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The eustatic sea-level curves published in the seventies and eighties have supported scientific advances in the
Earth Sciences and the emergence of sequence-stratigraphy as an important hydrocarbon exploration tool. How-
ever, validity of reconstructions of eustatic sea level based on sequence stratigraphic correlations has remained
controversial. Proposed sea level curves differ because of site-to-site changes in local tectonics, depositional
rates, and long-wavelength dynamic topography resulting frommantle convection. In particular, the overall am-
plitude of global Phanerozoic long-term sea level is poorly constrained and has been estimated to vary between
~400m above present-day sea level to ~50mbelowpresent-day sea level. To improve estimates of past sea level,
we explore an alternative methodology to estimate global sea level change. We utilise the Phanerozoic-
Neoproterozoic 87Sr/86Sr record, which at first order represents the mix of inputs from continental weathering
and frommantle input by volcanism. By compensating forweatheringwith estimates of runoff from a 3D climate
model (GEOCLIMtec), a corrected 87Sr/86Sr record can be obtained that solely reflects the contribution of stron-
tium frommantle sources. At first order, the flux of strontium from the mantle through time is due to increases
and decreases in the production of oceanic crust through time. Therefore, the changing levels of mantle-derived
strontium can be used as a proxy for the production of oceanic lithosphere. By applying linear oceanic plate age
distributions, we compute sea level and continental flooded area curves. We find that our curves are generally
within the range of previous curves built on classical approaches. A Phanerozoic first order cyclicity of
~250 Myr is observed that may extend into the Neoproterozoic. The low frequency (i.e., on the order of 10 to
100 My) sea level curve that we propose, while open for improvement, may be used as baseline for refined se-
quence-stratigraphic studies at a global and basin scale.
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1. Introduction

Knowledge of past sea-level fluctuations is of fundamental impor-
tance tomany disciplines in the geosciences, particularly sequence stra-
tigraphy, which is widely used in petroleum exploration. Sequence
stratigraphy plays a central role in modern sedimentology. It can be
regarded as the third and most recent major revolution in sedimentary
geology, following the incorporation of process sedimentology and
plate tectonics into sedimentological research (Miall, 1995). Sequence
stratigraphy combines several disciplines into a unified model to ex-
plain the development and stratigraphic architecture of basin fills. The
publication of AAPG Memoir 26 (Payton, 1977) is commonly regarded
as the birth of sequence stratigraphy. Since then the concept has devel-
oped into a widely-used method for interpreting the geological record
and predicting stratigraphic architecture, and has proven to be very suc-
cessful in its application to hydrocarbon exploration. One way in which
sequence stratigraphy has been applied is the reconstruction of past eu-
static sea-level fluctuations. Probably one of the best known sea-level
curves was published by Vail et al. (1977). Their lowest frequency
curve related to plate tectonics is shown in Fig. 1A. However, as will
be discussed below, using sequence stratigraphy for reconstructing eu-
static sea level does not seem to be a valid approach.
Fig. 1.A; Sea level curves from stratigraphicmethods (Vail et al., 1977; Hallam, 1984; Algeo and
Verard et al., 2015). B; Continental flooded area curves (Ronov, 1994; Walker et al., 2002; Smith
2003, 2008), Golonka (Golonka, 2007a, 2007b, 2009a, 2009b, 2012) and Scotese (Scotese, 201
As a result, global, long-term sea-level changes remain poorly
constrained. Most recently, incorporating the long-term trends of
stratigraphically derived curves (Hardenbol et al., 1998; Haq and
Schutter, 2008), sea-level fluctuations have been estimated to vary dur-
ing the Phanerozoic from as much as ~400 m above present-day sea
level, to ~50 m below present-day sea level (Snedden and Liu, 2010,
2011). However, Snedden and Liu (2010, 2011) are careful in
interpreting long-term curves, indicating that there is little consensus
on the range of sea level changes, and that most authors believe that
range of sea level during most of the Phanerozoic was within ±100 m
of the present-day level (Snedden and Liu, 2010).

Alternative methods to reconstruct first-order or lowest frequency
(on the order of 10–100 My) sea level have used plate tectonic model-
ling. Changes in eustatic sea level result from processes that change ei-
ther the volume of seawater in the oceans or the volume of the ocean
basins (Worsley et al., 1984; Conrad, 2013). Glacio-eustasy, reflecting
ice-volume changes on a timescale of 10 kyr to 1 Myr, is one way to
change the volume of seawater (Miller et al., 2005). Ocean spreading
rates dictate the average age of the ocean floor and therefore the aver-
age depth of the ocean floor (Parsons and Sclater, 1977; Stein and
Stein, 1992). Conrad (2013) studied six long-term factors that have
modified sea level during the past 140 Myr and concluded that volume
Seslavinsky, 1995; Snedden and Liu, 2010) and plate tectonicmethods (Müller et al., 2008;
et al., 2004) and constructed on the basis of the paleogeographic maps of Blakey (Blakey,

4a, 2014b, 2014c, 2014d, 2014e, 2014f, 2016).
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of spreading ridges is the dominant driver of eustatic changes (~250m).
Other factors considered include plume-related seafloor volcanism
(~140 m), dynamic topography (~70 m), climate (~60 m), sediment
thickness (~60m) and the area of the oceans (~10m). Plate tectonic re-
constructions based on seafloor isochrons have been used to estimate
the changing age distribution of ocean floor during the Phanerozoic
and the resulting change in sea level (Worsley et al., 1984; Verard et
al., 2015). Using mantle tomography and mantle convection models,
Müller et al. (2008) and Spasojevic and Gurnis (2012) incorporated dy-
namic topographic effects and estimated global sea level back into the
Cretaceous. However, estimates derived from plate reconstruction are
hampered by diminishing record back in time of preserved oceanic
crust which leads to large uncertainties in the age distribution of the
ocean floor (Rowley, 2002; Müller et al., 2016) Reconstructions of
times prior to 180 million years (Early Jurassic) suffer from having ap-
proximately 70% of the Earth surface unconstrained (Torsvik et al.,
2010; Müller et al., 2016).

In this paper we explore an alternative method of reconstructing
first-order sea level, using the changing values of 87Sr/86Sr isotope ratios
recorded in the marine fossil record (Spooner, 1976; Hallam, 1984;
Worsley et al., 1985). Spooner (1976) demonstrated a positive correla-
tion between increasing land area during the last 70 Myr and an in-
crease in the 87Sr/86Sr isotope ratio. However, in a review of 87Sr/86Sr
isotope ratio values for the entire Phanerozoic (Hallam, 1984) indicates
that this simple correlation between land area and higher 87Sr/86Sr ra-
tios does not hold.

Worsley et al. (1984) created a Phanerozoic sea level model based
on variations in the volume of the world ocean basin caused by changes
in ocean area and depth, which produced eustatic sea level changes of
several 100 m. Their model matched low frequency (on the order of
100 My) cycles of eustatic sea level change (Vail et al., 1977; Pitman,
1978). The Worsley et al. (1985) model also correlated well with the
changing 87Sr/86Sr isotope ratio.

Recently, plate tectonic models have become better at qualitatively
matching the 87Sr/86Sr record. Estimates of the production of oceanic
crust based on a Phanerozoic plate model (Verard et al., 2015) and an
independent estimate of ocean floor production derived from the pat-
tern of Mesozoic-Cenozoic subduction deduced from seismic
Fig. 2.A; 87Sr/86Sr record of (McArthur et al., 2012; Cox et al., 2016), comparedwith the curves o
Meer et al., 2014). B: Strontium Flux ratio relative to present. Weathering component is output
87Sr/86Sr record (McArthur et al., 2012; Cox et al., 2016) with the weathering component.
tomography (van der Meer et al., 2014) both support the notion that
variation and amplitude of the 87Sr/86Sr record at first order result
from ridge spreading and subduction zone-length variations (Fig. 2A).
However, in both studies, the confidence of the estimates decreases
back in time due to a lack of preserved oceanic crust (Torsvik et al.,
2010; Müller et al., 2016) and a correlation between imaged slabs in
the deepmantle andpast subduction still needs to be quantitatively cor-
roborated (Domeier et al., 2016).

In this paper, we revisit the intriguing correlations between
87Sr/86Sr, plate tectonics, and continental runoff, and derive a novel
method that allows us to reconstruct low-frequency sea level changes
using the 87Sr/86Sr record. This method is summarized in Fig. 3. We
will test the results of our method with estimates of changing sea
level based on sequence stratigraphy, plate tectonic models and conti-
nental flooding.

2. Sequence stratigraphy and eustatic sea level estimates

Construction of the low frequency curves of Vail et al. (1977) and
other estimates derived from sequence stratigraphy (Fig. 1) were
based on the following general principles. A core concept of sequence
stratigraphy is that changes in the accommodation space of a basin
combined with the relative rates of sediment supply into that basin, ul-
timately determine the progradation and retrogradation of the sedi-
mentary systems in that basin (Curray, 1964; Pitman, 1978; Burton et
al., 1987; Jervey, 1988; Posamentier and Vail, 1988; Christie-Blick,
1991; Schlager, 1993). If sediment supply outpaces the growth of ac-
commodation, then the basin is filled with sediments and the shoreline
retreats seaward. Conversely, if the growth of accommodation outpaces
sediment supply, then the basin deepens and the shoreline transgresses
landward. Accommodation is primarily the result of changes in eustatic
sea level, tectonics and to a lesser degree inherited physiography
(Jervey, 1988).

Using these principles, Vail et al. (1977) proposed that it is possible
to reconstruct eustatic sea level by analysing the stratigraphic record.
The Vail et al. (1977) curve has since been refined and expanded in var-
ious studies (Haq et al., 1987, 1988; Hardenbol et al., 1998; Haq and
Schutter, 2008; Snedden and Liu, 2010, 2011; Haq, 2014; Fig. 1A).
n the basis of crustal production (Verard et al., 2015) and subduction zone lengths (van der
from GEOCLIMtec (Goddéris et al., 2014). Mantle component is derived by correcting the
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This model has been widely challenged, however (Hallam, 1984;
Hubbard, 1988; Jordan and Flemings, 1991; Posamentier and Allen,
1993; Schlager, 1993; Miall, 1995). The focus of the criticism is on the
validity of using this method for reconstruction of high frequency
(b1 My) fluctuations. While this is certainly a legitimate objection, the
fundamental issue is that the model seems to assume implicitly that
changes in accommodation are the key driver in determining strati-
graphic architecture, whilst variations in sediment supply play an insig-
nificant role. This assumption is unfounded and seems to be incorrect.
Although climate change is thought to be able to cause only transient
changes in sediment supply (e.g. Van den Berg van Saparoea and
Postma, 2008), it is clear that the response of sedimentary systems to
external perturbations is complex (e.g. Paola et al., 1992; Jerolmack
and Paola, 2010; Romans et al., 2016). Assuming that climate change
on any time scale has a negligible impact on stratigraphic architecture
appears to be unjustified.

Furthermore, it has been argued that large-scale tectonic processes
(Cloetingh et al., 1985) and changes in sediment supply in response to
plate tectonic reorganisations (Schlager, 1993; Bonnet and Crave,
2003) are capable of producing (near-) synchronous responses of simi-
lar magnitude. Even synchronous changes in (global) sea level may not
produce synchronous or even similar responses in different basins
(Parkinson and Summerhayes, 1985; Jordan and Flemings, 1991).

Besides these refinements to the original sequence-stratigraphic
concepts, additional processes have come to light that play a significant
role in determining the architecture of basin fills. Dynamic topography
(vertical motion of the crust in response to mantle convection on low
frequency timescales of 10–100 Myr) can generate vertical changes in
elevation similar in magnitude to eustatic changes (Gurnis, 1988,
1990, 1992; Burgess and Gurnis, 1995; Moucha et al., 2008; Spasojevic
and Gurnis, 2012; Conrad, 2013). On higher frequency time scales of
1–10 Myr autogenic (internally generated) behaviour of sedimentary
systems may be responsible for a substantial part of the stratigraphic
stacking patterns found in the sedimentary record (Muto, 2001; Muto
et al., 2007; Muto and Steel, 2014, Muto and Steel, 1997; Postma,
2014). Attempts to reconstruct eustatic sea level from the stratigraphic
record alone should be handled with great caution; see Hallam (1984,
2001) and others (Schlager, 1993; Miall, 1995, 2010; Posamentier and
James, 2009; Cloetingh and Haq, 2015).

Finally, the problem of equifinality, i.e. the notion that in open sys-
tems a given end state can be reached by many potential means (Von
Bertalanffy, 1968), poses perhaps the most fundamental challenge to
reconstructing past eustatic sea level from the rock record. As Burgess
and Prince (2015) demonstrated, it is likely that different forcing
processes or combinations of forcing processes can produce very similar
stratigraphic architectures. Burton et al. (1987) argued that the impact
of a forcing 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
have to be made. This leaves room for substantial uncertainty and a
high likelihood of equally plausible alternative scenarios that are consis-
tent with the observations. The importance of quantifying, or at least
constraining, all of the forcing parameters 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 sedimentary basins is thus the development
of a eustatic sea level model that is derived independently from se-
quence stratigraphic interpretations. To this end, we here explore
whether the 87Sr/86Sr curve may provide an alternative basis to recon-
struct low-frequency eustatic sea level fluctuations.

3. Methodology

3.1. Plate tectonics and strontium isotopes

87Sr/86Sr ratios are measured in marine biogenic and abiogenic car-
bonates and are assumed to represent the pristine ratio of 87Sr/86Sr in
paleo-oceanic seawater. In our studywe use the recent 87Sr/86Sr records
of McArthur et al. (2012) and Cox et al. (2016), which are well-
constrained for the Phanerozoic, and data, although less well
constrained, extending as far back as the Archean (Prokoph et al.,
2008; Prokoph and Puetz, 2015). In the modernworld ocean, the stron-
tium residence time is 2.5 Myr (Hodell et al., 1990), but this residence
time has varied between 1 and 20 Myr since the Late Cambrian
(Vollstaedt et al., 2014). Therefore,wewill focus on timescales N20Myr.

The 87Sr/86Sr ratio of the Earth's ocean waters results from a mixing
of river input (with high continental 87Sr/86Sr ratios, ~0.7136) and input
frommid-ocean ridges and volcanic arcs (with lowmantle 87Sr/86Sr ra-
tios, ~0.7030). Using the mixing model of Allegre et al. (2010), and as-
suming that river input of 87Sr/86Sr has remained constant, van der
Meer et al. (2014) produced a 87Sr/86Sr curve based on evolving subduc-
tion zone length that was a first-order match (at 10s of millions of
years) to the 87Sr/86Sr curve of Prokoph et al. (2008) (Fig. 2A).

Van der Meer et al. (2010, 2012) used seismic tomographic tech-
niques to image “fossil” subduction zones in the Earth's mantle. By
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mapping these remnants of past subduction, van der Meer et al. (2014)
were able to estimate the total length of subduction zones for time in-
tervals extending back to the Triassic. These estimates assume that pos-
itive seismic wave speed anomalies correspond to subducted
lithospheric remnants. Applying a sinking rate of lower mantle slabs
of 12 ± 3 mm/yr, a value based on correlations of seismic tomographic
anomalies in the mantle with geological records of past subduction
zones (van der Meer et al., 2012, Van der Meer et al., 2010), total sub-
duction zone length through time was calculated from depth slices
throughout themantle. This analysis showed a gradual variation in sub-
duction zone length from ~40,000 km today, ~75,000 km in the Jurassic,
and ~60,000 km in the Triassic. Van der Meer et al. (2014) showed that
the subduction zone length is directly proportional to rates of ocean
floor production based on plate tectonic reconstructions (Müller et al.,
2008) if subduction zone length is scaled to production rate through a
globally constant average subduction rate of ~6 cm/yr, similar to the
present-day (Schellart et al., 2007). This suggested that the changing
length of subduction zones through time may be used as a proxy for
the production of ocean floor, and hence is a direct corollary of stron-
tium input from the mantle. Unfortunately, the ‘mantle memory’ of
past subduction runs out at the core-mantle-boundary where slabs are
piled up and recycled (van der Meer et al., 2010).

Recently synthetic 87Sr/86Sr ratio curveswere calculated on the basis
of a Phanerozoic plate model (Verard et al., 2015). The dominant pa-
rameter was the crustal production within the plate model, but in addi-
tion other scenarios were calculated using variable sediment fluxes and
changing the 87Sr/86Sr values of the continental and mantle reservoirs.
In Fig. 2A, we plot the scenario of Verard et al. (2015) in which they
scaled the weathering flux proportional to the volume of mountain
belts of their model. A good fit is established for the Cenozoic, Creta-
ceous and for the time period between 325 and 550 Myr (Fig. 2A). For
the Jurassic, Triassic and Permian portions of the curve the fit is poorer,
which is not surprising considering the diminished oceanic record and
the resulting large uncertainties in crustal production of their model.
Despite these uncertainties their values stay within the overall range
of the Phanerozoic 87Sr/86Sr record.

Because these tectonic studies (van der Meer et al., 2014; Verard et
al., 2015) obtain a reasonable first order fit with the 87Sr/86Sr record
back through the Mesozoic, it seems reasonable to use the measured
87Sr/86Sr ratios as a proxy for oceanic crustal production. This approach
has the advantage that high resolution 87Sr/86Sr records are available
further back in time than the Triassic. This would overcome the limita-
tions of plate reconstructions for times when there is no preserved oce-
anic crust and the limitations of seismic tomography studies for times
when there is no subducted material preserved in the mantle.

Integrating plate production over time gives an average ocean floor
age, and thus an average depth of the ocean (Parsons and Sclater,
1977; Stein and Stein, 1992) fromwhichwemay infer changes in global
sea level (eustasy). Constraints on the average age of the oceanfloor age
may provide a basis for a quantitative first order, low-frequency esti-
mate of eustatic sea level changes. Here, we explore the simplest-case
scenario and assume a constant volume of ocean water with no signifi-
cant contribution from either the long-term exchange of water with the
mantle, volume changes due to changes in global temperature or glacio-
eustatic variations.We also assume that the volume of the ocean basins
have not been significantly affected by dynamic topography, oceanic
plateau formation, mantle plumes, or sedimentation on ocean sea-
floor (Müller et al., 2008; Conrad, 2013). We assume that the total
area of the ocean basins has not changed significantly through time
and that a reliable estimate of the volume of the ocean basins can be ob-
tained by determining the age and depth distribution of the ocean floor,
which is a function of changes in ocean floor production through time.

Given these assumptions, if changes in the production of ocean floor
are known, and the global volume of seawater is assumed constant,
then one can quantify eustatic sea level change through time. In addi-
tion, by combining global sea level changes with continental
topography (hypsometry), one can estimate the amount of continental
flooding (area of continental shelves and shallow epeiric seas). This en-
ables us to test our 87Sr/86Sr derived sea level curvewith sea level curves
derived from independent sources and likewise, test our estimates of
continental flooding with published estimates of the ancient area of
continental shelves and epeiric seas. In the next section, we will discuss
the applicability of this methodology and identify challenges to
overcome.

3.2. Correcting 87Sr/86Sr ratios for weathering variations

According to the mixing model of Allegre et al. (2010), the 87Sr/86Sr
ratio of sea water is dependent on input from the weathering of mantle
sources (volcanism) and from theweathering of continental sources. In-
creased contributions from less radiogenic volcanic sources (mid-ocean
ridge, arc and plume basalts with 87Sr/86Sr ratios of ~0.7030) leads to a
decrease in the 87Sr/86Sr signature of seawater. Conversely, increased
weathering from more radiogenic continental crust (with 87Sr/86Sr ra-
tios of ~0.7136) leads to an increase of 87Sr/86Sr ratio values. In order
to obtain an estimate of 87Sr/86Sr ratio through time, we therefore
need an estimate of the rate of oceanic crust produced through time
as well as an estimate of continental weathering rates through time.

Weathering is strongly dependent on runoff (Dessert et al., 2003;
Oliva et al., 2003). Various estimates of Phanerozoic runoff through
time have been proposed (Berner, 1994; Otto-Bliesner, 1995; Gibbs,
1999; Goddéris et al., 2014). The Berner (1994) continental runoff
model was based on an assumed correlation between global tempera-
ture and global runoff, modulated by a continentality factor that took
into account the effect of paleogeography on runoff. Thepaleogeograph-
ic factor was taken from off-line simulations performed with a 3D–cli-
mate model using constant pre-industrial CO2 concentrations and
continents with no topography (flat continents).

Recently, runoff estimates were obtained from simulations per-
formed with the Fast Ocean and Atmosphere Climate Model (FOAM)
which included 22 time slices for the Phanerozoic (Goddéris et al.,
2014) and 7 additional time slices for the Neoproterozoic (Goddéris et
al., 2016). The only forcing functions were the energy input from the
Sun and paleogeography. The paleogeographic reconstructions used in
Goddéris et al. (2014, 2016) originated from various sources. Cenozoic
and Mesozoic paleogeographies were taken from Herold et al. (2008),
Vrielynck and Bouysse (2003) and Sewall et al. (2007). Paleozoic paleo-
geographies were derived from Blakey (2003, 2008). Neoproterozoic
paleogeographywas based on Li et al. (2013). Considering the complete
set of paleogeographic reconstructions, the continental land area fluctu-
ates between about 105 and 160 million km2. Assuming a constant vol-
ume of seawater, these fluctuations can be either related to changes in
the sea level, continental growth and destruction, or most likely to as-
sumptions, lack of data, approximates in the various paleogeographic
reconstructions or changes in the hypsometry of the continents due to
erosion and tectonic effects. The low spatial resolution of the climate
simulations (7.5° longitude × 4.5° latitude) may also result in an in-
crease or decrease in apparent land area during the digitization process.
The calculated runoff decreases linearlywith increasing land area (Pear-
son correlation coefficient of −0.66). Strictly speaking, this means that
there is a risk of partial circular reasoning since one parameter used in
the sea level reconstruction might be partly dependent on the sea
level itself. At this stage, it is impossible to estimate the separate contri-
bution of sea level to a relation between runoff and land area, given the
variety of methods used to produce the paleogeographic reconstruc-
tions. However, Goddéris et al. (2014) have shown that runoff correlates
strongly with the latitudinal distribution of the continents, and as one
might expect, global runoff is particularly low when a high percentage
of land areas are located within the arid belt (Pearson correlation coef-
ficient −0.84, Goddéris et al., 2014). The relative proportion of conti-
nents located in a specific latitudinal zone (zonal land area divided by
the total land area) is independent of the sea level. This result suggests
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that the factor controlling the geological history of runoff is plate mo-
tions, with sea level being a second-order factor; although this assump-
tion deserves future modelling work with the land area held constant
through time.

Because rainfall and the resulting runoff is the first-order controlling
factor of continental weathering (Dessert et al., 2003; Oliva et al., 2003),
continental weathering rates and associated flux of radiogenic stron-
tium into the oceans follow the same temporal pattern. Given the direct
relationship between runoff andweathering rates, we used these conti-
nental weathering rates to calculate the other half of the strontium flux
equation, namely the flux of 87Sr/86Sr flux from the mantle (Fig. 2B). In
summary, from the mantle flux of 87Sr/86Sr, we estimated the required
amount of oceanic crust needed to produce that ratio, and from the
changing rate of oceanic crust production we estimated the global age
distribution of the ocean floor through time. Finally, from the changing
age distribution if the ocean floor we determined the ocean depth
through time.

3.3. Depth of the oceans through time

The depth to oceanic basement is classically calculated by empirical-
ly fitting curves based on a half-space thermal cooling model to bathy-
metric data from the North Pacific and Atlantic Oceans (Parsons and
Sclater, 1977; Stein and Stein, 1992). These empirical curves use a half
space thermal cooling model with a √t relationship (t = the age of the
oceanic crust) combined with an exponential curve to fit the flattening
of the depth curve with increasing age. To estimate the relationship be-
tween the age of oceanic lithosphere and the depth of the oceans we
adopted a similar approach based on an empirical √t relationship to ac-
count for the cooling of the lithosphere, and a linear time-dependent re-
lation to account for sedimentation and plume effects.

We sampled the oceanic age grid of (Seton et al., 2012) aswell as the
present-day ETOPO1 bathymetry (Amante and Eakins, 2009) using a
grid of 100 × 100 km cells in an equal-area Mollweide projection. As
shown in Fig. 4, there is significant scatter and deviation within the
Fig. 4.Depth to seabed, showing sampled bathymetry fromETOPO1 (Amante and Eakins, 2009)
bathymetry versus ocean age data due to volcanically modified areas
(plume swells, hotspot tracks, seamounts) and areas close to sedi-
ment-loaded, passivemargins.We accept this scatter as an inherent fea-
ture of the oceans basins and assume that this scatter was a constant,
first-order feature throughout the Phanerozoic and Neoproterozoic.
We partly mitigate this scatter by restricting our curve-fitting to the
1–120 Myr portion of the age distribution. The depth data from ocean
floor older than 120 Myr are few and scattered. Their inclusion results
in irregular averages with large standard deviations.

The relationship between ocean depth (z) and ocean floor age (t)
that we use is,

z ¼ 2465þ 360√ t−15t ð1Þ

where z is the ocean depth in meters, and t is the ocean crust age in
million years.

3.4. Rates of ocean floor production and the resulting age distribution of
oceanic lithosphere

Wemay use themantle component strontium flux curve (Fig. 2B) to
estimate the rate of ocean floor production, and from the rate of ocean
floor production we can calculate the corresponding area-age distribu-
tion of the ocean basins. In other words, if the strontium flux ratio dou-
bles, as it does going from the present-day back to 100 Myr, then the
rate of ocean floor production also would have doubled over the same
time interval.

Coltice et al. (2012, 2013) modelled different area-age distributions
for ocean floor as a function of the number and size of continents. They
concluded that on model earths with plate-like behaviour, the average
area-age distribution is nearly a linear function, and that the average
area-age of the ocean basins is directly correlated with the average
spreading rate (Coltice et al., 2012), Following previous approaches
(Cogné and Humler, 2004; Becker et al., 2009; Coltice et al., 2012,
2013), we use a least-squares method (Fig. 5) to fit a linear equation
and ocean crust age (Setonet al., 2012)with our calculatedbestfit and standarddeviations.



Fig. 5. Oceanic area distribution per age bin at present and at 100 Ma of (Coltice et al.,
2013) and our linear approximations used in our model.
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to the area versus age relationship of the present-day oceanic litho-
sphere from Seton et al. (2012). In Fig. 5 we illustrate our linear area-
age distributions for the present-day and for 100 Myr, which was a
time with higher crustal production. In the 100 Myr example our theo-
retical model would indicate that no oceanic lithosphere older than
90 Myr would be preserved.

We therefore infer that low 87Sr/86Sr ratios (after correction for
weathering flux), correspond to high mantle input due to rapid sea
floor spreading (i.e. high oceanic lithosphere production). Rapid
Fig. 6. Derived hypsometric curve of ETOPO1 (Amante and Eakins
seafloor spreading leads to a larger portion of the total global ocean
floor area consisting of young, more buoyant crust and therefore a
steeper slope in the area-age curve.

3.5. Volume of the paleo-oceans and continental flooding

In the next step, we estimate the volume of the paleo-ocean basins
by multiplying the area-age distribution that was estimated from the
mantle component of the strontiumcurve (Fig. 2B)with the appropriate
‘age-depth to ocean floor’ (Eq. (1)). This volume is the amount of water
the world's paleo-oceans would be able to store relative to present sea
level. Any excess water above or below present-day sea level needs to
be redistributed across oceans and continental shelves. This requires
an assumption regarding the average global topography and bathyme-
try of continental margins and shelves. This is given by the global hyp-
sometric curve. We therefore first derived the present-day
hypsometric curve by sampling the ETOPO1 digital elevation model
(Amante and Eakins, 2009) using an equal-area Mollweide projection
at 5 m elevation bins (Fig. 6). By least-squares fitting the cumulative
area between 0 and 200 m elevation, we obtain the following linear
function

Acontinent ¼ c � hþ k ð2Þ

where Acontinent is area of the continental shelves (km2) that will be
flooded by a rise in sea level of h kilometers. c is the hypsometric gradient
of 202,000,000 km2/km, and K is a constant that depends on the choice of
location of the shelf and shelf break. Because we are primarily interested
in the flooded shelfal area relative to the present-day, constant K is irrel-
evant, and we set K equal to 0. Consistent with previous approaches
(Forney, 1975; Hallam, 1984), we assume that the slope of the hypsomet-
ric curve in thefirst fewhundredmeters, is constant and use the linear re-
lationship in formula (2) to calculate the area of continental flooding for
every meter of sea level rise. Excess water volume (Vexcess) as calculated
above, would need to be redistributed across the marine domain,
, 2009) and our linear fit of 0–200 m above present sea level.
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representing oceans, continental slope and seas (Vmarine) and across the
continental domain by flooding the continents (Vcontinent).

Vexcess ¼ Vmarine þ Vcontinent ð3Þ

Excess water volume leading to sea level rise is then distributed
across areas of the marine domain (Amarine), and flooded continents
(Acontinent).

Vmarine ¼ h � Amarine ð4Þ

On the basis of our analyses of ETOPO1 (Amante and Eakins, 2009),
Amarine amounts to 361,380,356 km2 at present. The flooded continental
area Acontinent accommodates only half of the volume per area, the other
half being occupied by topography, therefore:

Vcontinent ¼ h � 0:5 � Acontinent ð5Þ

Inserting formulas (2), (4), and (5) into Eq. (3) leads to:

h2 0:5 � cð Þ þ h Amarineð Þ−Vexcess ¼ 0 ð6Þ

Solving this polynomial function yields:

h ¼ −Amarineð Þ
þ =− Amarineð Þ2−4 � 0:5 � c �−Vexcessð Þ

� �
Þ= 2 � 0:5 � cð Þ ð7Þ

This provides us with h as the resultant water column, or sea level
rise relative to the current sea level. Because sea level on 10 to
100Myr scales should be fully isostatically compensated (i.e., full relax-
ation of ocean basin loading), a mass of mantle equal to that of the
addedwater depth should become displaced frombeneath oceanic lith-
osphere (Conrad, 2013). Since seawater density is ~30% that of mantle
rock, isostatic compensation of seawater (if fully completed) should
cause observed sea level change to be damped compared to changes
in water-level rise (Spasojevic and Gurnis, 2012). This isostatic
Fig. 7. A; Here derived sea level curves compared with the reference curves from sequence st
curves compared with the reference curves from sequence stratigraphic methods, as shown in
correction was calculated at 0.689 (Spasojevic and Gurnis, 2012),
which we adopt to calculate absolute sea level rise (habsolute).

habsolute ¼ 0:698 � h ð8Þ

4. Results

Using the approach outlined above, we have computed a sea level
curve that is derived solely from the 87Sr/86Sr record of seawater
(Fig. 7A, Supplementary Table 1). The 87Sr/86Sr -derived curve has nota-
ble sea level lows (b25 m) during the Cambro-Ordovician (460–
520 Myr), Triassic (210–250 Myr), and the Neogene-present-day (0–
20 Myr). Highest sea levels (N150 m) are noted in the late Jurassic-
late Cretaceous (160–85 Myr) and prior to the mid-Tonian (~815 Myr).

The 87Sr/86Sr-derived curve shows a first-order 250 Myr cyclicity
during the Phanerozoic. A long-term low for the late Tonian (780–
730 Ma) may indicate that cyclicity associated with the opening and
closing of oceans as described by Wilson (1966) extends into the
Neoproterozoic. This 250Myr cyclicity is in agreementwith earlier doc-
umented cyclicity for Phanerozoic orogeny, magmatism, sea level and
climate as summarized by Nance et al. (2014). Umbgrove (1940,
1947) argued for the existence of a ~250 Myr “pulse” whereas Fischer
(1981, 1984) argued for two ~300 Myr cycles. Our cyclicity is consider-
ably shorter than the ~400–500Myr tectonic-climatic cycles ofWorsley
et al. (1984) and Veevers (1990), which essentially encompass two of
our cycles. Our cyclicity is also shorter than irregular ~500Myr to billion
year supercontinent cyclicity (Bradley, 2011; Nance et al., 2014; Condie
et al., 2015; Van Kranendonk and Kirkland, 2016), which extends out-
side our range of sea level reconstruction. The cause of the ~250Myr cy-
clicity is to be studied further, but may be the result of the effect of
subduction on heat flow of the core-mantle-boundary (Biggin et al.,
2012) and/or is related to the survival time of deeply subducted slabs
(van der Meer et al., 2010).

We also show an alternate sea level curve (Fig. 7A) thatwas calculat-
ed without the application of the weathering correction derived from
theGEOCLIMtecmodel (Goddéris et al., 2014, 2016). The two curves dif-
fer notably in the Permo-Triassic and prior to the Cambrian. This
ratigraphic and plate tectonic methods, as shown in Fig. 1A. B; Here derived flooded area
Fig. 1B.
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highlights the effect of the weathering strontium flux ratio being sub-
stantially different relative to the present at those times (Fig. 2B).

4.1. First test: comparison with other eustatic sea level curves

In order to test the validity of our model, we compare our sea level
curve (Fig. 7A) to other relative sea level curves based on sequence-
stratigraphic analyses (Vail et al., 1977; Hallam, 1984; Algeo and
Seslavinsky, 1995; Snedden and Liu, 2010, 2011) or derived from plate
tectonic models (Müller et al., 2008; Verard et al., 2015). The area
shown in grey in Fig. 7A is the bounding area of the six other sea level
estimates (see Fig. 1A for reference). Our sea level curve falls in the
range of previous estimates of sea level for most of the Phanerozoic,
and successfully matches the 250 million year cyclicity that is seen in
the previous analyses. Our curve lies in the lower range of most sea
level estimates for the middle and late Paleozoic (250–450 Myr), and
approximately 100 m below the ranges of previous sea level estimates
for the late Cambrian through late Ordovician (520–450 Myr) (Algeo
and Seslavinsky, 1995; Snedden and Liu, 2010, 2011; Verard et al.,
2015). Comparisons cannot be made prior to the Cambrian because
there are no published sea level curves for the Neoproterozoic. Esti-
mates for the Archean suggest that sea levels were ~500 to ~1800 m
higher than present-day (Flament et al., 2013). Due to the lack of
weathering corrections, we are not able to use our model to make sea
level estimates for times prior to the Neoproterozoic. However, using
an Archean 87Sr/86Sr value of 0.703 (Prokoph et al., 2008; Prokoph and
Puetz, 2015), we would estimate a sea level 425 m higher than pres-
ent-day. Due to a hotter mantle, Archeanmid-oceanic ridges are gener-
ally assumed to have been shallower than today. In the extreme case
where mid-ocean ridges would rise to sea level (Walker and
Lohmann, 1989), we calculate an Archean sea level of +1295 m,
which is consistent with reported sea levels of 500–1800 m for the Ar-
chean (Flament et al., 2013).

4.2. Second test: comparison with continental flooding

The broad trends in sea level through time can be tested by the inde-
pendent technique of estimating continental flooding at successive time
intervals (Hallam, 1984). The hypsometric curve, which describes the
areal extent of continental elevations, can be used to estimate the rise
in sea level required to flood varying amounts of continental area. This
assumes that ancient hypsometric curves were similar to the present-
day (Forney, 1975; Hallam, 1984). Based on formula (2), which de-
scribes the hypsometric curve for the continental margin and shallow
shelves, we follow the approach of previous studies (Forney, 1975;
Algeo and Seslavinsky, 1995) and assume linearity for the first few hun-
dred meters on either side of the coastline.

Paleogeographicmaps that show the amount of continentalflooding
(millions of km2) provide an independent measurement of past sea-
level and have been used to quantify continental flooding. On the
basis of paleogeographic maps (Ronov et al., 1984, 1989; Scotese and
Golonka, 1992; Golonka et al., 1994; Scotese, 1998; Smith et al., 2004),
several Phanerozoic continental flooding curves have been published
over the past decades (Ronov, 1994; Worsley et al., 1994;
Otto-Bliesner, 1995; Walker et al., 2002; Smith et al., 2004; Heine et
al., 2015). Following these efforts, we have constructed curves showing
the area of continental flooding based on the most recent paleogeo-
graphic maps of Blakey (2003, 2008), Golonka (2007a, b, 2009a, b,
2012), and Scotese (2014a, 2014b, 2014c, 2014d, 2014e, 2014f, 2016).
For times back to 410 Ma and between 520 and 600 Ma, our 87Sr/86Sr-
derived continental flooding curve is generally within the range of the
other continental flooding curves (Figs. 1B, 7B, Supplementary Table
1). Between 410 and 520 Ma, our estimate of continental flooding is
up to 20 million km2 less than the other estimates; however, all curves
have a similar second-order trends.
We conclude that our new sea level curve and the derived area of
continental flooding are, atfirst-order, consistentwith estimates of con-
tinental flooding and sea level of other authors. The causes of second-
order differences, notably in the Late Neoproterozoic to Early Phanero-
zoic require further study.

5. Discussion

Underlying our approach to derive a new low frequency (on the
order of 10 to 100 My) sea level curve from 87Sr/86Sr ratios, there are
several fundamental assumptions that may require further verification
or refinement. The three most important effects that would impact the
first-order amplitude of sea level derived here are: 1) the constant
87Sr/86Sr values of the strontium inputs used in the mixing model, 2)
the accuracy of the weathering model, and 3) the assumption that the
oceanic crustal ages have a linear relationship with sea floor spreading
rates.

5.1. Input 87Sr/86Sr variations

Using the mixing model of Allegre et al. (2010), we assume that
value of the 87Sr/86Sr component from the mantle (0.7030) and the
value of continental weathering component (0.7136) have been con-
stant through time, and that the observed variability is simply due the
flux of either component. It is unlikely that the values of the two
87Sr/86Sr components have remained constant because these compo-
nents are the result of the mixing of strontium signals from the mid-
ocean-ridges, arc volcanism and ocean-island (plume) basalts for the
mantle component, and themixing of carbonate and silicateweathering
for the continental component. All these components have their own
global average 87Sr/86Sr ratio, but these ratios are likely to have varied
to some degree, e.g., as a result of Himalayan plateau uplift and
weathering (Raymo and Ruddiman, 1992; Richter et al., 1992;
Goddéris and François, 1995; Kent and Muttoni, 2008; Verard et al.,
2015), continental versus intra-oceanic arc volcanism (Lee et al.,
2012) or flood basalt emplacement and weathering (Mills et al., 2014).

Van der Meer et al. (2014) showed that for the past 235 Myr the
changing length of subduction zones, which is proportional to the pro-
duction of oceanic crust at mid-ocean ridges, can explain the first
order shape of the 87Sr/86Sr curve. Mills et al. (2014) showed that a bet-
ter fit can be obtained by taking into account temporal variations in the
weathering of flood basalts. For the time period under consideration,
flood basalt weathering seems to be of second-order importance. Mills
et al. (2014) estimated that 87% of the 87Sr/86Sr record is due to crustal
production at mid ocean ridges, which from our point-of-view, is the
first-order mechanism that drives eustatic changes.

Additionally, flood basalts that erupt in the ocean basins take up a
volume that otherwise would have been occupied by water. This then
leads also to eustatic sea level rise (Müller et al., 2008; Conrad, 2013).
Ourmodelmay therefore, have underestimated sea level rise. Our linear
time-dependent function partly mitigates this volumetric effect by in-
corporating the present-day submerged flood basalts and our indirect
assumption of a constant submerged flood basalt volume through time.

5.2. Weathering corrections

The Phanerozoic-Proterozoic weathering correction requires further
study. Other climate models (Berner, 1994; Otto-Bliesner, 1995; Gibbs,
1999) would probably produce different runoff estimates (Goddéris et
al., 2014, 2016) and therefore different weathering corrections for the
observed 87Sr/86Sr values (McArthur et al., 2012; Cox et al., 2016). How-
ever, at first-order, these climate models (Berner, 1994; Otto-Bliesner,
1995; Gibbs, 1999; Goddéris et al., 2014, 2016) agreewith higher runoff
during the Jurassic and Cretaceous greenhouseworlds, and lower runoff
for the present-day and the Permo-Triassic. Therefore, the largest cor-
rection to the Phanerozoic 87Sr/86Sr curve (McArthur et al., 2012)



Fig. 8. Comparison ofmean oceanic ages of ourmodel, with plate tectonicmodels (Müller et al., 2016; Seton et al., 2012; Verard et al., 2015) andwith the subduction record (van derMeer
et al., 2014).
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would still be made for the Permo-Triassic, and would solve the main
point of contentionwith Spooner's observation (Spooner, 1976) regard-
ing the poor correlation of the measured 87Sr/86Sr values and the sea
level curve for the Permo-Triassic (Vail et al., 1977; Hallam, 1984;
Algeo and Seslavinsky, 1995; Snedden and Liu, 2010, 2011; Fig. 1A).

Other secondary effects may also need to be incorporated in the
GEOCLIMtec model (Goddéris et al., 2014). Topography does not play
a role, nor does the contribution of the different erosional products,
i.e. low radiogenic carbonates, flood basalts, arc/hotspot volcanic prod-
ucts and ophiolites, versus high radiogenic Archean cratons.

5.3. Ocean age distributions

One of the most important assumptions of our approach is that the
first-order linear ocean age distributions shown in Fig. 5, are a valid ap-
proximation of the present-day. In Fig. 5,we compare our linear approx-
imation with the estimation of Coltice et al. (2013), who used the ocean
age grids of Seton et al. (2012) sampled at time intervals of 5 Myr. This
figure highlights the excellent first-order fit between a linear function
and the present-day area-age distribution. At second-order, there are
differences of up to 0.2 million km2 per age bin, representing a maxi-
mum difference of ~8% at the 25 Myr age bin. For the first-order rela-
tions we are pursuing, we therefore consider the linear function
satisfactory. Differences are more substantial when comparing our
curve and the 100 Ma curve of Coltice et al. (2013), with differences of
up to 2.4 million km2 per age bin. However, as discussed before, the
100 Ma age grids (Seton et al., 2012) are only partly based on data as
only a limited amount of crust is preserved and about 50% of the age-
grid is extrapolation of a presumed plate boundary configuration in
the oceans. Although there have been model experiments with devia-
tions from linear distributions (Coltice et al., 2012), the paleo-age
grids beyond the Cenozoic have such large uncertainties that such sub-
tle improvements are not meaningful. We therefore consider that our
linear age distribution assumption satisfactorily constrains sea level at
the first-order.

The differences between age distributions in the various plate
models are illustrated in Fig. 8, which shows the mean age of ocean
floor through time. Our average mean age fluctuates between ~30–
75 Myr over the past 837 Myr. We compare this range with the studies
of Müller et al. (2016), Verard et al. (2015) and Seton et al. (2012), as
well as with a curve calculated using the subduction record of van der
Meer et al. (2014). There is good agreement between the four curves
in the 0–100 Ma interval, but there is greater variation between 100
and 235Ma. Prior to 235Ma, the study of Verard et al. (2015) has a con-
siderably lower mean age prior to 350 Ma (a mean age of 17 Myr at
535 Ma). Prior to 600 Ma there is no comparable model. Our method,
which extends insights into plate tectonic age distributions ~200 mil-
lion years into the Neoproterozoic must await future plate model
comparisons.

6. Conclusions

Recently, it was shown that record of 87Sr/86Sr can be correlated, at
first-order to, the mantle subduction record and the sea floor spreading
models as far back as theMesozoic. Sea floor spreading is the first-order
driver for sea level and therefore is of fundamental importance to the in-
terpretation of sequence stratigraphy at regional and larger scales. We
correct the 87Sr/86Sr record for the effects of weathering using estimates
of runoff from a recent climate model. From the corrected strontium re-
cord, we calculate the sea floor spreading rate during the last 835 mil-
lion years. By assuming linear age distributions and a depth-to-ocean
floor-age curve, a new type of global, eustatic sea level curve is derived.
We test this curve by comparing it to estimates of sea level derived from
sequence stratigraphy and plate tectonic models, as well as estimates of
continental flooding. These comparisons show that the sea level curve
that we present here is generally within the range of the other sea
level curves, with a few notable exceptions. Because the 87Sr/86Sr-
based eustasy methodology is consistent, verifiable, and has a clear
track record, we propose that it should be considered to be a new,
valid method for reconstructing global eustatic sea level during the
Phanerozoic and Neoproterozoic.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gr.2016.11.002.
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