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Observations by the Mariner 10 spacecraft suggest that the lobate scarps on Mercury, which have been interpreted
to record at most 1–2 km of radial contraction of the planet after the end of the Late Heavy Bombardment, possess
a global, preferred N–S orientation but lack a strong latitudinal dependence on their surface expression. Here, we
reexamine the idea that a decrease in the planetary rotation rate (despinning) coupled with global contraction of
at least 3–5.5 km prior to the end of Late Heavy Bombardment resulted in global N–S oriented thrust faults. The
surface expression of these faults is assumed to have been erased by the end of the Late Heavy Bombardment, and the
faults were subsequently reactivated by later global contraction, producing generally N–S oriented thrust faults from
an isotropic stress field. We use the estimate of >3–5.5 km contraction prior to ∼4 Ga as an additional constraint to
thermomechanical simulations of the evolution of Mercury, finding that a wide range of models are consistent with
this observation. The fact that a wide range of states are consistent with the contraction of Mercury prior to the end
of Late Heavy Bombardment but only a restricted set of states are consistent with the at most 1–2 km of subsequent
contraction bolsters the idea that there may be hidden strain on Mercury, features unseen by Mariner 10 but likely
visible to the MESSENGER spacecraft.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Mercury is the least imaged and hence least understood of the terrestrial plan-
ets. (That view, however, is changing; as of the writing of this article, NASA’s MES-
SENGER spacecraft had completed the first of 3 flybys before it enters into orbit
around Mercury in 2011.) Images from three flybys by NASA’s Mariner 10 spacecraft
back in the 1970’s revealed a network of lobate scarps on the ∼45% of the surface
that was viewable; these structures (Fig. 1) are linear to arcuate, tens to hundreds of
kilometers in length with relief up to a few kilometers, and are inferred to be the
surface expression of large thrust faults (Strom et al., 1975). Given the ubiquitous
nature of the lobate scarps on the portion observed by Mariner 10 of the surface
and the lack of extensional features, the scarps have been interpreted to record at
most 1–2 km of radial contraction associated with cooling of the planet over the last
∼4 Gyr (i.e., since the end of Late Heavy Bombardment [LHB]; Strom et al., 1975;
Watters et al., 1998). We have previously used this range as a constraint in mod-
els of the thermomechanical evolution of Mercury, generally predicting more radial
contraction over the last 4 Gyr than is observed and only satisfying the constraint of
limited contraction for a restricted set of parameters: a dry olivine-dominated man-
tle, heat production provided primarily by the decay of Th, and a bulk core sulfur
content >6.5 wt% (Hauck et al., 2004).

A somewhat enigmatic observation is that the lobate scarps may be preferen-
tially oriented N–S (Melosh and McKinnon, 1988, and references therein; Watters
et al., 2004). While there is a spread in the orientations (Watters et al., 2004)
and orientations of individual scarps may be locally influenced by mechanical
discontinuities (e.g., impact basins; Watters et al., 2001), N–S preferentially ori-
ented lobate scarps are difficult to reconcile with a shrinking planet. Global con-
traction would produce an isotropic stress field on the surface, resulting in tec-
tonic structures with no preferred orientation. Consequently, it has been pro-
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Fig. 1. This image from Mariner 10 shows an approximately 350-km long section of
Discovery Rupes. The transected craters in the upper center of the image are ∼35
and 55 km across; this larger crater lies at approximately −54◦ N, 38◦ W. Image
PIA02446 from the NASA Planetary Photojournal (http://photjournal.jpl.nasa.gov);
courtesy NASA/JPL-Caltech.

posed that global contraction augmented by stresses associated with despinning
of the planet could yield N–S-oriented thrust faulting (Melosh and Dzurisin, 1978;
Pechmann and Melosh, 1979). Here, we resurrect this idea and use it to provide an
additional constraint to our thermomechanical models.

2. Global contraction plus despinning

The stress field from global contraction of a planet can be predicted with a
simple thin-elastic-shell model of a planet:

σlon = σlat = E�r
, (1)
1 − νr
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Fig. 2. Schematic representation of stresses from a thin-elastic-shell model for de-
spinning (thin lines) and despinning plus global contraction (thick lines); the dotted
line divides compressive and tensile stress regimes. For each set, the longitudinal
(E–W) stress (dashed curves) is always more compressive than the latitudinal (N–S)
stress (solid curves). For despinning only, stresses in polar regions are tensile and
favor the development of E–W normal faults. With sufficient global contraction, the
tensile despinning stresses can be driven to compressive failure, favoring the global
development of N–S thrust faults.

where σlon and σlat are the stresses in longitudinal (E–W) and latitudinal (N–S) di-
rections, E and ν are the Young’s modulus and Poisson’s ratio, r is the radius of the
planet, and �r is the change in radius (see Melosh and McKinnon, 1988). (Negative
stresses are compressional.) Clearly, the stresses are equal across the surface, which
would not favor a preferred orientation to any resultant tectonics.

A simple, thin-elastic-shell model can also be used to predict stresses of a
despinning planet (see Melosh and McKinnon, 1988, from a derivation originally
presented by Vening-Meinesz, 1947):

σlon = − 5

24
�m

E

5 + ν
(1 + 9 cos 2θ), (2a)

σlat = 5

24
�m

E

5 + ν
(5 − 3 cos 2θ), (2b)

where θ is latitude, and �m is the difference between the initial and final ratios
of the centripetal acceleration at the equator to gravitational acceleration, which is
given by

�m = (Ω2
0 − Ω2

f )r
3

GM
. (3)

Here, Ω0 and Ω f are the initial and final angular rotation rates (2π over the ro-
tational period), M is the mass of Mercury, and G is the universal gravitational
constant. These equations predict (Fig. 2) tensile stresses in polar regions, with the
magnitude of the latitudinal stress exceeding the longitudinal stress such that a re-
sultant tectonic feature would be an E–W striking normal fault. The magnitudes of
the stresses are identical at the poles and become more compressive as the equa-
tor is approached. Thus, addition of an isotropic compressive stress field (e.g., from
global contraction) of sufficient magnitude would add to the despinning stresses to
produce global thrust faults, oriented N–S because the longitudinal stresses would
always be more compressive than the latitudinal stress (Fig. 2). We can place a
lower bound on the magnitude of the necessary decrease in planetary radius by cal-
culating the compressive stress needed to overcome the maximum tensile stresses
from despinning (i.e., at the poles) and then take the lithosphere to compressive
failure.

The resultant stress field would predict stronger compressive stresses near the
equator, and hence better developed lobate scarps at low latitudes. This is not
observed in the Mariner 10 images; if anything, the lobate scarps may be better
expressed at high southern latitudes (Watters et al., 2004). The despinning time
scale for Mercury has been estimated to be <1 Gyr (Melosh and McKinnon, 1988).
Thus, one plausible explanation for the lack of a strong latitudinal dependence to
the lobate scarps is that despinning (plus contraction) occurred prior to the end of
LHB. The surface expression of the initial scarps was erased, and the presently ob-
served scarps arose from an isotropic, global-contraction stress field that reactivated
pre-existing faults, thus inheriting a preferred N–S orientation but without develop-
ing a strong latitudinal dependence on the expression of the scarps. Because of the
lack of a strong dependence on latitude, we assume that despinning occurred prior
to ∼4 Ga, and thus, we can estimate the magnitude of an early phase of global
contraction by determining the magnitude of contraction that is needed to predict
global, N–S oriented thrust faults when combined with despinning stresses.

Mercury’s current sidereal rotational period is ∼59 days, down from an esti-
mated initial period of ∼20 h (see Melosh and McKinnon, 1988). We use measured
values for the mass and mean radius of Mercury and assume a canonical value of
Poisson’s ratio (0.25) and a Young’s modulus of 100 GPa (Turcotte and Schubert,
1982). The amount of contraction is dependent on the strength of faults. This value
has been estimated for large faults on the Earth, Mars, and Venus to span the range
of ∼10–80 MPa (Barnett and Nimmo, 2002). Using these values, ∼3.1–4.4 km of
Fig. 3. Thermomechanical model results, showing integrated surface strain pre-4 Ga
as a function of bulk core sulfur content. The thin curves show results from cases
with an initial upper-mantle temperature of 1800 K, while the thick curve is for a
temperature of 1900 K. The curves identified with circles depict cases where the
heat-producing elements are consistent with a condensation-sequence-dominated
assemblage (rich in U and Th with negligible K), while the curve with X’s are con-
sistent with a late-stage silicate vaporization model for the high metal content of
Mercury, with high Th but depleted in U and K (see Hauck et al., 2004).

global contraction is predicted. Allowing a reasonable 40% variation in the Young’s
modulus of the elastic lithosphere of Mercury expands this range to ∼3–5.5 km of
global contraction prior to ∼4 Ga. This range of values represents a lower bound to
the amount of global contraction of Mercury prior to the end of the LHB.

3. Thermomechanical model

Our approach to understanding Mercury’s global contraction (or expansion) is
to couple a model for the planet’s internal thermal evolution to a model for the ac-
cumulation of thermoelastic strains in an elastic shell overlying an inviscid interior
(see Hauck et al., 2004, and references therein for complete details); the model runs
presented here are identical to those in our previous work, except we now track the
accumulation of horizontal strains at the surface prior to the end of the LHB (pre-
4 Ga). The thermal model calculates both the convective and conductive parts of
the heat lost through the lithosphere and mantle, the cooling of the core and solid-
ification of an inner core, and the production of melt and formation of a crust. We
implement a parameterized mantle convection technique, using a Rayleigh–Nusselt
number relationship for fluids with strongly temperature-dependent viscosities, and
modified to include the potential transition to full conduction. By employing a one-
dimensional representation of convective heat transfer in a spherical shell overlying
a core, coupled to a finite-element model for conduction in the lithosphere (and
the mantle if convection ceases), we can calculate representative thermal evolution
scenarios for the planet (Hauck et al., 2004). Overall, planetary cooling and pre-
cipitation of a solid iron inner core result in changes in planetary volume, which
are recorded in the lithosphere through an accumulation of horizontal strains. The
thickness of the elastic lithosphere is defined by the depth to the 950-K isotherm.

4. Results

We have previously used estimates of the amount of strain recorded in lobate
scarps as a constraint on the internal evolution of Mercury over the last 4 Gyr
(Hauck et al., 2004). In contrast, here we estimate the amount of contraction in
our thermal evolution models during the first ∼0.5 Gyr of the planet’s history. The
rate of radial contraction of Mercury due to planetary cooling depends primarily on
the initial temperatures of the interior, the viscosity of the mantle, the abundance of
heat producing elements, and the amount of a light, alloying element in the core.
Most simulations result in comparable amounts of post-4.0 Ga global contraction
in excess of the at most 1–2 km currently recorded by the lobate scarps, except for
one suite in which the high metal-to-silicate ratio of Mercury is a product of silicate
vaporization, with heat production provided only by long-lived (14-Gyr half-life)
232Th, a dry olivine-dominated mantle, and a bulk core sulfur content >6.5 wt%.

To utilize our estimate of pre-4 Ga contraction of ∼3–5.5 km as an additional
constraint, we have recalculated a select subset of simulations to determine the
amount of strain (i.e., radial contraction) that is generated before the end of LHB.
Three suites of simulations, two with heat-producing-element compositions dom-
inated by a condensation-sequence assemblage but with differing initial interior
temperatures (1800 and 1900 K), and one with heat production constrained by a
vaporization model (1800 K initial temperature) are calculated. Fig. 3 illustrates the
amount of contractional strain accumulated in the first ∼0.5 Gyr of the planet’s
history as a function of bulk core sulfur content for each of these three suites. The
two simulations with initial upper-mantle temperatures of 1800 K achieve ∼0.1%
contractional strain (i.e., ∼2–3 km of radial contraction) and are virtually indistin-
guishable despite the >30% higher heat production in the vaporization-based model
during this period. This result suggests insensitivity to heat production in this ear-
liest period as the evolution is driven by shedding of the initial heat content of the
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planet related to its formation and differentiation. It is also evident from Fig. 3 that
the amount of global contraction is very sensitive to the initial temperatures of the
interior, as an increase of 100 K leads to at least an additional 2–2.5 km of contrac-
tion. Thus, our simulations are consistent with this lower bound on the pre-4 Ga
contraction of Mercury as long as the initial interior temperature was sufficiently
high. The notion that the initial upper-mantle temperature was ∼1900 K or higher
also provides further evidence for a significant amount of sulfur in the core, because
initially warmer, low-sulfur models experience more post-4 Ga contraction than is
recorded in the observed lobate scarps (cf. Fig. 5 in Hauck et al., 2004).

5. Discussion

Our results suggest that a wide range of models for the thermal evolution of
Mercury’s interior may be consistent with the idea that early despinning of the
planet with concurrent global contraction could be responsible for a N–S prefer-
ence in lobate scarp orientation. That the amount of radial contraction in the first
∼0.5 Gyr is strongly sensitive to initial temperatures of the interior is not entirely
surprising, because hotter interiors will have lower mantle viscosities and thus more
vigorous mantle convection, and can cool quickly toward quasi-equilibrium with
heat output. Interestingly, these results also include those simulations that are the
closest to being consistent with the post-4.0 Ga accumulation of strain (Hauck et
al., 2004). This observation, however, raises an intriguing question: why is it rela-
tively simple to generate thermal history models that satisfy the strain constraints
provided by despinning in the first ∼0.5 Gyr of Mercury’s history, but finding rea-
sonable models that match the post-4.0 Ga constraint requires either extraordinary
compositions or considerably more strain than is recorded in the lobate scarps im-
aged by Mariner 10?

Data that have and will be obtained by the MESSENGER mission to Mercury
(Solomon et al., 2007) will be critical for testing and refining our main hypothesis.
A primary test will be a more robust determination of the somewhat contentious
notion (Melosh and McKinnon, 1988; Watters et al., 2004) that there is, in fact,
a preferred orientation to the lobate scarps. Furthermore, MESSENGER may discover
that there is a strong latitudinal dependence to the surface expression of the lobate
scarps. Determination of a lack of a preferred N–S orientation or the presence of
a strong latitudinal dependence will require re-evaluation of the ideas discussed in
this article.

If the Mariner 10 observations hold up, however, then the notion that a wide
range of states are consistent with the contraction of Mercury prior to the end
of LHB but only a restricted set of states are consistent with subsequent con-
traction buttresses the idea that additional contractional strain is recorded in the
lithosphere. There are several possibilities for this “hidden” strain: long-wavelength,
low-amplitude folds (Dombard et al., 2001), pervasive, small-scale faulting not re-
solved by Mariner 10 (Strom et al., 1975), or more intense faulting in the ∼55% of
the surface not seen by Mariner 10. MESSENGER is well poised to explore these pos-
sibilities. The global Mercury Dual Imaging System (MDIS) imagery (Hawkins et al.,
2007), which is better optimized for morphometric analysis, and topographic data
(from MDIS stereo images and Mercury Laser Altimeter ranges; Cavanaugh et al.,
2007) can be used to search for this hidden strain (and estimate better the amount
of strain recorded in the lobate scarps). Lack of additional tectonism would support
a very restricted composition for Mercury’s interior (e.g., Hauck et al., 2004); how-
ever leveraging the axiom of Occam’s razor, it seems likely that MESSENGER will
uncover this hidden strain.
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