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EVIDENCE OF EARLY MARTIAN OCEANS FROM SHORELINE DEFORMATION DUE TO THARSIS.
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Introduction: The existence of an early ocean on
Mars has been a subject of much debate. The most
compelling evidence for an ancient ocean may be the
putative shorelines in the northern plains [1-4]. However, the shorelines fail to follow an equipotential, a
necessary condition for them to have been emplaced
by an ocean [5]. Perron et al. [6] showed that the deviation of two shorelines, Arabia and Deuteronilus, from
an equipotential can be explained by post-Tharsis true
polar wander (TPW) caused by ocean loading. However, ocean loads can only drive the necessary TPW
(30-60° for Arabia, and 5-25° for Deuteronilus) if
Tharsis formed far from the equator (Fig. 1; see also
Fig. S2 of [6]). Most evidence suggests Tharsis formed
near the equator [7,8], meaning that Mars’ fossil bulge
would have stabilized the planet against post-Tharsis
TPW. Explaining the topographic deviations of the
shorelines thus remains a challenge.

Figure 1. (a) If Tharsis forms far from the equator,
then (b) large scale TPW reorients Mars until Tharsis
is at the equator. (c) After reorientation, the fossil
bulge is nearly perpendicular to the equatorial bulge,
allowing subsequent TPW due to ocean loading along
an arc 90° from Tharsis (blue dashed line) [6]. (d) If
Tharsis forms near the equator, then (e) limited (<20°)
TPW occurs. (f) This results in a fossil bulge that is
close to the equatorial bulge, which stabilizes Mars
against TPW driven by ocean loads.
We propose that the topographic deviations of
Martian shorelines can instead be explained by deformation due to the formation of Tharsis. The
Deuteronilus shoreline has been recently dated to 3.6
Ga [9], and the Arabia shoreline was potentially emplaced ~4 Ga [10]. Formation of Tharsis likely began
>3.7 Ga, however, its complex and multi-stage growth
extended into the Hesperian and Amazonian [11]. Be-

cause Tharsis emplacement and associated loading
contribute significantly to Martian topography on a
global scale, shorelines that formed prior to (or during) Tharsis formation could have been deformed by
subsequent Tharsis growth. We compare deformation
due to Tharsis with the topographic profiles of the
Arabia and Deuteronilus shorelines.
Methods: We consider how each shoreline could
have been deformed by subsequent global changes to
Martian topography from both Tharsis-induced TPW
(~20° from the paleopole identified by [7]) and Tharsis emplacement and associated loading. Because the
~ 4 Ga Arabia shoreline likely pre-dates most of Thar sis, we compare the current Arabia shoreline elevations to a long-wavelength deformation profile given
by ΔTA = ΔTTPW + ΔTTharsis + Z, where ΔTTPW is the deformation due to Tharsis-induced TPW, ΔTTharsis is the
deformation due to Tharsis emplacement/loading, and
Z is a constant to adjust for the elevation of the
equipotential surface that would define sea-level.
ΔTTPW is computed as in [6] but using the paleopole
corresponding to Mars’ fossil bulge from [7] (20° of
TPW) and an elastic lithosphere thickness Te = 58 km
[7]. The contribution of Tharsis to Mars’ topography is
given by ΔTTharsis = S – N, where S and N are the shape
and gravity coefficients for Tharsis up to degree-5
from [7].
Because the younger (3.6 Ga) Deuteronilus shoreline likely formed after a portion of Tharsis growth,
we assume Tharsis-induced TPW would have already
been complete, and compare the current Deuteronilus
shoreline elevations to deformation expected from the
late stages of Tharsis growth. The long-wavelength
deformation of the Deuteronilus shoreline due to a
portion of Tharsis emplacement/loading is given by
ΔTD = C·ΔTTharsis + Z, where C is a constant to adjust
for the portion of Tharsis that formed after
Deuteronilus.
We determine the best fit profiles ΔTA and ΔTD by
adjusting C and Z and minimizing the misfit to the
shoreline data.
Results: We find our model of deformation due to
Tharsis can explain the long-wavelength topography
of the Arabia and Deuteronilus shorelines (Fig. 2).
The Arabia shoreline’s topography can be explained
by its formation prior to Tharsis, and deformation due
to Tharsis’ contribution to Mars topography (Fig. 2a).
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Tharsis-induced TPW is included in the Arabia shoreline fit, but contributes negligibly to the deformation
profile. Deuteronilus shoreline topography can be fit
using 17% of Tharsis’ contribution to Mars topography (Fig. 2b), suggesting that the Deuteronilus shoreline formed during the late stages of Tharsis formation
and was deformed by subsequent Tharsis growth.

Figure 3. Map of Mars topography with locations of
the Arabia (magenta) and Deuteronilus (white) shorelines. The contribution of Tharsis to Mars’ topography
up to degree-5 is shown as 1 km contours (dashed
contours are negative).
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Figure 2. (a) Comparison of Arabia shoreline data
with deformation due to the post-Tharsis TPW model
[6] (Te=200km) and our model of deformation due to
Tharsis (ΔTA = ΔTTPW + ΔTTharsis – 2.3 km). (b) Comparison of Deuteronilus shoreline data with post-Thar sis TPW [6] and our model of deformation due to subsequent Tharsis growth (ΔTD = 0.17·ΔTTharsis – 3.68
km). Arabia shoreline data is from [6] (originally from
[4]). Deuteronilus shoreline data is from [9].
Discussion: Our results show that deviations in
shoreline elevations from an equipotential can be explained by deformation due to Tharsis emplacement
and associated loading. Tharsis deformation occurs on
a global scale, and can vary by several kilometers over
the length of the Martian shorelines (Fig. 3). The best
fits between the shoreline data and expected deformation due to Tharsis suggest that the Arabia shoreline
formed prior to (or during the early stages of) Tharsis
growth, and the Deuteronilus shoreline formed during
the late stages of Tharsis growth. The existence of a
pre/early-Tharsis Arabia ocean is consistent with late
Tharsis formation and the distribution of the valley
networks [8], and with formation of Tharsis near the
paleo-equator [7,8]. The decline in ocean volume from
the pre/early-Tharsis Arabia shoreline to the lateTharsis Deuteronilus shoreline suggests a close link
between Tharsis activity and the evolution of oceans
on Mars.
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