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Abstract

Widespread evidence points to the existence of an ancient Martian 
ocean1,2,3,4,5,6,7,8. Most compelling are the putative ancient shorelines in the 
northern plains2,7. However, these shorelines fail to follow an equipotential 
surface, and this has been used to challenge the notion that they formed 
via an early ocean9 and hence to question the existence of such an ocean. 
The shorelines’ deviation from a constant elevation can be explained by 
true polar wander occurring after the formation of Tharsis10, a volcanic 
province that dominates the gravity and topography of Mars. However, 
surface loading from the oceans can drive polar wander only if Tharsis 
formed far from the equator10, and most evidence indicates that Tharsis 
formed near the equator11,12,13,14,15, meaning that there is no current 
explanation for the shorelines’ deviation from an equipotential that is 
consistent with our geophysical understanding of Mars. Here we show that 
variations in shoreline topography can be explained by deformation caused
by the emplacement of Tharsis. We find that the shorelines must have 
formed before and during the emplacement of Tharsis, instead of 
afterwards, as previously assumed. Our results imply that oceans on Mars 
formed early, concurrent with the valley networks15, and point to a close 
relationship between the evolution of oceans on Mars and the initiation and
decline of Tharsis volcanism, with broad implications for the geology, 
hydrological cycle and climate of early Mars.

Main

Distinct geological boundaries (contacts) lining the northern plains of Mars 
for thousands of kilometres have been interpreted as palaeo-shorelines 
and evidence of an early ocean2,3,4,6,7. However, observed long-wavelength 
deviations (by up to several kilometres) in shoreline elevation from an 
equipotential have been used as an argument against the emplacement of 
the contacts by a body of liquid water, the interpretation of the features as 
shorelines, and the existence of a Martian ocean9. Perron et al.10 showed 
that the elevation changes of two extensive contacts, Arabia (contact 1) 
and Deuteronilus (contact 2), can be explained by deformation due to 30°–
60° and 5°–25° of post-Tharsis true polar wander (TPW), respectively, 
because a varying rotation pole also changes the orientation of a planet’s 
equatorial bulge, or polar flattening, altering equipotential surfaces (such 
as sea levels) globally. Such large magnitudes of TPW can be driven by 
ocean loading/unloading, but only if Tharsis formed far from the equator10. 
If Tharsis formed near the equator, then the remnant fossil bulge would 
have prevented ocean loading from causing large amounts of post-Tharsis 
TPW (see Extended Data Fig. 1).



Most evidence points to the formation of Tharsis near the equator11,12,13,14,15.
Mars’ remnant rotational figure (fossil bulge) is close to the equator, 
indicating a palaeopole of (259.5 ± 49.5° E, ° N), the likely pre-Tharsis 
orientation of Mars14. The pre-Tharsis palaeopole also matches the likely 
orientation of Mars during valley network formation15. Formation of Tharsis 
probably drove only limited (approximately 20°) TPW to reach Mars’ 
current configuration, which precludes the possibility that surface loads 
drove sufficient TPW to deform the shorelines10,16.

We propose that the Arabia shoreline instead formed before or during the 
early stages of Tharsis emplacement, which initiated > 3.7 billion years 
(Gyr) ago17 when the rotation pole of Mars was at the palaeopole (259.5° E,
71.1° N) corresponding to the fossil bulge14. The Arabia shoreline, 
potentially emplaced at least 4 Gyr ago6, would have been modified by 
both topographic changes from Tharsis (which dominates Mars’ topography
and gravity on a global scale; see Extended Data Fig. 2), and the 
approximately 20° of Tharsis-induced TPW. The Deuteronilus shoreline, 
which differs less from a present-day equipotential than the older Arabia 
shoreline, is dated to about 3.6 Gyr ago18, after most of Tharsis was 
emplaced. However, Tharsis had complex and multi-stage growth that 
extended into the Hesperian and Amazonian17,19, meaning that the 
Deuteronilus shoreline would have been deformed by the late stages of 
Tharsis’ emplacement. We examine a chronology in which shoreline 
deformation is due mainly to Tharsis (Table 1), and compare expected 
deformation due to Tharsis with the elevation profiles of the Arabia and 
Deuteronilus contacts.

Assuming the Arabia shoreline formed before Tharsis, and the Deuteronilus
shoreline formed after most of Tharsis was emplaced, we compare the best
fits for the deformation expected from Tharsis to the current topography of
the shorelines, including an offset factor Z to represent sea level at the 
time of shoreline formation. We also examine the Isidis shoreline, which 
formed 100 million years (Myr) after Deuteronilus18. For the Arabia 
shoreline emplaced before Tharsis, deformation is expressed as the 
contribution of Tharsis to Mars’ topography along the shoreline, and the 
change in topography from limited Tharsis-induced TPW. For the 
Deuteronilus and Isidis shorelines emplaced during the late stages of 
Tharsis growth, deformation is taken as the percentage of Tharsis’ 



contribution to topography occurring after the shorelines formed, and no 
contribution from TPW (because reorientation should occur within tens of 
thousands of years to a few million years after the Tharsis plume reaches 
the surface20, much less than the 100 Myr or more that lies between 
Tharsis initiation and Deuteronilus formation). See Methods for more 
details.

We show that the Arabia shoreline’s deviations from an equipotential can 
be explained almost entirely by deformation due to Tharsis emplacement 
(Fig. 1). Our best fit (equation (3) with Z = −2.3 km) yields a root-mean 
square misfit σrms of 0.615 km, comparable to the error values from 
Perron et al.10, and follows the slope of the shoreline data better from 
1,000 km to 6,600 km. The limited Tharsis-induced TPW has a negligible 
effect. A slightly lower σrms is obtained if only 80% of Tharsis topography 
was emplaced after the Arabia shoreline formed (Extended Data Fig. 3). 
However, the difference between the fits using 80% or 100% of Tharsis’ 
topography is negligible considering the scatter in the shoreline data. Our 
model therefore suggests that the Arabia shoreline formed before or during
the early stages of Tharsis’ growth.

Figure 1: Comparison of Arabia shoreline topography to shoreline deformation 
models.

a, Change in topography ∆T caused by TPW of 20° (equation (1)) and Tharsis uplift 
(equation (2)), illustrating that the latter is much more important. b, Current 
topography of the Arabia shoreline from Perron et al.10 (data originally from ref. 7) 
compared to the Perron et al.10model of deformation due to post-Tharsis TPW (with Te 
= 200 km) and our model of deformation due to Tharsis emplacement and induced 
TPW (∆TTharsis + ∆TTPW − 2.3 km). The starting point for the shoreline is (24.91° W, 
13.48° N).



The Deuteronilus shoreline’s deviations from an equipotential can be 
explained by deformation due to the emplacement of about 17% of Tharsis
topography (Fig. 2), indicating that the shoreline formed during the late 
stages of Tharsis’ growth. Our best fit (equation (4) with C = 0.17 and Z = 
−3.68 km) yields σrms = 0.110 km. Our fit successfully recovers the low 
elevation of the Phlegra contact, and also captures the decrease in 
elevation across Utopia and Elysium West. Neither our model nor the 
Perron et al.10 model captures the full elevation increase of the Tantalus 
segment, which may result from the topographic bulge from nearby Alba 
Patera18. For the Isidis shoreline, subsequent loading of the Utopia basin is 
also required to explain the shoreline’s topography (see Extended Data Fig.
4 and Methods).

Figure 2: Comparison of Deuteronilus shoreline topography to shoreline deformation 
models.

Current Deuteronilus topography (data and contact names from ref. 18) compared to 
the Perron et al.10 model and our model of deformation due to partial Tharsis 
emplacement (0.17∆TTharsis − 3.68 km). The starting point for the shoreline is (96.40° 
W, 63.69° N).

The relation between the shorelines and global deformation due to Tharsis 
and its associated TPW is illustrated in Fig. 3a–c (also see Extended Data 
Fig. 2). We estimate the volume of water that filled the northern plains to 
the Deuteronilus and Arabia shorelines by subtracting the relevant Tharsis 
and TPW contributions from Mars’ topography (0.25° per pixel gridded 
MOLA data21) and filling the lowlands to shoreline elevation (Fig. 3d–f). We 
estimate a Deuteronilus ocean volume of about 1.2 × 107 km3, and an 
Arabia ocean volume of about 4.1 × 107 km3. These are lower limits 
because we do not remove excess terrain, such as Elysium, polar deposits, 
lava/sediment basin deposits, and short-wavelength Tharsis topography 
(that is, variations in Tharsis topography that occur over short length 
scales). For the Arabia ocean, use of a map of Mars with excess terrain 
removed15 yields an ocean volume of about 5.5 × 107 km3. The ocean 
volumes we compute are slightly lower than previous estimates22 because 
the Tharsis topography we subtract is negative in much of the area 
enclosed by the northern ocean basin.



Figure 3: Shoreline locations relative to current topography, deformation due to 
Tharsis/TPW, and computed ocean extents.

a, MOLA topography. b, Tharsis contribution to topography (equation (2)). c, 
Deformation due to approximately 20° TPW from the palaeopole corresponding to the
fossil bulge14 with Te = 58 km (equation (1)). d, Ocean basin filled to the Deuteronilus 
shoreline, with the topography of Mars at the time of the Deuteronilus shoreline’s 
formation (MOLA topography minus 17% of Tharsis topography). e, Ocean basin filled 
to the Arabia shoreline, with the topography of Mars at the time of the Arabia 
shoreline’s formation (MOLA topography minus Tharsis topography and deformation 
due to TPW). Short-wavelength remnants of Tharsis are visible because Tharsis 
topography is only modelled up to degree-5. f, The ‘Mars without Tharsis’ map15, 
which is similar to e, but with short-wavelength Tharsis, Elysium, and polar 
topography removed, filled to the Arabia shoreline. Shorelines are plotted for 
Deuteronilus (white), Arabia (magenta) and Isidis (cyan), and colour scales denote 
elevation (or changes in elevation) in kilometres.

Short-wavelength deviations in shoreline elevation from our model may be 
due to our assumptions that both lithospheric thickness and the rate of 
Tharsis emplacement are spatially uniform. Spatial variations in 
lithospheric thickness23 would allow for non-uniform responses to 
phenomena such as TPW10, plate flexure and dynamic topography from the
Tharsis plume24. Spatially variable Tharsis emplacement could also affect 
shoreline modification. Another consideration is ocean loading, but the 
computed effect on shoreline elevations is small (see Extended Data Fig. 
5 and Methods).

Several other short- and long-wavelength processes could have deformed 
the shorelines in the 3.5 Gyr or more since their emplacement, including 
dynamic topography from mantle plumes24, lithospheric deformation22,25, 
glacial erosion26 and plate flexure from loading/unloading. For example, 
loading of the Utopia basin may have tilted Isidis (see Methods) and 
deformed sections of the Deuteronilus shoreline18. Other loads that post-
date shoreline formation include Elysium, the polar deposits, and sections 
of Tharsis. Such loads could also induce a small amount (<2°) of post-
Tharsis TPW16. Plate flexure associated with impact basins could also 
deform shorelines. While basins of over 1,000 km in diameter pre-date the 
Deuteronilus shoreline, some basins may have been coincident with or 



post-date the Arabia shoreline. Short-wavelength deformation may also be 
a consequence of the difficulty in identifying the shorelines themselves18.

Increased accuracy in shoreline identification and dating18 can help to 
reconstruct the history of shoreline formation and modification. Several 
potential shorelines6, such as the Ismenius, Acidalia, Elysium, Aeolis and 
Meridiani contacts, have been relatively unexamined owing to their high 
degree of discontinuity7. Shorelines may also be mismapped; for example, 
portions of the Meridiani shoreline may be part of the Arabia shoreline22. A 
re-evaluation of shorelines with full consideration of the various 
deformation processes may enable the development of a chronology of 
oceans on Mars. In particular, the Meridiani shoreline6,27may pre-date the 
Arabia shoreline and have contained a larger volume of water22.

Accurate dating of the Arabia shoreline is necessary to determine whether 
the shoreline formed before or during the early stages of Tharsis’ growth. 
Formation of the Arabia shoreline after some limited early Tharsis growth is
suggested by Arabia segments that border Acheron Fossae and Tempe 
Terra6, two of the oldest Tharsis units, which are located well north of the 
expected pre-Tharsis crustal dichotomy boundary (the stark difference in 
elevation and crustal thickness between the northern lowlands and 
southern highlands). However, it is possible that the Archeron Fossae and 
Tempe Terra contacts were misidentified as belonging to the Arabia 
shoreline, or that the Arabia shoreline initially followed the pre-Tharsis 
dichotomy boundary, and formed the Tempe Terra and Archaeon Fossae 
contacts only after early Tharsis uplift and deposition.

The decline in ocean volume from the pre- or early-Tharsis Arabia shoreline
to the late-Tharsis Deuteronilus shoreline suggests that Tharsis volcanism 
may have played a critical part in the evolution of a Martian ocean. After 
Tharsis was mostly emplaced, by about 3.6 Gyr ago, only short-lived lakes 
may have been stable28, although a Late Hesperian/Early Amazonian ocean
has also been suggested on the basis of tsunami evidence8,29. Outgassing 
from Tharsis could have contributed to either heating30 or cooling31 the 
planet, both of which could produce the decrease in ocean volume from the
Arabia shoreline to the Deuteronilus shoreline as Tharsis activity declined. 
Either a large ocean was in place before Tharsis volcanism initiated, and 
shrank as Tharsis volcanism cooled the planet, or an ocean arose as a 
result of heating caused by Tharsis outgassing and decreased in volume as
Tharsis volcanism declined. It is also possible that each shoreline 
represents the transient warming of an otherwise frozen ocean or glacial 
state30, producing a liquid ocean in periods of heightened Tharsis activity 
(which, owing to enhanced surface heat flux, may also have resulted in 
catastrophic circum-Tharsis groundwater discharge1). If episodic warming 
was sufficient to melt most of Mars’ glaciers, the decrease in ocean volume
may record a declining surface water budget. Although geochemical 
evidence for a northern ocean is ambiguous32, an ocean supported by the 



degassing of sulfur from Tharsis could explain the lack of widespread 
carbonate deposits observed in the northern plains33.

The evolution of water on Mars is critical to understanding the past climate 
and habitability of the planet. Although shorelines on Mars have provided 
compelling evidence for a Martian ocean, to explain their deviations from 
an equipotential has been a challenge. We show that the topography of 
Martian shorelines can be quantitatively explained by deformation due to 
the emplacement of Tharsis and resulting TPW (in the case of the Arabia 
shoreline) or by the latter stages of Tharsis emplacement (in the case of 
the Deuteronilus shoreline). Formation of the Arabia shoreline before (or 
during the early stages of) Tharsis emplacement suggests that the Arabia 
ocean was concurrent with valley network incision15, which probably 
occurred as part of a globally active hydrosphere capable of supporting 
such an ocean5. The consistency between the topography of the Martian 
shorelines, their ages, and the chronology of topographic changes due to 
Tharsis emplacement and associated TPW, suggests that the Arabia and 
Deuteronilus contacts are evidence that Martian oceans existed, and may 
have been linked to Tharsis volcanism.

Methods

Arabia shoreline (pre- or early-Tharsis formation)

We assume deformation of the Arabia shoreline since its formation is due 
to global changes in topography resulting from Tharsis’ formation 
(emplacement and loading) and the approximately 20° of Tharsis-induced 
TPW (Table 1).

The topographic response to TPW is given by the change in the flattening 
of the planet caused by the difference between the centrifugal potential at 
the initial and final rotation poles10. For a shoreline in place before TPW 
occurs, the deformation of the shoreline topography due to 
TPW10 is:where a is the mean planetary radius, ω is the rotation rate, g is 
the surface gravity, γ is the angular distance between a given current 
colatitude and longitude (θ, φ) and the palaeopole and h2 and k2 are the 
secular (fluid-limit) degree-2 Love numbers that depend on the density and
elastic structure of Mars. The unnormalized degree-2 Legendre 
polynomial P2,0(cosη) = (3cos2η − 1).

The change in topography due to the emplacement of Tharsis and its 
associated loading is:where STharsis and NTharsis are Tharsis’ contribution to 
the shape and geoid of Mars, respectively. We use gravity and shape 
coefficients for Tharsis up to degree-5 from Matsuyama and Manga14.

The current topography of the Arabia shoreline should therefore follow the 
deformation profile ∆TA, given by:

where Z is a constant to adjust for the sea level at the time of the 
shoreline’s emplacement. We minimize the least-squares misfit (σrms) 



between equation (3) and the shoreline elevation data for the Arabia 
contact examined in ref. 10 (data originally from ref. 7). We assume a fixed
palaeopole (259.5° E, 71.1° N), corresponding to the fossil bulge14. We use 
an elastic lithosphere thickness Te = 58 km, the expected value at the time 
of Tharsis’ emplacement14, corresponding to h2 = 2.0 and k2 = 1.115.

We also test whether the Arabia shoreline can be explained by deformation
due to only a certain percentage of Tharsis’ emplacement and associated 
loading, by multiplying ∆TTharsis in equation (3) by a factor C, corresponding 
to the percentage of Tharsis topography emplaced after shoreline 
formation (see Extended Data Fig. 3).

Deuteronilus shoreline (late-stage Tharsis formation)

The Deuteronilus shoreline post-dates the initiation of Tharsis by >100 
Myr, and therefore probably formed after a large portion of Tharsis was 
emplaced. The shoreline also probably post-dates most Tharsis-induced 
TPW, which should have occurred within a few million years of load 
emplacement20. Estimates of load-driven TPW on Mars suggest timescales 
less than 10 Myr34,35,36, well within the required pre-Deuteronilus timescale. 
Although a fraction of the 20° of Tharsis-induced TPW may be due to 
relaxation of the lithosphere and occur on longer timescales37, this should 
have a negligible effect given the small influence of TPW on shoreline 
deformation (Fig. 1a). Accordingly, we assume that deformation to the 
Deuteronilus shoreline since its formation is due to the topographic 
response of Mars to only the late stages of Tharsis’ emplacement and 
associated loading. The current topography of the Deuteronilus shoreline 
should therefore follow the deformation profile ∆TD, given by:

where ∆TTharsis is deformation due to Tharsis (equation (2)), C is a constant 
representing how much of Tharsis formed after Deuteronilus was formed, 
and Z is a constant to adjust for sea level at the time of the shoreline’s 
formation. We minimize the misfit between equation (4) and the 
Deuteronilus shoreline elevation data18, to determine the optimal amount 
of Tharsis topography that should post-date the shoreline’s formation.

Isidis shoreline (late-stage Tharsis formation)

Because the Isidis shoreline is 100 Myr younger than Deuteronilus, we 
assume a similar deformation profile and compare equation (4) to the Isidis
shoreline data18. We use the same value of C optimized for the 
Deuteronilus shoreline, but allow Z to vary, reflecting that sea level could 
change in the 100 Myr between the formation of the Deuteronilus contact 
and the Isidis contact, but deformation from Tharsis topography should not 
change substantially. Although C should be slightly less for Isidis, 
optimizing for C would result in an unrealistic C = 0 because deformation 
due to Tharsis along the Isidis shoreline results in a tilt that is opposite to 
the present tilt (Extended Data Fig. 4).



For the Isidis shoreline, our model predicts that deformation due to Tharsis 
would have tilted Isidis opposite to its present tilt (Extended Data Fig. 4). 
While this appears contradictory, the mismatch is possible if Isidis was 
tilted to its present orientation by loading of the Utopia basin. The Utopia 
basin has a large positive gravity anomaly38,39, indicating about 18 km of 
excess fill40. Such a load would have caused elastic plate flexure and a 
peripheral bulge, which could have tilted the Isidis basin. Using a plate 
flexure model, McGowan and McGill41 show that loading of Utopia could 
have tilted Isidis to an even greater extent than currently observed. 
Therefore, some amount of reverse tilting (as our model predicts) is 
possible. The timing of Utopia loading relative to the subsequent Tharsis 
deformation is irrelevant provided that Utopia loading also occurred after 
the Isidis shoreline formed. We expect loading of Utopia to occur after 
Isidis shoreline formation because a shrinking Martian ocean would 
evaporate from the Utopia basin last, depositing the non-volatile 
component of the ocean there. Additionally, if the ocean became cold and 
glacial during its decline42, then receding glaciers may also have loaded 
Utopia with excess sediment. The deposits in the base of Utopia basin date
to the early Amazonian (<3–3.46 Gyr ago)43,44, after the emplacement of 
the Isidis shoreline. The eastern portion of Utopia also contains volcanic 
deposits from Elysium that date to the Amazonian44, which could also 
contribute to loading. While loading from the ocean itself is expected to 
produce some plate flexure, it is not sufficient to explain the tilt of the 
Isidis basin (see Extended Data Fig. 5c), and water loading/unloading of 
Utopia is also insufficient to explain Isidis’ tilt41. Therefore, deposition of 
material from a receding liquid, muddy or frozen ocean may explain the tilt
of the Isidis basin, even if some reverse tilting is caused by deformation 
due to Tharsis.

Effect of elastic lithosphere thickness

The gravity and shape coefficients we use to subtract Tharsis topography 
are based on an assumed Te = 58 km, the expected value at the time of 
Tharsis loading14. However, the estimate of Te yields a 90% confidence 
interval with a minimum and maximum of 26 km and 92 km, respectively14. 
A thinner or thicker Te would alter the deformation due to Tharsis (and 
TPW) because the Love numbers used to compute Mars’ deformation would
change. To estimate the effect of Te = 26 km or 92 km on deformation due 
to Tharsis, we recompute Tharsis’ gravity and shape coefficients following 
the method of ref. 14. Using a fixed Tharsis centre location (258.6° E, 9.8° 
N), Matsuyama and Manga14 compute the degree-2 gravity coefficients of 
Tharsis using a minimization technique with four unconstrained model 
parameters (Te, non-dimensional Tharsis load Q, palaeopole 
colatitude θR and palaeopole longitude φR), where the palaeopole 
corresponds to the axis of rotation when the fossil (remnant) bulge was 
formed. This results in probability density functions for each unconstrained 
parameter, with the weighted averages (expected values) used to compute



the gravity and shape coefficients. We redo this analysis, as described in 
section 5 of ref. 14, but with Te treated as a constrained parameter. This 
allows us to estimate the expected values of Q, θR and φR for a given value 
of Te. We find that for Te = 26 km,  = 3.95,  = 17.9°, and  = 259.1°. For Te = 
92 km,  = 1.57,  = 14.2°, and  = 259.3°. Tharsis’ degree-2 gravity 
coefficients are recomputed using these values. The degree-3 to -5 gravity 
coefficients of Tharsis are computed from minimization against the 
observed degree-3 to -5 gravity coefficients, and are therefore not 
dependent on Te. Shape coefficients for Tharsis are computed up to degree 
5 following section 7 of ref. 14. We compute the load Love numbers using 
the ALMA code45, with a five-layer model as described in ref. 14.

We construct new best-fit deformation profiles for Te = 26 km and 92 km, 
but with the corresponding Tharsis gravity and shape coefficients that we 
computed for each Te. The best-fit profiles for Te = 26 km and 92 km are 
compared with the nominal Te = 58 km profiles in Extended Data Fig. 3. All 
best-fit profiles are relatively similar, showing that changes in Te do not 
have much effect on our conclusions.

Effect of plate flexure

Although Perron et al.10 found that plate flexure due to loading of the ocean
basin should not substantially affect the shoreline elevations, their analysis
was for Te = 200 km, whereas we use Te = 58 km. The ocean basin resulting 
from our analysis also has less volume and a different shape, because we 
subtract Tharsis topography, which has a negative component in much of 
the Borealis basin. To compute plate flexure due to ocean loading, we 
expand the surface density of the ocean load in spherical harmonics and 
compute the associated displacement using the method described in 
ref. 46. For the Arabia ocean, the ocean load is computed by subtracting 
the pre-Tharsis topography of Mars from the best-fit Arabia ocean elevation
(Z = −2.3 km). The pre-Tharsis Martian topography is computed by 
subtracting the deformation due to Tharsis and TPW, equations (2) and (1),
from Mars’ current topography (0.25° per pixel gridded MOLA data21). For 
the ocean level corresponding to the Deuteronilus and Isidis shorelines, 
only 17% of deformation due to Tharsis was subtracted from Mars’ current 
topography, and the ocean elevation Z was set to −3.68 km and −3.95 km, 
respectively. We use a Young’s modulus of 70 GPa, Poisson ratio of 0.25, 
and an assumed value of Te = 58 km. The loaded shoreline topography is 
compared to the unloaded topography in Extended Data Fig. 5. We 
compute a maximum magnitude of deflection of 134 m, 84 m and 57 m, for 
the Arabia, Deuteronilus and Isidis shorelines, respectively. The mean 
magnitude of deflection is 35 m for the Arabia shoreline and 17 m for the 
Deuteronilus and Isidis shorelines. Deformation of the shorelines due to 
unloading of the ocean basin is negligible.

Data availability



The data that supports the findings of this study are available on request 
from the corresponding author. Gravity and shape coefficients for Tharsis 
are included in the Supplementary Information. Shoreline data should be 
requested from the respective sources.
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