000 6000

0.
00

00
0.

00
15

0.
00

30

Thanetian ~56 Ma
n= 789

Elevation (m)

D
en

si
ty

0 2000 4000 6000

0.
00

00
0.

00
15

0.
00

30

Maastrichtian ~69 Ma
n= 830

Elevation (m)

D
en

si
ty

0 2000 4000 6000

0.
00

00
0.

00
15

0.
00

30

Coniacian ~88 Ma
n= 586

Elevation (m)

D
en

si
ty

0 2000 4000 6000

0.
00

00
0.

00
15

0.
00

30
Cenomanian ~97 Ma
n= 1249

Elevation (m)
D

en
si

ty
0 2000 4000 6000

0.
00

00
0.

00
15

0.
00

30

Aptian ~119 Ma
n= 849

Elevation (m)

D
en

si
ty

0 2000 4000 6000

0.
00

00
0.

00
15

0.
00

30

Valanginian ~135 Ma
n= 667

Elevation (m)

D
en

si
ty

0 2000 4000 6000

0.
00

00
0.

00
15

0.
00

30

Tithonian ~149 Ma
n= 829

Elevation (m)

D
en

si
ty

0 2000 4000 6000

0.
00

00
0.

00
15

0.
00

30

Callovian ~165 Ma
n= 1017

Elevation (m)

D
en

si
ty

0 2000 4000 6000

0.
00

00
0.

00
15

0.
00

30

Pliensbachian ~187 Ma
n= 570

Elevation (m)

D
en

si
ty

0 2000 4000 6000

0.
00

00
0.

00
15

0.
00

30

Norian ~218 Ma
n= 921

Elevation (m)

D
en

si
ty

0 2000 4000 6000
0.

00
00

0.
00

15
0.

00
30

Induan ~252 Ma
n= 764

Elevation (m)

D
en

si
ty

0 2000 4000 6000

0.
00

00
0.

00
15

0.
00

30

FIG. 3. Empirical density distributions of elevations of surface-exposed shallow marine sediment. Elevations in each temporal
cohort are based on average ETOPO1 elevation estimate. Number of locations used to generate each distribution (n) also
shown. All distributions are plotted on identical axes. Shapiro tests of normality for distributions reflected by randomly
selecting 50% of the data and multiplying by -1 all have P ≤ 10−16, indicating non-normality. Note that the modal elevation
for all cohorts remains at or near 0 m. Change in elevation distributions is systematic with increasing age and driven by an
increase in the dispersion of elevations away from a constant modal elevation of ∼0 m.

normal distribution with a mean of 0 m and a standard
deviation of 15 m. Note that these two components of
the model fully encompass the proposed magnitude of
Triassic-Recent eustatic sea level variation15,16 as well as
variation in the initial water depths in which the sedi-
ments were deposited. Model predictions (Fig. 4) are
broadly similar under a range of values for α, ws, the
range of starting positions, and the standard deviation
of the random normal deviate.

It is important to note here that our emphasis is not
on the value of any one model or the specifics of model-
data fit or regression coefficients (Table 1). Instead, we
focus on the general behavior and explanatory power of
such a model in describing the age-elevation data and
the implied timescale required to generate continental
hypsometry.

IV. DISCUSSION

An empirically-tuned diffusion model predicts many
aspects of the global age-elevation frequency distribu-
tions of shallow marine sediments (Fig. 4). Triassic

sediments, which are higher in observed mean and vari-
ance than predicted, are the largest departures. These
positive residuals can be attributed to a disproportion-
ately large number of Triassic sample locations on the
Tibetan Plateau, which results in a small mode at high
elevation (Fig. 3). Imposing temporal variability in the
starting elevation of marine sediments to reflect putative
eustatic sea level changes over geologic time, even with
an amplitude of 300 meters15,16, has no effect on model
predictions after only a few million years because vertical
motion is cumulative and large in magnitude by compar-
ison (Fig. 3, 4a). There is, therefore, little signature of
eustatic sea level remaining in the present-day elevations
of shallow marine sediments after they have aged only
few million years. This result is consistent with the find-
ing that tectonic and dynamic topography controls the
long-term history of continental marine inundation17,18

and with the suggestion that there has been only 25±
22 m of eustatic sea level change from the Jurassic to
Eocene relative to continental ice-free and glacial isostat-
ically corrected crustal hypsometry19.

When the diffusion model is run for 252 Myr and all
elevations ≥0m are included in a single frequency dis-



Sediment elevation and continental hypsometry 5

..

0
0.

5
1.

0
1.

5

M
ea

n 
el

ev
at

io
n 

(k
m

)

TrJKPgNg

0
50

0
10

00
15

00
20

00

V
ar

ia
nc

e 
in

 e
le

va
tio

n 
(k

m
  )

TrJKPgNg

0 50 100 150 200 250

0
2

4
6

8

Geologic time (Ma)

M
ax

im
um

 e
le

va
tio

n 
(k

m
)

TrJKPgNg

A

B

C

2

FIG. 4. Observed and model-predicted elevations of marine
sediment vs. geologic age. Observations shown as points; x-
error bars correspond to the duration of time bin that marine
sediments were assigned to in the PGAP compilation and y-
error bars show ± 2 standard errors of the estimates in that
bin (see Fig. 3 for raw empirical distributions summarized
here by statistical moments). Gray fields show expected value
based on a random sample of ETOPO1 with a sample size
equal to that available for each time bin. Dotted lines are two
standard deviations about the expected value (solid line) of
1,000 iterations of a diffusion model run continuously over the
timescale shown. Each iteration of this model had 750 points,
comparable to the average number of empirical observations
in each time bin (black points, see also Fig. 3). A: Mean
elevation. B: Variance in elevation. C: Maximum elevation.
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try predicted by running the model shown in Fig. 4 for 541
Myr. Inset shows same data as main figure, but with elevation
plotted against cumulative proportion of data.

tribution, irrespective of age, hypsometry similar to that
observed for the continents today emerges (Fig. 5) with a
mean elevation of ∼800 m. When extending the model to
encompass the 541 Myr duration of the Phanerozoic, the
predicted mean continental surface elevation increases to
∼900 m, but does not markedly change the expected hyp-
sometry, which evolves indefinitely but asymptotically
(Fig. 5). Thus the ∼250Myr time frame of the data
used here are sufficient to capture most of the expected
change in the age-elevation relationship (modelled global
mean elevation increases by only 0.8m/Myr after 252 Myr
and by less than 0.4m/Myr after 541 Myr). Extrapola-
tion beyond the Phanerozoic is unlikely to be informative
due to the large discontinuity in shallow marine sediment
abundance that occurs at the start of the Phanerozoic,
which is indicative of a major change in the nature of ma-
rine sediment accumulation on the continents, a period
of Precambrian continental denudation, or both20,21.

Long-term modeled rates of vertical surface uplift,
measured as changes in elevation from time ti to time
ti+1, are ∼17 m/Myr on average. This is comparable
to long-term sediment accumulation rates measured over
the same unit duration22–24. If rates of sedimentation
measured on Myr timescales are controlled by rates of
crustal subsidence, then agreement in vertical surface dis-
placements measured by sediment thickness-duration and
age-elevation relationships is expected and, indeed, this
is a fundamental requirement of a diffusion-type model.
It is important to note that there is no predicted change
in mean elevation (∼0 m) of marine sediment vs. as a
function of its depositional age. That is, shallow marine
sediments of all ages are expected to remain at ∼0m in
elevation, on average, with only some fraction of those
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sediments travelling downward into the subsurface to get
buried by younger materials, and an equal number being
uplifted to get exposed and subject to erosion and other
surface processes. Thus, the expectation of this basic
diffusion model is that there is a distribution of negative
elevations for shallow marine sediments in the subsur-
face that is at comparable to that which is observed at
the surface (Fig. 3). The thickness and ages of sediment
in between a sedimentary unit in the subsurface and one
at the surface will reflect the specific subsidence-uplift
and sedimentation/erosion history at each location.

The signature of erosion is not readily apparent in the
marine sediment elevation data (Fig. 4) nor is it explic-
itly included in the diffusion model. However, most shal-
low marine sediments exposed at the surface today were
buried by some depth of overlying sediment before being
returned to the surface by exhumation. Erosion, there-
fore, clearly plays a central role in the history of most
marine sediments exposed at the surface today. How-
ever, exhumation is distinct from surface uplift1 and we
are considering the surface elevations of rocks which, by
definition, have not been lost to erosion. It is also pos-
sible that the signature of erosion would be clearly ex-
pressed if we had comprehensive data on the subsurface
elevations of shallow marine sediments of the same ages
and over a comparable, comprehensive global-scale tab-
ulation of continental crust. Such data might reveal that
the distribution of elevations for cohorts of shallow ma-
rine sediments in the subsurface are not symmetric with
those sediments of the same age and exposed at the sur-
face today (Fig. 3), which is a fundamental requirement
of our diffusion model. If erosion were a predominate
factor affecting surface-exposed sediments and their ele-
vations, then we might expect to see marine sediments of
a given age exhibiting an even greater dispersion of sub-
surface elevations with increasing age than that which is
observed for surface-exposed sediment cohorts (Fig. 3,4).

Although we do not yet have this type of data on the
subsurface elevations of shallow marine sediment, we do
have data describing the total surviving quantity of shal-
low marine sediment in the subsurface and surface over
this same time interval20,25. These data or rock quantity
are consistent with some aspects of our results. Specifi-
cally, the surviving quantity of shallow marine sedimen-
tary rock, including that in the surface and subsurface,
lacks one of the most basic patterns that is expected in
all models of sediment cycling and erosion: there is no
decline in the quantity of surviving shallow marine sedi-
ment with increasing age20,25. On the contrary, there is
an overall increase in surviving marine sediment quantity
with increasing age during most of the Phanerozoic, with
variability primarily reflecting changes in how much con-
tinental crust is inundated20,25. When analyses of marine
sediments are spatially integrated over the scale of conti-
nents, the quantitative signature of erosion is apparently

quite diminished. The possible emergence during the
Phanerozoic of an asymptotically-stable continental hyp-
sometry (Fig. 5), driven in part by net growth in the total
amount of sedimentary cover on the continents26,27, has
many implications for the long-term evolution of Earth’s
surface environment.
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FIG. 6. All statistical moments for the ETOPO1 estimates of surface elevation of marine sediment cohorts (as in Fig. 4). Red,
maximum ETOPO1 elevation in each location grid cells. Blue, average elevation. Black, minimum elevation in each location
grid cells. Gray areas show mean ± 2 standard deviations for each statistical moment based on a random sampling of the
global ETOPO1 data using the empirical sample size, shown in the panel labeled “Number of datapoints” (upper left).
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FIG. 7. Statistical moments for all ETOPO1 estimates computed after randomly culling 50% the empirical data. All symbols
as in Fig. 6. Compare to Fig. 4,6. Results are robust to random culling of locations used to estimate surface elevation.
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FIG. 8. Statistical moments for all ETOPO estimates, excluding all points in modern orogenic zones. Coloring and labeling of
points and lines as in Fig. 6. Points falling within modern orogenic zones were identified semi-quantitatively by using general
outlines for modern active orogens and then identifying all empirical shallow marine sediment locations falling within those
outlines. These points were then culled from the analysis. A total of 8,624 points remained in the dataset following this cull (a
loss of 23% of the data). Compare to Fig. 4 and Fig. 6.
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