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overarching themes:

1)We learn a lot about the Earth by studying 
Mercury, Venus, and Mars

2)There is a remarkable diversity of planets 
around a single star



plate tectonics

episodic mobile lid
stagnant lid

stagnant lid 
(if convecting at all)

1) behavior of the top boundary layer
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The Influence of Core Radius on the Planform of Stagnant Lid Convection
Scott D. King, Virginia Tech Geosciences, Blacksburg, VA (sdk@vt.edu)

Convective Planforms in a Spherical Shell

Why Study This? image credit: Kevin Righter and Leanne Woolley (LPI)

The terrestrial planets
have very different core (rc)
to planet (rp) radius ratios
(right above).

If we consider the structure
of icy satellites (right below), 
there is even more variety in 
core to planet radius ratios.

multi-plume rolls degree-one 
 convection

The pattern of upwellings and downwellings (planform) of convection 
is controlled by rheology, internal structure (e.g., changes in phase) 
and thickness of the shell.

The degree-one planform arises when there is an increase in viscosity 
with depth, or a phase change (c.f. Roberts and Zhong, 2006)

The multi-plume planform arises in thick shells, while the roll planform 
arises in thin shells (King, 2008).   The transition between the 
multi-plume and roll planforms is unknown.

rc=0.75rp rc=0.70rp rc=0.65rp rc=0.60rp rc=0.55rp
Mercury Geometry Earth, Venus Geometrytransitional stage between rolls and plumes

Model Parameterization
+ CitcomS (Zhong et al., 2000) with 12x65x65x65 elements
+ temperature-depenedent rheology (activation energy 315 kJ/mole)
+ parameters based on Mercury (see Table below)
+ initial condition T=0.95 + small spherical harmonic perturbations
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image credit: Hartmann, Moons and Planets

What Is Stagnant
Lid Convection?
In strongly temperature-dependent
creeping flow (such as planetary
interiors), the top thermal
boundary layer develops a high-
viscosity stagnant lid.

Surface Heat Flow
The surface heat flow is controlled by the growth of the stagnant lid.
The final state of model  1 (rc=0.75)is conductive and model 5 (rc=0.55)
has weak convection, however, the surface heat flow histories are 
the same. 

Time Evolution
It is helpful to visualize the evolution of 
planforms by following the time evolution 
of one model (rc=0.65).

Convective planforms in a spherical shell for a fixed Rayleigh number (2x107) approximately 750 Myr after initial condition

1840 Ma

3050 Ma

4300 Ma

Conclusions
The transition between the roll and plume planforms occurs 
between rc/rp=0.65-0.6 (shown below).  Earth, Venus and Mars 
are well within in the plume-planform geometry stability field while 
Mercury is within in the roll-planform geometry stability field. 

At modest Rayleigh numbers, an initial roll planform evolves into a 
plume planform with time as shown in the calculation at the right.

In the absence of deep phase transformations of viscous layering, 
the degree one planform is not observed.

caveat emptor: in spherical shell convection the Rayleigh
number uses the radius of the planet, not the shell thickness
as the characteristic scaling depth.
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Mars Geometry

Mercury’s core is ~85% of the 
planetary radius 

(Smith et al. , Science, 2012)

2) size of the “iron” core
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Mercury’s shrinking mantle through time

observational 
constraint

mantle 
thickness (km)

mantle density 
(kg/m3)

Mariner 10 ρave, g 600 3350

Harder and 
Schubert, 2001

Fe/FeS phase 
diagram

440+/-420 3350+/-250

Smith et al., 
Science, 2012 MOI 410+/-37 3600

Margot et al., 
JGR, 2012

MOI, spin 
state

440 3200

Hauck II et al., 
2013

MOI, EOS 420+/-20 3380+/-200



to fit the MOI, may require an iron sulphide layer
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depth in the lower crust and uppermost mantle vary approximately in-
versely with Te. The northern rise, part of the northern smooth plains 
volcanic complex (15), has been estimated from its impact crater size-
frequency distribution to have a surface that formed ~3.7-3.8 billion 
years ago (Ga), substantially younger than that of the surrounding heavi-
ly cratered highlands (16). The greater level of apparent mass compensa-
tion of the highlands will yield, under similar assumptions, a thinner 
elastic lithosphere and higher crustal and mantle temperatures at the time 
of formation than the northern rise. The inference that Mercury’s interior 
generally cooled with time is in keeping with thermal evolution models 
for the terrestrial planets. Te estimates for Mars derived from gravity-
topography relations for regions with ages of major topographic features 
similar to that of the northern rise, in contrast, are considerably smaller 
(17). 

The major parameters of gravity field solution HgM002, including 
the product of the gravitational constant and Mercury’s mass (GM), are 
given in Table 1. The GM value is close to that given by the most recent 
previous model of Mercury’s gravitational field (HgM001), derived 
solely from the tracking of MESSENGER during its first two near-
equatorial flybys (6). 

The covariance matrix of solution HgM002 was used to generate 
clone models of the gravity field in order to analyze the error character-
istics for the degree-2 coefficients and C30 (2) (fig. S5). The harmonic 
coefficients C20 and C22 are tightly bounded with small relative uncer-
tainties, and C21 and S21 are small as expected if Mercury exhibits no 
polar motion (Table 1). 

The C20 and C22 terms provide important constraints on the interior 
structure of Mercury because they are directly relatable to the radial 
distribution of density. Earth-based radar measurements of Mercury’s 
pole position confirms that the planet occupies a Cassini state in which 
the axis of rotation remains coplanar with the orbit normal and the nor-
mal to the Laplace plane as the spin vector and the orbit normal precess 
together about the latter with an approximately 300,000-year period (18). 
Radar observations also show that the amplitude of the 88-day physical 
libration in longitude is so large that the mantle and crust must be librat-
ing independently of the core (18). This state allows the determination of 

Mercury’s normalized polar mo-
ment of inertia, C/MR2, where R is 
Mercury’s mean radius, and a 
measurement of the ratio of the 
polar moment of inertia Cm of the 
solid outer portion of the planet (6, 
18) to that of the entire planet (19, 
20). The values of C20 and C22 
(Table 1), combined with Earth-
based radar measurements of the 
amplitude of Mercury’s forced 
libration and obliquity (18) and 
ancillary data on the precession 
rate and pole position (21), pro-
vide the information necessary to 
estimate C/MR2 and Cm/C. A li-
bration amplitude of 35.8 ± 2 
arcseconds and a slightly revised 
obliquity value of 2.06 ± 0.1 
arcmin (22) yields internal struc-

Fig. 3. (A) Outer radius of Mercury’s liquid core. (B) Average 
density of the solid shell that overlies the liquid core. The 
stars represent the central values for C/MR2 and Cm/C, and 
the black bars denote ± one standard deviation. 

Table 1. Normalized* low-degree gravity coefficients in the HgM002 gravity model for Mercury. 

Parameter Value Uncertainty† Comments 
GM, km3 s�� 22031.780 ±0.02 No significant difference from HgM001. 

C20 � 10�� –2.25 ±0.01 ~20% smaller than Mariner 10 estimate of  
(–2.68 ± 0.89) × 10��. 

C21 � 10�� –4.64 ±5 Consistent with co-alignment of gravity field and angular 
momentum vector. S21 � 10�� 1.35 ±5 

C22 � 10�� 1.253 ±0.01 Ratio of S22/C22 is small, indicating that the equatorial 
major axis of the gravity field is aligned with Mercury’s 

“hot-pole” longitudes. 
S22 � 10�� 0.005 ±0.01 

C30 � 10�� –4.49 ±0.3 Negative value indicates that a periapsis over the south 
pole is needed for a stable spacecraft orbit about Mercury. 

C40 � 10�� –6.5 ±0.8  
*Normalizations follow those of Kaula (29). 
†Uncertainties are best estimates rather than formal errors. 
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Smith et al., Science, 2012

Mantle thickness and density constrained by moment of inertia

410 +/- 37 km “mantle” with density of 3650 +/- 225 kg/m3 



III) iron abundance in bulk mantle
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The Influence of Core Radius on the Planform of Stagnant Lid Convection
Scott D. King, Virginia Tech Geosciences, Blacksburg, VA (sdk@vt.edu)

Convective Planforms in a Spherical Shell

Why Study This? image credit: Kevin Righter and Leanne Woolley (LPI)

The terrestrial planets
have very different core (rc)
to planet (rp) radius ratios
(right above).

If we consider the structure
of icy satellites (right below), 
there is even more variety in 
core to planet radius ratios.

multi-plume rolls degree-one 
 convection

The pattern of upwellings and downwellings (planform) of convection 
is controlled by rheology, internal structure (e.g., changes in phase) 
and thickness of the shell.

The degree-one planform arises when there is an increase in viscosity 
with depth, or a phase change (c.f. Roberts and Zhong, 2006)

The multi-plume planform arises in thick shells, while the roll planform 
arises in thin shells (King, 2008).   The transition between the 
multi-plume and roll planforms is unknown.

rc=0.75rp rc=0.70rp rc=0.65rp rc=0.60rp rc=0.55rp
Mercury Geometry Earth, Venus Geometrytransitional stage between rolls and plumes

Model Parameterization
+ CitcomS (Zhong et al., 2000) with 12x65x65x65 elements
+ temperature-depenedent rheology (activation energy 315 kJ/mole)
+ parameters based on Mercury (see Table below)
+ initial condition T=0.95 + small spherical harmonic perturbations
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image credit: Hartmann, Moons and Planets

What Is Stagnant
Lid Convection?
In strongly temperature-dependent
creeping flow (such as planetary
interiors), the top thermal
boundary layer develops a high-
viscosity stagnant lid.

Surface Heat Flow
The surface heat flow is controlled by the growth of the stagnant lid.
The final state of model  1 (rc=0.75)is conductive and model 5 (rc=0.55)
has weak convection, however, the surface heat flow histories are 
the same. 

Time Evolution
It is helpful to visualize the evolution of 
planforms by following the time evolution 
of one model (rc=0.65).

Convective planforms in a spherical shell for a fixed Rayleigh number (2x107) approximately 750 Myr after initial condition

1840 Ma

3050 Ma

4300 Ma

Conclusions
The transition between the roll and plume planforms occurs 
between rc/rp=0.65-0.6 (shown below).  Earth, Venus and Mars 
are well within in the plume-planform geometry stability field while 
Mercury is within in the roll-planform geometry stability field. 

At modest Rayleigh numbers, an initial roll planform evolves into a 
plume planform with time as shown in the calculation at the right.

In the absence of deep phase transformations of viscous layering, 
the degree one planform is not observed.

caveat emptor: in spherical shell convection the Rayleigh
number uses the radius of the planet, not the shell thickness
as the characteristic scaling depth.
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convective planforms in a spherical shell  
fora fixed Rayleigh number
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Pattern of lobate scarps on Mercury’s

surface reproduced by a model of

mantle convection
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Mercury is the smallest and least tectonically active of the
terrestrial planets1,2. Although Mercury’s ancient, cratered
surface resembles the Moon, it has the largest ratio of metallic
core to silicate mantle among the terrestrial planets3 as well as an
internal magnetic field4. Images from the Mariner 10 spacecraft
reveal lobate scarps, so called because of their curved or scalloped
edges, which have been interpreted to be high-angle thrust
faults5–8 resulting from a period of global contraction. A range of
mechanisms has been invoked to explain the stresses leading to
global contraction, including cooling and core formation5,9, tidal
eVects due to gravitational interactions with the Sun10, mantle
convection11 and the impact that formed the Caloris basin12.
Here I present numerical simulations of the three-dimensional
nature of convection within Mercury’s silicate mantle. The
model yields a regularly spaced pattern of convection, in which
upwelling regions of the mantle assume linear, sheet-like shapes
at low latitudes and a nearly hexagonal pattern near the
poles. The distribution of resultant surface stresses is consistent
with the observed pattern of lobate scarps, suggesting that
the compressive features record an ancient pattern of mantle
convection11, in addition to global contraction. The gravity and
topographic data returned from the MESSENGER 11 mission13

will help test this hypothesis.
Mercury is a diYcult target for Earth-based observations and

has been visited by only one spacecraft, Mariner 10, which made
three flybys in 1974–1975. Mariner 10 images cover approximately
45% of the surface, revealing a heavily cratered surface with
almost all tectonic activity occurring after the end of the period
of heavy bombardment9,11. The most prominent tectonic features
on Mercury are lobate scarps that are 20–500 km in length and a
few hundred to several thousand metres in vertical relief 5–7. Lobate
scarps due to thrust faulting represent a decrease in surface area
equivalent to a decrease in planetary radius ranging from less than
1 km (ref. 7) to a maximum of 2 km (ref. 5). Mapping reveals a
distinct clustering of scarps, statistically distinct from a random
pattern, interpreted as thrust faults dipping to the east and west
within ±50� of N12� E (ref. 11). Below 50� S, there is a weak
correlation with a concentric pattern about the sub-polar point
with faults dipping to the north11. The lobate scarps are younger
than the majority of large craters on Mercury and postdate the
intercrater plains9,11, making them among the youngest features on
the surface.

To investigate the planform of convection in a thin silicate
shell, applicable to Mercury, I use the finite-element code

CitcomS14,15 to solve the equations for three-dimensional spherical,
incompressible, convection with a free-slip surface and core–mantle
boundary and a core–mantle boundary radius of 0.75 times the
planetary radius, giving a silicate mantle thickness of 600 km. The
calculations run for several billion years model time from a hot,
nearly isothermal initial condition (T = 1,880 K) and include a
cooling core boundary condition16 (Tcmb denotes the temperature
of the core-mantle boundary) that is consistent with previous
Mercury thermal history models17–19. The parameters governing
convection assume an olivine-dominated mantle (Table 1) and
are consistent with previous Mercury mantle models3,17–19. The
viscosity is temperature dependent, with an activation energy of
300 kJ mol�1, on the basis of diVusion creep of olivine20. Tests
show that the solutions are not dependent on the value of the
maximum viscosity, which for most calculations is 103, and the
minimum viscosity is 0.1. I present calculations using Rayleigh
numbers ranging from 104–107 and, because little is known about
the abundance or distribution of radiogenic elements within
Mercury, I use either no internal heating or an Earth-like value21,22

(0.0115 µW m�3) as end members. The results of more than 18
three-dimensional calculations with various Rayleigh numbers,
internal generation rates and initial conditions are summarized
in the Supplementary Information Table. The heat flux at the
core–mantle boundary at the end of the calculations ranges from
4.8 to 15.8 mW m�2, consistent with Mercury core-dynamo23 and
thermal-history3,17–19 models.

Table 1 Mantle parameters for Mercury on the basis of previous
thermal-history models3,15,23.

Parameter Symbol Value

Planetary radius rp 2,400 km
Core radius rc 1,800 km
Mantle thickness d= rp� rc 600 km
Gravitational acceleration g 3.76ms�2

Average mantle viscosity ⌘ 1021 Pa s
Density ⇢ 3,300 kgm�3 (ref. 5)
Thermal diffusivity  1.0⇥10�6 m2 s�1

Surface temperature T0 440 K
Initial mantle temperature Tm0 1,880 K
Temperature difference 1T= Tcmb� T0 1,515 K
Coefficient of thermal expansion ↵ 2.0⇥10�5

Rayleigh number ⇢g↵1Td 3

⌘
7.0⇥104
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lobate scarps and high-relief ridges is used to determine 
the total contractional strain [8, 9, 17]. Updated values 
of � obtained by linear fit to fault length and fault dis-
placement, estimated from measurements of scarp relief 
from MLA [4] and stereo-derived topography [5, 6], 
range from (~7.1�9.7) � 10-3 for values of the fault 
plane dip � of 25� to 35� [see 17], with � � 8.2 � 10-3 
for � = 30�.  For a given �, the standard deviation of the 
slope (�) is (~1.0�1.4) � 10-3.  The total length of the 
mapped lobate scarps and high-relief ridges (assumed to 
have comparable values of �) is ~47,000 km, and the 
areal contractional strain over the entire surface of the 
planet is estimated to be ~0.06�0.09% (~0.08% for � = 
30°). This range in contractional strain corresponds to a 
radius decrease of ~0.8�1.1 km (~1 km for � = 30�). 
These global values of contractional strain are generally 
consistent with previous estimates of regional strain and 
radius decrease by extrapolation to the entire surface [8, 
9, 17]. The smooth plains are dominated by wrinkle 
ridges that likely formed in response to some combina-
tion of load-induced flexure and subsidence and global 
contraction [8]. Thus, a more conservative estimate of 
the strain accommodated by structures formed from 
global contraction alone may be obtained by eliminating 
the area covered by smooth plains, estimated to be 
~27% [19]. The total length of the lobate scarps and 
high-relief ridges outside of and partially crosscutting 
smooth plains is ~42,000 km, and the areal contraction-
al strain is estimated to be ~0.08�0.12% (0.1% for � = 
30°). This range in the contractional strain corresponds 
to a radius decrease of ~1�1.5 km (~1.2 km for � = 
30�). Higher estimates of the radius decrease of ~2.4�
3.6 km have been recently reported from estimates of 
contractional strain in an area covering ~21% of the 
surface and then extrapolated to the entire surface [18]. 
The difference may be in part because the location of that 
study area corresponds to one of the longitudinal bands 

with a large concentration of lobate scarps (~45°E�
130°E). If so, then the areal strains appropriate for that 
longitudinal band need not be for the surface as a 
whole.  

Summary and Conclusions: The estimated con-
tractional strains and range of radius change may be 
taken only as lower limits because of the conservative 
approach in mapping only the most prominent lobate 
scarps and high-relief ridges (Fig. 1). Other landforms 
lacking definitive evidence of associated faults were not 
included in the survey. The estimated radius change of 
~1.2 ± 0.3 km, although higher than previous estimates 
[8, 9, 17], does not lessen markedly the mismatch with 
thermal history models showing that 1�2 km of radial 
contraction since 4 Ga can be met with at best a limited 
subset of models [20]. The global contractional strain 
may be larger than expressed by the population of lo-
bate scarps and high-relief ridges presented here if other 
landforms not included in this study account for sub-
stantial horizontal shortening [21, 22]. 
 References: [1] Strom R.G., Trask N.J. and Guest J.E. (1975) JGR, 
80, 2478-2507. [2] Solomon S.C. et al. (2008) Science, 321, 59-62. 
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stracts, 7, 2012-528. [7] Watters T.R. et al. (2004) Geophys. Res. 
Lett. 31, L04701, 10.1029/2003GL019171. [8] Watters T.R. et al. 
(2009) Earth Planet. Sci. Lett., 285, 283�296. [9] Watters T.R. and 
Nimmo F. (2010) in Planetary Tectonics, Cambridge Univ. Press, 
pp. 15-80. [10] King, S.D. (2008) Nature Geosci ., 1, 229-232. [11] 
Smith D.E. (2012) Science, 336, 212-216. [12] Hauck S.A., II, et al. 
(2012) Lunar Planet. Sci., 43, 1170. [13] Hauck, S.A., II, et al. 
(2012) JGR, submitted. [14] Michel, N.C, et al. (2013) JGR, in press. 
[15] Melosh H.J. and McKinnon W.B. (1988) in Mercury, Univ. 
Arizona Press, Tucson, pp. 374-400. [16] Dombard, A.J. and Hauck, 
S.A., II (2008) Icarus, 198, 274�276. [17] Watters, T.R., et al. (1998) 
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Figure 1. Tectonic landform map of lobate scarps (black) and high-relief ridges (gray) on Mercury.  Such features are distributed in broad, longi-
tudinal bands.  Smooth plains units [19] are shown in tan.   !  

Watters et al., 2013



(Fig. 5), 20^500 km in length and hundreds of
meters to several kilometers in height [43]. On
the basis of their asymmetric cross-sections,
rounded crests, sinuous but generally linear to ar-
cuate planforms, and transection relationships
with craters, the scarps are interpreted to be the
surface expression of major thrust faults [39]. Be-
cause the scarps are more or less evenly distrib-
uted over the well-imaged portion of the surface
and display a broad range of azimuthal trends,
they are thought to be the result of global con-
traction of the planet. From the lengths and
heights of the scarps, and from simple geometric
fault models or fault length^displacement rela-
tionships, the inferred 0.05^0.10% average con-
tractional strain if extrapolated to the full surface
area of the planet would be equivalent to a de-
crease of 1^2 km in planetary radius [39,43].
Scarp formation postdated the intercrater plains,
on the grounds that no scarps are embayed by

such plains material, and extended until after em-
placement of smooth plains units [39].

This estimate of global contraction poses a po-
tentially strong constraint on models for cooling
of Mercury’s interior. Thermal history calcula-
tions that incorporate parameterized core and
mantle convection as well as the generation and
upward transport of mantle partial melt [44] in-
dicate that models consistent with 0.05^0.10%
surface contraction since the end of heavy bom-
bardment are limited to those with a mantle
rheology appropriate to anhydrous conditions,
modest concentrations of heat-producing ele-
ments, and a signi¢cant fraction of a light alloy-
ing element (e.g., S) in the core to limit inner core
solidi¢cation (Fig. 6). A larger range of models is
permitted if the unseen hemisphere of Mercury
experienced greater contraction or if other modes
of deformation than lobate scarp formation ac-
commodated additional contractional strain [45].
A further constraint on thermal models may come
from estimates of the depth of faulting that ac-
companied scarp formation. Modeling of the
topographic pro¢le across Mercury’s longest
known scarp (Fig. 5) yields an inferred depth of
faulting of 35^40 km, and from an estimate of the

Fig. 4. Color composite mosaic of a portion of Mercury’s
surface [42]. The red component is the inverse of the opaque
index (increasing redness indicates decreasing opaque miner-
alogy), the green component is a function of the combined
ferrous iron content and soil maturity, and blue is the ratio
of brightness in ultraviolet to that in orange light. Smooth
plains units exhibit a distinct color (reddish on this image)
from their surroundings and embaying boundaries (arrows)
consistent with material emplaced as a £uid £ow. Both char-
acteristics support the hypothesis that the plains are volcanic
in origin.

Fig. 5. Mariner 10 mosaic of Discovery Rupes (arrows), at
550 km the longest known lobate scarp on Mercury [43].
The crater Rameau (R), transected by the scarp, is 60 km in
diameter.

EPSL 6864 21-11-03 Cyaan Magenta Geel Zwart
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Discovery Rupes, 550 km long scarp
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MESSENGER:  MErcury Surface, Space 
ENvironment, GEochemistry and Ranging

• Launched: 2004

• First Mercury Flyby: January 14, 2008

• Second Mercury Flyby: October 6, 2008

• Third Mercury Flyby: September 29, 2009

• Orbit insertion: March 18, 2011
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from flexural and membrane stresses. Barring some sort of offsetting 
structure near the south pole, the large area of low topography at high 
latitudes raises the prospect that the region may have migrated to the 
pole during a reorientation of the planet’s principal inertia axes driven by 
the shallow mass deficit (14). If the present location of the northern low-
lands is a consequence of polar wander, then the implied planet-scale re-
orientation must have occurred at a time when the outer portions of Mer-
cury were sufficiently cool and mechanically strong to preserve a non-
hydrostatic response to topographic stresses, as well as the present con-
figuration of inertial axes. 

A map of median differential slope (15) derived from the topograph-
ic measurements (Fig. 1B) illustrates that kilometer-scale slopes are 
generally much lower within the northern lowlands than in surrounding 
areas. The lowlands are partially filled with a smooth plains unit that 
occupies more than 6% of Mercury’s surface (16). On the basis of its 
geological characteristics the plains have been interpreted as a product of 
flood volcanism early in Mercury’s history marked by high rates of erup-
tion of high-temperature lavas (16). Elemental composition measure-
ments made with MESSENGER’s X-Ray Spectrometer (XRS) indicate 
that the northern plains are similar in composition to basalts on other 
terrestrial bodies (17, 18). The diameters of partially to fully buried cra-
ters on the plains unit imply that plains thicknesses at least locally ex-
ceed 1-2 km (16). The black curve in Fig. 1B shows that the boundary of 
the smoothed plains and of the area of low differential slope is reasona-
bly well matched along a substantial portion of its length by a constant 
elevation relative to the geoid. These relationships suggest that the flood 

volcanism that created the northern plains involved highly fluid lavas. 
At present, however, the northern smooth plains deviate from a level 

surface. In particular, the northern lowlands host a regional topographic 
rise (centered near 68°N, 33°E) that is ~950 km in diameter and is ele-
vated by ~1.5 km above its surroundings. This northern rise is character-
ized by a large (~150 mGal) positive gravity anomaly (4). This figure is 
only slightly less than the magnitude of the anomaly that would be pre-
dicted by topography alone and suggests at most limited compensation, 
e.g., by thickened crust (4) The northern rise does not display kilometer-
scale slopes distinguishable from the rest of the northern plains (Fig. 
1B), and the size-frequency distributions of superposed impact craters 
indicate that the age of the rise surface is indistinguishable from that of 
the surrounding plains (19). Moreover, topographic profiles through 
volcanically buried craters on the rise indicate that the flooded floors tilt 
away from the highest point on the rise (20). These observations indicate 
collectively that at least a portion of the rise topography postdates the 
emplacement of the plains. The implied vertical motions following 
plains emplacement could be the result of lithospheric deformation, 
magmatic intrusion, or mantle dynamic uplift. 

The Caloris basin (centered at 31°N, 160°E), at 1550 km in diameter 
(21), is the best preserved and presumably youngest of the large impact 
basins on Mercury (8, 22). A terrain model of the Caloris region derived 
from stereo images acquired during MESSENGER’s first Mercury flyby 
(23) displayed basin-concentric rings and suggested long-wavelength 
undulations of the basin interior surface, but the lack of long-wavelength 
geodetic control in the model rendered these undulations uncertain. The 

Fig. 1. (A) Polar stereographic projection of topography (local radius minus the radius of the HgM002 geoid, the gravitational equi-
potential referenced to the mean equatorial radius) (4) from the north pole to 5°S. The locations of selected major impact structures 
are shown as black circles. (B) Polar stereographic projection of median differential slope (15) on a baseline of length 3.2 km, from 
the north pole to 50°N latitude. The green line shows the mapped boundary of the northern smooth plains (16), and the black line 
corresponds to the –1.24 km topographic contour. Both maps include data collected through 24 October 2011. 
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basis of surface compositional measurements (8, 9) from 
MESSENGER’s X-Ray Spectrometer (XRS) indicating that the crust is 
intermediate between basaltic and more ultramafic compositions, as well 
as melting experiments on candidate mantle compositions consistent 
with XRS measurements (10), we assume a density contrast between the 
crust and mantle of 200 kg m��. On the basis of limits determined from 
flyby observations of gravity and topography (6, 11) and constraints 
from tectonic models for the depth extent of faulting (12), we adopt a 
mean crustal thickness of 50 km. The uncertainty in this mean value 
represents the largest uncertainty in the crustal thickness model. We also 
assume uniform values for the densities of the crust and mantle, and that 
all signals in the gravity field not produced by topography are signatures 
of relief on the crust-mantle boundary. The resulting map of crustal 

thickness (Fig. 1C) indicates that the crust is generally thicker (50-80 
km) near the equator and thins toward the north polar region (20-40 km), 
with the regionally thinnest crust located beneath the northern lowlands 
(3). The Caloris basin overlies an area of locally thin crust, consistent 
with the interpretation of mascon basins on the Moon (13) and Mars (14) 
that crustal thinning beneath basins contributes substantially to the 
served gravity anomaly. The positive free-air gravity anomaly near 
Sobkou is associated with an adjacent topographic rise, and the anomaly 
extends in the directions of both the Sobkou and the Budh (17°N, 208°E) 
impact basins. If the gravitational effects of topography are removed 
from the free-air gravity anomaly map, the resulting Bouguer anomaly 
shows strong positive anomalies centered over the Sobkou and Budh 
basins and a weaker negative anomaly over the rise, indicating crustal 
thinning directly beneath the basins and thicker crust beneath the rise 
(Fig. 1C). Like Caloris, Sobkou and Budh also qualify as mascons on the 
basis of a crust-mantle boundary that is substantially elevated beneath 
these basins. 

A comparison of gravity anomalies that would result from Mercury’s 
shape alone with the gravity anomalies from the HgM002 solution is 
made in Fig. 2. High-standing terrain borders many parts of the northern 
lowlands (3), as is also evident in the broader-scale view of the corre-
sponding gravity field (Fig. 2A). Mild gravity anomalies in this region 
(Fig. 2B) suggest a high degree of interior mass compensation. By con-
trast, the northern rise has a gravity anomaly nearly as strong as that due 
to shape alone (~150 versus ~170 mGal), indicating little mass compen-
sation and a thick lithosphere. We have estimated the thickness, Te, of 
the effective elastic lithosphere beneath the northern rise by assuming 
that partial compensation takes place at the crust-mantle boundary and 
then finding model solutions that best fit the gravity anomaly in terms of 
crustal and elastic lithosphere thicknesses (Fig. 2). Over a crustal thick-
ness range of 25–100 km, Te is 70–90 km, and the downward flexural 
deflection of the crust-mantle boundary is minor (3-5 km), consistent 
with the lack of a discernible crustal thickness anomaly at the northern 
rise (Fig. 1C). An elastic lithosphere is a surrogate for one with more 
complex temperature-dependent strength, but temperatures at a given  

Fig. 2. (A) The radial component of the gravitational acceler-
ation vector resulting from a 20 � 20 spherical harmonic ex-
pansion of Mercury’s shape (3) given a density of upper 
crustal material of 3100 kg m��. Results are shown in a polar 
stereographic projection north of 40°N. “NR” indicates the 
location of the northern rise. (B) The radial component of the 
gravitational acceleration vector resulting from the 20 × 20 
HgM002 spherical harmonic gravity solution. In both plots, 
the solution shown has been limited to spherical harmonic 
terms with degrees 6 and greater to emphasize local- to re-
gional-scale anomalies. The calculation demonstrates that 
gravity and shape are correlated and that the topography, 
except for the northern rise, is approximately compensated. 

Fig. 1. Maps of Mercury’s (A) free-air gravity anomaly, (B) 
geoid anomaly, and (C) crustal thickness (cylindrical projec-
tions). The height of the geoid anomaly is calculated with 
respect to a surface given by the rotational and degree-2 
zonal gravitational potential for which the average radius at 
the equator is 2440 km. The potential on the geoid is the sum 
of the even zonal harmonics in the potential to degree 20 and 
the rotational potential, under the convention that potential 
increases outward. The reference potential is 9.02956464 
×106 m2 s��. In the crustal thickness map, the shaded area 
indicates a lack of MLA altimetry (3) and weak gravity 
anomalies due to high spacecraft altitude (fig. S1). 
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As these density distributions are derived with the aid of the Williamson-Adams 
relation, which is valid only for homogeneous layers, they can evidently not be used 
to investigate the question of homogeneity. It is necessary to return to the basic 
data, the seismic velocities. In an earlier paper (Birch, 1939), an effort was made to 
apply some approximate results of Murnaghan's theory of finite elastic strain as 
tests for homogeneity; in particular, to calculate the rates of change of the individual 
velocities with pressure and to compare these with the observed rates. There are 
now reasons for believing that this is not the most satisfactory approach; in addi- 
tion, much new material, including Jeffreys' velocities, is now available for analysis. 
A more complete thermodynamic treatment is presented below, which shows what 
parameters are involved in the general case of a layer of uniform composition and 
phase, self-compressed, with an arbitrary gradient of temperature. The values of 
these parameters are then examined for a variety of materials, with the object of 
determining what general statements can be made without detailed knowledge of 
the composition and physical structure. Comparison of the theoretical changes for a 
homogeneous layer with the observed changes in the Earth then leads to certain 
tentative conclusions about the individual layers, with respect to homogeneity, 
gradient of temperature, and, finally, composition. Several abstracts of this work 
have ah'eady been published (Birch, 1950, 1951b and c). 

A considerable number of papers concerning t. he Earth's interior have appeared 
within the last few years. Without attempting to give a complete bibliography, we 
may notice the reviews by Wildt (1942, 1947) and by Elsasser (1950); geochemical 
discussions by Kuhn and Rittmann (!941), Brown and Patterson (1948), Brown 
(1950), Urey (1951a and b), Latimer (1950); petrological-geophysical approaches 
by Buddingion (1943) and by Daly (1943, 1946); several papers based on special 
hypotheses concerning behavior at high pressures by Ramsey (1948, 1949, 1950a) 
and Bullen (1949, 1950a); a new edition of "Internal Constitution of the Earth" 
(Gutenberg, Editor, 1951); Bullen's treatise (1947), which summarizes his earlier 
studies of density. Many others, including astronomical discussions of the origin of 
the solar system, have implications for the present problem. We shall have occasion 
to refer below to some of these studies, but it is not intended to discuss all of the 
numerous suggestions to be found in the literature.* 
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ABSTRACT 

T!•e observed variation of the seismic velocities with depth, 
below the crust, is examined witl• reference to the variation to be 
expected in a !•omogeneous medium. A general equation is derived 
for •he v•ria•ion of •he qu•n•i•y, • -- V• - 4/3 V•, in a homogeneous 
gravitating layer with an •rbi•rary gradient of •empera•ure. The 
parameters of •lxis equation are •l•en discussed in •erms of •he exper- 
iment•! and •heore•ica! rel•ions for solids. The principal parameter 
is (OK•/OP)•, the rate of change of isotherma! incompressibility with 
pressure, w!•ich can be fouud for large compressions from Bridgmaa's 
measurements. Comparison of observed and expected ra•es of 
%ion of • •!•roughou• •!•e Earth's in•erior le•ds •o coaclusions regardiag 
homogenei•y and, wi•h a larger uncertain•y, 
perature. 

A shadow zone at a depth of about 100 kin, as suggested by 
Gutenberg, may be accounted for by a gradient of temperature of 
about 6O/km in a homogeneous layer of ultrabasic rock. Between 
depths of about 900 and 2,900 kin, the mantle appears to be substan- 
tially uniform, and at a relatively uniform temperature of the order 
of several thousand degrees. Between about 200 and 900 kin, the rate 
of rise of velocity is too great for a homogeneous layer, and indicates 
a gradual change of composition, or of phase, or both. New phases are 
required %o account for the high elasticity of the deeper part of the 
mantle (below 900 kin), and it is suggested that, beginning at about 
200 to 300 km, there is a gradual shift toward high-pressure modifica- 
tions of the ferro-magnesian silicates, probably close-packed oxides, 
with the !ransition complete at about 800 to 900 kin. There may also 
be a concentration of alumina, lime, and alkalis toward the upper 
part of the mantle, in and above the transitional layer but below the 
crust, existing in minerals of high elasticity such as garnets and 
jadeires. The transitional layer appears to hold the key to a number 
of major geophysical problems. 

The velocities in the core and inner core are also reviewed. The 
inner core is most simply interpreted as crystalline iron, the outer 
part as liquid iron, perhaps alloyed with a small fraction of lighter 

*Paper No. 130 published under the auspices of the Committee on Experimental Geology and 
Geophysics and the Division of Geological Sciences at Harvard University. 

227 


