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Abstract To gain insight into the thickness of the crust of Mercury, we use gravity and topography
data acquired by the MErcury Surface, Space ENvironment, GEochemistry, and Ranging spacecraft to
calculate geoid-to-topography ratios over the northern hemisphere of the planet. For an Airy model for
isostatic compensation of variations in topography, we infer an average crustal thickness of 35 + 18 km.
Combined with the value of the radius of the core of Mercury, this crustal thickness implies that Mercury
had the highest efficiency of crustal production among the terrestrial planets. From the measured
abundance of heat-producing elements on the surface, we calculate that the heat production in the mantle
from long-lived radioactive elements at 4.45 Ga was greater than 5.4 x 10~'2 W/kg. By analogy with the
Moon, the relatively thin crust of Mercury allows for the possibility that major impact events, such as the one
that formed the Caloris basin, excavated material from Mercury’s mantle.

1. Introduction

Planetary crusts are formed and shaped during major igneous events such as magma ocean solidification
and large-scale volcanism. These processes affect the thermochemical evolution of the interior through a
number of processes [e.g., Elkins-Tanton, 2012], including the partitioning of incompatible heat-producing
elements, which during episodes of partial melting concentrate into the melt and accumulate in the crust;
the modification of the bulk volatile content, given that volatile elements in near-surface magmas tend to
escape to the atmosphere; and the modification of the internal temperature profile by the transport of hot
material from the deep interior to shallow depths. Characterization of the crust thus provides information on
the origin, differentiation, and subsequent geologic evolution of a planetary body. For Mercury, in particular,
the crust may hold clues to the still poorly understood processes of formation of this planet.

There have been a number of attempts to constrain the thickness of the crust of Mercury. Anderson et al.
[1996] compared the magnitude of the spherical harmonic second-degree sectorial gravitational coefficient
C,, obtained by radio tracking of the Mariner 10 spacecraft with the value inferred from the equatorial
ellipticity in elevation, measured with Earth-based radar observations, and assumed that the topography
of Mercury at degree 2 is compensated. Under the assumption of Airy isostasy, they inferred that the
thickness of the crust lies in the range 100 to 300 km.

Lobate scarps observed on the surface of Mercury are interpreted to be the surface manifestations of large
thrust faults [e.g., Strom et al., 1975]. Topographic profiles across thrust faults constrain the deepest extent of
faulting to be 35 to 40 km [Watters et al., 2002]. By analogy with thermal limits to brittle behavior on Earth,
the depth of faulting provides a constraint on the subsurface thermal structure, and therefore heat flux, at
the time of fault formation [Nimmo, 2002; Watters et al., 2002]. Combining this information with a model

for the viscous relaxation of topography and its compensation at the crust-mantle boundary constrains the
crustal thickness to be < 200 km [Nimmo, 2002]. This value is an upper bound since it was obtained without
taking into account the secular cooling of the planet, which would increase the estimate of early heat flux
and thereby reduce the maximum thickness of the crust [Nimmo, 2002].
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Nimmo and Watters [2004] inferred an upper limit of 140 km on the crustal thickness by combining the
inferred maximum depth of faulting with the requirement that the base of the crust does not remelt. The
latter requirement was enforced by using a reference melting temperature for crustal materials of 1800 K.
For a more likely value of 1500 K, the upper bound on the crustal thickness would be about 90 km [Nimmo
and Watters, 2004].

A joint analysis of gravity and topography data can be used to characterize the subsurface structure of rocky
planets [e.g., Wieczorek, 2007]. Smith et al. [2012] combined the gravity and topography of Mercury
measured by the MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER)
spacecraft to produce a map of crustal thickness for the northern hemisphere. This map was obtained

with an assumed value for the mean crustal thickness, and the uncertainty in this mean value represents
the largest uncertainty in the model [Smith et al., 2012]. In this work we calculate spatially localized
geoid-to-topography ratios (GTRs) over the surface of Mercury and interpret these ratios with the method
of spectrally weighted admittances [Wieczorek and Phillips, 1997]. This method has been previously applied
to infer the thickness of the crust of the Moon [Wieczorek and Phillips, 1997; Wieczorek et al., 2006], Mars
[Wieczorek and Zuber, 2004], and Venus [James et al., 2013].

2. Data and Methods

We calculated the geoid of Mercury from the spherical harmonic model HgMO005 for the gravitational
potential, a model complete to degree and order 50 [Mazarico et al., 2015]. The shape of the planet was
obtained from a spherical harmonic model of the topography [Neumann, 2014]. Since the analysis used here
is based on the relation between gravity and topography, the topographic expansion was truncated at the
same degree as the geoid.

We computed the value of the geoid N and topography h over a global grid with a constant spacing of about
1.5° x 1.5°, resulting in almost 20,300 grid points. Both the geoid heights and surface topography were
referenced to the same radius, which we chose to be the mean planetary radius R = 2440 km, and the geoid
was calculated from Brun’s equation, which is a first-order approximation that gives rise to an error of less
than 1 m for Mercury [Wieczorek, 2007, 2015]. The GTRs for each grid point were computed from regressions
of geoid and topography data within spherical caps of radius r according to the equation

N = GTR h + by, (1)

where b, is a constant. Our results are insensitive to variations in cap radius from r = 1250 km to

r = 2000 km, though the uncertainty in the GTR from the regression decreases with increasing cap
dimension. From the trade-off between spatial resolution and GTR uncertainty, r = 2000 km is our preferred
choice for the radius of the spherical cap. If the geoid signals were due only to lateral variations in the
thickness of a crust of constant density, the b, term in equation (1) would be zero if all elevations were
referenced to the mean planetary radius. A nonzero b, is included to account for possible contributions
from regional variations in crustal density, density anomalies in the mantle, or spherical harmonic degree
1 topography (which does not have an expression in the geoid in coordinates for which the origin is at the
center of mass). With different statistical tests (adjusted coefficient of determination, F-test, and Akaike
information criterion [see, e.g., Feigelson and Babu, 2012]) we established that a two-parameter model
(GTR and by) is to be preferred over a one-parameter model with b, = 0.

The calculated GTR is interpreted in the framework of spectrally weighted admittances [Wieczorek and
Phillips, 1997]. If the GTR is spatially stationary over the analyzed region, it can be expressed as

lmax
GTR= ) Wz, ®)

Imin
where W, is a weighting function that depends on the topographic power spectrum and is given by
S
W| = —I hh() .
e Sun(h
and where S, is the topographic power at degree /. Z, is a degree-dependent admittance function
that relates the harmonic coefficients of the geoid to those of the topography. In the summations
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of equations (2) and (3), the lower limit /;;, is chosen on the basis of consistency with the assumed
compensation mechanism (section 3). The upper limit /,,, is dictated by the quality of the measured fields,
and it is set to 50, the nominal resolution of the gravitational field. Note, however, that since the power in
planetary topography decreases with increasing degree [Bills and Lemoine, 1995], the function W, assigns
more weight to the lowest degrees and the choice of /., is not crucial. We confirmed this inference by
finding no important difference between results obtained with /., equal to 50 and those with /., equal
to 20.

max max

The analytical expression for Z, in equation (2) depends on the assumed compensation model. The
differentiated nature of terrestrial planets indicates that early in their evolution the temperature of the
interior was sufficiently high for the silicates to be separated from a metallic component that settled to
the core. The temperature of the early crust would have been close to the solidus, if the crust formed
through the solidification of a magma ocean [Elkins-Tanton, 2012] or if it was later modified as a result

of giant impacts [e.g., Benz et al., 1988]. Because high temperatures decrease the elastic strength of

the lithosphere [e.g., Kampfmann and Berckhemer, 1985], long-wavelength topographic loads are not
likely to be supported by lithospheric strength [Turcotte et al., 1981]. Therefore, we assume that a local
compensation mechanism, Airy isostasy, is the principal mechanism of support of the long-wavelength
variations in the thickness of the crust, which probably formed early in planetary evolution. In the Airy
isostatic compensation model, the excess of surface relief is balanced by a crustal root. Though the use
of a geoid-to-topography ratio cannot prove that Airy isostasy has been achieved, we note that the same
assumption has been used in studies of the ancient crusts of other terrestrial bodies [Wieczorek and Phillips,
1997; Wieczorek and Zuber, 2004; James et al., 2013]. Regions on Mercury where this assumption might
be invalid are excluded from the analysis (section 3). For Airy isostatic compensation, the thickness of the
crust H under a surface with topography h is [e.g., Lambeck, 1988]

) R\’
H=Hy+h [1+— < > : ()
° |: Pm ~ Pc R_HO

where H, is the zero-elevation crustal thickness, the radius of the planetis R, and p_ and p,, are the densities
of the crust and the mantle, respectively, each assumed to be uniform. The corresponding admittance
function Z, is given by the expression [e.g., Lambeck, 1988]

-t -]

with p the mean density of the planet. Equations (2) and (5) show that, under the assumption of a given
compensation mechanism and for a given choice of the crustal density p., measurements of the GTR can be
inverted for the crustal thickness H.

By calculating the normative mineralogy from the elemental abundance measurements of Weider et al.
[2012], we estimated the grain density of the northern volcanic plains material and the material in Mercury’s
heavily cratered terrain and intercrater plains to be 3014 kg/m? and 3082 kg/m?3, respectively. Our calculated
mineralogies for these two units compare favorably with those from the petrological modeling of
Stockstill-Cahill et al. [2012]. Allowing for a porosity of up to 12% that might extend down to the mantle,

as has been demonstrated for the Moon [Wieczorek et al., 2013], we consider a conservative range in
crustal densities of 2700-3100 kg/m3. For comparison, Anderson et al. [1996] assumed a crustal density

p. of 3000 kg/m3, Nimmo [2002] and Nimmo and Watters [2004] adopted p.=2800 kg/m3, and Smith et al.
[2012] assumed a value for p, of 3100 kg/m3. Our range in crustal density, derived from data returned by
MESSENGER and the possibility of a Moon-like porosity for the crust, encompasses all of these values.

3. Results

The orbit of MESSENGER is highly eccentric, and the periapsis latitude has varied between 60°N and
85°N. The reconstructed gravitational field in the southern hemisphere, where MESSENGER is at high
altitudes, is thus of low resolution. This result is exemplified by the degree strength of the gravitational
field, which describes the location-dependent harmonic degree at which the signal-to-noise ratio of the
data is equal to one [Konopliv et al., 1999]. A map of the degree strength for Mercury shows that the
degree strength increases as a function of latitude, from about 15 on the equator to 36 near the north pole
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Figure 1. (left) Geoid-to-topography ratio as a function of the high-pass filter cutoff /,;, applied to the geoid and
topography data. Values are obtained by regressing the two data sets within spherical caps of 2000 km radius and
including only those regions compatible with the assumption of Airy isostasy. The signal interpreted as due to
Airy-compensated crust is shown in black. (right) Theoretical relation between GTR and crustal thickness for a crustal
density of 2900 kg/m3 and for different values of the high-pass filter cutoff /-

[Mazarico et al., 2015]. Over the southern hemisphere there is little altimetry data, so in our analysis we
considered data only from Mercury’s northern hemisphere.

Large areas on the surface of Mercury are covered by smooth plains, the majority of which are inferred to be
volcanic in origin [Denevi et al., 2013]. If the lavas that formed these plains erupted when the lithosphere was
sufficiently thick to support surface loads, these regions might not satisfy our assumption of Airy isostasy.
Moreover, a number of large impact craters and basins have been identified on Mercury [Fassett et al., 2012],
and as is the case on the Moon and Mars, these features might depart from local isostasy [e.g., Melosh et
al., 2013]. We excluded from the analysis all data within the rims of impact basins having diameters greater
than 490 km and all regions covered by mapped expanses of smooth plains, as illustrated in Figure S1 in the
supporting information. We tested that a smaller cutoff diameter for large basins did not modify the derived
crustal thickness.

In the calculation of the value of the GTR within a given spherical cap, all points on smooth plains, inside
large craters, or located in the southern hemisphere were discarded. If the fraction of discarded points
within the cap exceeded 50%, the GTR value for that cap was discarded. (The error in the GTR value for each
cap is typically smaller than 10%.) The calculated GTR as a function of the high-pass filter /., for remaining
areas on Mercury's surface is plotted in Figure 1; the error shown for each degree corresponds to the
standard deviation of the population of GTRs obtained from the analysis. For /., = 2 the GTR is about

38 m/km. This value is much larger than the GTRs for /;, > 2, and it is not included in Figure 1 for clarity. For
I in from 3 to 6 the value of the GTR is also high, with values between 16 and 21 m/km. The GTR decreases
for I, from 7 to 8, and then for greater values of /,,, the GTR is relatively constant at a value of about

9 m/km. The GTRs steadily decrease with increasing /,,;, beyond 16, a figure that corresponds approximately
to the degree strength of the gravitational field at the equator. Therefore, we interpret this decrease to be

a reflection of the decrease in the quality and resolution of the gravity field with increasing degree above
this cutoff.

We also calculated the GTR as a function of the high-pass filter cutoff /;, for regions initially excluded
because of a possible incompatibility with the assumption of Airy isostasy (i.e., smooth plains and large
craters in the northern hemisphere, Figure S1). In contrast with Figure 1, the near-constant value of GTR
between degrees 9 and 15 is absent, whereas values of GTR for /,;, < 9 are compatible with those in
Figure 1 (see Figure S2). This difference in behavior for /;,, from 9 to 15 justifies our assumption that the
compensation state of basins and smooth plains differs from that for the surrounding heavily cratered
terrain and intercrater plains. Under Airy isostasy, the predicted GTRs should be nearly uniform and
independent of the value of /,;,. Therefore, we regard the near constancy of GTR values in Figure 1 between
lin=9and 15 as a signal of Airy isostasy for those length scales.
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A possible interpretation of the variation of GTR with /;, <9 is that the ratios at these long wavelengths
include contributions from Mercury’s mantle. Such variations could be the result of mantle convection,
lateral variations in mantle composition [Charlier et al., 2013], or lateral variations in temperature. To further
investigate this possibility, we explore the behavior of the parameter b, from equation (1). For increasing

I in the residual signal in b, is concentrated in the Caloris basin and the northern smooth plains, locations
where non-Airy isostatic signals are expected (Figure S3). In contrast, for those regions compatible with the
assumption of Airy isostasy, b, is found to decrease with increasing /,;,, and for /., greater than about 7-9,
this value is close to zero. This outcome further supports our interpretation that the GTRs for /;, > 9area
result of Airy isostasy.

Although the mantle of Mercury is likely to be in a conductive state at present, a currently convecting
mantle cannot be ruled out [Michel et al., 2013; Tosi et al., 2013]. To test whether the GTR signal for

lin< 9 might include a contribution from convection in the mantle, we compared the power spectra

of the observed topography and geoid with those obtained from a representative simulation of the
thermochemical evolution of Mercury in which the mantle is still convecting today. These convection
simulations were performed in a three-dimensional spherical shell with the code Gaia [Hiittig and Stemmer,
2008] following the methods of Tosi et al. [2013] but constrained by recently revised estimates of the global
contraction of the planet (at least 5.8 km) since the end of the late heavy bombardment of the inner solar
system [Byrne et al., 2014]. Calculation of the geoid and dynamic topography with Gaia has been validated
against well-established semianalytical solutions [H(ittig et al., 2013].

The geoid and topography spectra from the simulations (Figure S4) are orders of magnitude smaller than
the observed spectra, indicating that even if the mantle were still convecting, this signal should not bias the
observed GTR. We note that this result contrasts with previous convection simulations of Redmond and King
[2007], who obtained variations in the geoid of tens of meters. Michel et al. [2013] showed that the current
mode of heat transport in the mantle of Mercury depends on the thickness of the planet’s silicate shell, with
strong convection favored for greater values of the depth to the core-mantle boundary. Redmond and King
[2007], using pre-MESSENGER information, assumed a value of 600 km for the thickness of the mantle, in
contrast to the value of ~400 km implied by MESSENGER observations [Hauck et al., 2013; Rivoldini and Van
Hoolst, 2013]. This, along with their use of a Cartesian domain for their simulations, is the likely explanation
for the difference between their results and the simulations presented here.

In addition to a signal derived from Airy isostasy, there may also be a contribution to the GTR at long
wavelength from lateral variations in temperature within Mercury. Mercury has a very low obliquity [Margot
et al., 2012] and a highly eccentric orbit [Correia and Laskar, 2004] and is locked in a 3:2 spin-orbit resonance
[Colombo, 1965; Pettengill and Dyce, 1965]. As first pointed out by Soter and Ulrichs [1967], the combination
of these characteristics results in two equatorial locations that are subsolar at perihelion (Mercury’s “hot
poles” at longitudes 0° and 180°E), and two equatorial locations that are subsolar at aphelion (Mercury’s
“warm poles” at longitudes 90°E and 270°E). The highest insolation occurs at the hot poles and results in
an average temperature difference between hot and warm poles of about 130 K [Soter and Ulrichs, 1967].
Mercury’s “cold poles” are at the north and south rotational poles. Phillips et al. [2014] showed that the
degree 2 gravity and topography signal is likely dominated by thermal effects resulting from subsurface
temperature anomalies induced by the surface temperature pattern. A spherical harmonic expansion of the
surface temperature shows that the greatest power is concentrated in degrees 2 (~90%) and 4 (~10%). It is
thus probable that both the degrees 2 and 4 signals in the GTR are affected by thermal anomalies associated
with variations in surface insolation, so these degrees should be excluded from the GTR analysis. For all of
the above reasons, we restrict the remaining discussion to GTR values obtained with /;;, in the range 9 to 15
(black points in Figure 1).

The theoretical relation between GTR and crustal thickness, obtained from equations (2) and (5) with a
crustal density p. = 2900 kg/m3, is shown in Figure 1 (right). From this relationship, the crustal thickness
corresponding to each calculated GTR was estimated, and since the average elevation of each analysis
region is not always equal to zero, we estimated the corresponding crustal thickness at zero elevation under
the assumption of Airy isostasy from equation (4). For a mantle density p,, = 3300 kg/m?3, a histogram of
the inferred zero-elevation crustal thickness H, is shown in Figure 2 for /;,, from 9 to 15. As for the GTR,
the error shown for each degree is taken to equal the standard deviation of the population of H, values
obtained from the GTR values. The average value of H, is approximately independent of the value of the
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Figure 2. Average crustal thickness at zero-elevation H, of Mercury obtained from the calculated GTR (black symbols
in Figure 1 (left)) for a crustal density of 2900 kg/m3 and a mantle density of 3300 kg/m?3. (top) Average and standard
deviation of Hy as functions of the high-pass filter cutoff /,,;,. (bottom) Histograms of the calculated crustal thickness Hy.

high-pass filter cutoff, and the uncertainty decreases somewhat with increasing /.. A conservative estimate
for the thickness of the crust of Mercury is obtained by combining the results for / ;, = 9, which has the
largest uncertainty, with our calculated bounds on the crustal density of 2700 and 3100 kg/m3. For our best
fit crustal thickness, we give the average obtained from the upper and lower bounds on crustal density for
lin =9, and for uncertainty we give the maximum of the corresponding one-standard-deviation limits. On
this basis, we obtain an average crustal thickness of the planet of Hy=35 + 18 km.

4, Discussion and Implications

Our estimate for the average crustal thickness of Mercury is considerably less than previously reported
values. The value obtained by Anderson et al. [1996] is seemingly in contradiction with ours, and we
reevaluate their estimate with updated MESSENGER-derived values of the gravitational and topographic
C,, terms [Smith et al., 2012; Zuber et al., 2012]. Using the same approach as Anderson et al. [1996], we revise
their estimate downward from 200 to 171 km. If we were to have inferred the crustal thickness from our
GTR analysis by setting the high-pass filter cutoff I ;, =2, we would have obtained a similarly high crustal
thickness H, = 160 + 32 km. With a silicate shell no more than ~400 km thick, however, it is highly
improbable that the crustal thickness could be so large. The degree 2 gravity and topography are thus likely
to reflect processes other than local Airy isostasy. Other studies provided only upper bounds on the crustal
thickness [Nimmo, 2002; Nimmo and Watters, 2004], and they are consistent with our value of 35 + 18 km.

The crust of Mercury has a thickness comparable to the thickness of the crust of the Moon (H=38.5+4.5 km
[Wieczorek et al., 2013]), Venus (H=16.5 + 8.5 km [James et al., 2013]), and Mars (H =57 = 24 km [Wieczorek
and Zuber, 2004]), as well as that of the continental crust on Earth (H ~35 km [e.g., Turcotte and Schubert,
2002]). The relative size of the radius of the core of Mercury (~82.5% of the radius of the planet, or 2014 km)
[Hauck et al., 2013; Rivoldini and Van Hoolst, 2013] is the largest among the terrestrial planets. As a result,
the volume of the crust accounts for about 10% of the total volume of silicate materials in the planet. This
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Figure 3. Heat production in the mantle Q,, from radioactive decay of K, Th, and U. (left) Current heat production
as a function of the thickness of an enriched surficial layer for two crustal densities (indicated by the line thickness)
and two bulk silicate abundances derived from the primitive Earth mantle model of Lyubetskaya and Korenaga [2007]
(LyK, dashed lines) and the Cl chondrite model of McDonough and Sun [1995] (Clc, solid lines). The shaded area
spans the interval 2-53 km; the lower limit corresponds to the estimated thickness of the northern plains deposits
[Head et al., 2011] and the higher limit to the maximum value of the crustal thickness as inferred from the GTR analysis
(hashed area). The minimum and maximum values of Q,,, are indicated by the hexagon and the star, respectively.
(right) Mantle heat production as a function of time for the minimum and maximum values obtained from the

left panel. The bold lines show the total heat production for the Clc model (solid) and the LyK model (dashed).

For the Clc model the contributions of individual isotopes are also shown. The vertical line indicates the approximate
time of completion of accretion and differentiation of the planet (4.45 Ga).

value is the highest among the terrestrial planets and implies that Mercury had the highest efficiency of
crustal production. (For comparison the fraction of silicates in the crust is about 7% for the Moon and 5% for
Mars, and for Venus the fraction is probably similar to Earth'’s value, i.e, less than 2%.) If the thickness of the
northern plains (~2 km) [Head et al., 2011] is representative of the contribution to the crust produced by the
most recent widespread episodes of partial melting of the mantle, then a large fraction of Mercury’s crust
was produced early in its history.

Modeling the thermochemical evolution of the terrestrial planets requires knowledge of the amount

of radioactive elements in both the mantle and the crust [e.g., Schubert et al., 2001], which for Mercury

can be evaluated with our estimate of crustal thickness. The abundances on the surface of Mercury of

the heat-producing elements K, Th, and U have been measured with the Gamma-Ray Spectrometer on
MESSENGER [Peplowski et al., 2011, 2012]. If the abundances of these elements are uniform within a surficial
enriched layer, then the thickness of such a layer can be inferred to lie between about 2 km, the approximate
thickness of the northern plains deposits [Head et al., 2011], and 53 km, our upper bound on the crustal
thickness. The nonenriched part of the crust is assumed to have the same abundances of incompatible
elements as the mantle. With assumed values of bulk abundances of heat-producing elements in the silicate
part of the planet, it is then possible, by mass balance, to estimate the current abundances of each of these
elements in the mantle and their contribution to heat production as a function of time. Because the bulk
silicate composition of Mercury is not known, we use two end-member models: the primitive Earth mantle
model of Lyubetskaya and Korenaga [2007] and the CI chondrite model of McDonough and Sun [1995]. For
the mean density of the silicate shell of Mercury we use the value 3380 kg m~3 [Hauck et al., 2013].

The current mantle heat production Q,, as a function of the thickness of the enriched layer is shown in
Figure 3 (left). The curves correspond to different crustal densities and bulk abundance of heat-producing
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elements. Each curve is interrupted at the point at which the mass balance calculation returns a zero
abundance for one of the three heat-producing elements. This set of calculations allows maximum and
minimum values for Q,,, at present to be determined, respectively, 4.55 x 107'2 and 1.88 x 10712 W/kg
(the abundances of each heat-producing element are reported in Table S1). From these two values, the
mantle heat production as a function of time can then be calculated (Figure 3, right). A lower bound on
the mantle heat production at a time following accretion and differentiation (~4.45 Ga, a value obtained

by subtracting 100 My, a reference interval of time for the accretion and differentiation of terrestrial
planets, e.g., Jacobson et al. [2014], from the time of the formation of the solar system, ~4.55 Ga [Bouvier and
Wadhwa, 2010]) is obtained under the assumption that the concentration of radioactive elements into the
crust dates back to the earliest history of Mercury. Under such an assumption the mantle heat production
would have been in the range 5.4 x 1072 to 2.3 x 10" W/kg. This interval is consistent with, but slightly
more restrictive than, the lower bound on initial mantle heat production of 3 x 10~'2 W/kg adopted by
Redmond and King [2007], and it partially overlaps the lower range of initial mantle heat production
explored by Michel et al. [2013] (from 1x 107" to 1.25x 107" W/kg). Such a value for mantle heat production
corresponds to a crustal enrichment factor between 3.4 and 14.5; for comparison, the range for this factor
assumed by Tosi et al. [2013] was between 2 and 10.

Models for the formation of major impact basins on the Moon suggest that some may have excavated
mantle material at the time of impact and left such material exposed on the modern lunar surface [Miljkovi¢
et al., 2015]. The similarly thin crust of Mercury therefore opens the possibility of excavation of mantle
material during the formation of the largest impact basins, such as Caloris. The identification and
characterization of mantle material would provide valuable information on the composition of the bulk
silicate portion of the planet, which in turn would be informative of the planet’s formation [e.g., Taylor and
Scott, 2005] and interior structure [Hauck et al., 2013; Rivoldini and Van Hoolst, 2013; Padovan et al., 2014].

5. Conclusions

With gravity and topography data acquired by the MESSENGER spacecraft we have calculated
geoid-to-topography ratios (GTRs) over the northern hemisphere of Mercury. Excluding the longest
wavelengths, which are likely to be sensitive to long-wavelength variations in interior thermal structure
associated with Mercury’s low obliquity and 3:2 spin-orbit resonance, as well as possible lateral variations in
the composition of Mercury’s mantle, we assume that Airy isostasy is responsible for the remaining signal.
This analysis implies that the average crustal thickness of Mercury is 35 + 18 km.

This new mean value is substantially smaller than earlier estimates [Anderson et al., 1996; Nimmo, 2002;
Nimmo and Watters, 2004] and is broadly similar to the thickness of the crust of the other terrestrial planets
and the Moon. Given the large core size of Mercury, the crust comprises about 10% of the silicate volume, a
value that is the largest among the terrestrial planets and points to a high efficiency of crustal production.
With such a thin crust, it is possible that the formation of the major impact basins may have excavated
mantle material that is currently exposed on the surface. A search for such exposed mantle material is
warranted in observations acquired by MESSENGER and future spacecraft missions at Mercury.

By combining our crustal thickness determination with the abundances of heat-producing elements on the
surface of Mercury measured by MESSENGER [Peplowski et al., 2011, 2012], we constrain the amount of heat
produced in the mantle over time. Our results are broadly consistent with assumptions made in previous
studies of the thermal evolution of the mantle of Mercury [Redmond and King, 2007; Michel et al., 2013; Tosi
et al, 2013] and can inform future models of the thermochemical evolution of the planet.
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