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Abstract

Palaeogeography is the study of the geography in the geological past, focusing on reconstructing the position of continents, oceans
and mountain ranges over millions of years, helping scientists to understand past climates, the evolution of life and quantify sea-
level variations. Plate tectonic models are essential for reconstructing palaeogeography, as they provide information about the
position and age of geological features controlling the topography. The PANALESIS model, for instance, can be used to create
fully quantified palaeogeographic reconstructions and sea-level variations estimates. However, the data and code used to produce
previous results using PANALESIS were never published, were dependent on proprietary software, and can no longer be run due to
software obsolescence, making them impossible to reproduce. To address this, we have entirely rewritten and enhanced the source
code into a QGIS plugin named TopoChronia. In this paper, we present sea-level curves derived from the new palaeogeographic
maps over the Phanerozoic, and compare them with the original PANALESIS sea-level curve as well as other data obtained with
sequential stratigraphic studies. We discuss possible causes explaining differences in results. The TopoChronia plugin is available
at https://github.com/florianfranz/topo chronia

1. Introduction

Over the Phanerozoic, many studies have provided reconstruc-
tions of sea-level fluctuations at the global scale (eustasy). Un-
derstanding these variations is useful in many disciplines of
the geosciences, including palaeoclimatology (Goddéris et al.,
2014; Lunt et al., 2016).

One one hand, sequence stratigraphy, the study of rock strata
relationship and patterns linked to sea-level variations, has long
been used to understand global and local changes throughout
the Phanerozoic starting with Vail et al. (1977); Payton (1977);
Vail et al. (1991) and Miall (1996). Their methodology laid
the foundation for the creation of several curves (Haq et al.,
1987; Wilgus et al., 1988; Hallam and Cohen, 1997; Miller et
al., 2005; Haq and Al-Qahtani, 2005; Haq and Schutter, 2008;
Haq, 2018). Snedden and Liu (2010) also provided a curve de-
rived (and rescaled) from Haq et al. (1987); Hardenbol et al.
(1998) and Haq and Schutter (2008).

These studies showed two peaks reaching above +200m in the
Late Cretaceous and in the mid-Palæozoic; compared to our
present-day sea-level reference (set at 0m). More recently,
Vérard (2024) generated a composite curve from the curves of
Haq et al. (1987); Haq and Al-Qahtani (2005); Haq and Schutter
(2008) and Haq (2018), rescaled to one of the most recent chro-
nostratigraphic chart; This composite curve is referred herein to
as the ”Haq’s curves”.

On the other hand, the plate tectonic theory, defined mainly
by McKenzie and Parker (1967); Morgan (1968); Le Pichon
(1968); Isacks et al. (1968) and Vine and Hess (1968), paved
the way for the development of plate tectonic models.

These models showed that the global ocean basin size changed
through time, influenced by the movement of plates, and the

distribution of continents, as discussed for instance in Wright
et al. (2020). Plate tectonics models have been used to evaluate
sea-level change curves over the Phanerozoic and show similar
trend as curves derived from stratigraphy (Vérard et al., 2015;
Marcilly et al., 2022), despite large uncertainties.

These uncertainties mainly arise from how sea-level curves are
derived from the plate tectonics models. Some models create
semi-quantitative palaeogeographic maps with elevation ranges
(Scotese, 2021), while other models, like PANALESIS (Vérard,
2019) are capable of producing fully quantified palaeotopo-
graphic maps, from which global sea-level may be derived, and
accounted for, into palaeogeographic maps.

PANALESIS is a plate tectonic model covering 100% of the
Earth’s surface with 44 distinct reconstructions over the Phan-
erozoic for what concerns PANALESIS v0 (Vérard, 2019). The
model uses a dual-control approach, which means that it is (i)
based on present-day geological evidence moved to their past
location and (ii) one reconstruction has to be dynamically co-
herent with the one preceding it and controls the next one.

The steps to generate these fully quantified maps were de-
scribed previously in Vérard et al. (2015) which used the UNIL
model (Stampfli and Borel, 2002; Stampfli et al., 2013). The
code was however never released and both data the software
used to process it were proprietary.

With the aim of putting the FAIR (Findable, Accessible,
Interoperable, Reusable) principles into practice, for both
data and software (Wilkinson et al., 2016; Barker et al.,
2022), we have entirely re-written the code into a QGIS
plugin called TopoChronia, available on GitHub at ht-
tps://github.com/florianfranz/topo chronia.
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In this paper, we compare the sea-level curve obtained using
TopoChronia for the entire Phanerozoic (back to the 545 Mil-
lion year (Ma) reconstruction) with the original curve from
Vérard et al. (2015). We also compare our results with Haq’s
curves. We finally discuss issues related to reference data, water
load correction, input model version management and interpol-
ation method.

2. Methodology

We use the PANALESIS model features polylines describing
geological settings and associated environments. From the ori-
ginal lines, we create points to which we assign a typical el-
evation value, based on the study of present-day Earth’s topo-
graphy of these geological settings (Vérard, 2017). This results
in a synthetic topography. Contrary to other attempts which
rely on moving the present-day topography to its past location,
as for instance with the TerraAntiqua QGIS plugin (Aminov et
al., 2023), the topography generated by TopoChronia is fully
and exclusively derived from features encompassed in the plate
tectonic model.

We first define oceans, using mid-oceanic ridges and isochrons
(lines marking rocks of the same age on the ocean floor) ver-
tices, and define their elevation value which is controlled by
the feature age, according to plate cooling model equations.
While Stein and Stein (1992) arbitrarily employed two models
(a half-space model proportional to the square root of the age,
and a plate cooling model with an exponential age dependency),
Vérard (2017) demonstrated that a single plate cooling model,
characterized by a combination of constants and an exponen-
tial decay term, more accurately represents the complete sea-
floor bathymetry when corrected for sediment loading. Sedi-
ment thickness is therefore accounted for separately.

Second, we generate other plate boundaries settings, such as
active margins and collision zones. We also define intra-plate
areas like passive margins, areas affected by rifting, and aban-
doned arcs. For each vertex of input line features, we create
a perpendicular profile with varying length depending on the
feature type. Each vertex of the profile is then assigned an el-
evation, that is controlled by the distance to the original line
position and by the age of the feature. One example of a typical
collision profile evolution is given in Figure 1.

We then add other geological features such as cratons (large,
stable blocks of the Earth’s crust that forms the ancient core of a
continent), hot-spots, and continents areas not affected by other
settings. Finally, we merge and clean the final points layer to
avoid different settings profiles crossing each other that would
create an incoherent topography.

Once the points are cleaned, we interpolate a global raster with
a resolution of approximately 10x10km from these points using
the QGIS Triangulated Irregular Network (TIN) method, as it
has shown to perform best in these circumstances (Franziska-
kis et al., in prep). Using the native:rastersurfacevolume

algorithm in QGIS (QGIS Development Team, 2025), we calcu-
late the volume below the elevation of 0m and compare it with
the present-day volume of oceans, calculated with the same al-
gorithm using ETOPO 2022 data (NOAA, 2022).

Assuming a constant oceanic volume through time, we can
therefore estimate the increase or decrease in sea-level required
to match this volume, using Airy equations for eustasy (Allen
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Figure 1. Example of synthetic elevation associated with a
collision zone, evolving alongside a profile that is perpendicular

to the original collision line. Elevation is controlled by the
feature age and by the distance from the original feature line.

and Allen, 2005). The sea-level change (rise or fall) is depend-
ent on the density difference between oceanic water and the
basement rocks. It can be expressed as:

∆SL =

(
ρm − ρw

ρm

)
(h2 − h1) (1)

where:

∆SL is the sea-level change [m],

ρm is the density of the basement (3300 [kg/m3]),

ρw is the density of water (1027 [kg/m3]),

h2 − h1 represents the change in water column height [m].

For any added water height h = h2 − h1, the sea-level rise ac-
counted for subsidence, and the subsidence (S) itself can there-
fore be expressed as:

∆SL ≈ 0.69 · h, S ≈ 0.31 · h (2)

Applied to palaeogeographic reconstructions, this implies
modifying the elevation value to every pixel of the map by first
subtracting the ∆SL everywhere, to define the new sea-level.
Second, we also correct for subsidence (sinking of the oceanic
crust) caused by the addition of water. This correction is applied
to all pixels below water.

For pixels that are located in-between the original sea-level and
the ∆SL value, we apply a partial correction corresponding to
only the added water column corresponding to the difference
of elevation between the initial elevation and ∆SL. We finally
correct the subsidence accordingly.

We compare the PANALESIS v0 results (spanning from 545
Ma to present-day), and include the PANALESIS v1 (still un-
der development) from Vérard (2021) results from 340 to 540
Ma, as the two versions (v0 & v1) and the Haq-curves are only
comparable on the 330 to 540 time range.
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Figure 2. Water load correction according to Airy’s model,
modified after Allen and Allen (2005). The added water column
is divided into an extra height of water above initial level (∆SL)

and subsidence of the oceanic floor (S).

3. Results

We compare our results with previously published data from
plate tectonic models, and compare them against sequential
stratigraphy results (Haq’s curves). Our results, including
maps and sea-level summaries are available on Zenodo (ht-
tps://doi.org/10.5281/zenodo.15396265).

3.1 Comparison with original curves

3.1.1 Uncorrected Sea-Level We refer as ”uncorrected sea-
level”, the total required added water height (h in Equation 2)
to reach the full reference volume. This represents the absolute
amount of water we need to pour into the oceans before any
correction on topography for ∆SL and subsidence.

The original and new uncorrected sea-level curves (Figure 3)
tend to follow the same trend, oscillating between lows (at ap-
proximately 0, 180, 330 and 420 Ma) and highs (at ca. 100,
240, 380, and beyond 460 Ma).

Some discrepancies are however observed with large differ-
ences, for instance around 165, 250, 420 and beyond 500 Ma.
The median of absolute difference between the original and new
uncorrected values is 66.5m, while the mean value is 71.9m.
Note that values beyond 500 Ma are considerably high due to
the fact that the plate tectonic model does not cover 100% of the
Earth surface. Excluding values older than 500 Ma and after,
the median and mean differences become respectively 46.5 and
64.3m.

3.1.2 Corrected Sea-level Given a new water column
height to add (uncorrected values), a ∆SL is added, alongside
the corresponding subsidence S. We therefore refer to correc-
ted sea-level as the ∆SL part of the added water column, as
defined in Equation 2.

We observe in Figure 4 that the new TopoChronia corrected
sea-level curve from PANALESIS v0 follows the same trend as
the uncorrected one, with similar anomalies. The amplitude of
variation seems to be higher than the initial curve from 2015,
due to a difference in calculating the correction for water load
(see Section 4). The median of absolute difference between the
original and new corrected values on v0 is 49.6m, while the
mean value is 59.8m. Excluding values at 500 Ma and after,
the median and mean differences become respectively 47.2 and
50.5m.

We observe a completely different trend between the v0 and v1
curves beyond 500 Ma, with decreasing sea-level for the v1.
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Figure 3. Uncorrected sea-level [m] using PANALESIS v0 and
v1 for the Phanerozoic. In black, original results Vérard et al.
(2015), in red and purple, new results using TopoChronia on
PANALESIS v0 and v1, respectively. Dark grey area indicates
time ranges for which the PANALESIS v0 and UNIL model do

not cover 100% of the Earth surface, PANALESIS v1, under
construction, covers 100% back to 750 Ma.
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Figure 4. Corrected sea-level [m] performance of PANALESIS
v0 and v1 for the Phanerozoic. Same legend as for Figure 3.

This can be explained by the switch of the full Earth coverage
by the v1, which extends back in time to ca. 750 Ma (Vérard,
2021). This allows to have more complete reconstructions, and
compare where we have data from both versions, i.e. between
330 and 540 Ma.

3.2 Comparison with Haq’s curves

Haq’s curves from Vérard (2024) have a temporal resolution
of 0.1 Ma, which is much shorter than the intervals we have
in-between PANALESIS reconstructions, varying from 6 to 24
Ma for v0, and with 10 Ma steps for v1. We calculated the
mean Haq’s sea-level values for each PANALESIS time in-
terval and compared them with the sea-level obtained using
the PANALESIS reconstruction, by calculating their difference.
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We then generate the mean, median, maximum and minimum
of these differences for the entire series (where data is com-
parable as highlighted in Figure 4). The statistics are provided
in Table 1. Sea-level curves comparison with Haq’s curves for
Vérard et al. (2015) and PANALESIS v0 are provided in Figure
5, and in Figure 6 for PANALESIS v1.

We observe that our mean differences compared to Haq’s curves
using TopoChronia on PANALESIS v0 is much higher than
the original curve from Vérard et al. (2015), with respective
values of 60.2 and 47.1m. We discuss possible reasons for these
performances in Section 4.

TopoChronia TopoChronia Vérard et al. 2015
v0 v1 UNIL

0 - 500 330 - 540 0 - 500

Mean 60.1594 42.7190 47.1240
Median 37.7314 27.4410 41.1070
Max 243.5463 111.0964 138.3365
Min 1.3245 3.3149 5.3841

Table 1. Comparison of differences between Haq’s curves
(Vérard, 2024) versus TopoChronia and Vérard et al. (2015)

For what concerns PANALESIS v1 performance, we observe
a mean difference of 42.7m with Haq’s curves, and an overall
better performance for all indicators, including the median of
the differences at 27.4m, compared to 41.1m for Vérard et al.
(2015).

The v1 curve shows a remarkable fit from 380 Ma until the
end of the Phanerozoic. Younger values (form 330 to 370 Ma)
systematically show higher values, but are still following the
same increasing trend within this time frame.

4. Discussion

Overall, both the original and the new v0 curves seem to follow
similar tendencies, but differ for some reconstructions. A few
factors may explain these differences, and are discussed below.

4.1 Oceans volumes used for comparison

The reference volume used in this study is based on the ETOPO
volume under z = 0m, whereas the 2015 reference volume was
the volume of the 000 Ma (present-day) reconstruction (i.e.
stemming from the ca. 545 Ma reconstructions), which was
significantly higher than ETOPO.

We prefer to compare directly with real-world data as a means
to assess the accuracy of the present-day reconstruction. The
volume we obtained using the native:rastersurfacevolume
algorithm on ETOPO data is 1.3366× 1018 m3, which is align-
ing with recent estimates of 1.3324 × 1018 m3 from Charette
and Smith (2010).

For comparison, our present-day reconstruction using
PANALESIS v0 yields a volume of 1.3429 × 1018 m3,
only 0.47 % higher than the reference. In terms of relative
sea-level, this means a ∆SL of -11.71m.

While this error percentage might seem negligible, this still rep-
resents an absolute difference in volume of about 6.6×1015 m3,
approximately 1.7× the volume of the Mediterranean Sea, es-
timated to be 3.84× 1015 m3, according to Zonn et al. (2021).
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Figure 5. Sea-level (black) from Vérard et al. (2015) and
PANALESIS v0 using TopoChronia (red) compared to Haq’s

curves values from Vérard (2024). The data have been
resampled to match PANALESIS reconstruction intervals

(horizontal error bars). Vertical error bars represent the two
sigma errors calculated from all values within each time interval.

Green and blue crosses indicate the maximum and minimum
values of Haq’s curves within each interval.

350 400 450 500 550
Age (Ma)

−100

−50

0

50

100

150

200

250

dS
L 
(m

)

PANALESIS v1 - TopoChronia (this study)
Min Haq's curves (Vérard, 2024)
Max Haq's curves (Vérard, 2024)
Haq's curves (Vérard, 2024)

Figure 6. Sea-level (purple) PANALESIS v1 curve using
TopoChronia compared to Haq’s curves values from Vérard

(2024). Same legend as in Figure 5.

4.2 Water load correction

In Vérard et al. (2015), a constant ratio of ∆SL = 0.55 × h
was used, instead of our implementation of Airy’s equations
(Equation 1) which approximates a higher ratio of 0.69 × h
(Equation 2). This leads to a 25% higher ∆SL for the same
uncorrected value.

Beyond the change in correcting factor only, our new results
differ by the method used to accommodate sea-level change,
especially how the reference (0m of elevation) is accounted for.
In this study, we opted out for a direct reset of the reference
sea-level to be equal to ∆SL, and to also add the subsidence
by increasing the seafloor depth, with values being defined in
Equation 1.
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This leads to a different and more direct approach depicted in
Figure 7. With a theoretical 100m of added water height, we
first reset the sea-level to ∆SL, in this case, lowering the elev-
ation to all points by 69m. We then correct for the new water
load and subsidence of points that are now located below the
new sea-level. We apply a partial correction of subsidence for
points that were not below water initially but only after adding
the 69m of ∆SL, with the fraction of subsidence related to the
water added.
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Figure 7. Figurative coastal profile water load correction
example, for an added water column height (h) of 100m, ∆SL
of ≈ 69m (light blue) and subsidence (S) of ≈ 31m (dark blue).

The original water column (regular blue) corresponds to the
initial elevation, and applies only for points originally under

water (initial elevation <0m).

4.3 Input data modifications

Divergences between TopoChronia-derived and initial results
can be further analyzed beyond only the sea-level result, by
looking at potential differences in input feature ages, which
controls the elevation.

We identified important differences between the UNIL model
used in Vérard et al. (2015) and the PANALESIS v0, as illus-
trated in Figure 8A. This figure shows, for instance that some
passive margins ages changed to much younger values (origin-
ally 165 to 75 or 90 Ma), heavily affecting topography (Figure
8B), and consequently the oceans volume.

This feature age difference arises from how passive margins are
described in each model: for the UNIL model, the age refers to
the initial rifting phase leading to the formation of the passive
margin, whereas PANALESIS uses the separation of the con-
tinental crust age.

4.4 Change in interpolation method

The original maps were obtained using the ArcGIS Natural
Neighbour (NatN) method to interpolate the Digital Elevation
Model (DEM), as it was convenient, quick, and created good
looking maps. At the time, no quantification of errors had
however been done to assess whether or not other interpolation
methods, such as Kriging, Inverse Distance Weighted (IDW) or
Nearest Neighbour (NN) could perform better.

We show in another study (Franziskakis et al, in prep) that the
TIN method from QGIS is the best method to interpolate a
global topographic raster from a highly irregular grid of nodes.
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Figure 8. A) Example of discrepancies in feature ages of passive
margins from the PANALESIS v0 model present-day

reconstruction (grey lines). Values in black are the ages defined
in the UNIL model and used in Vérard et al. (2015), while ages
in red are ages defined in the PANALESIS v0 model and used
for TopoChronia. The blue line represents a profile for which

we measured the elevation, shown in B).

We have hence chosen this method instead. We calculated the
oceans volume for rasters interpolated with the NatN and the
TIN methods, and found an uncertainty of about 1%, which
represents about 35 meters of sea-level increase for the present-
day.

4.5 Uncertainties

The reliability of PANALESIS v0 has already been discussed
in Vérard (2022), who showed, for instance, that the synthetic
coastline generated by the model matched the actual coastline
in 60% of the time for the present-day reconstruction. This can
be explained by uncertainties in the original model features po-
sition, and the time lapse between reconstructions.

Feature ages uncertainties are critical to consider, as the age is
one primary controlling factor of topography in PANALESIS.
When dealing with deep-time reconstructions, uncertainties
of several million years are frequent, and complex situations
(highlighted, for instance in Figure 8), where the age, and there-
fore the topography of one feature dramatically changes be-
cause of a different interpretation.

Note that we doubt that the uncertainty on any feature ages
be greater than 10%, but in some rare cases, as per Figure 8,
the interpretation of some ages might be higher. To test the
sensitivity of the topography to the age of the features, we ex-
amined six scenarios on the present-day reconstruction with
varying feature ages, increasing or decreasing them by 10%,
25%, and 50%. The results for oceans volume, area and mean
depth are provided in Table 2. They depict an extreme sensitiv-
ity to differences in feature ages. The scenario with 50% older
ages yields an oceanic volume of only 1.2821×1018 m3, which
translates in a ∆SL of 105.38m (or an uncorrected water height
value of 153m).
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Volume Area ∆SL Mean Depth
(E+18m3) (E+14m2) (m) (m)

+50% 1.3280 3.4493 +17.22 3812
+25% 1.3398 3.5011 -5.51 3817
+10% 1.3407 3.5121 -7.58 3784
Base 1.3439 3.5248 -13.78 3826
-10% 1.3376 3.5343 -1.38 3742
-25% 1.32665 3.54504 +19.97 3850
-50% 1.2821 3.5257 +105.38 3636

Table 2. Different scenarios for changes in all feature ages of the
PANALESIS present-day reconstruction. Comparison of

oceanic volume, area, sea-level difference, and mean depth for
each scenario.

Looking at the variations of oceanic areas for the different scen-
arios confirms what we observed in Figure 8, with regards to
older passive margin features being responsible for wider con-
tinents (and thus smaller oceans). This is however partially bal-
anced by the seafloor depth, which becomes greater with older
ages, but with smaller proportions than passive margins.

Concerning sea-level, the fact that reference of the original
curve from Vérard et al. (2015) was based on the present-day
reconstruction adds uncertainties because it does not inform us
about differences between the oceanic volume of this recon-
struction and the actual volume.

PANALESIS v1 reconstructions (still under development) were
not tested against Haq’s curves before this study, and it is en-
couraging to see a good match that follows long-term trends (up
to 100 Ma periods). This supports the assessment by Vérard
(2024) that plate tectonics is the main driving factor for long-
term evolution of sea-level, with ±60m uncertainties due to
shorter-term variations possibly explained by melting of ice
caps. Similar estimates have been done to assess the impact
of a complete melting of the Greenland and Antarctic ice sheet
on the current sea-level, with respectively 7m (Gregory et al.,
2004) and 58m (Fretwell et al., 2013).

Even the Haq’s curves exhibit quite high variability when res-
ampled at PANALESIS reconstruction intervals. This is evident
in Figures 5 and 6, where the variability in estimates under-
scores the inherent challenges in reconstructing past sea levels.
These observations highlight the importance of understanding
and constraining uncertainties in palaeogeographic models.

Despite the differences observed when comparing our sea-level
curves with Haq’s curves, our uncertainties are well under-
stood and constrained. For instance, we recognize that sea-
level changes are highly sensitive to the global ocean basin size,
which directly affects the volume. An error margin of just 1%
in the basin size can result in a sea-level difference of more than
35 meters.

Additionally, our modeled topography is significantly influ-
enced by the ages of geological features. This sensitivity is
evident in the different scenarios (Table 2), where a ± 50%
variation in feature ages can lead to a sea-level uncertainty of
up to 120 meters. Understanding these sensitivities allows us to
better constrain our models and improve their accuracy.

Despite these sensitivities, our dual-control model ensures that
reconstructions are dynamically coherent and grounded in geo-

logical data. This approach allows us to produce fully quan-
tified maps that are validated against sea-level curves derived
from a completely different methodology, namely sequential
stratigraphy. This validation underscores the robustness of our
model and the reliability of our reconstructions.

5. Conclusion

This study highlights issues related to the reproducibility crisis
(Baker, 2016). Here, we have not been able to exactly repro-
duce previous results (Vérard et al., 2015) because the UNIL
model is not available anymore, and because, although hav-
ing similarities, the PANALESIS v0 has been developed from
scratch. Despite heavy efforts put into the re-operationalization
of the processing code, this case thus underlines the problem
of reproducibility due to (i) changes in the programming lan-
guage and supporting software, (ii) necessary methods diver-
gences and (iii) a lack of proper data management and archiving
procedures.

Our results show that new sea-level evolution curves created us-
ing the TopoChronia plugin for QGIS follow similar trends as
previously published results, despite punctual important differ-
ences.

These differences are explained by (i) methodological differ-
ences such as a change in the reference oceanic volume value,
the interpolation method, or how the added water load is cor-
rected and (ii) untracked modifications in the input model since
the initial results were published.

For what concerns PANALESIS v1, we observe strong agree-
ment with data from the literature which show sea-level values
following the same trend and in the range of uncertainties due
to short term processes such as melting, or formation, of con-
tinental ice.

These new palaeogeographic maps will set the ground for cli-
mate simulation and allow better understanding the dynamics
of ice sheets formation, strongly controlled by the presence of
land masses at the poles.
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