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a b s t r a c t

Global mean sea level is a key component within the fields of climate and oceanographic modelling in the
Anthropocene. Hence, an improved understanding of eustatic sea level in deep time aids in our under-
standing of Earth’s paleoclimate and may help predict future climatological and sea level changes.
However, long-term eustatic sea level reconstructions are hampered because of ambiguity in strati-
graphic interpretations of the rock record and limitations in plate tectonic modelling. Hence the ampli-
tude and timescales of Phanerozoic eustasy remains poorly constrained. A novel, independent method
from stratigraphic or plate modelling methods, based on estimating the effect of plate tectonics (i.e.,
mid-ocean ridge spreading) from the 87Sr/86Sr record led to a long-term eustatic sea level curve, but
did not include glacio-eustatic drivers. Here, we incorporate changes in sea level resulting from variations
in seawater volume from continental glaciations at time steps of 1 Myr. Based on a recent compilation of
global average paleotemperature derived from d18O data, paleo-Köppen zones and paleogeographic
reconstructions, we estimate ice distribution on land and continental shelf margins. Ice thickness is cal-
ibrated with a recent paleoclimate model for the late Cenozoic icehouse, yielding an average �1.4 km
thickness for land ice, ultimately providing global ice volume estimates. Eustatic sea level variations asso-
ciated with long-term glaciations (>1 Myr) reach up to �90 m, similar to, and is at times dominant in
amplitude over plate tectonic-derived eustasy. We superimpose the long-term sea level effects of land
ice on the plate tectonically driven sea level record. This results in a Tectono-Glacio-Eustatic (TGE) curve-
for which we describe the main long-term (>50 Myr) and residual trends in detail.

� 2022 The Authors. 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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1. Introduction

Traditionally long-term eustatic sea level curves have been
based on stratigraphic analyses of marginal marine sediment
sequences (e.g., Haq et al., 1987; Vail et al, 1977). When sequence
stratigraphy first emerged, global mean sea level (GMSL), was pos-
ited to be the dominant controls on stratigraphic architecture in
passive-margin settings (Vail et al, 1977). This has been shown to
be a gross oversimplification in many subsequent studies, as sum-
marized by Miall (2010). Also, discussions on sequence stratigra-
phy are more frequently described in terms of short-term
eustatic patterns (few Myr or less), which is a key distinction from
the derivation of long-term eustatic curves (i.e. Simmons et al.,
2020). Other processes not discussed by Vail et al. (1977), such
as local tectonics and geoid variations (Müller et al., 2008;
Raymo et al., 2011; Sluijs et al., 2008; Stocchi et al., 2013) as well
as glacial rebound (Farrell and Clark, 1976; Peltier and Andrews,
1976; Woodward, 1888) are now known to play significant roles
(e.g., Miller et al., 2005).

Dynamic topography caused bymantle convection (Müller et al.,
2008) also affects the regional signal of global sea level (eustasy)
(Moucha et al., 2008) as well as sea level curves derived from conti-
nental or ‘modern land’ flooding (Marcilly et al. (2022). Kominz et al.
(2008) estimated that up to 105.5m (at 53Ma) of apparent sea level
fall along the coastal margin of New Jersey may be because of the
subducting Farallon slab under North America. Though the Farallon
slab iswell-studied since its initial identification (Grandet al., 1997),
slab sinking rates are still debated (i.e. Boschman et al., 2018;
Butterworth et al., 2014; Liu et al., 2008; Sigloch and Mihalynuk,
2013; van der Meer et al., 2018). Consequently, estimates of
dynamic topography (Burgess and Moresi, 1999; Liu, 2015; Müller
et al., 2008; Spasojevic and Gurnis, 2012) are poorly constrained.
Since it is difficult to assess the impact of these processes with any
certainty, the isolation and reconstruction of eustasy from the stra-
tigraphic record is complex and requires data from diverse, multi-
regional settings. For these reasons, the overall amplitude of global
Phanerozoic long-term sea level is not well-known.

As summarized in van der Meer et al. 2017, the most fundamen-
tal weakness of using the stratigraphic record to reconstruct global
sea level in the past is the problem of equifinality, the notion that
in open systems a given end state can be reached by many poten-
tial means (Von Bertalanffy, 1968). As Burgess and Prince (2015)
demonstrated, it is likely that different forcing processes or combi-
nations of forcing processes can produce very similar stratigraphic
architectures. Burton et al. (1987) argued that the impact of a for-
cing process can only be quantified reliably if the impacts of all the
other forcing processes are known. In other words, an unknown
can only be determined reliably if all other parameters are known.
If this is not the case, as in practically every natural system,
assumptions must be made. This leaves room for substantial
uncertainty and a high likelihood of equally plausible alternative
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scenarios that are consistent with the observations. The impor-
tance of quantifying, or at least constraining, all the forcing para-
meters as much as possible is clear. Until this can be done more
precisely and reliably, it seems prudent to use reconstructions of
eustatic sea level based on sequence stratigraphic interpretations
as a reference to check the consistency of results rather than the
primary source of information. A goal in the analysis of sedimen-
tary basins is thus the development of a eustatic sea level model
that is derived independently from sequence stratigraphic inter-
pretations. More recently, the uncertainties and differing opinions
of eustatic sea level reconstruction from sequence stratigraphy
were reviewed by Simmons et al. (2020) and Wright et al. (2020).

To this end, as an alternative method of sea level reconstruction
based on rock record observations (Fig. 1) (e.g. Hallam, 1984; Haq,
2018a, 2018b, 2014; Haq et al., 1987; Haq and Al-Qahtani, 2005;
Haq and Schutter, 2008; Vail et al, 1977) plate tectonic modelling
has been proposed as an alternative method to stratigraphic tech-
niques to isolate and reconstruct long-term changes in eustatic sea
level. Rates of mid-ocean ridge spreading determine the average
age of the ocean floor and therefore, according to the depth/age
relationship of cooling oceanic crust (Parsons and Sclater, 1977;
Stein and Stein, 1992), control the volume of the ocean basins.
Assuming a constant volume of sea-water and conservative esti-
mates of continental hypsometry, the changing volume of the
ocean basins directly dictates first-order mean eustatic sea level
at > 10 Myr timescales (Conrad, 2013; Miller et al., 2005;
Simmons et al., 2020; van der Meer et al., 2017). Improved plate
tectonic models of the ocean basins during the Cenozoic and Cre-
taceous and increasingly detailed paleo-ocean age grids (Karlsen
et al., 2020; Müller et al., 2019, 2016, 2008; Vérard et al., 2015),
provide better constrained estimates of the volume of the ocean
basins. However, because there is no oceanic crust for pre-middle
Jurassic times, any estimates of long-term eustasy in the early
Mesozoic and Paleozoic eustasy from plate tectonic reconstruc-
tions are, necessarily, entirely model-driven (Norton and Lawver,
2014; Torsvik et al., 2010).

The evolution of the Panthalassa (Paleo-Pacific) ocean, which
comprises most of the oceanic crust that existed before the
breakup of Pangea, is highly uncertain. Plate tectonic models gen-
erally describe the plate tectonic evolution of Panthalassa in terms
of a 3 to 4 plate system (i.e., Wright et al. 2020). With relatively few
spreading ridges and subduction along its perimeter, this plate tec-
tonic scenario leads to relatively old, deep ocean crust resulting in
a globally lower eustatic sea level. However, geological and tomo-
graphic evidence for intra-oceanic subduction zones show that
Panthalassa was comprised of numerous, fragmented plates with
a concomitant number of fast-spreading ridges and subduction
zones (Boschman and van Hinsbergen, 2016; Domeier et al.,
2017; Sigloch and Mihalynuk, 2013; van der Meer et al., 2012). This
alternate geometry generates higher eustatic sea levels prior to the
Cretaceous.



Fig. 1. Phanerozoic long-term sea level reconstructions. Eustatic sea level from plate tectonic models (Karlsen et al., 2020; Vérard et al., 2015; Wright et al., 2020; Young
et al., 2022), strontium isotopes as a proxy for ridge spreading (van der Meer et al., 2017), ‘modern land’ flooding (Marcilly et al., 2022), a compilation of stratigraphically
derived curves of Haq et al. (Haq, 2018a, 2018b, 2014; Haq and Al-Qahtani, 2005; Haq and Schutter, 2008) and from a Late Cenozoic ice/sea level paleo-climate model, 1 Myr
averaged (Stap et al., 2017). As shown, estimates vary widely reflecting the large uncertainty in sea level reconstruction.
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Though plate tectonics ultimately controls the volume of the
ocean basins, the volume of the water in the ocean basins depends
on the volume of water stored in continental ice sheets. During
major icehouse periods in the Phanerozoic (Scotese et a., 2021),
up to tens of million km3, or several % of the global volume of water
may be sequestered in continental ice sheets covering more than
30 % of the Earth’s continents. The waxing and waning of continen-
tal ice caps can result in changes in global eustatic sea level of up to
�200 m in less than 100,000 years (e.g. (Davies et al., 2020; Miller
et al., 2020, 2005; Rohling et al., 2014). Glacio-eustasy may even
lead to up to 300 m of eustatic sea level changes on timescales > 1
Myr (Davies et al., 2020). Long-term sea level curves based on plate
tectonic models, generally do not incorporate detailed land-ice
fluctuations resulting from the creation and destruction of ice
sheets on multi-Myr scales. The works of Matthews et al. (2016),
Müller et al. (2016), Seton et al. (2012) and Young et al. (2019),
modelled eustasy using an ice-free world as starting point and
therefore applied a static glacio-eustatic correction. Wright et al.
2020 applied a non-variable 70 m shift to their eustatic sea level
curve. Karlsen et al. (2020) and Young et al. (2022), used and
increasing correction going back into the Cenozoic of up to 57 m
and 70 m respectively. Müller et al. (2018) incorporated the
long-term fluctuations in global sea level during the last 38 million
years from continental ice volume estimates from a zonally aver-
aged energy balance climate model coupled to a one-dimensional
ice sheet model (Stap et al., 2016a).

We here aim to produce a long-term eustatic sea level curve
for the entire Phanerozoic that incorporates both changes in sea
level driven by both plate tectonics as well as long-term glacio-
eustacy. Our procedure uses the 87Sr/86Sr record from the oceans
as a proxy for plate tectonic processes and combines it with a
global estimate of the Cenozoic glacio-eustatic component of
sea level (Bintanja and van de Wal, 2008; Stap et al., 2016b)
and an estimate of Phanerozoic global temperature (Scotese et
al., 2021). Importantly, this approach does not rely on informa-
tion from local sedimentary basins or a detailed plate tectonic
model of oceanic crust production through time, although can
be compared with as such.
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2. Methods

2.1. Sea level reconstruction from strontium isotope record

Strontium isotope ratios (87Sr/86Sr) record the combined input
of strontium from mantle sources (mid-ocean ridge basalts & arc
volcanism) and the weathering of continental radiogenic crust
(Allègre et al., 2010). Van der Meer et al. (2017) quantified the
mantle component of strontium by compensating the isotope data
for the continental weathering component of the strontium cycle.
This was obtained from climate modelling (Goddéris et al., 2014)
linked to a surface weathering algorithm at 22 Phanerozoic and 7
Proterozoic time slices. Here weathering was assumed to be pro-
portional to global run-off, which varied through geological time
in this analysis. Using this procedure, van der Meer et al. (2017)
estimated that variations in continental weathering could explain
a maximum of �20 % of the variation in the 87Sr/86Sr curve,
whereas the remainder was related to the temporal variation in
plate tectonic activity, i.e., subduction and correlated mid-ocean
ridge spreading (van der Meer et al., 2017, 2014). Plume activity
may account for additional variation on shorter time scales. For
example, Large Igneous Provinces (LIPs) typically erupt over sev-
eral million years. Events less than a few million years are not dis-
cernible in the strontium isotope record due to the longer
residence time of Sr in the ocean (McArthur et al., 2012;
Vollstaedt et al., 2014). Due to the limitations at short timescales
(<fewmillion years), the focus of our analyses is long-term eustatic
sea level change.

The longer-term weathering of flood basalts has a second-order
effect on the 87Sr/86Sr record, but current modelling (Mills et al.,
2014) supports the conclusion that the strontium record is primar-
ily driven by the production and subduction of oceanic crust
through time (van der Meer et al., 2017). Preserved oceanic crust
areas diminish with increasing age. For example, ocean crust
younger than 50 Ma accounts for �45 % of the modern ocean floor,
while 30 % represents crust between 50 Ma and 100 Ma, and only
the remainder (�25 %) is older than 100 Ma (Coltice et al., 2013;
Seton et al., 2012; van der Meer et al., 2017). The modern age
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versus area of oceanic crust can be described by a linear function
(Parsons, 1982; Sclater et al., 1980; van der Meer et al., 2017). This
area-age distribution of ocean floor is supported by plate tectonic
modelling. Coltice et al. (2013) concluded that on model Earths
with plate-like behaviour, the average area-age distribution is
nearly linear, and that the average area-age of the ocean basins is
directly correlated with the average spreading rates. Hence the
87Sr/86Sr ratio, after correcting for continental weathering, is pri-
marily governed by the production of oceanic crust (Allègre et
al., 2010; van der Meer et al., 2017), the 87Sr/86Sr record can serve
as a proxy for the changing rates of global sea floor spreading (van
der Meer et al., 2017). Using this approach, van der Meer et al.
(2017) used the strontium isotope curve to estimate the produc-
tion of oceanic crust as far back as 825 Ma (Neoproterozoic).

It was determined from the strontium isotope record that, com-
pared to the present-day, plate tectonic activity (mid-ocean
spreading, arc volcanism) was approximately twice as high from
the mid-Jurassic to the late Cretaceous (170–80 Ma; van der
Meer et al., 2017). These spreading rates are consistent with inde-
pendent estimates from plate tectonic modelling (Spasojevic and
Gurnis, 2012; Vérard et al., 2015) and estimates of Mesozoic plate
activity derived from the record of ancient subducted slabs pre-
served in the mantle (van der Meer et al., 2018, 2014).

Oceanic crustal age is strongly correlated with the average
depth of oceanic basement due to cooling of the oceanic litho-
sphere, increasing crustal thickness, and isostasy (Parsons and
Sclater, 1977; Stein and Stein, 1992). Van der Meer et al. (2017),
approximated the present-day relationship between the age of
the ocean floor (Seton et al., 2012) and the corresponding depth
of the ocean floor (Amante and Eakins, 2009) with a combined
square root and linear function. The average depth of active ridges
taken as constant, and increasing depth of the seabed the result of
as an empirical relation of the combined effects of oceanic crust
cooling, and secondary factors (Conrad, 2013; Müller et al., 2016;
Simmons et al., 2020; Young et al., 2022) such as sedimentation,
flood basalt deposition, dynamic topography. Pre-Cenozoic plate
tectonic reconstructions of oceanic crustal age, however, are highly
uncertain and this methodology has limited application for the
Mesozoic and Paleozoic due to the lack of data and therefore high
uncertainty (Müller et al., 2016; Torsvik et al., 2010).

As calculated from strontium isotope variability viewed over
the Phanerozoic, not considering any climate effects, present-day
eustatic sea level is very low due to a relatively low rate of mid-
ocean-ridge spreading. This has been caused by the Cenozoic con-
vergence and closure of smaller oceanic basins in the Tethys and
Panthalassa Oceans (van der Meer et al., 2018, 2012) that led to
a global decrease in subduction and mid ocean ridge spreading
(van der Meer et al., 2017, 2014) and the establishment of large,
long-lived oceans in the Pacific and Indo-Atlantic domains (i.e.,
Müller et al., 2008; Seton et al., 2012). In addition, but not quanti-
fied in our analyses, the area of the ocean basins may have
increased due to the series of Cenozoic continental collisions that
have reduced the area of continental lithosphere (Müller et al.,
2008; Scotese and Wright, 2018). These continental collisions also
increased the average elevation of the continents, hastening the
retreat of the seas (Scotese and Wright, 2018). All of these plate
tectonic factors have led to an average ocean crustal age of
�65 Ma, which is the oldest average age since the Jurassic (van
der Meer et al., 2017; Williams et al., 2021). During Cretaceous
time, average age of oceanic crust was �30–40 Ma, leading to
eustatic sea level being 150–300 m higher than present-day
(Karlsen et al., 2020; van der Meer et al., 2017; Vérard et al.,
2015; Williams et al., 2021; Wright et al., 2020). The long-term
�250 Myr periodicity or ‘double-hump’ in Phanerozoic eustatic
sea level that is often reconstructed in eustatic sea level and conti-
nental flooding studies (Marcilly et al., 2022; Simmons et al., 2020),
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generally interpreted to be the result of supercontinent cyclicity (i.
e. Nance and Murphy, 2019), was also observed in the 87Sr/86Sr
based reconstruction of van der Meer et al. (2017). This consistency
thereby suggests that at least for the long term (>50 Myr), the Sr-
based method appears to be a suitable proxy for long term sea level
reconstruction.

Since the publication of the 87Sr/86Sr-based eustatic sea level
reconstruction of Van der Meer et al. (2017), the 87Sr/86Sr record
has been updated (McArthur et al., 2020) and new weathering esti-
mates have become available. Initially, Van der Meer et al. (2017)
chose to use the GEOCLIMtec climate-weathering model
(Goddéris et al., 2014), available for 22 time-steps for the Phaner-
ozoic, which included only the effects of changing paleogeography
and solar flux – not changes to CO2 degassing. In this study, we
have now chosen to use the SCION model of Mills et al. (2021)
which is based on the same climate reconstructions but includes
variable degassing rates and can output run-off at one million year
resolution, therefore providing more useful estimates of weather-
ing for our purpose here. Although key inputs (87Sr/86Sr, weather-
ing) have been updated, all other steps and calculations,
summarized above, are the same as in Van der Meer et al. (2017).

The trends are very similar between the Van der Meer et al.
(2017) estimate of eustatic sea level and the updated one pre-
sented in this study (Fig. 2). The few significant differences are
higher eustatic sea level (�+50 m) in the late Cretaceous to Eocene
and overall lower eustatic sea level in the Devonian-Carboniferous
(��50 m). Aside from the higher resolution of the SCION model,
other changes from GEOCLIMtec include higher CO2 levels for the
Cenozoic and lower CO2 levels in the Paleozoic, both of which are
closer to proxy estimates (Foster et al., 2017; Mills et al., 2021).
The elevated Cenozoic CO2 degassing rates are derived from kine-
matic models rather than the ridge volume estimates. CO2 levels
are lower for the Paleozoic because SCION includes erosion in its
weathering calculation (Mills et al., 2021), whereas the older ver-
sion of GEOCLIM did not. The uncertainty in global runoff (Fig.
2A) is derived from an ensemble of model runs where the degas-
sing rates are varied between different recent estimates (Brune
et al., 2017; Domeier and Torsvik, 2017; Mills et al., 2019) and
the contribution of land plants to amplifying weathering rates is
varied between no change and a 7-fold increase (e.g. Berner,
1991; Lenton, 2001). Other sources of uncertainty, not quantified
here, are other global processes that have uncertainty and will
impact the CO2 level, such as continental lithology or organic car-
bon cycle imbalance. But these have not yet been worked into the
model in a way that would allow uncertainty testing.

2.2. Paleotemperature reconstruction

The total mass of water stored in continental ice sheets can be
estimated, although imperfectly, using an oxygen isotope ratio
(d18O) mass balance (Shackleton, 1967). Ice sheets are depleted
in the 18O isotope relative to 16O, which means oceans are 18O-
enriched during the expansion of continental ice sheets. Variations
in continental ice volume can thus be assessed through reconstruc-
tions of seawater d18O as recorded in deep sea benthic foraminifera
(e.g., (Hays et al., 1976; Shackleton and Opdyke, 1973). This
approach is however complicated by the fact that foraminiferal
d18O is also affected by ocean temperature (Shackleton et al.,
1973), therefore, a temperature component must be subtracted,
for example using Mg/Ca ratios (Lear et al., 2000). It has also been
noted that the d18O composition of ice sheets varies through time
(e.g., (DeConto et al., 2008).

For the Late Cenozoic, several comprehensive analyses have
been carried out to calibrate d18O with eustatic sea level. The use
of the d18O isotope record has been employed to correlate strati-
graphic sea level curves with the reconstructed ice volume and



Fig. 2. Plate tectonic eustasy from 87Sr/86Sr. Forcings of 87Sr/86Sr from a)weathering component (black line) and uncertainty ranges (shaded orange) fromMills et al. (2021),
with a comparison with the previously used estimates from Goddéris et al. (2014) (grey line) b) mantle component (plate tectonic) forcing and uncertainty ranges (shaded
purple), calculated using methodology of van der Meer et al. (2017), using the weathering inputs of Mills et al. (2021) c) Plate tectonic eustasy using the methodology of van
der Meer et al. (2017) with updated 87Sr/86Sr inputs fromMcArthur et al. (2020) and weathering inputs fromMills et al. (2021). Uncertainty ranges (shaded green) result from
the propagation of weathering uncertainties (Fig. 8). For comparison the older analyses of van der Meer et al. (2017) are shown in b) and c) (grey line). Results available in
Supplementary Table 1.
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hence changes to overall seawater volume (Browning et al., 1996).
Most recently, Miller et al. (2020) used deep ocean benthic forami-
niferal d18O records, combined with stratigraphic analyses of the
New Jersey shelf (Kominz et al., 2016; Miller et al., 2005) to recon-
struct global mean sea level. Although this is likely the best strati-
graphically derived eustatic sea level reconstruction (but still
subject to the overall interpretation ambiguity from stratigraphic
methods) it is limited to the Cenozoic.

Bintanja and van de Wal (2008), De Boer et al. (2010) and Stap
et al. (2014) used benthic foraminifera d18O to evaluate the rela-
tionship between temperature, eustatic sea level, and the volume
of continental ice sheets. They compared the d18O records for the
past 0.8 Myr with a high-frequency record of sedimentation in
the Red Sea (Rohling et al., 2009) and coral reef data from New Gui-
nea and the Barbados (Lambeck and Chappell, 2001). Although
these Pleistocene studies provide some background on constraints
regarding changing eustatic sea level in more recent times, the goal
of this study is to describe longer-term forcing. Stap et al. (2017)
estimate the water volume sequestered in Northern Hemisphere
and Antarctic icecaps since the inception of the Antarctic icecap
at the Eocene-Oligocene transition (�34 Ma). Their estimate of
eustatic sea level variation, however, is simply a land ice-
volume-equivalent, using a fixed marine area, and does not con-
sider flooding of the continental shelf.

Few studies exist that attempt to reconstruct eustatic sea level
based on d18O before the formation of the Antarctic ice cap
(�34 Ma). Miller et al. (2005) matched d18O variations with strati-
graphically derived sea level estimates, but did not consider plate
tectonic, ice volume, or steric effects. In other stratigraphically
derived curves, qualitative comparisons to d18O have been made,
(Abreu et al., 1998; Haq, 2018a; Miller et al., 2005), but no quanti-
tative reconstructions of sea level from d18O have been attempted.

Another concern is the possibility that the d18O composition of
the global exogenic water pool (notably the sum of oceans and ice
sheets) has changed over time, although reconstructions suggest
this was not a major factor over the past 100 million years (de
Bar et al., 2019). However, if we assume that the d18O composition
of sea water has been constant throughout the Phanerozoic, then
d18O measurements of tropical temperatures from early Paleozoic
Fig. 3. Global average surface sea level temperature. We use the most recent paleo-te
ice-sea level-climate model of Stap et al. (2017) for the Cenozoic. RMS uncertainty ranges
et al. (2021). Results available in Supplementary Table 1. Other curves based on d18O (Son
et al., 2021) are shown for comparison.
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fossils would require Sea Surface Temperatures (SST) in excess of
40 �C (i.e. Song et al., 2019). Such high temperatures would chal-
lenge biotic tolerances (Frieling et al., 2017; Sherwood and
Huber, 2010). Various studies have attempted to resolve this high
temperature anomaly by ‘‘detrending” the d18O curve with expo-
nential (Veizer and Prokoph, 2015) or linear (Vérard and Veizer,
2019) adjustments. The constancy of d18O in seawater remains
controversial. It seems that over long periods of time (>100 Myr)
the d18O composition of seawater may change, whereas the d18O
composition of seawater over shorter time intervals (10’s of mil-
lions of years) may be relatively stable and thus may be used to
estimate paleotemperatures.

Global Climate Model (GCM) simulations are another way of
reconstructing Phanerozoic temperature estimates. However, they
have limitations: Firstly, they do not have the temporal resolution
provided by the combined geological & geochemical data sets. Sec-
ondly, the principal way GCMs modulate temperature is by varying
the amount of CO2. However, each model reacts differently to CO2

and the Phanerozoic record of CO2 still has large gaps. As an exam-
ple Valdes et al., 2021 (Fig. 3) constrains deep ocean temperatures
with d18O from benthic foraminifera and the modelling works well
and prior to the Cretaceous deep ocean temperatures would prob-
ably be an unreliable indicator of global mean surface conditions.

Although GCMs are constantly improving their rendition of
deep time climates, we are confident that the geological record
combined with geochemical proxy information of Scotese et al.
(2021) provide a more detailed and accurate measure of changing
global temperatures during the Phanerozoic.

Scotese et al. (2021) combined temperature changes on three
different time scales. At the longest timescale (�100 Myr), litholo-
gic indicators of climate such as evaporites, bauxites, and tillites
were used to reconstruct paleo-Köppen belts and the pole-to-
equator temperature gradient. Although each climate indicator
carries uncertainty on temperature conditions, this combined
record is the best available to science. These estimates of global
average temperature were used to reconstruct long-term paleo-
temperature trends. At medium term timescales of 10 to 20 million
years, d18O paleotemperature proxies (Song et al., 2019) were used
to reconstruct medium-term temperature trends. On the shortest
mperature reconstruction of Scotese et al. (2021), in combination with the coupled
(shaded blue), calculated from d18O and paleo-Köppen zone uncertainties, of Scotese
g et al., 2019; Vérard and Veizer, 2019) and climate models (Mills et al., 2021; Valdes



Fig. 4. Phanerozoic temperatures and pole-to-equator temperature gradients. Data from recent paleo-temperature reconstruction for the Phanerozoic (Scotese et al.
2021).
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term (up to a few Myr), potential effects of flood basalt related
degassing and cooling effects of bolide impact winters were noted.
This model of Phanerozoic paleotemperatures (Scotese et al., 2021)
is one of most recent comprehensive reconstructions of Earth’s glo-
bal paleotemperature history and we therefore use it to estimate
the timing and amount of continental ice during the Phanerozoic.
The only correction we have made is to remove the Cretaceous-
Paleogene downward temperature spike, as inferred from the Chix-
culub bolide impact winter. Bolide impact winters last only years
to decades at most (Vellekoop et al., 2014, 2016), insufficient to
lead to impact ice volume and eustatic sea level. In addition, there
are no indications that ice caps may have formed in this short time
interval.

The Scotese et al. (2021) Phanerozoic paleotemperature curve is
shown in Fig. 3. For comparison we also show the paleotempera-
ture curves of (Mills et al., 2021; Song et al., 2019; Vérard and
Veizer, 2019). Generally, the three curves have similar trends
between 0 and 110 Ma, but significant differences exist before
110 Ma. The pre-350 Ma temperatures of Song et al. (2019) assume
a constant d18O composition of seawater and appear to be much
too high given likely biological tolerances. Vérard and Veizer
(2019) attempted to correct this anomaly by applying a linear cor-
rection that decreased the d18O of seawater back in time. While
this correction works for the last 100 million years, it appears to
‘overcorrect’ for older time intervals. The resulting cooler global
temperatures predict extensive glacial ice-caps in the early Meso-
zoic and the Siluro-Devonian, however, there is no evidence of gla-
cial deposits from polar ice caps at these times (Boucot et al., 2013;
Cao et al., 2019). In comparison, the curves of Mills et al. (2021)
and Song et al. (2019) have not made a correction of d18O, and
Scotese et al. (2021) applied a non-linear correction, tied to
paleo-Köppen zones as described above. As such, these studies
have generally higher temperatures than Vérard and Veizer
(2019), except for intervals known to have extensive ice sheets.

2.3. Perennial ice paleolatitude reconstruction

Using the Phanerozoic paleotemperature model of Scotese et al.
(2021), we can estimate the past latitude of the polar ice front. The
classic Budyko-Sellers energy balance models (Budyko, 1969;
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Caldeira and Kasting, 1992; Sellers, 1969) assume that snow and
ice will be present year-round at a particular latitude when the
annual average temperature is less than �10 �C. This agrees well
with the observation that the average latitude of the modern per-
manent snowline in the northern hemisphere (i.e., tundra) is 67 �N,
which corresponds with an average annual temperature of �9.5 �C.

Using an annual average temperature of �10 �C, as explained
above, to define the polar ice limit, the latitude at which this tem-
perature occurred was recorded from 120 pole-to-equator gradient
plots that described changing Phanerozoic paleoclimates. (Scotese
et al., 2021; Supplementary Materials). For example, during the
Middle Miocene Climatic Optimum (15 Ma), the �10 �C isotherm
occurred at a latitude of 78� in the northern hemisphere and a lati-
tude of 72� in the southern hemisphere (Fig. 4). In contrast, the
Permo-Carboniferous Glacial Maximum (295 Ma), the �10 �C iso-
therm occurred at a latitude of 68� in the northern hemisphere
and a latitude of 56� in the southern hemisphere (Fig. 4). Similar
measurements were made for the complete set of pole-to-
equator diagrams derived from the Scotese et al. (2021) Phanero-
zoic paleotemperature model.

Scotese et al. 2021 did not publish uncertainty ranges for their
paleo-temperature reconstruction. In an attempt to quantify these,
we estimate the uncertainty ranges of Scotese et al. (2021) by cal-
culating the Root-Mean-Squares uncertainty of the temperature
reconstruction from d18O data of Song et al. (2019) and an estimate
of the Köppen-zone uncertainty range, based on the number of
sample localities (Boucot et al., 2013; Scotese et al., 2021). The
uncertainty ranges are summarized in Table 1 and shown in Fig.
3. Due to the high variability in d18O data for every 1 Myr (Song
et al. 2019), our uncertainty estimation is appropriate for trends
over > 5 Myr timescales, the focus of our analyses. We have tested
the extreme ends of the RMS temperature uncertainty ranges and
found that temperatures beyond these ranges would lead to irre-
concilable differences with the geological climatological data
(Boucot et al. 2013, Scotese et al. 2021).

As seen from Fig. 5, the ice front temperature changes as the
global average temperature changes. Despite the somewhat differ-
ent curvatures and hemispherical asymmetries in the pole-to-
equator temperature plots of Scotese et al. (2021), there is a clear
linear relationship between the latitude of the polar ice front and



Table 1
Uncertainty propagation of paleo-temperature reconstruction. Temperature uncertainties summarized from Song et al. (2019). Paleo-Köppen-zone uncertainty estimated
from Scotese et al. (2021). The Root-Mean-Square (RMS) temperature uncertainty is used further in our analyses.

Epoch Interval Age Interval (Ma) Temperature Uncertainty (�C) Paleo-Köppen-zone
Uncertainty (�C)

RMS Uncertainty (�C)

Neogene 0–23 0.5 0.5 0.7
Paleogene 24–65 1 1 1.4
Late Cretaceous 66–100 0.5 1.5 1.6
Early Cretaceous-Jurassic 101–201 2 1.5 2.5
Triassic 202–251 4 2.5 4.7
Lopingian 252–259 1 1 1.4
Guadalupian-Cisuralian 260–298 4 1 4.1
Carboniferous 299–358 2 1 2.2
Devonian-Silurian 359–443 2 2 2.8
Ordovician 444–485 2 3 3.6
Cambrian 486–541 2 4 4.5
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average annual temperature. This relationship is given in Equation
1, which we will use for further calculations.

For the late Cenozoic (0–20 Ma) time intervals, when both
hemispheres reach temperatures less than �10 �C, the following
relationship is observed, which we will use going forward:

Latitude of the Polar Ice Front (� ) = 2.3356 *
Annual Average Temperature (� C) + 31.818.

ð1Þ

In comparison, for all of the Phanerozoic data points with larger
uncertainty ranges, a less certain but similar relationship is
observed:

Latitude of the Polar Ice Front (� ) = 2.4568 *
Annual Average Temperature (� C) + 33.127.

ð2Þ

We note that our empirical trend is different from the curve
used in Mills et al. 2019, which was also derived from Cenozoic
ice area – temperature relationships (Hansen et al., 2013). The dif-
ference is because Mills et al. (2019) took the last glacial maximum
Fig. 5. Paleolatitude estimation of the Polar Ice Front as a function of Annual Avera
derived from the pole-to-equator plots of Scotese et al. (2021). The black dots represent la
Phanerozoic data points, dotted trendline, for comparison. Temperature uncertainty estim
Köppen zone-uncertainty ranges.
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rather than the current interglacial to represent present-day. They
also used an older paleolatitude reconstruction of the glaciation
record (Crowley and Burke, 1998).

Solving the equations for the modern annual average tempera-
ture (14.5 �C), we obtain an estimate of the present-day polar ice
front of 69.7� (Equation 1), and an estimate of 67.8� using Equation
2. Both estimates of the permanent ice cap are close to the
observed latitude of the permanent ice caps (67� N and; 66.5� S).
For the coldest times during the Phanerozoic, this model predicts
that the polar ice front may have expanded equatorward to lati-
tudes of 55–60� N & S (Fig. 6). Conversely, during hot house inter-
vals, when annual global average temperatures exceeded 20 �C,
permanent ice would only have been found within a few 100
kms of the poles (Fig. 6).

The predictions derived from the Scotese et al. (2021) tempera-
ture model regarding the paleolatitude of the polar ice front can be
tested by plotting the known paleolatitude of glacial deposits (Fig.
6). We compare our paleolatitude of polar ice front, with the tillites
ge Temperature. Each data point records the paleolatitude of the �10 �C isotherm
te Cenozoic (0–20 Ma) data points with a solid trendline. The grey dots represent all
ates in Table 1. �10 �C Latitude uncertainty estimates estimated to be 50 % of paleo-



Fig. 6. Paleolatitude of the polar ice front during the Phanerozoic. Our estimate is based on average temperature less than �10 �C, used as a defined threshold for
perennial ice sheet formation. Uncertainty ranges (shaded blue) were calculated by using Equation 1, and the Global Average Temperature uncertainty (Fig. 4). Results
available in Supplementary Table 1. For comparison we minimum latitude of mapped glacial deposits on southern and northern hemispheres (Scotese, 2021; Scotese et al.,
2021) are also shown.
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distribution of Boucot et al. (2013), but not glendonites and drop-
stones as these are not indicators of continental ice caps. These til-
lites were used to derive polar ice extents in the Supplemental
Material of Scotese et al., (2021), a recent summary of paleogeogra-
phy (Scotese, 2021) and have also been used in paleo-climate
simulations (Valdes et al., 2021). These ice extents were estimated
on paleogeographic maps for every 5 million years. As such they
are an update of the Cao et al., (2019) study, which were based
on maps for every �20 million years and did not include the
Cambrian-Ordovician.

It should be noted that the minimum latitude of tillites is not
directly comparable with our paleo-latitude perennial ice recon-
struction. The minimum latitude of tillites can be from a relatively
confined location at short time interval (<1 Myr), and therefore not
representative of a global average, at Myr timescales. For example,
Pleistocene ice sheets reached the Ohio River (37�N), however the
‘‘average” latitude was�57�N. As such the minimum latitude of til-
lites, is not representative for the presumed area of continental ice
and may lead to overestimation. As seen in Fig. 6, at peak icehouse
times (Cenozoic, Permo-Carboniferous, Ordovician), the minimum
latitude of tillites exceeds our perennial ice latitudes.

During other times, the temperature-based estimates of small
continental ice sheets during the middle Paleozoic and Jurassic-
Cretaceous may explain some of the eustatic fluctuations discussed
later - even though no tillite deposits are described in Boucot et al.
(2013). Potentially these are not preserved, or not included in their
database. For example, tillites of Valanginian-Aptian age have been
described in Australia (Alley and Frakes, 2003) but are not included
in the database of Boucot et al. (2013), and as such no permanent
ice sheets have been included in recent paleogeographic maps
(Scotese, 2021; Scotese and Wright, 2018).

There are also several reasons why the temperature model
might lead to an inaccurate perennial ice prediction. Firstly, zonal
temperature differences exist even within one ocean basin, as also
reconstructed in the paleo-domain (e.g. Douglas et al., 2014). Sec-
ondly, high latitude temperature reconstructions do not corre-
spond very well to deep ocean temperatures for the Cenozoic
(Cramwinckel et al., 2018). Thirdly, ice sheets are associated with
significant hysteresis (growth and melt do not occur close to the
same boundary conditions) (e.g. DeConto and Pollard, 2003). Most
111
importantly ice sheets create their own elevation and so as soon as
there is a 1 km thick ice sheet, temperatures on its surface are
�7 �C lower only due to lapse rate. Fourthly, there are wet-based
(Greenland) and cold-based (Antarctica) ice sheets and their rela-
tion to temperature is very different as they have a very different
hydrological basis (e.g. DeConto et al., 2008). In other words, their
formation and melting thresholds are different. Fifthly, mean
annual temperature is not a determining factor in ice sheets; they
dominantly respond to snowfall and summer temperature (Hays et
al., 1976; Milanković, 1941). Some of these factors may be irrele-
vant on the time scales we are investigating (>1 Myr), but we will
address potential overestimating/underestimating effects in the
discussion. With all the caveats listed above, our derived tempera-
ture threshold should be considered as a rough proxy for perennial
ice formation.

2.4. Land and shelf ice areas estimation

The paleolatitude of the polar ice front was used to estimate the
area of continental ice cover (Fig. 7). The continental area at high
latitudes is based on the digital paleogeographic maps of Scotese
and Wright (2018) and Scotese (2021). We utilized these paleo-
digital elevation models, to separate land ice (above sea level),
grounded ice on shelf margins (continental crust, defined at
�1000 m isobath), and sea-ice (Fig. 7). Our analyses have similar
trends to Scotese’s mapped ice extent, notably for the well-
constrained Cenozoic land ice. There is less correlation in ampli-
tude for the more poorly constrained shelf ice and in the Paleozoic
ice ages.

The bulk of stored water in ice sheets is on land, to a lesser
extent on grounded ice on shelf margins (decreasing with water
depths), whereas floating sea ice does not store any water out of
isostatic equilibrium. Using the same cut-off points as Scotese et
al., we calculate the theoretical perennial ice extent on land, and
on shelf margins (using �1000 m isobath). We ignore any potential
grounded ice shelfs on water depths greater than 1000 m.
Although thick (>1100 m) ice sheets may still get grounded there,
a detailed analyses of the Scotese and Wright (2018) digital eleva-
tion model shows that there is a progressively decreasing (ice-
prone high-latitude) area added for every 100 m depth interval



Fig. 7. Perennial ice area estimates. Our estimates are based on the paleo-latitude of the polar ice front and correlation with land (DEM > 0 m) and shelf margin
(DEM > �1000 m) at equivalent and higher latitudes The propagation of polar ice front paleolatitude uncertainty (Fig. 6) results in ice area uncertainty (shaded blue). Results
available in Supplementary Table 1. For comparison we show mapped ice areas on land, continental crust and sea (Scotese, 2021; Scotese and Wright, 2018).
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beyond the globally averaged shelf-slope break (�200 m). There-
fore, we consider any area additions beyond �1000 m to be
insignificant.
2.5. Estimating the volume of water stored in continental ice sheets

To estimate the amount of water stored in continental ice
sheets, we separate ice stored on land and the ‘net’ ice stored in
ice sheets grounded on the seabed. We correlate the total ‘net’
ice with a coupled ice sheet climate model, which calculated
internally consistent estimates of temperature, ice volume, sea
level, and pCO2 from the oxygen isotope records of deep sea
benthic foraminifera (0–38 Ma; Stap et al., 2017). Stap et al.
(2017) derived their ice volume equivalent (unspecified whether
on land, or net effect of grounded ice on shelf) from sea level cali-
brated with a 120 m sea level drop during the Last Glacial Maxi-
mum (de Boer et al., 2010; Stap et al., 2014).

Land ice conversion to water is straightforward, and merely
involves multiplication with the relative density difference (0.91
De Boer et al. 2010). For the grounded ice sheets on the shelf, in
excess of the isostatic equilibrium, we approximate the stored
water volume as follows. We multiply the area of the ice-covered
shelf with the height of the ice sheet minus the isostatic equili-
brium height and linearly averaged water depth of 500 m.

Using the generalized reduced gradient method, we calculate a
best-fit total ice-thickness for the 1–37 Ma interval (Fig. 8) of Stap
et al. 2017. As can be seen in the figure we obtain a good trend
match between the results of Stap et al. and ours. Our best fit is
a 1.4 km average ice sheet thickness, with 1.1 and 1.8 km thickness
as lower and upper bounds respectively for the Cenozoic tempera-
ture uncertainty ranges. The Present-day polar ice thickness
(1.9 km), as calculated from a recent topographic model (Hirt
and Rexer, 2015) falls outside this range, but it is not representa-
tive for the average over 1 Myr time intervals. During periods of
short term (�1 Myr) glacial periods, ice thicknesses are expected
to have been larger than the 1 Myr average. Using the average
thickness, we then calculated the volume of ice for the Phanerozoic
(Fig. 8). The volume of net ice ranged from a few million km3 dur-
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ing Mesozoic ‘‘cold snaps” to up to 40–60 million km3 of continen-
tal ice during the late Ordovician, Permo-Carboniferous, and
Neogene icehouse intervals.

Using the calibration with Stap et al. (37–1 Ma), there is logi-
cally only relatively small uncertainty ranges remaining in our
ice volume calculations at individual time steps in the Cenozoic.
Larger uncertainties are present in the Mesozoic and Paleozoic,
reaching up to 25 million km3.
2.6. Glacio-eustatic sea level change

Given the volume of net continental ice through time (Fig. 8),
we calculated the changes in eustatic sea level due to the waxing
and waning of the continental ice sheets (at 1 Myr intervals). In
this calculation we assumed: a constant volume of water, a vari-
able average depth of the ocean floor (using 87Sr/86Sr), and a con-
stant hypsometry of the continental shelf (van der Meer et al.,
2017).

As shown in Fig. 9, the resulting maximum long-term absolute
glacio-eustasy ranges from 60 m above present-day sea level to
30 m below sea level (isostatically compensated).

We re-distribute the water over the oceans and continental
shelf areas, using the linearly approximated shelf hypsometry,
and variable ocean floor depth, as described in van der Meer et
al. (2017). The resulting new Tectono-Glacio-Eustatic curve is
shown in Fig. 10.
3. Results and discussion

The combined effect of plate tectonics (<190 m), and glacio-
eustasy (<90 m) produced a combined amplitude in eustatic sea
level of up to �220 m during the Phanerozoic (Figs. 10, 11).
Describing the most significant amplitude extremes we note that
the Cretaceous has the highest eustatic sea level (174–217 m) of
all Periods, with peaks in the Aptian (217 m; 117 Ma) and Turonian
(211 m; 91 Ma). Other notable highstands of eustatic sea level
occurred during the early Eocene (209 m; 51 Ma), late Jurassic
(194 m; 155 Ma), late Permian (152 m; 268–260 Ma), Mississip-



Fig. 9. Glacio-eustasy. Isostatically compensated effects of glacio-eustasy for the Phanerozoic (1 Myr time steps), assuming a constant ocean-floor depth. Uncertainty ranges
(shaded blue) result from the propagation of ice volume uncertainties (Fig. 8). Results available in Supplementary Table 1.

Fig. 8. Perennial ice volume estimates. Net ice volume from land, grounded ice sheets on shelf margins, and total net ice using T = �10 �C, DEM cut-offs at 0 m and�1000 m,
with linearly averaged water depth of 500 m. Uncertainty ranges (shaded blue) result from the propagation of ice area (Fig. 7) & thickness uncertainty range, calibrated to Stap
et al. (2017) in the late Cenozoic. Results available in Supplementary Table 1.
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pian (125 m; 338 Ma), and middle Devonian (128 m; 385 Ma).
Eustatic sea level was lowest during the icehouse worlds of the lat-
est Cenozoic (<10 Ma) and Permo-Carboniferous (320–295 Ma);
Notable falls in eustatic sea level also occurred during the Hirnan-
tian Ice Age (445 Ma) and during the late Permian, Triassic and
early Jurassic (250–200 Ma).

In the following section, we describe Phanerozoic eustatic sea
level in terms of long-term (>50 million years), and the residual
medium (10 to 20 million years) sea level changes.

3.1. Long-term eustatic sea level trends (>50 Myr)

Long-term eustatic sea level trends (>50 Myr) are primarily dri-
ven by the plate tectonic cycle (Cloetingh and Haq, 2015; Conrad,
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2013; Ray et al., 2019; van der Meer et al., 2017) and we calculate
plate tectonic eustasic changes of up to 190 m (Fig. 10). The
‘double-hump’ supercontinent cycle is still recognizable in the
Tectono-Glacio-Eustatic curve, with a high in the Cretaceous-
Eocene and pronounced troughs in the Triassic and late Cenozoic
(Fig. 11). For the Cretaceous-Cenozoic, amplitude and long term
trends are qualitatively similar to stratigraphic derived Haq et al.
compilation, continental flooding (Marcilly et al., 2022), and most
plate tectonic modelling studies (Karlsen et al., 2020; Vérard et
al., 2015; Wright et al., 2020), with the exception of Young et al.
(2022). Differences become greater further back in time.

Some plate tectonic modelling derived eustatic sea level curves
(Fig. 11) have a more pronounced Paleozoic long-term high
(Karlsen et al., 2020; Young et al., 2022). Higher amounts of ridge



Fig. 11. Phanerozoic eustatic sea level curves. Our Tectono-Glacio-Eustatic curve shown in comparison with curves resulting from plate tectonic modelling, continental
flooding, and a compilation derived from stratigraphy.

Fig. 10. Eustatic components. Isostatically compensated effects of plate tectonics (strontium record, green), net ice (turquoise) and our combined Tectono-Glacio-Eustatic
curve (blue) including RMS uncertainty ranges (shaded blue), calculated from the uncertainties in plate tectonic eustasy (Fig. 2C) and Glacio-eustasy (Fig. 9). Results available
in Supplementary Table 1.
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spreading in the underlying plate model, leading to large areas
with shallow young oceanic lithosphere (Karlsen et al., 2020;
Matthews et al., 2016) seem to be the main cause, in addition to
assumed water flux into the mantle (Young et al., 2022). There
are smaller differences with the plate tectonic modelling recon-
struction of Vérard et al. (2015). However, due to the absence of
preserved oceanic crust, all plate modelling reconstructions are
entirely model driven before the Jurassic, hence any difference or
agreement could be coincidental. Likewise, there is agreement
with the overall amplitude and general trend of the Paleozoic high-
stand of Haq and Al-Qahtani (2005), but given the flaws of the stra-
tigraphic method, this could be entirely coincidental. Lastly the
continental flooding derived sea level curve of Marcilly et al.
(2022), has limited agreement in the Paleozoic, which may be
related due to continental destruction or growth, which has not
been incorporated by our analyses. Clearly more work is required
to understand the differences and future improvements of either
methodology.
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Our calculated quantitative effect of land ice in the Cenozoic
(�60 m) is within the range suggested by previous studies: 54 m
(Müller et al., 2008), 57 m (Conrad, 2013) and more recently
70 m (Wright et al., 2020; Young et al., 2022). The combined effect
of plate tectonics and glacio-eustasy cause a drop in eustatic sea
level of > 200 m during the last 50 Myr. Although amplitudes vary,
falling sea level since the mid-Eocene has been uniformly recog-
nized in numerous stratigraphic studies (Haq et al., 1987;
Kominz et al., 2008; Miller et al., 2020; Vail et al, 1977).

The late Paleozoic icehouse is most important regarding long-
term eustatic sea level change, with an overall glacio-eustatic
effects of up to < 90 m within a 105 Myr interval between
�355–250 Ma (Figs. 7, 8 & 9). Ice sheet formation is supported
by geological evidence of glacial deposits (Boucot et al., 2013;
Cao et al., 2019) and as a result large land-based ice sheets have
been inferred (Scotese, 2021; Scotese and Wright, 2018). In our
analyses, the combined tectonic and glacio-eustatic effect (Fig.
10) reaches up to 150 m (at > 1 Myr time scales) in the late Paleo-
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zoic. The large amplitude (>100 m) fits well with stratigraphic stu-
dies (Rygel et al., 2008; Saunders and Ramsbottom, 1986),
although the cause is generally attributed purely to glacio-
eustacy, and not partly to tectonics. A major eustatic event
occurred at the mid-Carboniferous and the Mississippian-
Pennsylvanian unconformity in North America is often cited as evi-
dence for the initiation of the large south polar ice sheet on Gond-
wana. Equally prominent are contemporaneous unconformity
surfaces are also present in Europe, North Africa, and elsewhere
(Saunders and Ramsbottom, 1986).

When we compare our eustatic sea level curve, which incorpo-
rates ice volume effects, with the sea level curve derived solely
from plate tectonic effects predicted by changing 87Sr/86Sr levels
in sea water, we observe that the acceleration of major icehouse
periods, coincides with a reduction in plate tectonic activity in
the late Cenozoic (�35 Ma) and Carboniferous (�325 Ma) (Fig.
10). We speculate that the icehouses may therefore have been
regulated by changes in volcanic degassing and resulting cooling
of the climate. Positive feedback mechanisms between continental
ice formation and eustatic sea level may also have played an
important role. A reduction of plate tectonic activity means less
mid-ocean-ridge spreading, an increasing average depth of oceans,
and therefore the lowering of eustatic sea level. The drying up of
continental shelves leads to an increase in the albedo effect, poten-
tially cooling Earth’s climate further, consistent with fully coupled
ocean-atmosphere model simulations (Farnsworth et al., 2019). As
the Earth cools the area of continental ice increases, reducing
eustatic sea level further and increasing the albedo – a ‘snowball
earth’ like situation that would ultimately be limited by a drop in
chemical weathering of silicate rocks (Le Hir et al., 2008;
Pierrehumbert et al., 2011) and, in the Phanerozoic, by higher inso-
lation at lower latitudes. In addition, a reduction in plate tectonic
activity would result in less volcanic CO2 degassing from spreading
and subduction zones, which would ultimately reduce the levels of
CO2 in the atmosphere and cool the climate.

As was pointed out in the paleo-temperature reconstruction of
Scotese et al. (2021), there appears to be a remarkably good corre-
lation between the global temperature (Scotese et al. 2021) and
Fig. 12. Cambrian-Devonian tectono-glacio-eustasy. Dotted lines are the long-term (>
arrows indicate medium-term falling sea level. The numbers, letters and shading high
Table 2 for details).
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non-radiogenic strontium flux (=plate tectonic activity) (van der
Meer et al. 2017), which were derived independently. For 65 % of
the Phanerozoic, when the ratio of 87Sr/86Sr in the oceans rose or
fell (red line), global temperatures also rose or fell (Scotese et al.
2021). It is therefore not surprising that major ice sheet formation
as derived here, is associated with a decrease in plate tectonic
activity (Fig. 10).

At other times (i.e., late Permian), a significant reduction of
plate tectonic activity did not result in creation of major ice sheets.
Other factors may have played a major role in regulating Permian
climate, such as net removal of CO2 through the burial of organic
carbon, and the enhancement of silicate weathering through the
action of the terrestrial biosphere or the changes in the geographic
location of weatherable silicate rocks e.g.(Berner, 2004; Goddéris
et al., 2014; Kent and Muttoni, 2013). In addition, land may not
have been positioned at the higher latitudes and therefore not
favourable for the formation of large ice sheets.

Our analyses suggest that during the melting of Late Paleo-
zoic ice sheets and hence a major rise in eustatic sea level
(300–270 Ma), a major sea level fall (�100 m) occurred during
the late Permian-early Triassic (�260–245 Ma) from changes in
oceanic crustal production. The Permo-Triassic has been
described to be the greatest Phanerozoic regression, with its
effects particularly marked in the northern hemisphere, where
shelf areas were nearly completely exposed (Yin et al., 2007),
The amplitude of the end-Permian sea level fall has been quan-
tified by Yasheng and Jiasong (2003), who measured the mini-
mum meteoric dissolution of reefs in South China at 89.3 m.
This fits well with our estimate.
3.2. Residual sea level trends (few to 20 million years) comparison

In the following section we will describe our residual shorter-
term results of the tectono-glacial eustatic curve with a 60 Myr
running average subtracted. This interval is like the time interval
used for the long-term paleo-temperature reconstruction of
Scotese et al. (2021). We note that our analyses would yield similar
50 Myr) eustatic trends. Up-arrows indicate medium-term rising sea level. Down-
light the major, unconformity-bound stratigraphic sequences (see Supplementary



D.G. van der Meer, C.R. Scotese, Benjamin J.W. Mills et al. Gondwana Research 111 (2022) 103–121
results for any subtraction between 45 and 70 Myr running
averages. In Figs. 12-14, our eustatic sea level curve has been
simplified to show only the major transgressive / regressive cou-
plets. The associated amplitude changes are only schematically
represented; for estimates of absolute values of sea level change,
see Figs. 10 and 11. The letters, numbers, and shading highlight
major, unconformity-bound stratigraphic sequences (see Supple-
mentary Table 2 for details). 27 Transgressive-regressive couplets
characterize our tectono-glacial eustatic (TGE) curve. We have
used the ICS 2020 timescale to make geological stage assignments.

3.2.1. Cambrian and Ordovician
Though we do not discuss it explicitly here, eustatic sea level

during late Neoproterozoic cold periods must have been very low
Fig. 13. Carboniferous-Jurassic tectono-glacio-eustasy. Up-arrows indicate rising sea
highlight the major, unconformity-bound stratigraphic sequences (see Supplementary T

Fig. 14. Cretaceous-Quaternary tectono-glacio-eustasy. Up-arrows indicate rising eust
and shading highlight the major, unconformity-bound stratigraphic sequences (see Supp
trends.
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(lower than �200 m) due to several episodes of intense ‘‘Snowball
Earth” icehouse hypothesis (e.g. Hoffman et al., 1998;
Pierrehumbert et al., 2011). According to this hypothesis, ice cov-
ered much of the continents and the sedimentary hiatus known
as the ‘‘Great Unconformity” is found beneath Cambrian strata,
worldwide (Keller et al., 2019; Peters and Gaines, 2012). Our
eustatic curve (Fig. 12) shows that during the early and middle
Cambrian rising sea levels flooded the continents. The tectono-
glacial eustatic (TGE) curve indicates that eustatic sea level fell dra-
matically during the late Cambrian and then rose steadily through
the Ordovician (see Supplementary Table 2). Our curve captures
the dramatic fall in sea level during the Hirnantian Ice Age caused
by the build-up of vast central Gondwanan ice sheets that
extended into the subtropics.
level. Down-arrows indicate falling sea level. The numbers, letters and shading
able 2). The dotted lines are the long-term (>50 Myr) eustatic trends.

atic sea level. Down-arrows indicate eustatic falling sea level. The numbers, letters
lementary Table 2 for details). The dotted lines are the long-term (>50 Myr) eustatic



D.G. van der Meer, C.R. Scotese, Benjamin J.W. Mills et al. Gondwana Research 111 (2022) 103–121
3.2.2. Silurian and Devonian
The Hirnantian eustatic event was short-lived. The Hirnantian

Ice Age (Finnegan et al., 2011) lasted only a few million years; ris-
ing sea level reflooded the continents during the earliest Silurian
(Llandovery, 440 Ma). Our TGE curve (Fig. 12) shows generally
increasing sea levels during the Silurian and Devonian and indicate
that maximum Paleozoic sea levels occurred during the middle
Devonian (Givetian- early Frasnian; 385 Ma). It is likely that some
of the eustatic sea level variations during the Silurian and Devo-
nian were driven by the waxing and waning of relatively small
south polar ice caps (e.g., the mid-Ludfordian glaciation (Frýda et
al., 2021)). The best evidence of for these glacial episodes can be
found in the latest Famennian tillites of the Amazon and Paranaiba
basins (Caputo et al., 2008). Our TGE curve shows a fall in sea level
during the late Silurian and the late Famennian (360 Ma).

3.2.3. Carboniferous and Permian
On the TGE curve there is a single eustatic peak at 340 Ma (Fig.

13). A dramatic fall in eustatic sea level took place near the end of
the Mississippian (latest Serpukhovian, 325 Ma). Eustatic sea level
remained low throughout the late Carboniferous and into the early
Permian (�295 Ma), followed by a sharp drop in eustatic sea level
at the beginning and the end of the Asselian (earliest Permian;
300–295 Ma) related to the Permo-Carboniferous glacial maxi-
mum. The TGE curve shows the sea level rising during the early
Permian.

3.2.4. Triassic and Jurassic
Eustatic sea level fell precipitously during the late Permian and

earliest Triassic (265–245 Ma, Fig. 13) then began to rise again at
the start of the Middle Triassic (Anisian and early Ladinian.
�245 Ma). The TGE curve peaks during the Ladinian and falls dur-
ing the early Late Triassic. It reverses direction at �222 Ma and
continues to rise into the Rhaetian.

The TGE curve indicates that sea level fell across the Triassic-
Jurassic boundary. Continental deposits are dominant in the late
Triassic of Europe. Marine deposits return in the Pliensbachian i.
e. Scotese (2021). Eustatic sea level was low during the Early Juras-
sic and gradually rose during the remainder of the period. The Early
Jurassic was one of the coolest time intervals during the Mesozoic.
Glendonites and dropstones have been interpreted as evidence of
cool climates at high southerly latitudes (Australia) (Boucot et al.,
2013). Following the eustatic sea level low during most of the Early
Jurassic (Hettangian-Sinemurian), eustatic sea level is estimated to
rise during the latest Early Jurassic, peaking during the late Pliens-
bachian - early Toarcian (�183 Ma). After a brief retreat in the late
Toarcian (�175 Ma), eustatic sea level increases dramatically dur-
ing the middle Jurassic, reaching a maximum for the period during
the Oxfordian-Kimmeridgian (�165 Ma). This was followed by
eustatic sea level falling across the Jurassic-Cretaceous boundary.

3.2.5. Cretaceous
It has been inferred that glacio-eustasy was the likely driver of

significant short-term eustatic sea level changes during the Cretac-
eous (Ray et al., 2019). The Cretaceous portions of both eustatic
curves begin with a lowstand in sea level during Berriasian (145–
140 Ma). Changes in eustatic sea level during the Early Cretaceous
may have been driven by small, ephemeral glacio-eustatic events.
Areas prone to ice sheet formation, were up to 8.3 million km2 in
extent (Fig. 7). In comparison, ice sheets of this size would cover
�58 % the area of Antarctica (14.2 million km2) at maximum. Lim-
ited geological evidence of continental ice (tillites) exist in these
times; in Australia during the Valanginian-Aptian (Alley et al.,
2020) and in Siberia, Svalbard, and the Arctic Islands during the
Berriasian – Barremian (Boucot et al., 2013; Cao et al., 2019;
Price, 1999).
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Eustatic sea level rose through the latter part of the early Cre-
taceous (Valanginian – Hauterivian, 140–125 Ma, Fig. 14) reaching
a substantial peak in the Barremian-Aptian (125–120 Ma). A fall in
eustatic sea level at the end of the Aptian (�115 Ma) may be
related to the growth of a small polar ice cap during the Aptian-
Albian ‘‘cold-snap” (O’Brien et al., 2017; Podlaha et al., 1998).

Eustatic sea level remains high throughout the remainder of the
Cretaceous with a prominent eustatic sea level high near the Cen-
omanian/Turonian boundary (94 Ma). Eustatic sea level subse-
quently falls following the C-T highstand, before rebounding in
the early Cenozoic.

3.2.6. Cenozoic
Our tectono-glacial curve (Fig. 14) may show four medium-

term eustatic events during the Cenozoic. These four events are:
a continuation of the highstands of eustatic sea level that charac-
terized the Late Cretaceous into the Eocene, a peak in eustatic
sea level during the early Eocene (50 Ma) followed by a steady fall
in eustatic sea level during the middle and late Eocene, a precipi-
tous drop in eustatic sea level at the Eocene/Oligocene boundary
associated with the rapid growth of the Antarctic ice cap, and a
continued fall in eustatic sea level during the Neogene and Qua-
ternary due to the accumulation of continental ice at both poles.

3.3. Future improvements

1) Factors not explicitly included here may also be important,
which require further analyses. Listing potential improve-
ments from long-term tectonic to shorter-term sedimentary
scale, we identify-five areas of improvement for obtaining a
more accurate Phanerozoic eustatic sea level curve.

2) We assume that the volume of water available to fill the
ocean basins has remained constant during Phanerozoic.
Earth’s lower mantle may store about five times more H2O
than the oceans (Murakami et al., 2002). The flux rate
between lower mantle and oceans may be significant as
some of the present-day ocean water volume may have been
temporarily stored in the mantle. In the recent Young et al.
(2022) model, ocean water has been assumed to be stored
in the mantle in a near-linear way, leading to an overall
eustatic sea level fall of over 400 m + meter during the
Phanerozoic.

3) In our model, the area of continental and oceanic crust is
constant through time. It is a widely held belief that since
the Archean, the volume and area of continental crust has
continued to increase – possibly as much as �15 % since
the start the Phanerozoic (Scotese & Wright, 2018). If this
is the case, then oceanic areas may have been larger in the
Paleozoic and therefore, the ocean basins would have been
able to store more water. This would suggest that we may
have overestimated Paleozoic eustatic sea level in our curves
and could therefore have been lower.

4) Assess any potential modifications to the strontium isotope
derived plate tectonic estimate of van der Meer et al.
(2017), i.e., incorporating the non-radiogenic strontium
input from Large Igneous Provinces (LIPs). Therefore, at LIP
eruption times and subsequent erosion, rate of sea floor
spreading at mid ocean ridges may have been overesti-
mated. This would lead to shallower ocean depth, and hence
higher estimated values of our sea level. It may be due to
specific circumstances of the eruption or erosion of the
Siberian LIP that additional input of non-radiogenic stron-
tium is not leading to a calculated sea level rise, or it is over-
whelmed by another, yet unidentified process, or erosion of
LIPs are only a small factor into the overall global balance of
87Sr/86Sr of the world’s oceans. A more detailed modelling
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study is required to determine why this LIP (and other, smal-
ler LIPs), do not seem to be causing a notable offset in
87Sr/86Sr, despite a relatively short Sr residence time in the
oceans during this time (Vollstaedt et al., 2014).

5) Another factor which requires further study is the amount of
continental ice. Stap et al. 2017, did not distinguish between
land ice or grounded ice on the continental shelf, and derives
net ice effects directly from sea level changes during the Last
Glacial Maximum. Although our calculations are therefore
reasonably calibrated in the late Cenozoic, unfortunately
no similar climate-ice sheet model is available for (minor)
Mesozoic and (major) Paleozoic glaciations. For example,
ice sheets may have been thinner or thicker than our
assumed averages, as derived from the late Cenozoic. We
envision that future work will be able to further our
approach using better temperature and ice volume
reconstruction.

6) Hypsometry likely has changed in the past, but thus far we
have linearly approximated the shelf margin’s hypsometry,
both for grounded ice estimates and to attribute eustatic
sea level higher than Present-day. As noted in the paragraph
on the tectonic component of eustasy, there may have been
times when continents or shelf margins may have been stee-
per or shallower. Shelf hypsometry changes as a result of
(glacio-)eustasy, i.e.,Sømme et al. (2009) or under the influ-
ence of large scale dynamic topography (Marcilly et al.,
2022). Conceptual models based on modern relatively wide
shelves may be poor predictors of (greenhouse) paleogeo-
graphy (Burgess et al., 2022). More detailed analyses are
required to assess these variations to our linearly approxi-
mated, fixed in time, hypsometry.

4. Conclusions

Phanerozoic eustatic sea level is a very important metric but
global mean sea level is poorly constrained, resulting in large dif-
ferences between estimates based on stratigraphically derived
and plate tectonic studies (i.e. Simmons et al., 2020; van der
Meer et al., 2017; Young et al., 2022). Here, we combine an updated
estimate of plate tectonic activity (i.e., sea floor spreading and sub-
duction) derived from the 87Sr/86Sr record of seawater (van der
Meer et al., 2017) with a new measure of glacio-eustasy based on
a recent model of Phanerozoic paleotemperatures (Scotese et al.,
2021). Polar temperatures are used to predict the changing area
of continental ice formation, which is then calibrated with a
paleo-climate model for the late Cenozoic ice-house (Stap et al.,
2017) to obtain ice thickness. We arrive at an average �1.4 km
thickness for ice sheets over 1Myr intervals. These glacio-eustatic
effects, at medium-long term timescales (few � 50 + Myr) lead
to eustatic changes of up to �90 m. We have combined the
glacio-eustatic effects with changes in the ocean volume derived
from our tectonic estimate to obtain a Tectono-Glacio-Eustatic
curve for the entire Phanerozoic.
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