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Stereo-derived topographic models have shown that the impact basins Beethoven and Tolstoj on Mercury are
shallow for their size, with depths of 2.5 and 2 (±0.7) km, respectively, while Caloris basin has been
estimated to be 9 (±3) km deep on the basis of photoclinometric measurements. We evaluate the depths of
Beethoven and Tolstoj in the context of comparable basins on other planets and smaller craters on Mercury,
using data fromMariner 10 and the !rst "yby of the MESSENGER spacecraft. We consider three scenarios that
might explain the anomalous depths of these basins: (1) volcanic in!lling, (2) complete crustal excavation,
and (3) viscoelastic relaxation. None of these can be ruled out, but the !ll scenario would imply a thick
lithosphere early in Mercury's history and the crustal-excavation scenario a pre-impact crustal thickness of
15–55 km, depending on the density of the crust, in the area of Beethoven and Tolstoj. The potential for
viscous relaxation of Beethoven, Tolstoj, and Caloris is explored with a viscoelastic model. Results show that
relaxation of these basins could occur at plausible heat "ux values for a range of crustal thicknesses.
However, the amplitude of current topographic relief points to a crustal thickness of at least 60 km under this
hypothesis. Relaxation of Caloris may have occurred if the "oor is underlain by crust at least 20 km thick. We
discuss future observations by MESSENGER that should distinguish among these scenarios.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The mechanism responsible for Mercury's high bulk density and
implied high bulk iron content remains a mystery, although three
classes of models have been proposed: (1) metal-silicate fractionation
by differential aerodynamic drag in the early solar nebula, (2) vapor-
ization of the silicate crust and mantle in a hot solar nebula, and
(3) removal ofmost of the crust andmantle by giant impact (Solomon,
2003; Benz et al., 2007). These hypotheses have different conse-
quences for the current thickness and composition of Mercury's crust.
While the metal-silicate fractionation hypothesis could result in a
thick early crust, the latter two hypotheses would remove a large
fraction of any early crust, with the result that the bulk of the present
crust of Mercury would be of secondary origin (i.e., produced by
partial melting of the residual mantle). Each would also have
important consequences for Mercury's thermal history, because of
differences in the post-accretion temperature distribution and
abundances of long-lived radioactive elements. For example, high
initial temperatures would produce more contraction, whereas a

radioactive element budget consistent with the vaporization hypoth-
esis would predict a smaller inner core size at present than for
alternative models with otherwise similar assumptions and adopted
parameter values (e.g., Hauck et al., 2004; Breuer et al., 2007). Placing
constraints on the crustal thickness and thermal evolution of Mercury
is therefore an important step in understanding Mercury's anomalous
composition.

Previous attempts to constrain crustal thickness have been limited
by available information. Anderson et al. (1996) combined equatorial
topography obtained from Earth-based radar with the Mariner 10
determination of C22, the degree-2 tesseral coef!cient in the spherical
harmonic expansion of Mercury's gravity !eld. Under the assumption
of isostasy, they estimated a depth of compensation of 200±100 km.
However, this calculation tends to overestimate crustal thickness,
producing depths of compensation of 80 km for the Moon and 400 km
for Mars, whereas average crustal thicknesses are thought to be in the
range 40–60 km (Wieczorek and Zuber, 2004; Hikida and Wieczorek,
2007) and 30–70 km (Neumann et al., 2004; Wieczorek et al., 2006),
respectively.

The thermal and mechanical structure of the planet has also been
inferred from geological observations. From stereo-derived topo-
graphic pro!les, Watters et al. (2002) estimated the depth of faulting
at Discovery Rupes— the longest-known lobate scarp at that time— to
be 35–40 km. At the time of faulting, the elastic lithosphere should

Earth and Planetary Science Letters 285 (2009) 355–363

! Corresponding author. Department of Earth and Ocean Sciences, University of
British Columbia, Vancouver, BC, Canada V6T 1Z4.

E-mail address: smohit@eos.ubc.ca (P.S. Mohit).

0012-821X/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.epsl.2009.04.023

Contents lists available at ScienceDirect

Earth and Planetary Science Letters

j ourna l homepage: www.e lsev ie r.com/ locate /eps l

mailto:smohit@eos.ubc.ca
http://dx.doi.org/10.1016/j.epsl.2009.04.023
http://www.sciencedirect.com/science/journal/0012821X


have been at least as thick, implying a heat "ux no greater than 40mW
m!2. Models of the viscous relaxation of isostatically compensated
relief predict that the crustal thickness must be less than 200 km
(Nimmo, 2002) in order that the modern long-wavelength topogra-
phy be preserved. Watters et al. (2005) proposed that the Caloris
impact basin may have relaxed by inward "ow of the lowermost crust,
a scenario requiring a crustal thickness of at least 90 km beneath the
basin according to their calculations.

André et al. (2005) have shown from stereogrammetric topog-
raphy that the Tolstoj (15°S, 165°W) and Beethoven (20°S, 124°W)
basins appear shallower than would be expected for their size, an
observation potentially consistent with viscous relaxation. Here we
examine the depths of these impact basins in the context of the
dimensions of smaller craters, using stereo-derived topographic maps
and data from the Mercury Laser Altimeter (MLA) on the MErcury
Surface, Space ENvironment, GEochemistry, and Ranging (MESSEN-
GER) spacecraft and measurements of the depths of large basins on
other planets. We consider three scenarios for basin evolution, with a
focus on viscous relaxation, and we explore the consequences for the
Caloris basin. Finally, we consider how this issue can be resolved with
data to be obtained by MESSENGER in the future.

2. Depth–diameter relations for craters and basins on Mercury

The Caloris basin, with a diameter of 1550 km, is the largest well-
preserved impact basin on the planet. The interior of the basin is
partially !lled with smooth plains deposits, which are likely of
volcanic origin (Spudis and Guest, 1988; Head et al., 2008; Murchie
et al., 2008). The smooth plains have been deformed bywrinkle ridges
similar to those in lunar mare basins and similarly attributable to
subsidence of the basin following plains emplacement (Kennedy et al.,
2008; Murchie et al., 2008).

Unlike any lunar basin, Caloris also exhibits an extensive system of
extensional troughs that are younger than the wrinkle ridges and
display orientations that range from radial at the center to dominantly
circumferential at the edge of the basin (Murchie et al., 2008). Models
for the formation of these troughs include relaxation of basin relief by
lateral crustal "ow (Watters et al., 2005) and uplift of the "oor due to
exterior loading (Melosh and McKinnon, 1988; Kennedy et al., 2008).
Although the depth of the basin has not yet been accuratelymeasured,
Mariner 10 photoclinometric measurements suggest a rim-to-"oor
depth of 9±3 km (Hapke et al., 1975).

Beethoven and Tolstoj are the only major basins on Mercury for
which stereo-derived digital elevation models (DEMs) are currently
available (André et al., 2005). The morphologies of the basins show
that they predate Caloris, and younger smooth plains units cover the
"oors of each (Spudis and Guest, 1988). In contrast to Caloris, geologic
maps show only a few wrinkle ridges around the edges of Tolstoj
(Schaber and McCauley, 1980) and none in Beethoven (Spudis and
Prosser, 1984); no extensional faults have been mapped in either
basin.

Beethoven has a diameter (D) of ~600 km and an estimated rim-
to-"oor depth (d) of ~2.5±0.7 km, whereas D=440 km and d~2±
0.7 km for Tolstoj (André et al., 2005). The estimated topographic
uncertainty of the DEMs is ~0.5 km. Schenk and Bussey (2004),
however, reported that stereo-derived DEMs of the Moon obtained
from Galileo images showed long-wavelength (wavelength
~1500 km) mis!ts of around 450 m with respect to the absolute
topographic measurements made by the Clementine laser range!n-
der. As it is dif!cult to estimate the long-wavelength error in the
Mercury stereogrammetry until MLA pro!les coincide with areas
imaged by Mariner 10 or MESSENGER, we will use 450 m as an initial
estimate of that error. If the two contributions to the DEM errors are
independent, the combined error in the depth estimates is ~700 m.
Such a large uncertainty in depth complicates attempts to understand
basin evolution.

A comparison of the depths of these basins to their counterparts
on theMoon andMars (Fig. 1A) shows that Tolstoj and Beethoven are
relatively shallow. Lunar basins in a similar size range show depths
of 4.1–5.5 km (Williams and Zuber, 1998), while the only well-
preserved basin on Mars with Db1000 km, Newton (D=305 km),
has a depth of ~4 km (Howenstine and Kiefer, 2005; Mohit and
Phillips, 2007). The depths of Tolstoj and Beethoven are comparable
to those of mare-!lled lunar basins and martian basins ~100 km in
diameter or less. As the surface gravity of Mars is very similar to that
of Mercury (3.7 m/s2), a similar depth-diameter relation for large
impact structures might be expected.

Prior to the MESSENGER mission, crater depths on Mercury had
been determined solely on the basis of photoclinometry (Pike, 1988)
and stereo-derived DEMs (André andWatters, 2006, 2008) of portions
of the hemisphere imaged by Mariner 10. Topographic measurements
by MLA during MESSENGER's !rst "yby of Mercury included pro!les
of several craters, allowing their dimensions to be measured (Zuber
et al., 2008) and yielding a ratio d/D of ~1/40. In particular, in cases
where the MLA pro!le crossed near the center of a crater identi!able
in Earth-based radar images (Harmon et al., 2007) of the area near the
ground track, accurate depth-diameter measurements can be made

Fig. 1. (A) Depth–diameter relations for lunar basins (blue solid line, Williams and
Zuber, 1998) and martian basins (green solid line, Howenstine and Kiefer, 2005) are
compared with observations for individual lunar mare basins (open squares, Williams
and Zuber, 1998) and for the Tolstoj and Beethoven basins on Mercury (solid squares).
(B) Depth–diameter relations for craters and basins on Mercury, from Pike (1988) in
red, André and Watters (2007) in blue, MLA observations in circles and triangles, and
for Tolstoj and Beethoven (André et al., 2005) in black squares. The dashed blue lines
show the approximate range of the depth–diameter data of André and Watters (2007).
For the MLA data, open circles represent craters for which the altimeter track crosses
near the crater center and the feature is well-aligned with a crater in Earth-based radar
images (Harmon et al., 2007); !lled circles represent craters well-aligned with a
possible crater feature in Earth-based radar images, but ones not centrally transected by
the altimeter track; and triangles represent craters poorly aligned with a crater in Earth-
based radar images or with a substantially off-center altimeter transect.

356 P.S. Mohit et al. / Earth and Planetary Science Letters 285 (2009) 355–363



for the !rst time (Fig. 1B). These three databases of dimensions
for craters less than 200 km in diameter are in reasonably good
agreement. From these datasets, the reported depths of Tolstoj and
Beethoven are found to be comparable to those of craters on Mercury
~50–100 km in diameter. They are shallower than the deepest craters
measured by Pike (1988) and André and Watters (2006) (d~4–5 km;
see Fig. 2 of André and Watters, 2006) and substantially shallower
than even the shallowest 150–200-km-diameter craters measured by
these workers. They are similar in depth to the deepest craters
measured by MLA, but this coincidence is probably primarily due to
the lack of craters greater than 100 km in diameter among the
structures so far sampled by MLA.

3. Possible scenarios for shallow basins

Three principal geological explanations for the apparent shallow-
ness of Tolstoj and Beethoven present themselves (see Fig. 2) —
volcanic !ll, excavation through the crust during basin formation, and
viscoelastic relaxation of topographic relief. We assess each of these
scenarios in turn, and in Section 4 we evaluate viscoelastic relaxation
further through numerical modeling.

3.1. Volcanic !ll

By analogy with the lunar mare basins, emplacement of volcanic
plains in the basin interior could account for the shallow depths
(André et al., 2005). In the case where !ll accounts entirely for the
shoaling and load-induced subsidence is ignored, the current depth d
and the initial depth d0 would be related by

d = d0 ! f !1"

where f is the thickness of !ll. In order to account for the shallowness
of the basins, f should be in the approximate range 1–3 km. This
thickness of !ll should be suf!cient to induce "exural subsidence of
the basin, yet the "oors of Tolstoj and Beethoven do not show the
pattern of wrinkle ridges found on the "oors of the lunar mare basins,
whereas such features are observed within the younger Caloris basin
(e.g., Melosh and McKinnon,1988;Watters et al., 2005; Murchie et al.,
2008). Because Mercury has more than double the surface gravita-
tional acceleration of the Moon (1.62 m/s2) and an almost 50% greater
radius (reducing the effect of membrane stresses in supporting loads),
the lithosphere of Mercury should experience greater "exure under a
given thickness of load than that of the Moon unless it is much more
rigid.

Mariner 10 andMESSENGER observations have shown that smooth
plains occur within the Caloris, Tolstoj, and Beethoven basins. The
interior plains materials in Caloris and Tolstoj are higher in re"ectance
than and appear to be compositionally distinct from the basin walls
and ejects deposits (Robinson et al., 2008). Geological analyses of the
plains within Caloris provide strong evidence that they are of volcanic
origin (Head et al., 2008; Robinson et al., 2008) and support the
inference that wrinkle ridges on the interior plains formed in response
to "exural subsidence of the plains (Kennedy et al., 2008; Murchie
et al., 2008). By analogy with Caloris, the plains within Tolstoj and
Beethoven are also likely to be of volcanic origin. The absence of
wrinkle ridges within these basins suggests that if they were !lled by
plains material to a thickness of 1 km or more, the early lithosphere of
Mercury must have been signi!cantly stronger than that which
supported the lunar mascons at the time of loading. If lithospheric
thickness was not strongly heterogeneous at the time of formation of
these basins, then Caloris must have a still greater thickness of interior
plains to account for the contractional deformation recorded by its
system of wrinkle ridges.

3.2. Crustal excavation

Under the crustal-excavation scenario, the crust was comparatively
thin, so large basin-forming impacts exposed mantle material. When
an impact excavates the entire crust, the depth is reduced during
subsequent crater collapse (whether isostasy is achieved or not) such
that the sum of the depth, amplitude of mantle uplift, and melt sheet
thickness is equal to the pre-impact crustal thickness. As a result, there
will be a maximum basin depth dmax that is proportional to the
regional crustal thickness. For an isostatic basin, dmax is a function of
the densities of the crust (!c) and mantle (!m) and the pre-impact
crustal thickness (Hc):

dmax =
!!
!m

! "
Hc !2"

where !!=!m!!c. There is evidence that this scenario may have
operated on the Moon, as the largest basins show anomalously
shallow apparent excavation depths (Wieczorek and Phillips, 1999;
Hikida and Wieczorek, 2007). Where the crustal-excavation scenario
holds, the variation of dmax across a body permits constraints on large-
scale variations in crustal thickness. On the nearside of the Moon

Fig. 2. Depiction of three models to account for the depths of the Beethoven and Tolstoj
basins: (I) !ll, (II) complete crustal excavation, (III) viscoelastic relaxation. d is the
current depth, d0 is the initial depth (in scenarios I and III), f is the !ll thickness, u is the
topographic uplift during relaxation, and Hc is the pre-impact crustal thickness.
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(where the crust is thinnest), for example, many of the large basins
are relatively shallow (Williams and Zuber, 1998) and appear to be
underlain by little or no crust at present (Hikida and Wieczorek,
2007), while the deepest basins tend to lie in regions of particularly
thick crust.

If Beethoven and Tolstoj are shallow because they excavated the
entire crust, dmax in that area must be ~2–2.5 km or greater, depen-
ding on the thickness and compensation state of impact melt
and !ll. For dmax=2.5 km, !!=300–500 kg m!3, and !m=3200–
3400 kg m!3, Eq. (2) yields Hc"15–30 km. Of course, this relation
clearly does not hold for non-isostatic crustal structure, as appears to
be the case for most lunar basins (e.g., Neumann et al., 1996;Wieczorek
and Phillips, 1999). In non-isostatic situations, dmax is likely still pro-
portional to pre-impact crustal thickness, but basins will be shallower
than in the isostatic case. For a ratio of crust–mantle-boundary relief
to surface relief that is double the isostatic value, Hc"30–55 km.
Allowing for post-impact !ll would also increase the crustal thickness
estimate. On the Moon, large basins that formed in ~40-km-thick
crust and appear to have excavated all or almost all of the crust —
Humboldtianum, Smythii, and Nectaris (according to the model of
Hikida and Wieczorek, 2007) — have depths of 4.2–4.9 km (Williams
and Zuber, 1998). If we extrapolate these values to dmax=2.5 km, we
!nd that Hc"20–25 km. So if Tolstoj and Beethoven did excavate the
entire crust, we can expect a pre-impact crustal thickness in the range
15–55 km, dependingon themeandensities of the crust andmantle and
the !nal compensation state.

3.3. Viscoelastic relaxation

Viscous "ow in the lower crust (Mohit and Phillips, 2006, 2007)
has been invoked to explain relaxation of large impact basins on
the Moon and Mars. Unless Mercury's crust is substantially thinner
than on those bodies, viscous relaxation is also likely to have been
important at some point during its history. In such a case, the modi-
!ed depth of the basin is simply determined by the uplift u experi-
enced during relaxation:

d = d0 ! u !3"

The uplift will be a strong function of the size of the basin and
thickness of the lithosphere at the time of impact (Mohit and Phillips,
2006). We examine this possibility in more detail in the next section.

4. Modeling of viscoelastic relaxation

4.1. Theory

To explore further the relaxation scenario, we employ a spherical,
self-gravitating viscoelastic model (Mohit and Phillips, 2006) to deter-
mine the conditions necessary for relaxation to take place and the
topographic structures that would result. The model solves the equa-
tions of conservation of mass and momentum, along with Poisson's
equation:

vi;i = 0 !4"

" ij;j + !/;i + !!g#ir = 0 !5"

/;ii = 4$G!! !6"

where v is the velocity, " is the stress tensor, ! is the density, !! is the
density anomaly, g is the gravitational acceleration, % is the
gravitational potential due to the density anomaly, G is the gravita-

tional constant, subscripts i and j stand in for the three spherical
coordinates, #ir is the Kronecker delta, and the comma denotes partial
differentiation with respect to the coordinate that follows. Mercury
is treated as a Maxwell viscoelastic body with a layered viscosity
structure, such that the stress " and strain & are tensors related by

" ij +
'
(
") ij = ! P#ij + 2'&)ij !7"

where ' is the viscosity, µ is the shear modulus, P is the pressure, and
the dot denotes derivative with respect to time.

These equations are reduced to a purely viscous formulationwith a
Laplace transform (Zhong and Zuber, 2000; Mohit and Phillips, 2006).
The dependence of the equations on latitude is eliminated by
expanding the initial relief at the surface and crust–mantle interface
in spherical harmonics. The equations are then solved by integrating
a set of solution vectors from the core–mantle boundary to the sur-
face and !nding a linear combination that satis!es the boundary
conditions. From the calculus of residues, an inverse Laplace transform
is performed, producing a solution of the form

hk t! " =
XM

l=1

Rsle
! t =*l !8"

where hk is the relief at interface k (denoted by s or m for surface or
crust–mantle boundary, respectively), M is the number of relaxation
modes, Rsl is the residue and *l the relaxation time of the lth mode,
and t is time. The number of modes depends on the layering: there is
one for each density interface and two for each viscosity interface. See
Mohit and Phillips (2006) for details of the solution method.

4.2. Application to Mercury

We consider a suite of simple thermal models similar to those
explored by Mohit and Phillips (2006). They consist of a 2-km-thick
megaregolith of low thermal conductivity and underlying crust and
mantle. The models are parameterized by the crustal thickness Hc

and temperature at the base of the crust Tb. For a constant surface
temperature, these parameters yield temperature pro!les that are
relatively insensitive to the unknown thermal conductivity and heat
production rate within the crust. We consider a range of crustal
thermal conductivities (1.5–3 Wm!1 K!1); heat production in the
crust is assumed to be chondritic (see Turcotte and Schubert, 1982).
For a given Tb, increased crustal thermal conductivity or heat
production tends to increase the surface heat "ux and thereby the
thermal gradient in the megaregolith, thus elevating the brittle–
ductile transition and the base of the lithosphere. A low-conductivity
layer at the surface can have a strong effect on the temperature pro!le
(cf., Mohit and Phillips, 2006; Parmentier and Zuber 2007); see Fig. 3
for an example. The relevant model parameters are summarized in
Table 1.

The rheologies of the crust andmantle are taken to be those of dry
diabase (Mackwell et al., 1998) and dry olivine (Karato and Wu,
1993), respectively. The adopted rheology for mantle material is
consistent with constraints on convective thermal history models
imposed by the cumulative global contraction experienced by
Mercury (Hauck et al., 2004). We discuss the effect of the presence
of water in the crust or mantle in Section 5. Both rheologies adopted
are governed by the following "ow law for dislocation creep (see
Table 2 for parameters):

&) = A"ne
Q
RT !9"
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where & and " are suitable invariants of the strain and stress tensors, Q
is an activation energy, R is the gas constant, T is absolute temperature,
and A and n are constants. The effective viscosity is then

'eff =
"
3&)

!10"

As the early thermal evolution and crustal thickness of Mercury
are poorly constrained, we consider a wide range of parameters.
As initial conditions, we use the topography of the un!lled lunar
Mendel–Rydberg basin (D~600 km) as a surrogate for the post-
impact topography of Beethoven and Tolstoj, and that of Argyre on
Mars (D~1200 km) as a surrogate for Caloris. In both cases, the
topography is expanded to spherical harmonic degree and order 80.
As we do not know the crustal structure beneath these basins, we
assume that they were initially in local isostatic equilibrium.

For each thermal model, we calculate temperature and viscosity
pro!les with depth. For ease of computation, we express the latter in
terms of discrete layers of uniform viscosity. Because relief on the

crust–mantle boundary is represented in the model only as a stress at
the interface — analogous to the surface mass approximation used
in potential theory (e.g., Wieczorek, 2007) — we treat the depth
interval from the shallowest to the deepest levels of the crust–mantle
boundary as if it were a uniform layer, and we assign a viscosity
appropriate to the steady-state temperature at the top of the layer
(Fig. 3B). Such an approach is conservative with respect to degree of
relaxation, in the sense that the transient effects of mantle uplift and
impact heating on the temperature !eld are ignored, as are the effects
of lower crustal "ow more strongly con!ned to the base of the crust
than under the assumptions adopted here. For a full discussion of
uncertainties introduced by the neglect of !nite-amplitude relief, see
Mohit and Phillips (2006). For Beethoven and Tolstoj, we calculate the
initial viscosity structure by assuming a driving stress commensurate
with ~5 km of relief (50 MPa) and a mantle uplift of 25 km.

We explore a range of mean crustal thickness values between 45
and 140 km, determining in each case the minimum basal tempera-
ture (and corresponding basal heat "ux) required for relaxation to
occur. In addition, we follow the course of the relaxation in order to
estimate the remaining relief when relaxation is arrested by the drop
in driving stress. As the relief at the crust–mantle boundary relaxes,
the crust beneath the "oor of the basin thickens, facilitating the
process. At the same time, the driving stress decreases, increasing the
viscosity. Initially, the former effect dominates; however, once the
relief at the crust–mantle boundary drops below about half of its
initial value, the decrease in driving stress begins to dominate, slowing
relaxation. Once the viscosity at the base of the crust increases above
~1022 Pa s (see Fig. 3C), relaxation is no longer possible.

Fig. 4 shows examples of relaxation of topographic relief for the
Tolstoj and Beethoven case in crust of various thicknesses according to
this procedure (summarized in Table 3). Because of the size of the

Table 1
Model parameters.

Parameter Value Units

Planetary radius 2440 km
Core radius 1800 km
Gravitational acceleration 3.7 m s!2

Average surface temperature 440 K
Shear modulus 5!1010 Pa
Megaregolith density 2300 kg m!3

Crustal density 2900 kg m!3

Mantle density 3500 kg m!3

Megaregolith thermal conductivity 0.2 W m!1 K!1

Crustal thermal conductivity 1.5–3 W m!1 K!1

Mantle thermal conductivity 3 W m!1 K!1

Crustal heat production 2.3!10!11 W kg!1

Mantle heat production 0 W kg!1

Maximum viscosity 1029 Pa s
Minimum viscosity 1019 Pa s

Table 2
Rheological parameters.

A (Pa!n s!1) n Q (kJ mol!1)

Columbia diabase 1.2!10!26 4.7 485
Dry olivine 2.4!10!16 3.5 540

Fig. 3. (A) Temperature pro!le for Hc=60 km, basal temperature Tb=1250 K. (B) Viscosity pro!le for Hc=60 km, Tb=1250 K, and a driving stress " (Eq. (9)) of 50 MPa; the dashed
step function shows how the pro!le is broken into layers, the thin black line indicates the assumed height of initial mantle uplift, and the dash-dot line shows how this uplift
determines the thickness of the layer of uniform viscosity at the base of the crust. (C) Viscosity pro!le for Hc=60 km, Tb=1250 K, "=5 MPa; the dashed line indicates the layered
viscosity structure, and the thin black line is the height of mantle uplift at cessation of relaxation.
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structure, the longer wavelengths relax, while the shorter wave-
lengths are supported by the strength of the lithosphere. As a result,
for the relatively cold cases, in which relaxation is possible only when
crustal thickness is large (N80 km), a substantial fraction of the initial
topography is retained (N2.5 km). If the pre-impact crust is relatively
thin (e.g., the 45-km case), high temperatures in the lower crust are
necessary in order to permit relaxation, and less topography remains
(b1 km) because of the thin lithosphere. The uncertainty in the depths
of the two basins requires that we consider a range of 1–3 km of
remaining topography as plausible; this range results in a minimum
crustal thickness required for relaxation of 45–100 km. As any crust

thicker than 100 km suf!ces (given appropriate thermal conditions),
we do not show results for thicker crust than this limit.

For Caloris, we consider two cases: one inwhich the initial relief on
the crust–mantle boundary is ~25 km — comparable to that of
Mendel–Rydberg on the Moon or Argyre basin on Mars — and one in
which the initial relief is ~35 km, comparable to that of the martian
Isidis basin (Neumann et al., 2004); for the latter case, the surface
topography is correspondingly increased. An example of each is
shown in Fig. 5. In the former case, relaxation proceeds more slowly
than for Tolstoj and Beethoven (because of the long-wavelength "ow
required), but relaxation does occur on a timescale of ~108 years for a
comparable viscosity structure. In the high-relief case, on the other
hand, greater temperatures are required in the lower crust for
relaxation to proceed. For Hc=80 km, Tb need only be increased to
1300 K. For Hc#60 km, shrinking the crustal channel to less than
~25 km thickness, however, the critical Tb$1400 K and increases
rapidly as crustal thickness decreases. In both cases, little surface
topography is retained, as there is insuf!cient power at wavelengths
suf!ciently short to be supported by the lithosphere.

5. Discussion

The topographic information derived from Mariner 10 images
suggests that the twomajor basins Beethoven and Tolstoj are shallower

Table 3
Results.

Hc (km) Tb (K) Heat "ux (W m!2) Relief (km)

45 1350 20–40 1
60 1250 15–30 2
80 1200 11–23 2.5
100 1100 9–18 3

Tb is the minimum basal temperature required to permit "ow in crust with background
thickness Hc, and “relief” is the post-relaxation relief.

Fig. 5. Relaxation over time of a Caloris-sized basin for (A) Hc=60 km, Tb=1250 K, for
an initial mantle uplift of 25 km; (B) Hc=80 km, Tb=1300 K, for an initial mantle uplift
of 35 km.

Fig. 4. Relaxation over time of a Beethoven–Tolstoj-sized basin for (A) Hc=45 km,
Tb=1350K; (B)Hc=60 km,Tb=1250K; (C)Hc=80 km,Tb=1200K; and (D)Hc=100 km,
Tb=1150 K.
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thanwould be expected for their size, the result of some combination of
volcanic!ll, excavationof thin crust, andviscoelastic relaxation. The idea
that emplacement of smooth plains material accounts for the shallow
depths has been explored by other workers (André et al., 2005). Tolstoj
and Beethoven show similar depths to lunar mare basins, and the
smooth plains deposits in these basins are extensive. However, little or
no tectonic evidence of "exure in response to the load (e.g., concentric
wrinkle ridges and graben) is observed, requiringmore rigid lithosphere
than that which faulted in response to lunar mascon loading.

Our analysis has focused on the relaxation scenario, with the ob-
jective of determining: (1) whether the occurrence of viscoelastic
relaxation onMercury is plausible, (2) under what conditions it would
be likely to have occurred, and (3) how to distinguish among
scenarios with observations to be made by MESSENGER. The results
presented here show that the proposal that Beethoven and Tolstoj
have relaxed is plausible. However, the model of Watters et al. (2005)
shows that viscous relaxation of the Caloris basin may have produced
suf!cient extensional stresses to result in extensional faulting with-
in the basin. Similarly, the relaxation of Beethoven or Tolstoj would
be expected to have produced extensional stress, albeit weaker and
over shorter length scales. So, the lack of extensional faulting suggests
that either: (1) no relaxation took place, (2) the amplitude of exten-
sional stress in the lithosphere was insuf!cient to produce faulting, or
(3) extensional faults were formed but were later buried by interior
smooth plains.

The modeling results show that thick crust (100 km) and low
heat "ow (10–20 mW m!2) would permit up to 3 km of relief to be
retained for Beethoven and Tolstoj. A crustal thickness less than
60 km, in contrast, would require suf!ciently high temperatures in the
crust for relaxation to proceed that less than 2 km of relief would be
retained. These results must be applied to Mercury with caution
because of our limited state of knowledge regarding the planet.
Current estimates for the depths of Tolstoj and Beethoven are in the
range 1–3 km, requiring a minimum crustal thickness of 45–100 km in
order for relaxation to occur. Uncertainties in the density, heat
production, and thermal conductivity of crust andmantle, while great,
have little effect on these lower bounds. For a given (Tb, Hc) parameter
set, increased crustal heat production or thermal conductivity would
tend to raise slightly the depth to the brittle–ductile transition and the
base of the lithosphere, potentially facilitating relaxation. However,
unless heat production approaches that in KREEP-rich lunar rocks, the
effect should be negligible (cf. Mohit and Phillips, 2006).

The density difference between crust and mantle, on the other
hand, could have a strong in"uence on relaxation, as it affects the
amplitude of mantle uplift. That assumed here is consistent with what
is known of the densities of lunar and martian materials. The density
contrast onMercury may be lower, however, because of the lesser iron
abundance in Mercury's mantle and crustal materials. A lower density
contrast would tend to increase the amplitude of mantle uplift relative
to the basin depth, resulting in a thinner crust beneath the basin "oors
and increasing the crustal thickness bounds discussed here. If the
deformation of the crust and mantle of Mercury is governed by "ow
laws appropriate to material containing even small quantities of
water, then thinner crust might be permissible. Under these
circumstances, the scenarios with thicker crust would become less
likely, as unrealistically low values of heat "ow would be required.

The case of Caloris is more uncertain, as its depth is ill-constrained.
The only measurement available gives a depth of 9±3 km, suggesting
that it has not relaxed and is one of the deepest basins in the Solar
System. However, the presence of extensional tectonic features within
the basin is likely an indication of past relaxation (Watters et al.,
2005). Modeling of Caloris shows that relaxation is inhibited if the
crustal thickness beneath the basin "oor is less than ~25 km. Thus, it is
possible for Beethoven and Tolstoj to have relaxed while Caloris did
not if the crust is thinner than a critical value. It is not, on the other
hand, possible for Caloris to have relaxed but not Beethoven and

Tolstoj, unless there were large lateral variations in crustal thickness
or heat "ux on Mercury at the time of basin formation. We note that if
viscous relaxation played a role in the evolution of all three basins,
then Beethoven and Tolstoj may have retained more topography than
Caloris, depending on thermal conditions and crustal thickness at the
three sites. Clearly, an accurate depth determination for Caloris is
critical to an evaluation of the relaxation hypothesis.

The crustal-excavation scenario is not entirely consistent with
the available data sets, but the uncertainty in current data prevents it
from being ruled out. The !rst problem is that there are craters in
existingMercury data sets that are deeper than Beethoven and Tolstoj,
implying that the depths of these two basins do not represent a global
maximum. Depending on the locations of the deeper craters, this
result may be explained by invoking lateral variations in crustal
thickness. However, if Caloris is as deep as the photoclinometric
estimate suggests, then the regional crustal thickness would have to
vary by a factor of at least 3. If the 9-km depth of Caloris is validated,
the crustal-excavation scenario can be rejected and a lower limit
placed on the pre-impact crustal thickness. On the other hand, if
future measurements of the depths and gravity anomalies of northern
basins are consistent with this scenario, then the spatial distribution
of crater and basin depths could be used to constrain long-wavelength
variations in crustal thickness. The depth estimates of Beethoven and
Tolstoj from stereogrammetry point to a crustal thickness of 15–55 km
in that area. Given the uncertainty in these estimates, a range of 10–
70 km may be possible.

The three scenarios for shallow basin depths have different
implications for the early history of Mercury. In particular, either the
viscoelastic-relaxation or crustal-excavation scenario would place
constraints on the crustal thickness, independent of uncertainties in
the thermal conductivity and surface heat "ux. The primary
uncertainties in the relaxation scenario pertain to the rheology of
the crust, and those in the crustal-excavation scenario are the
densities of the crust and mantle. Spectral measurements of the
composition of the crust should aid in improving current estimates of
several of these parameters.

Validation of the volcanic-!ll scenariowould point to an early thick
lithosphere on Mercury. It would say little about the crustal thickness
directly, although a lower bound could be established using the
arguments relating to thin crust. The greatest contribution to be made
by these models is to help distinguish among the hypotheses for
Mercury's formation and bulk composition. A constraint on crustal
thickness would be an important step in that direction, as the three
principal hypotheses make different predictions regarding crustal
composition and, secondarily, thickness. Both the vaporization and
impact stripping hypotheses involve removal of much if not all of the
early crust. Thus, they would be dif!cult to reconcile with the
relaxation scenario. Conversely, the crustal-excavation scenario would
be supportive of models in which the early crust had been removed.

6. Conclusions and future measurements

We have examined three scenarios to explain the shallow depths
of Beethoven and Tolstoj basins (André et al., 2005) on Mercury:
volcanic !ll, excavation of thin crust, and viscoelastic relaxation. In
addition we have evaluated the implications of each scenario for
explaining the large depth proposed for the Caloris basin (Hapke et al.,
1975). On the basis of currently available data, all three scenarios
remain possible. However, current constraints are poor and all three
explanations face challenges in accounting for both the shallow
depths of Beethoven and Tolstoj and the greater depth of Caloris. We
consider the depth estimates for Beethoven and Tolstoj to be more
reliable than that for Caloris, but all of the published estimates are
likely affected by long-wavelength biases.

The second and third MESSENGER "ybys will enhance existing
depth–diameter data sets and — perhaps most importantly — enable a

361P.S. Mohit et al. / Earth and Planetary Science Letters 285 (2009) 355–363



comparison of stereo elevation models with laser altimetric measure-
ments. This comparison will provide the information necessary to
evaluate long-wavelength biases in existing stereo models. The second
"yby occurred on October 6, 2008, and the third will take place on
September 29, 2009. Once MESSENGER enters orbit about Mercury in
March 2011, MLAwill map almost the entire northern hemisphere, and
a gravitymodel will be producedwith an average resolution of ~400 km
in the northern hemisphere (Solomon et al., 2001), providing addi-
tional information on the compensation states of major basins. The
improved imaging and topography data sets expected during the orbital
phase of the mission will also aid in clarifying the tectonic histories
of impact basins. In particular, these data sets should provide some
insight into the thickness of volcanic !ll in at least the northern basins
and may reveal evidence of tectonic deformation partially buried by
the later emplacement of basin-interior plains.

Although the topography and gravity maps will not extend south-
ward to Beethoven and Tolstoj speci!cally, several basins of compar-
able size have been identi!ed in the northern hemisphere (Pike and
Spudis, 1987). In addition, the depth and gravity signature of Caloris
will be accurately measured. These measurements will allow further
testing of the scenarios presented here and their relative roles in
basin evolution on Mercury. Table 4 lists possible future gravity and
topography observations and their implications.

The observations and models discussed in this paper suggest that
the evolution of major impact basins on Mercury has followed a
different path from those of lunar and martian basins. The data sets to
be acquired during the remainder of the MESSENGER mission (and
futuremissions) should allow us to reconstruct some of the conditions
prevailing early in Mercury's history and help distinguish among
hypotheses for the planet's formation.
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