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Introduction: Thermal evolution models for Mercury
are challenged by two well-known enigmatic features
unique to the innermost planet [5,14]. First, Mercury’s
surface is characterized by extensive structures indica-
tive of crustal shortening. Although conventionally re-
lated to 5-10 km of radial contraction with secular cool-
ing of the planet [2,11], cross-cutting relationships with
craters suggest that ~80% of “shortening structures”
formed by 3 Ga of its thermal history. Second, in addi-
tion to a present-day internally-generated magnetic
field, crustal magnetic fields suggest a core dynamo was
also active from 4-3.5 Ga [6]. How the present-day or
past core dynamos were internally driven are still un-
known [5,14].

Several papers have examined Mercury’s thermal
evolution using a solid-state stagnant lid models to ex-
plain the above two observations [5,14]. Here, we ex-
tend this class of thermal history calculation by consid-
ering the important additional influence of the produc-
tion and advection to the surface of buoyant partial melt
[9]. This picture is consistent with an extensive crustal
resurfacing of Mercury to produce a crust ~20 — 50 km
thick [12] by 4 Ga that forms the Intercrater Plains [4].
Inclusions of this volcanic heat flux carried by rising
partial melt better explains the timing and extent of
shortening structures at Mercury’s surface and satisfies
an additional constraint of extensive early crustal resur-
facing. This mode of heat transfer has been found to be
an important process on Io and Hadean Earth, and is of-
ten referred to as the Heat Pipe mechanism [9,10].

Stagnant Lid Model Set up: Mercury comprises a
metallic core (radius ~2020 km) and thin (~420 km
thick) mantle [14]. Initial solid-state mantle convection,
driven in response to intense early radioactive heat pro-
duction and partial melting, is plausibly in a stagnant lid
regime [5,13,14]. Assuming quasi-steady state (SS)
thermal conditions 1D parameterizations for the surface
heat flux [13] enable thermal histories for the mantle
and core by integrating the coupled equations [5,14]:
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Here, T, is the mean internal temperature of the con-
vecting mantle, 7.y, is the temperature of the core-
mantle boundary. p,, and p, are the mantle and core
density, Cy, and C, are mantle and core specific heat
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Figure 1: A diagram of the temperature profile (black solid
line) used for the parameterization of mantle convection with
melting included. The partial melt zone (shaded red) and heat
fluxes as a function of depth used in the mantle parameteriza-
tion model are shown as well.

the core. H,is the heat production rate in the mantle
assumed to be that of enstatite chrondrites [5,14]. Oy, is
a SS surface heat flux that scales as the Rayleigh num-
ber based on the mantle layer depth D to the 1/3 power
(Fig. 1). The heat flux extracted from the core Q. de-
pends on this heat flux and that carried down the core
adiabat [5,14].

Calculating the volcanic heat flux Qy,: Oy is the
advective heat flux associated with extracting partial
melt out of the mantle to form crust[9,10]. Depending
on the mantle melting temperature, convectively as-
cending mantle with temperature T,, can intersect the
solidus to produce a partial melt layer (Fig. 1). For
mantle rocks at or close to their solidus, melting is
driven by the net power delivered to the melting region
by mantle convection and retarded by the latent heat of
fusion qusion [7]
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dt

M., and A, are the total mass of material and surface
area at the bottom of the melt zone respectively. In Eq.
(3) we assume that if T}, is greater than the solidus and
if the difference between radioactive heating and power
leaving the mantle by convection is positive, this excess
power will go into melting to produce vertically-aver-
aged melt fraction ¢ and melt volume V,, ;.

Buoyant partial melt will rise through a combina-
tion of permeability-controlled porous media flow and

(3) HmMmz - QmAm + QmAmz = qusion
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mantle convective upwelling. In the limit that porous
media flow is much faster than mantle convective
overturning, all partial melt rises away from the mantle
and through the cold overlying lithosphere to erupt at
the surface. The temperature profile within the partial
melt zone is that of the solidus and we establish an up-
per bound for this contribution to the surface heat flow
(Fig 1).

Model without Q,, : Fig. 2 shows the thermal evo-
lutions of the mantle and core and the associated radial
thermal contraction AR (calculated as in [14]). The re-
sults are similar to those in [5] and [14] and cannot ex-
plain the following observations:

1) Why ~80% of shortening structures formed by 3
Ga [1,3]. This model predicts that contraction (and by
inference the associated shortening structures) occurred
continuously over Mercury’s evolution.

2) The presence of a global magnetic field today or
at ~3.9 Ga [6], if the dynamo is driven by thermal con-
vection alone. To have a magnetic field, O, must be
at least as large as the core’s adiabatic heat flux, which
is likely ~15 — 20 mWm? [5]. Fig. 2b shows that Qcm
quickly falls below this range by 4.25 Ga.

Model with @, :The inclusion of O, into a stag-
nant lid thermal evolution makes progress. First, the
mantle interior temperature 7}, decreases to below the
solidus by 3.5 Ga, resulting in a AR of ~6 km (Fig. 1c).
This occurs because Q,,; is largest when H,, is maxi-
mum early in the evolution, which allows @ and ¢ to
reach maxima of 6% and 0.5 mm/yr, respectively. These
predictions are consistent with most shortening struc-
tures forming early in Mercury’s evolution [1,3], as well
as the crustal resurfacing responsible for the Intercrater
plains.

Second, the model allows a magnetic field to con-
tinue to until 3.5 Ga, consistent with crustal magnetic
field studies (with or without inner core solidification).
This model does not predict conditions that favor a
present day thermally-driven dynamo field.

Future Work:

1) Due to Mercury’s thin mantle a switch from con-
vection to conduction within the planet’s thermal evo-
lution is an expected consequence of cooling and melt
extraction. The implications for the distribution and
timing of shortening structures as well as magnetic
field generation are unknown.

2) This model does not include inner core growth,
which would extend the longevity of the thermal dy-
namo predicted in Figure 2.

3) An inherent limitation of a 1D thermal evolution
models is that melt will erupt uniformly across the lith-
osphere. The extent to which this simple picture is jus-
tified through, say, a symmetric or homogeneous dis-
tribution of shortening and volcanic features across
Mercury’s surface is unknown.
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Figure 2: a) and b) show the evolution of T}, and Q,, in blue
and Teyp and Qg in yellow. Qg is in red in b). The shaded
pink region in B) is the minimum Q. heat flux that allows a
dynamo to stay on. The radius change as a function of time is
shown in c). In panels A - C the stagnant lid model with Q,,
set to zero is the dashed line and the solid line is when Q,; is
added. d) is the discharge rate (¢) of the partial melt zone with
time.
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