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a b s t r a c t
The validity of sea level estimates based on stratigraphic correlations has been debated since the 1990 s
as relative sea level curves differ between sites due to local tectonics, different deposition rates and
changes in dynamic topography. Here, we offer a new eustatic (global) sea level curve for the past 520
million years (Myrs) based on observations of global flooding. We use paleogeographic reconstructions
to measure the area of today’s exposed land that was flooded in the past (modern-land flooding). We then
apply the modern global hypsometric slope to reconstruct the sea level history. We find minimum sea
levels (comparable to today’s level) towards the end of Pangea (210 Ma) and peak levels (280 m higher
than today) at 80 Ma when Pangea was widely dispersed. A first-order ‘‘supercontinent” cycle of 250 million years (Myrs) is recognized but we also document a second-order cycle of 37 Myrs that was previously thought to be undetectable using the hypsometric method. The hypsometric slope is critical for
reconstructing past sea levels, and steepening the hypsometric slope during Pangea assembly implies
dramatically larger sea level fluctuations. Our new sea level curve shares strong similarities with stratigraphic constraints and correlates with seafloor production proxies throughout the Phanerozoic.
Measurements of global flooding represent averages across great continental extents, making them less
sensitive than stratigraphic analyses to regional-scale vertical land motion, such as from dynamic topography and hence more reliable for estimating eustatic sea level. This method can also help to identify
local deviations caused by regional uplift or subsidence and serves to constrain geodynamic mechanisms
for sea level change. Our new sea level reconstruction usefully tracks global variations in Phanerozoic
eustatic sea level, but also opens opportunities to estimate such variations in deeper time.
Ó 2022 The Author(s). Published by Elsevier B.V. on behalf of International Association for Gondwana
Research. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/
4.0/).

1. Introduction
Sea level and its fluctuations over various timescales are indicators of changes across multiple earth processes, including climatic
and tectonic changes as well as time-dependent mantle dynamics.
Eustatic or global sea level variations may be driven by changes in
the volume of water in the oceans, controlled by the amount of
water stored on land in glaciers and groundwater. On timescales
of 10 s to 100 s of Myrs, water exchange with Earth́s mantle contributes to large sea level fluctuations (Karlsen et al., 2019).
Eustatic changes on such timescales also result from plate tectonics and mantle processes that create volcanoes, mid oceanic ridges,
and continental orogeny, which vertically deflect the seafloor or
change its area (e.g., Conrad, 2013). Stresses associated with mantle flow can also trigger up to a kilometer (km) of dynamically supported topography that affects eustatic sea level as well as coastal
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(i.e., local) observations of sea level (e.g., Moucha et al., 2008;
Conrad and Husson, 2009).
Eustatic sea level changes can be quantified using stratigraphic
methods and other paleoenvironmental indicators (e.g., Miller
et al., 2005). Fossil corals provide high precision constraints for
the past few million years, and indicate rates of sea level rise as
high as 40 mm/yr (Lambeck et al., 2014), an order of magnitude
higher than Anthropocene-driven changes (3 mm/yr). In deep
time (i.e., > 100 Ma), the number of methods that can be used to
reconstruct sea level is limited. They are essentially restricted to
methods associated with stratigraphy, which uses fossil markers
and sedimentary facies changes to assess the position of the shoreline through time (e.g., Haq & Al-Qahtani, 2005; Haq & Schutter,
2008; Miller et al., 2005, Hardenbol et al., 1998) and plate tectonic
reconstructions, which assess changes to the depth and the extent
of ocean basins (e.g., Vérard et al., 2015; Conrad, 2013). However,
plate tectonic methods require full-plate polygons with ageestimates for the oceanic lithosphere that are mainly synthetic
before the Cretaceous.

https://doi.org/10.1016/j.gr.2022.05.011
1342-937X/Ó 2022 The Author(s). Published by Elsevier B.V. on behalf of International Association for Gondwana Research.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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relies on the accuracy of the flooding estimates. In previous studies, both global continental crust flooding (e.g., Kocsis and
Scotese, 2021; Scotese and Golonka, 1992) and ‘upper shelf to
coastal’ flooding (e.g., Ronov, 1994; Smith et al., 2004) are engulfed
in the term ‘‘flooding”. This can lead to confusion and faulty comparisons as these estimates utilize different measurements, and
may be subjected differently to corrections for isostatic processes.
Furthermore, while the upper limit of the flooded area can usually
be identified through time, the lower limit is usually more poorly
defined, and needs clarification. We here develop clear terms and
definitions for flooding estimates and express the main differences
and limitations between two chosen definitions. We also refined
flooding estimates based on paleogeographic maps of exposed land
(Marcilly et al. 2021). Based on our analyses of flooded land, we
here present a new global sea level curve over most of the Phanerozoic with improved accuracy.

Most stratigraphy-based Phanerozoic sea level curves show
consistent long-duration fluctuations (Fig. 1) with (1) high (200
to 400 m) sea levels in the early Paleozoic, (2) low (50 to 25 m)
sea levels during Pangea times (320–250 Ma), (3) peak sea level
in the Late Cretaceous (250 m at 100–80 Ma) and (4) declining
sea levels during Late Cretaceous and Cenozoic times (from
200 m to present-day level). Most variations are within the
200 m range, but some studies yield variations up to 400 m above
and 50 m below present-day levels (e.g., Hallam, 1992; Snedden &
Liu, 2010, 2011). Although the reported amplitudes of the early
Paleozoic and late Mesozoic sea level high-stands vary significantly, the relative consistency of the temporal variations in the
different stratigraphic curves suggests that they can place practical
constraints on the plate tectonic processes that largely control
them. Nevertheless, stratigraphy-based sea level curves have been
challenged because they simultaneously measure eustatic sea level
change and local uplift or subsidence at the observation location
(Kominz et al., 2016; Gurnis, 1993a,b), which can result in overor under-estimation of global-scale fluctuations. Indeed, the relative sea level assessment is often based on measurement along
one or more coastlines and can be affected by the local dynamic
topography of the region (Müller et al., 2008; Gurnis et al. 1998;
Spasojevic et al., 2008).
Compared to regional stratigraphic observations, global flooding estimates represent averages of sea level change across large
areas, making these estimates less sensitive to modification by
regional uplift or subsidence. Here, we calculate eustatic sea level
change directly from flooding maps using the hypsometric method,
which converts continental flooding into changes in sea level using
the landmass-specific hypsometric curve (Forney, 1975, Algeo &
Wilkinson, 1991; van der Meer et al., 2017; Bond, 1979;
Harrison, 1990). This method provides estimates of sea level fluctuations with coarser time-resolution than can be obtained from
other methods (e.g., seismic or stratigraphic analysis). However,
the hypsometric method holds the significant advantage of being
applicable over long periods (>10 Myrs), such as the entire
Phanerozoic (Algeo & Wilkinson, 1991). However, this method

2. Methods
2.1. Definition of flooding
The quality of sea level estimates derived from the hypsometric
method primarily depends on quantifying the size of flooded land
areas over time. This study tests two different definitions of flooding, ‘‘modern-land” and ‘‘continental” flooding. ‘‘Modern-land” flooding is here simply defined as the areal difference between exposed
land at a certain time in the past (exposed but moved in time
according to the tectonic reconstruction) versus the total land area
exposed today. For example, the brown and light blue areas in
Fig. 2a are the exposed area today for the reconstructed landmasses, but only the brown areas were exposed at 440 Ma. The
light blue areas, therefore, represent land areas flooded at
440 Ma. It should be noted that some of the land flooded today
is considered exposed at certain times in the past (pink areas),
e.g., within landmasses interior to Gondwana (Fig. 2a) that were
juxtaposed in the past. We here consider those areas as shallow
areas most likely to be exposed within the 10 Myrs of the map life

Fig. 1. Timescale with greenhouse (hot) versus icehouse (cold) conditions for the past 520 Myrs and two global sea level curves derived from the use of stratigraphic methods
(i.e. Hallam, 1992; Composite curve from: Haq & Al-Qahtani, 2005, Haq & Schutter, 2008, Haq, 2014; 2018). The curve is binned every 10 Myrs to smooth changes in
chronostratigraphy (generally less than 4 Myr differences) between studies. Numbers 1 to 4 refer to the description of sea level fluctuations discussed in the text. Bulk Pangea
lasted from about 320 to 195 Ma (Veevers, 2004; Torsvik and Cocks, 2017). H, Hirnantian glaciation (end-Ordovician; 445 Ma); LPIA, Late Paleozoic Ice Age (330–260 Ma);
ECIA, End Cenozoic Ice Age (past 30 Myrs). The timing of the main icehouses are extracted from the compilation of Torsvik and Cocks (2016), Fielding et al. (2008), RochaCampos et al. (2008), Gaetani et al. (2009), Beerling and Berner (2000), and correspond to periods with large permanent ice-sheets (Scotese et al. 2021).
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The present-day flooding calculated based on the continental
shelves model is  61.5 mill. km2 which is the difference between
present-day area of continental crust (210.5 mill. km2) and the
exposed land area on Earth (148.9 mill. km2). To express the ‘‘continental” estimates relative to the present, we remove this presentday flooding value (Fig. 3a) from each estimate over the studied
period. However, it is worth pointing out that ‘‘continental” crust
estimates through time, as opposed to ‘‘modern-land‘‘ estimates,
are often poorly constrained and are the result of a subjective exercise, e.g. how much continental extension took place along a particular rifted margin, how much shortening took place for a
specific terrane, and at what time(s) did extension or shortening
occur.
The uncertainties linked to the exposed land maps mostly
reside in the time-step chosen (i.e 10 Myrs), and some maps, where
base-data were lacking, had to be built using extrapolation
between the maps ± 10 Myrs around it (Marcilly et al., 2021). It
is to be noted that uncertainties are large and numerous for the
exposed land reconstructions but nearly impossible to quantify
as data become less reliable with time. This is also true when trying to estimate the transition zone between continental and oceanic crust through time (e.g., Torsvik et al. 2009), but this only
affects ‘‘continental” flooding estimates.
2.2. Calculation of sea levels
In order to calculate sea levels from flooding estimates, we used
the hypsometric method (Forney, 1975, Bond, 1979) with an estimate of the hypsometric slope that relates continental area to elevation (van der Meer et al., 2017). We consider only one single
global and averaged hypsometric slope over Earth’s coastal regions,
as we aim to calculate global changes in sea level. We therefore do
not calculate the slope for each continental landmass separately,
unlike previous studies (e.g., Bond (1979); Forney (1975)). To estimate the slope, we used a linear fit over the ETOPO1 global relief
model (Amante and Eakins, 2009) corrected for geoid and postglacial rebound effects (Vérard, 2017). As the elevation for
Phanerozoic eustatic fluctuations ranges within a few hundred
meters above present sea level, only the low elevation hypsometric
curve (i.e., the coastal hypsometry) is required here. The slope of
the hypsometric curve is assumed to remain constant in the first
few hundred meters (0–200 m) (Forney, 1975; Hallam, 1984). This
approximation has been demonstrated as reliable (van der Meer
et al. 2017) and enables the following linear relationship:

Fig. 2. Plate reconstructions at  440 Ma (early Silurian) with exposed land, deep
ocean and (a) ‘‘Modern land” flooded areas (light blue) and exposed land of the past
that is currently flooded (pink areas). Our reconstructions assume that small
pathways between continents were also exposed in the past, based on lithofacies
and fossil distributions over 10 Myr intervals. However, those land areas are not
exposed today. (b) ‘‘Continental” flooded area (updated from Marcilly et al., 2021). B,
Baltica; L, Laurentia, S, Siberia. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

and therefore consider them as exposed. The ‘‘modern-land” flooding method to estimate global sea levels does not require precise
paleogeographic information in terms of absolute latitude and longitude for the continents.
‘‘Continental” flooding is here defined as the difference between
the area of the continental crust (continental crust polygons modified from Torsvik and Cocks, 2017) and the area of exposed land
through time (Fig. 2b). This flooding refers to the inundation of
entire continental shelves and includes areas of for example
stretched continental crust (pre-breakup extension) along passive
margins. Computing the area of flooded continental shelves
requires more detailed paleogeographic and plate tectonic knowledge of those areas. Contrarily to the ‘‘modern-land” flooding estimates, the ‘‘continental” flooding estimates (Fig. 3a) must be
corrected relative to present-day flooding to translate them into
relative sea level estimates. The total present-day area of continental crust is estimated to 210.4 mill. km2 (Cawood et al., 2013),
which is almost identical to the areal extent (210.5 mill. km2) of
the continental crust polygon model of Torsvik & Cocks (2017).
Based on this continental polygon model, with some revisions,
we have mapped out the limit of potential continental crust worldwide for the past 520 Myrs, and the areal extent is listed in Table 1.
One simplification in our model is that some areas of exposed
oceanic crust today (e.g., Iceland) are incorrectly integrated into
the estimates of exposed continental land, leading to an error of
0.08% that is removed from the obtained flooding estimates.

hðtÞ ¼ F ðt Þ  C

ð1Þ

F(t) is the time-dependent additional area of continental
shelves (in km2) that will be flooded by sea level rise hðtÞ, while
C is the hypsometric slope (in km2/106km). In equation (1), the
hypsometric curve is used to estimate the eustatic sea level rise
that will flood different portions of the continent over time. To
use it over the Phanerozoic, we assume that ancient coastal hypsometries were similar to those of the present-day (Forney,
1975). This assumption implies that the shelf margins were identical in slope (albeit located differently across the globe through
time).
Models for modern hypsometry suggest different values for C
based on whether ice sheets are considered, or if the ice is removed
(Amante & Eakins, 2009). A value of 0.0050 km/106km2 is estimated by van der Meer et al. (2017) using a model corrected for
ice load. However, Vérard (2017) suggests that the slope should
additionally be corrected for geoid and post-glacial rebound
effects. Furthermore, as we identify variations in sea level that
are>200 m (Fig. 1), we recalculated the slope from Vérard (2017)
using a linear fit between 0 and 250 m (range of most of the
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Fig. 3. (a) Time-scale with greenhouse (hot) versus icehouse (cold) conditions for the past 520 Myrs (See Fig. 1 caption for additional details), ‘‘Modern-land” flooding
estimates and our ‘‘Continental” flooding estimates (without any corrections) compared with continental flooding estimates of Kocsis & Scotese (2021). The difference
between our curve and the one of Kocsis and Scotese (2021) is shaded in green. The offset labeled (1) indicates the correction needed for our ‘‘continental” estimates to be
expressed relative to present. The shaded grey area corresponds to the compilation of flooding areas estimates from different studies compiled by van der Meer et al. (2017).
The flooding area from van der Meer et al. (2017; stippled grey line) is based on strontium isotope analysis with correction for weathering processes. (b) Estimated ‘‘Modernland” (blue curve) and ‘‘Continental” (red curve) sea levels, compared to sea level reconstructions from Kocsis and Scotese (2021) and van der Meer et al. (2017). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Land and flooding areas through time with a 10 Myrs time step, and calculated sea levels for both ‘‘modern-land” and ‘‘continental flooding”. The mismatch between modern land
and exposed land during 20-0 Ma is linked to many islands that are mapped in the exposed land model.

Relative 106 km2

Modern land sea
level
(C = 0.0057 km/
km2)
Relative m

Continental sea
level
(C = 0.0057 km/
km2)
m

Continental sea
level
(C = 0.0057 km/
km2)
Relative m

32.30
39.14
35.07
31.42
32.64
33.55
35.31
23.74
23.41
39.36
37.98
22.41
22.81
36.16
35.08
36.25
10.16
15.88
7.31
10.18
3.99
14.45
9.47
6.08
12.40
15.87
1.78
1.29
5.28
6.52
2.99
13.36
3.36
4.73
5.95
7.80
15.93
10.32
8.13
20.00
28.71
22.03
33.39
28.31
43.99
16.60
12.60
6.68
10.51
4.60
3.39
2.55
0.00

245.84
304.32
246.02
234.97
242.32
241.42
249.49
181.37
175.44
261.91
259.14
150.12
169.48
259.14
246.98
232.06
103.89
147.27
123.49
135.49
83.70
165.88
156.62
113.57
139.68
154.80
73.22
72.03
40.09
37.03
57.74
14.66
55.75
47.81
25.00
118.41
200.95
153.19
129.56
158.39
210.77
157.11
212.83
212.00
283.52
138.84
84.63
46.56
23.81
2.88
1.94
3.62
0.00

531.07
569.78
546.74
526.11
532.99
538.12
548.09
482.61
480.75
571.02
563.24
475.08
477.31
552.93
546.78
553.45
405.71
438.06
389.58
405.81
370.75
429.97
401.80
382.62
418.38
438.04
358.26
355.47
318.25
311.26
331.21
272.49
329.12
321.41
314.49
392.31
438.36
406.62
394.22
461.39
510.76
472.92
537.25
508.45
597.25
442.18
419.52
385.97
407.66
374.24
367.39
362.58
348.17

182.88
221.60
198.55
177.92
184.80
189.93
199.91
134.42
132.56
222.84
215.05
126.89
129.12
204.74
198.59
205.26
57.52
89.87
41.40
57.63
22.56
81.79
53.61
34.43
70.19
89.85
10.07
7.29
29.94
36.92
16.98
75.70
19.07
26.78
33.70
44.12
90.17
58.43
46.03
113.20
162.57
124.73
189.07
160.26
249.06
93.99
71.33
37.79
59.47
26.05
19.20
14.39
0.00

Age

Continental
crust

Modern land
(corrected for
Iceland)

Exposed
land

Modernland
flooding

Continental
flooding

Continental
flooding relative
to present

(Ma)

106 km2

106 km2

106 km2

Relative
106 km2

106 km2

520
510
500
490
480
470
460
450
440
430
420
410
400
390
380
370
360
350
340
330
320
310
300
290
280
270
260
250
240
230
220
210
200
190
180
170
160
150
140
130
120
110
100
90
80
70
60
50
40
30
20
10
0

169.40
167.57
174.85
173.28
172.98
174.33
174.49
175.03
175.76
176.61
176.84
180.65
179.80
177.74
178.77
182.78
179.20
177.28
175.28
176.77
182.92
181.44
181.73
186.35
188.33
189.27
190.09
191.39
190.50
189.81
189.67
186.81
190.16
190.04
193.00
190.78
184.81
187.16
189.50
196.52
196.24
199.28
201.06
196.37
199.67
198.08
203.90
205.20
213.66
212.73
211.93
212.60
210.49

116.16
117.83
118.88
119.00
118.79
119.07
118.89
118.97
118.98
119.16
120.27
120.40
122.57
123.00
122.96
123.16
123.03
123.06
125.42
126.16
129.36
131.94
135.57
135.98
136.25
136.39
136.89
138.47
138.51
138.51
138.52
138.42
139.02
138.86
139.02
139.55
140.02
140.02
140.02
140.02
140.02
140.02
140.24
139.98
140.95
141.44
141.36
142.36
143.01
143.27
144.53
145.07
146.14

75.61
66.95
78.29
80.37
78.86
79.29
77.69
89.80
90.86
75.77
77.37
96.75
95.50
80.10
82.21
85.04
107.55
99.92
106.48
105.10
117.44
105.51
110.77
118.78
114.45
111.91
126.82
128.62
134.29
134.84
131.18
138.69
132.04
133.28
137.46
121.50
107.39
115.35
119.88
115.04
106.04
115.77
106.18
106.57
94.19
119.99
129.82
137.04
141.67
146.64
147.05
148.57
149

38.67
49.00
38.70
36.75
38.05
37.89
39.32
27.29
26.24
41.51
41.02
21.77
25.19
41.02
38.87
36.24
13.60
21.27
17.07
19.18
10.04
24.55
22.92
15.31
19.92
22.60
8.19
7.98
2.34
1.80
5.45
2.15
5.10
3.70
0.33
16.17
30.75
22.31
19.75
25.05
34.86
25.24
36.69
36.04
49.29
24.15
14.20
8.08
4.04
0.62
0.25
0.69
0

93.79
100.62
96.55
92.91
94.13
95.03
96.79
85.23
84.90
100.84
99.47
83.90
84.29
97.65
96.56
97.74
71.65
77.36
68.80
71.67
65.47
75.93
70.96
67.57
73.89
77.36
63.27
62.78
56.20
54.97
58.49
48.12
58.12
56.76
55.54
69.28
77.41
71.81
69.62
81.48
90.20
83.52
94.88
89.79
105.47
78.09
74.09
68.16
71.99
66.09
64.88
64.03
61.49

variations). This results in a value of C = 0.0057 km/106km2, which
we use here.
Once the hypsometric slope is chosen, relative sea level fluctuations can be calculated by estimating flooding through time. This
is obtained by calculating the difference between the exposed land
area and the total land area (i.e., ‘‘continental” or ‘‘modern-land”) at
a given time. In this way, we estimated the amount of flooded land
for the past 520 Myrs in 10 Myrs intervals (Fig. 3a). By applying
this flooding value to equation (1), relative sea level can be
expressed as:


h ¼ Ltotal  LExposed  C

where Ltotal is the total area of land (‘‘continental” or ‘‘modernland” in km2), LExposed (Marcilly et al. 2021) represents the area of
exposed land (in km2), and sea level is expressed relative to
present-day (Fig. 3b; Table 1).
Global sea level estimates on 10 to 100 Myrs scales usually need
to be adjusted for the isostatic response (Pitman, 1978; Conrad,
2013; van der Meer et al., 2017). Generally, a mantle mass equal
to the added water depth is displaced from beneath the oceanic
lithosphere (Conrad, 2013), which decreases the sea level change
relative to the continents. Since seawater density is  30% of the
density of mantle rocks, isostatic compensation of seawater, when
fully completed, should cause the observed sea level change to be

ð2Þ
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(61.5 million km2). This discrepancy is linked to their choice of definition for the transition from continental to oceanic crust (set at
1400 m isobaths), while our model is based on detailed mapping
of the continental-ocean transition zone worldwide using seismic
and potential field data (e.g. Torsvik et al. 2009). Kocsis and
Scotese (2021) chose to create smaller areas with continental crust
along the passive margins compared to our model, explaining the
present-day differences.
Continental flooding estimates must be corrected for the
present-day value when integrated into equations (1) and (2).
The volume of continental crust increased over the Phanerozoic
but estimates of the increase in crustal growth differ vividly among
different models (2% to 39%; Cawood et al., 2013 and reference
therein). Our model considers only the continental area, representing essentially stretched continental crust at passive margins that
we here call ‘‘shelves”, and incorporates negligible, or only minor,
additional crustal volumes. For this reason, crustal growth models
should not be used to scale our flooding estimates. Instead, we subtracted the modelled present-day flooding (Fig. 3a) from all estimates over the studied period, expressing flooding relative to the
present (e.g., Forney, 1975, Bond, 1979, van der Meer et al., 2017
and references therein).
‘‘Continental” flooding estimates generally result in lower sea
levels (on average 75 m), most notably during Pangea times
(Fig. 3b, Table 1), but sea level curves based on ‘‘continental” and
‘‘modern-land” flooding estimates are broadly similar with an average sea-level difference of 50 m over the past 520 Myrs.

only 70% of the changes in water-level rise (Spasojevic and Gurnis,
2012).
Isostatic
rebound
completes
within
timescales
of  10 k years and therefore it is suitable to apply a full isostatic
correction for the timescales considered here (>1 Myr). However,
our flooding maps (Fig. 2) are derived from a compilation of several
local to regional stratigraphic studies that assess the extent of the
coastline that we used to draw the exposed land limit. Therefore,
those studies already integrate the effect of global isostasy as they
measure the eustatic sea level (when compiled globally) and not
the water column. For this reason, it is not necessary to adjust
our sea level estimates (e.g., equation (2)) to account for isostatic
effects. However, the water volume or basin volume changes that
are responsible for this isostatically compensated change in
eustatic sea level are larger than the observed change (h in equation (2)) by a factor of 1/0.7 = 1.43 (Conrad, 2013; Pitman, 1978).
3. Results and discussion
3.1. Calculated eustatic sea levels
3.1.1. Flooding and sea levels from ‘‘Modern-land” flooding
‘‘Modern-land” flooding estimates (Fig. 3a) yield early Palaeozoic
(520–460 Ma) sea levels that are about 250 m higher than present
day levels (Fig. 3b; Table 1). Large reconstructed fluctuations are
notable for the Late Ordovician to the Devonian, with a 74 m oscillation in sea level between 460 and 440 Ma, and a 90 m oscillation
between 420 and 390 Ma. The drop in sea level around 450 Ma
coincides with the Hirnantian glaciation, which likely lasted less
than one million years (Torsvik & Cocks, 2017). A more considerable sea level drop (124 m) occurs near the DevonianCarboniferous boundary at 370–360 Ma (Fig. 3b). This marks the
start of a prolonged 100 Myr period of lower sea levels fluctuating
around 150 m until 260 Ma, overlapping with the Late Paleozoic
Ice Age (LPIA) that lasted from about 330 to 260 Ma. Peak glacial
extent, however, occurred between 300 and 290 Ma (Montañez &
Poulsen, 2013; Soreghan et al., 2019).
In the late Permian (260 Ma), sea levels dropped by 81 m, followed by a more gentle decrease until reaching the lowest reconstructed value for the entire Phanerozoic at 210 Ma (14 m). These
low sea levels correspond to the time when bulk Pangea may have
been centered above TUZO (Fig. 4a), one of the main large low
shear-wave velocity provinces (LLSVPs; Garnero et al. 2007,
2016) in the lowermost mantle (today observed beneath Africa).
Central Pangea was situated on top of high dynamic topography
that may have contributed to the all-time low in global sea levels
at 210 Ma (Fig. 4a). A sharp increase in global sea level (90 m)
is recognized between 180 and 160 Ma and occurred during the
main and initial break-up phase of Pangea (Torsvik & Cocks,
2017). Peak Phanerozoic sea levels are noticed at around 80 Ma
(283 m) and are followed by a sharp drop in sea levels until the
mid-Cenozoic (Fig. 3b, 5a).

3.2. Comparison of estimates with other flooding-based sea level
curves
Over the past 30 years, numerous estimates of flooding through
time have been published (see compilation in van der Meer et al.
2017 based on (Golonka et al., 1994; Ronov,1994; Blakey, 2008;
Walker et al., 2002; Scotese, 2016). The overall trends are broadly
similar over the Phanerozoic, but there are significant differences
in estimated sea levels (grey-shaded background in Fig. 3a).
‘‘Continental” flooding-based sea levels calculated here (red
curve in Fig. 3b) are mostly within the range of previous estimates
but there are clear exceptions during the Hirnantian (445 Ma)
and the Carboniferous (360–310 Ma) where our reconstructions
show lower values than most previous estimates. When calculated
with the same hypsometric slope, sea level from the ‘‘continental”
flooding model of Kocsis and Scotese (2021) (green curve in
Fig. 3b) implies consistently higher sea levels than our model
between 500 and 180 Ma (averaging to 211 m versus 87 m in
our model), but lower sea levels during the Early Jurassic and Early
Cretaceous (comparable to the present day) (see supplementary
material).
‘‘Modern-land” calculations represent a better-constrained set of
estimates as both the present-day exposed land and the past
exposed land are based on physical observations that are used to
build the flooding estimates. Our ‘‘modern-land ‘‘flooding and
therefore sea level estimates generally plot within the average
range from other studies and ‘‘continental” estimates, except for
the Hirnantian and parts of the Carboniferous (Fig. 3). The
‘‘modern-land” curve is generally higher than the continental curve
between 180 and 80 Ma.

3.1.2. Flooding and sea levels from ‘‘Continental” flooding
Our ‘‘continental” flooding estimates (Fig. 3a) are broadly similar
to estimates in Kocsis and Scotese (2021), but our model suggests
systematically less flooding during the Carboniferous and the Triassic, and significantly more flooding (averaging 16 mill. km2) during
the Late Jurassic-Cretaceous and parts of the Cenozoic. The discrepancies for the Carboniferous and Triassic (for example) are mostly
related to the shelf area around present-day China, where the
Kocsis & Scotese (2021) model suggests significantly larger flooded
areas than our model (Marcilly et al., 2021), with differences averaging 9 million km2 and a maximum difference at 360 Ma (nearly
30 million km2). Kocsis and Scotese (2021) display less presentday continental flooding than is currently observed on Earth

3.3. ‘‘Modern-land” estimates vs stratigraphic and tectonic methods
Our ‘‘modern-land” sea level curve shows high sea levels in the
mid-Cambrian and the Early-Mid-Ordovician, and thus differs significantly from the composite curve from Haq and others, here
referred to as the Haq curve (Haq & Al-Qahtani, 2005; Haq and
Schutter; 2008, Haq, 2014; 2018), which suggests steadily increas133
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Fig. 4. (a) Reconstruction at 210 Ma (in a mantle reference frame; Torsvik & Cocks, 2017) where exposed land (brown areas) (Marcilly et al., 2021) and ‘‘Modern land (light blue
areas) / Continental (Dark blue areas)” flooded areas are draped on the s10mean tomography model (dVS%) at 2800 km depth (Doubrovine et al., 2016). Thick red lines are the
0.9% slow contour (largest horizontal gradients in s10mean) and the thin black lines are the zero contours. The lowermost mantle is dominated by two large low shear-wave
velocity provinces (LLSVPs, Garnero et al. 2007, 2016), named TUZO (beneath Africa) and JASON (beneath the Pacific), which dominate the residual (positive) geoid (Burke
et al., 2008; Torsvik et al., 2016). The center of the lowermost TUZO layer is marked by a red star (beneath SW Africa). This juxtaposition assumes that the lower mantle
thermochemical piles have remained relatively stable back to 210 Ma (e.g., Torsvik et al. 2010b). At this time, Pangea stretched from pole-to-pole and the bulk of exposed land
was centered over TUZO. We estimate some of the lowest sea levels for the Phanerozoic during this time (Fig. 5a). (b) 210 Ma east–west cross-section at 30oS from the
Panthalassic Ocean to the Neotethys. Surface continents in the cartoon profile of Pangea include S. America, S. Africa, Madagascar (MAD), India and Lhasa, and overlying TUZO,
which are warmer but probably also denser and stiffer than the ambient mantle in its lowermost few hundred kilometers (red color). The orange color above TUZO is shown
to indicate that the area above TUZO is also warmer than the background mantle, and tends to be overlain by positive dynamic topography anomalies (e.g. Torsvik et al., 2016)
as indicated by the ‘‘bulged” Pangean lithosphere. A dynamically uplifted Pangea may feature a steeper hypsometric gradient than today’s world, lessening Pangean flooding
for a given sea level offset (see section 3.4). Between 220 and 200 Ma, plumes sourced from the western margin of TUZO are witnessed by kimberlites and one large igneous
province (Central Atlantic Magmatic Province) and older triggering slabs that we relate to subduction along the western margin of the Americas. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

not correspond to a minimum in sea level, either from our method
or from stratigraphic methods.
From about 190 Ma (soon after the main Pangea break-up) to
80 Ma, the two curves show gross similarities, and in our estimates, sea levels increased from about 28 m to about 280 m at
80 Ma. Both curves show Phanerozoic peaks in sea levels during
the late Cretaceous, but the Haq curve suggests a slightly earlier
peak than our reconstructions (i.e. 90 Ma versus 80 Ma). Unlike
several other sea level reconstructions (e.g., Hallam, 1992, and
Haq and Al-Qahtani, 2005, van der Meer et al. (2017) in
Figs. 1 & 5a), our sea level curve does not display any fluctuation
during this Cenozoic drop in sea level (Fig. 5a).
van der Meer et al. (2017) flooding estimates, based on an independent method using strontium isotopes, are much lower than
our estimates during the early Paleozoic, and the fluctuations seem
to occur 10–20 Myrs earlier compared to our reconstruction. Conversely, the Late Paleozoic displays fluctuations and sea levels that
compare well with ours. However, from the mid-Jurassic, the
strontium-based estimates are once again much lower than both

ing sea levels until the end Ordovician (Fig. 5a). However, the two
curves match reasonably well in trend from the Early Ordovician to
the middle Carboniferous. Our curve shows a local low near the
End-Ordovician Hirnantian glaciation, very similar to the fluctuations presented by the Haq curve, despite large discrepancies in
levels during the early Paleozoic, with on average + 150 m over
the peaks at 430 and 390 Ma in our estimates compared to the
Haq curve. One of the major differences with the Haq curve is
the sharp drop of 150 m that we model between 370 and
350 Ma, whereas the Haq curve suggests a more gradual decrease
from 390 to 320 Ma. However, both models reach a low at 320 Ma
(Fig. 5a). During the Late Paleozoic, the two curves differ substantially as the Haq curve generally shows much lower sea levels (as
much as 90 m), notably near the start of the Pangea assembly.
Our curve shows a marked drop in sea level near the end of the
LPIA and reaches minimum sea levels at around 210 Ma, whereas
the Haq curve models an all-time low between 210 and 200 Ma
(Fig. 5a). Contrarily to what is observed at the end-Ordovician
glaciation, the peak of the LPIA glaciations (i.e.  300 Ma) does
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Fig. 5. Time-scale with greenhouse (hot) versus icehouse (cold) conditions for the past 520 Myrs (See Fig. 1 caption for additional details) and ‘‘Modern-land” sea levels
compared with (a) the stratigraphically-derived long-term curve from the composite curve of Haq & others (2005, 2008, 2014, 2018) as well as the Sr isotope based estimates
from van der Meer et al. (2017). Both curves are binned every 10 Myrs, as is our curve, to facilitate comparisons. (b) Comparison to sea level estimates from tectonic models
(Karlsen et al., 2020; Vérard et al., 2015).

exchange with the mantle while Vérard et al. (2015) do not). The
two full-plate models are also fundamentally different. Contrarily,
sea level reconstructions based on flooding estimates are either not
sensitive or only marginally sensitive to tectonic models based on
oceanic crust reconstructions, and thus avoid some of the model
uncertainties that can afflict tectonic-based reconstructions. That
makes flooding-based sea level reconstructions more reliable,
and the close tracking of the stratigraphic and flooding-based
curves (Fig. 5a) supports this.

flooding and stratigraphic methods, even though the global trend is
similar for all (Fig. 5a).
Our ‘‘modern land” based sea level curve also shows gross similarities with the tectonic-based sea level curves for parts of the
Mesozoic and the Cenozoic, but the late Paleozoic curves are markedly different (Fig. 5b). For example, the tectonic-based model of
Karlsen et al. (2020) (Fig. 5b) yields very high sea levels (270 m)
during the Carboniferous at 340 Ma (just prior to the LPIA),
whereas a different tectonic-based model of Vérard et al. (2015)
suggests very low sea levels (-40 m). However, tectonic-based
sea-level curves are poorly constrained before Pangea (Torsvik
et al. 2010), and our flooding-based model, which is not critically
dependent on plate reconstructions, suggests intermediate sea
levels of about 150 m.
From a global perspective, our ‘‘modern-land” estimates largely
follow stratigraphic models (Fig. 5a) back to the early Mezosoic
and only partially agree with tectonic models back to the late Paleozoic (Fig. 5b). However, there is a larger diversity among the tectonic models because tectonic models require full-plate models
with ages for the oceanic lithosphere, which can differ significantly, and partly because they account for sea-level changing
processes differently (e.g., Karlsen et al. (2019) include water

3.4. Sea-levels during Pangea: Effect of changing hypsometric slopes
Assuming a constant hypsometric slope for the 0–250 m elevations for the past 520 Myrs is obviously a simplification. In reality,
hypsometric curves change over time due to tectonic and geomorphological processes such as rifting, suturing of landmasses, changing type and age of continental margins, and uplift and peneplation
of cratonic interiors (Algeo & Wilkinson, 1991; Gurnis, 1993a,
1993b; Algeo & Seslavinsky, 1995, Bond, 1979). As an example,
the mean continental height and crustal thickness should increase
during supercontinent formation (e.g., Zhang, 2005), steepening
the hypsometric slope (Algeo & Wilkinson, 1991) for perhaps a
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Fig. 6. Time-scale with greenhouse (hot) versus icehouse (cold) conditions for the past 520 Myrs (See Fig. 1 caption for additional details) (a) ‘‘modern-land” and ‘‘continental”
sea levels with error margins linked to the choice of modern day hypsometry from ETOPO1 (applying different corrections for ‘‘bed”, ‘‘ice” in Amante & Eakins (2009) and an
additional geoid correction (Vérard 2017)). (b) Scenarios tested here with progressive increase and decrease in hypsometric slope during Pangea time. Africa and Australia
refer to the slope for the 0–200 m elevation from Harrison et al. (1983) as presented in Algeo & Wilkinson (1991). The choice of time-residency of changes in slope is based on
the assembly and break up of Pangea as follows: (1) Initial suturing, Laurussia fused with Gondwana to form Pangea at around 320 Ma, (2) main phase of Pangea assembly
and uplift above TUZO, (3) main phase of Pangea break up with the opening of the Central Atlantic ocean at  195 Ma, and (4) break up of Gondwana from 180 to 170 Ma. We
also show the areal extent of Pangea (320–195 Ma) in light blue, which includes a late Paleozoic area increase of about 8%, which is mostly related to the merger of Siberia
with Pangea. ETOPO1_corr refers to the slope used in our sea level calculations (0.057 km/106km2) extracted from Vérard (2017). (c) ‘‘Modern-land” sea level with different
choices for hypsometric slope during Pangea time (green curve for Africa and orange for Australia) following the scenarios shown in panel b. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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few tens of million years. The increased slope would indicate even
higher sea levels to produce the observed flooding that was in place
when Pangea formed. Although in many places, periods of large
relief are rapidly followed by orogenic collapses and post-collision
extension (e.g., Andersen et al., 1991; Stampfli et al., 2013).
Such higher sea levels, however, would have been occurring at a
time when we might expect sea level to be depressed. For example,
the LPIA glaciation occurred during the first half of Pangea’s lifetime (Fig. 6b), and may have lowered eustatic sea level by sequestering water on land. Additionally, we note that Pangea during its
zenith assembly (210 Ma) became located above TUZO (Fig. 4a). A
persistent upwelling above TUZO would tend to dynamically uplift
the continents across supercontinental length scales (Fig. 4b), with
Pangea sitting above positive dynamic topography, and on-average
low dynamic topography across the surrounding oceans (e.g.,
Conrad and Husson, 2009). This configuration of relatively deeper
oceans would contribute to lower sea levels during Pangean time
if TUZO has remained fairly stable since Pangea formation (e.g.,
Torsvik et al. 2014, 2016). Indeed, Conrad (2013) estimated up
to  0.5 m/Myr of sea level rise since Pangea breakup as continents
move off the dynamic high and the seafloor on average rises.
Another sea level-elevating process (e.g., ridge volumes during
Pangea that are larger than expected) is thus necessary to offset
the sea level depression inherent to the geodynamic positioning
of Pangea over broad-scale mantle upwelling (Fig. 4a). Although
orogenic events taking place during Pangea formation primarily
affected the interior of the continent, and thus may not have significantly influenced coastal hypsometry, we note that positive
dynamic topography above TUZO would have uplifted the continent, as it is thought to uplift Africa today (e.g., LithgowBertelloni and Silver, 1998). This dynamic uplift may have contributed to, or even controlled, the steepening of the average hypsometric slope during Pangea formation.
There are no direct records of the variation in the hypsometric
curve with time, although modeling studies have attempted to
reconstruct such changes (Sømme et al., 2009, Burgess, 2001).
However, to account for increased continental height and thickness
during Pangea formation, we tested a steepening of the slope (C in
Eq. (1)) following supercontinent assembly and uplift (Fig. 6a). The
main phase of Pangea assembly started at  320 Ma when Gondwana, Laurussia (including Laurentia and Baltica in Fig. 2) and
intervening terranes amalgamated (Torsvik and Cocks, 2017). Pangea constituted  70% of the present-day area of continental crust
at that time, but there was a net increase of 8% between 320 and
250 Ma (Fig. 6b).
Algeo and Wilkinson (1991) estimated that Africa, an elevated
continent currently positioned above TUZO, has a hypsometric
slope that is more than double that of the main continental trend
(i.e., average for the globe). Africa is here considered a hypsometric
analogue for Pangea, since both are expected to be uplifted continental areas, and we employ its steeper slope of 0.0122 km/106km2
to our calculations of sea level estimates during Pangea (Fig. 6a).
During the development of Pangea, we implemented first a small
increase in slope from 350 to 320 Ma with values increasing gradually from 0.0057 to 0.0067 km/106 km2 between 350 and 320 Ma.
During the most active phase of Pangea, we implemented a sharp
but gradual increase of the slope from 0.0067 to 0.0122 km/106
km2 between 320 and 280 Ma (Fig. 6b). However, if the uplift
was caused by upwelling above TUZO, it might only have occurred
in the central parts of Pangea (Fig. 4a,b), considering that the
supercontinent was considerably larger compared to Africa.
Therefore, using Africa’s hypsometric slope for Pangea might
overestimate the slope steepening and thus represents an upper
end-value for Pangea’s slope.

Table 2
Sea levels calculated using changes in the hypsometric slope. The time interval of
change is highlighted in yellow, green for Africa and orange for Australia.
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Fig. 7. (a) Periodograms derived from stratigraphic (Haq & Al-Qahtani, 2005, Haq & Schutter 2008, Haq, 2014, 2018), tectonic (Vérard et al., 2015) and continental flooding
(‘‘Modern-land” sea level from this study; Kocsis & Scotese, 2021) methods. Cycles shorter than 20 Myrs are not considered as the time resolution in our models is 10 Myrs,
and estimates used in all the periodograms were binned in 10 Myrs intervals. (b) Testing for temporal changes in the cycles. We here test separately the Paleozoic (520–
280 Ma) and Mesozoic 280–90 Ma (even if including part of the Permian) as well as the influence of the Cenozoic (compare 520–90 Ma against 520–0 Ma). (c) Periodogram
showing effects of changed hypsometry during Pangea for both African and Australian slopes. (d) Periodogram of proxies for seafloor spreading from Marcilly et al. (2021).

significant. Indeed, during the maximum decrease of the slope at
270 Ma, the reduction of the peak reaches 66 m (Fig. 6c). These
observations suggest that the method used here is highly sensitive
to the choice of the hypsometric slope. Such changes can be significant, notably during the end of the Pangea assembly when the
hypsometric slope could have reached a maximum. At this period,
a substantial discrepancy with other curves arises between our
estimates and reference levels (Figs. 1, 5 and 6a, c). Therefore,
our use of a fixed slope of 0.0057 km/106 km2 during the Phanerozoic may cause us to underestimate the magnitude of sea-level
fluctuations for periods with a steeper slope, or to overestimate
them for periods when the hypsometry is flatter. This could potentially explain some of the observed discrepancies with stratigraphic methods (Fig. 5a).

Contrarily, it has been demonstrated that the hypsometric slope
in areas of subduction zones is reduced due to sinking slabs pulling
the Earth’s surface downwards, creating negative dynamic topography (Gurnis, 1993a,b). This was likely also the case for Pangea
as the supercontinent was surrounded by subduction zones at several stages of its assembly (Torsvik and Cocks, 2017). Therefore,
instead of creating a steepening of the gradient, the development
of subduction zones may have instead created a flattening in the
gradient. (Gurnis, 1993b) estimated the hypsometric gradient for
low-lying (0–200 m) areas near subduction to be close to the value
proposed by van der Meer et al. (2017) (0.005 km/106km2) and
therefore should not produce significant changes.
To test the hypothesis of a flattened gradient even further, we
also applied a flattened gradient of 0.0032 km/106 km2, corresponding to the present-day value for low-lying Australia (Algeo
& Wilkinson, 1991) (Fig. 6 b, supplementary material).
After changing the slope of the hypsometric curve from 0.0057
to a gradual increase until 0.0122 km/106km2 (Africa slope,
Fig. 6b), ‘‘modern-land‘‘ sea levels rose by + 59 m on average
throughout the main uplift period with a maximum increase
of + 78 m at 270 Ma compared to an unchanging slope (Fig. 6b &
Table 2). Major differences reside in the intensification of large
peaks in sea level at 300 and 270 Ma, and minor changes around
220 and 200 Ma increase smaller peaks in sea level. When applying
the smaller Australian slope (Fig. 6b), the changes are also initially

3.5. Cyclicity
In order to identify the cyclicity of sea level changes, we computed the Discrete Fourier Transform (DFT) of the variable sea
levels using a fast Fourier transform (FFT) algorithm. As our sea
level reconstructions are based on flooding estimates in 10 Myr
intervals, only sea level fluctuations  20 Myr or longer can be considered. Fig. 7a displays a significant peak at 250 Myrs, which corresponds to a supercontinent cycle, and this is qualitatively visible
by the high sea levels before and after Pangea (Fig. 6a). This  250
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becomes more defined and reaches higher power if the hypsometric slope is steeper during Pangea (Fig. 7c). Interestingly, Boulila
et al. (2018) also observed cycles with this duration (36 Myrs),
and attributed them to astronomical processes. In particular, they
propose that vertical and radial motions of the solar system could
induce long-term climatic variations that modulate the ice sheets.
To look for a tectonic driver of this cyclicity, we ran the same spectral analysis on two independent datasets from Marcilly et al.
(2021) that provide proxies for seafloor spreading (i.e subduction
fluxes and age-zircon distributions). This analysis (Fig. 7d) shows
a clearly identifiable supercontinental cycle of 250 Myrs, but also
tectonic cycles at  37 Myrs. This suggests that tectonic processes
may be the source of those second order cycles.
Guillaume et al. (2016) discussed the difficulty for eustatic
charts to constrain second order eustatic fluctuations because
coastline observations also measure vertical ground motion, due
to tectonics or dynamic topography. Furthermore, their analysis
of the Permian and Triassic argues that neither tectonic nor
glacio-eustatic processes can explain the rates of eustatic change
implied by second order cycles during this period. Nevertheless,
we have identified a robust second order fluctuation across the
Phanerozoic (Fig. 7). This is possible despite Guillaume et al.’s
(2016) concerns because our paleogeographic method averages
across all coastlines, and therefore is less sensitive to particular
tectonic events in any one location.
Furthermore, our identification of a  37 Myr second order
cycle (Fig. 7) arises from an analysis of the entire Phanerozoic
record, and not just a particular portion of it (e.g., PermianTriassic). We do observe a correlation with global-scale tectonic
indicators (e.g., Fig. 7d and Fig. 8b), but this correlation is more
easily explained by tectonic processes generating eustatic change
(a global sea level offset), instead of coastline uplift and

Myr first-order peak is generally visible for several other sea level
curves (peridograms computed also after binning in 10 Myr intervals, Fig. 7a), as are some shorter-period, second-order cycles.
It has previously been assumed that the hypsometric method is
limited to first-order approximations (Hallam, 1984); however, our
reconstructions include both first and second-order cycles. Indeed,
two smaller peaks are visible in the periodogram but with smaller
intensity, and these are second-order cycles (5–50 Myrs) at about
37 and 20 Myrs per cycle (Fig. 7a). These second-order cycles can
be observed with  37 Myrs intervals from 510 to 270 Ma and from
200 to 160 Ma. Between 350 and 300 Ma, 270–200 Ma, and 130–
80 Ma, cycles are shorter and about 20 Myrs in duration (Fig. 6a).
Most other curves considered, computed using a variety of methods, also show similar second-order periodicity (Fig. 7a).
To identify the temporal changes in these cycles we ran the
spectral analysis for the Paleozoic and Mesozoic separately
(Fig. 7b). Due to the shorter time window, the first order and second order cycles become less clearly identifiable. However, there is
still significant power for the longer second order cycles (37 Myr)
during the Paleozoic, while some of the power shifts toward
shorter second order cycles during the Mesozoic (Fig. 7b). We additionally analysed the Phanerozoic without the Cenozoic (90–520
Myr), a period without second order fluctuations in our reconstruction. For this case, the peak showing  37 Myr second order cycles
becomes sharper and the  20 Myrs cycles peak is displaced
towards shorter cycles (Fig. 7b). This suggests that the  20 Myrs
cycle may be an artefact linked to the 10 Myrs time step used in
our reconstructions. Indeed no shorter cycle than 20 Myrs should
be identifiable, as it would be composed of less than 2 points.
A second order cycle with a  37 Myr cycle is thus a recurring
strong signal through most of the Phanerozoic (Fig. 7b). We find
that this cycle is mostly unchanged by hypsometry, although it

Fig. 8. (a) Time-scale, greenhouse (hot) vs. icehouse (cold) (See Fig. 1 caption for additional details), kimberlite frequencies for the past 520 Myrs (10 Myr bins), and preserved
‘‘oceanic” large igneous provinces (LIPs). The blue dots represent oceanic LIPs and shared blue/red dots represent continental and oceanic LIPs. (b) ‘‘Modern-land” sea level
calculated from flooding maps (this study) compared to two proxies for relative seafloor production calculated from the subduction flux of full-plate models: SF1 from
Marcilly et al. (2021) extended from 410 to 500 Ma.; SF2 calculated from the full-plate model of Merdith et al. (2021). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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continental affinity, and three of continental origin (Svensen
et al., 2018; Torsvik et al., 2021). Therefore, the oceanic and
‘‘mixed” LIPs represent 86% of all LIP activity from the Late Jurassic
to the Late Cretaceous.
The emplacement of oceanic LIPs adds large volumes of basalt
to the seafloor, leading to perturbations of global sea level. LIP
emplacement may possibly explain the temporal offset between
the prominent peaks in seafloor production and sea level
(Fig. 8b) due to the pulse-like nature of LIP emplacement. Although
the sea level impact of a LIP is challenging to assess due to volume
uncertainties (Mills et al., 2014), a  45 m rise between 120 and
80 Ma has been suggested from LIP emplacement models
(Wright et al., 2020), while other authors have suggested larger
contributions from LIP activity (e.g., Conrad, 2013). This may
explain a large fraction of the  70 m rise between 90 and
80 Ma (Fig. 8b), especially since our sea level peak aligns with
the peak in LIP activity at  85 Ma as indicated by kimberlites
(Fig. 8a).
Due to subduction, there are no traces of in-situ oceanic LIPs
prior to the Late Jurassic, but similar perturbations in nature
and scale may have occurred in deeper time. Such perturbations
can potentially explain mismatches and offsets between seafloor
production from the plate tectonic model used here and sea level
fluctuations from flooding estimates in the Paleozoic. LIPs represent catastrophic melting of the upper mantle, primarily sourced
by mantle plumes from the lowermost mantle, but kimberlites
(Fig. 4b) are another surface manifestation of those plumes (e.g.,
Torsvik et al. 2010b; Torsvik et al., 2021). Kimberlites are exclusively found on the continents and will therefore not contribute
to global sea level changes. However, they provide essential constraints on the plume activity during Earth history. It is well
known that the frequency of kimberlite volcanism was high in
the Cretaceous (Torsvik et al. 2010b), in concert with LIP
emplacement (Fig. 8a). In particular, a rise in kimberlite plume
activity is observed from the mid-Jurassic, with a pronounced
peak between 120 and 110 Ma (Fig. 8a). Still, the prominent peak,
representing 15% of all known kimberlites for the past 520 Myrs,
is observed between 90 and 80 Ma, and coincides with the main
rise shown by most sea level curves (Fig. 8a, b). The period of
intense kimberlite plume activity corresponds to the age range
of major ocean LIP volcanism [i.e. the Caribbean-Colombian
(90 Ma) and Madagascar events (87 Ma)], and the accumulated
LIP volumes may have peaked at this time. Since the Late Cretaceous, LIP and kimberlite activity has been significantly low, with
the last oceanic LIP emplaced around 82 Myrs ago (Torsvik et al.,
2021). Since then, seafloor production and sea level curves show a
similar decreasing pattern (Fig. 8b). Today, Earth is experiencing
its lowest seafloor production and sea levels compared to the
entire Phanerozoic (past 541 Myr) as also noticed by van der
Meer et al. (2017) using an independent model based on strontium isotope ratios.
It is perhaps also worth noting two other periods with high
kimberlite activity. First, we note that the Cretaceous peak in activity actually began in the mid-Jurassic (Fig. 8a). If LIP activity also
increased in concert with the kimberlites, it may have helped to
drive the mid-Jurassic sea level rise that slightly preceded the early
Cretaceous increase in seafloor production (Fig. 8b). Note that LIPs
emplaced during the mid-Jurassic would have been subducted by
now, because the oldest seafloor is only 180 Myr old. Second, we
note that the Devonian is associated with a relatively high number
of kimberlites (42% of all Paleozoic occurrences) and sea levels
were high between 390 and 380 Ma. Conversely, seafloor production curves show a low in this time interval (SF1 and SF2 in
Fig. 8b), but seafloor production estimates must be considered
with great caution for most of Paleozoic.

subsidence, which would need to be globally-coherent to explain
the observed changes in global flooding.
3.6. Drivers of sea level changes
3.6.1. Seafloor production
Beyond comparing to other observations of sea level change, the
credibility of our flooding-based sea level reconstruction can be
augmented by a comparison to predictions of sea level change
based on possible driving mechanisms. Past sea level variations
are dominantly linked to changes in the volume of mid-ocean
ridges, which can be computed from global full-plate models
(e.g., Müller et al. 2008; Karlsen et al. 2020). However, such models
require reconstructions of seafloor ages for past times, and the
reconstruction uncertainty, defined by the fraction of the Earth’s
lithosphere lost to subduction, reaches 60% by 150 Ma (Torsvik
et al., 2010a). Alternatively, trends in ridge volume change, which
directly impact sea level (e.g., Gaffin, 1987), can be roughly estimated from changes in seafloor production rates (e.g., Vail et al,
1977, Müller et al., 2008; Conrad, 2013). On a planet that is not
shrinking or expanding, the rate of seafloor production should
approximate the subduction flux. The latter can be estimated with
higher confidence, as knowledge of the location of ridges in the distant past is highly limited. Therefore, we here consider subduction
flux as a proxy for seafloor production rate, but subduction flux
estimates should be treated with great caution prior to the assembly of Pangea.
The subduction flux curve, here named SF1, is that of Marcilly
et al. (2021) but extended from 410 to 500 Ma using a full-plate
global model that is largely based on two regional models detailed
in Domeier (2016, 2018). For the past 300 Myrs, SF1 grossly
matches subduction flux estimates from the full plate model of
Meredith et al. (2021) (here named SF2), but before that time they
generally show large discrepancies (Fig. 8b). SF1 and SF2 are essentially based on the same databases but with the continents, notably
for the Paleozoic, located to very different longitudes. This difference leads to very different subduction flux estimates.
Although the oceanic areas of full-plate models are largely synthetic for the entire Paleozoic and parts of the Mesozoic, the SF1
curve, which is based on a full-plate model with calibrated longitudes (Torsvik et al. 2014; Marcilly et al. 2021), is characterized
by a general pattern of decreasing seafloor production from 490
to 190 Ma and is grossly similar to our reconstructed sea levels
(Fig. 8b). The SF1 curve shows local minima’s during the Hirnantian and the LPIA, but the lowest seafloor production and sea levels
are observed in the Early Mesozoic. From about 180–190 Ma, estimated sea levels and seafloor production are rising, but seafloor
production rates peak at 120–130 Ma and about 40 Myrs before
the sea level peak at 80 Ma. We do expect sea level rise to lag
behind an increase in spreading rates, perhaps by several tens of
Myr given that this is the timescale for seafloor at ridges to slowly
fill the oceanic basins with shallower seafloor (Conrad, 2013). We
note, however, that significant sea level rise also occurred even
earlier, with a rapid rise completed by  160 Ma, and thus before
the major increase in seafloor production (Fig. 8b). Here we note
that the emplacement of voluminous oceanic Large Igneous Provinces (LIPs) began even before the mid-late Cretaceous (e.g., the
Ontong Java plateau at 125 Ma; Ernst, 2014) and may have contributed to or overprinted the sea level peak as discussed below.
3.6.2. Oceanic LIP emplacement
The oldest and youngest preserved oceanic LIPs are 155 Ma
(Argo) and 73 Ma (Sierra Leone), respectively (e.g., Torsvik et al.,
2021; their Table 16.2). In this 82 Myr period there are 22 known
LIPs, including 16 oceanic, three with mixed oceanic and
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4. Concluding remarks
Based on global flooding maps with a constant hypsometric
slope (0.0057 km/106km2) we have calculated new sea level curves
for the past 520 Myrs using two different definitions of flooding.
However, we consider the ‘‘modern-land” sea level curve, which
measures changes in the area of exposed land, to be more reliable
and objective than the ‘‘continental” curve for which changes to the
area of flooded continental crust cannot be expressed with high
confidence.
Our two definitions of flooding only lead to an average difference of 50 m over the past 520 Ma. However, changes in the
assumed value of the hypsometric slope can lead to significantly
higher differences in calculated sea levels. Our hypothesis that
the Pangean hypsometric slope was steeper as a result of positive
dynamic topography implies significantly elevated sea level highstands. For example, a 154 m high-stand at 270 Ma grows to
333 m if we assume a steeper hypsometric slope for Pangea. However, such exercises must be treated cautiously, especially since
Pangea may have assembled over elevated dynamic topography
that was theoretically associated with low eustatic sea levels.
Indeed, we calculate minimum sea levels at 230 Ma, in the latter
part of Pangea’s lifespan, and about 30 Myrs after the demise of
the late Paleozoic ice age. At this time, Pangea was at its largest
and centered above the TUZO LLSVP, assuming that the LLSVPs
have remained semi-stable since Pangea formed.
Except for the Early Paleozoic, our sea level reconstructions are
grossly similar to the stratigraphic-based Haq curves with a Pearson correlation coefficient of 0.68 (‘‘modern-land” reconstruction)
and 0.79 (‘‘continental” reconstruction) for the past 470 Myrs. This
suggests that global flooding maps, at least to first order but also
probably second order, are useful for determining eustatic sea
levels compared to stratigraphic methods. However, with sea level
reconstructions based on tectonic models, the comparison is less
favourable, especially in the distant past. One reason behind this
discrepancy is that such tectonic-based reconstructions require
seafloor reconstructions (full-plate models) that are increasingly
uncertain in deep time.
Our sea level curve is grossly similar to proxies for temporal
changes to seafloor production rates, such as the subduction flux
of recent plate tectonic reconstructions, which result in similar first
and second order cycles. This link between the primary mechanism
for eustatic sea level change (changes in the volume of the midocean ridges) and sea level change inferred from flooding estimates
further strengthens the case for the reliability of the paleogeographic methods for reconstructing sea level. Because such models
represent averages over large areas of the earth, they are less sensitive to regional uplift or subsidence events (e.g., from dynamic
topography and local tectonics) compared to stratigraphic methods, which are usually made at specific locations. Paleogeography
thus presents a useful constraint on eustatic (global) sea level
change that can be used to deduce the geodynamic mechanisms
that drive sea level change (e.g., ridge volume changes or LIP
emplacement). Paleogeography may also prove useful for identifying regional uplift or subsidence events where local observations of
sea level, such as from stratigraphy, deviate significantly from the
eustatic curve.
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