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Abstract

Mercury is covered by a megaregolith layer, which constitutes a poor thermally
conducting layer that must have an influence on the thermal state and evolution of the
planet, although most thermal modeling or heat flow studies have overlooked it. In this
work we have calculated surface heat flows and subsurface temperatures from the depth
of thrust faults associated with several prominent lobate scarps on Mercury, valid for
the time of the formation of these scarps, by solving the heat equation and taking into
account the insulating effects of a megaregolith layer. We conclude that megaregolith
insulation could have been an important factor limiting heat loss and therefore interior
cooling and contraction of Mercury. As Mercurian megaregolith properties are not very
well known, we also analyze the influence of these properties on the results, and discuss
the consequences of imposing the condition that the total radioactive heat production
must be lower than the total surface heat loss (this is, the Urey ratio, Ur, must be lower
than 1) in a cooling and thermally contracting planet such as Mercury at the time of
scarp emplacement. Our results show that satisfying the condition of Ur < 1 implies that
the average abundances of heat-producing elements silicate layer is 0.4 times or less the
average surface value, placing an upper bound on the bulk content of heat producing

elements in Mercury’s interior.

Key words: Mercury; Regoliths; Thermal histories.

1. Introduction
In Mercury, as in other bodies that lack a substantial atmosphere, impact
processes may have resulted in the production of a megaregolith layer, which is a

porous, fragmentary layer formed by large compact and coherent blocks with regolith
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material filling the gaps between them. This rubble has impact and ejecta origin, and
covers the outer few meters-kilometers of a planet (e.g., Warren and Rasmussen, 1987;
Ziethe et al., 2009). Because megaregolith has a thermal conductivity much lower than
that of equivalent solid rock, it insulates the hot interior and slows down cooling.
Therefore, megaregolith has an influence on the thermal state and evolution of the
planet.

Previous works have estimated paleo-heat flows for Mercury from the depth of
large thrust faults associated with lobate scarps, interpreted to reach the crustal brittle-
ductile transition (BDT) depth (Watters et al., 2002; Nimmo and Watters, 2004; Egea-
Gonzalez et al., 2012), or from the effective elastic thickness of the lithosphere (Ruiz et
al., 2013); the so-obtained paleo-heat flow values refer to the time of deformation (i.e.,
the time of faulting or loading). Works calculating heat flows from proxies of
lithospheric strength relate the mechanical state of the lithosphere to their thermal
structure through procedures which involve the surface temperature. These works
disregard the effects of an insulating megaregolith, although such a thermally insulating
blanket would reduce the interior heat loss, which in turn would imply lower surface
heat flows derived from the BDT depth (Ruiz and Tejero, 2000), the raising of near-
surface crustal temperatures and the reduction of thermal gradients below the
megaregolith.

Another way to analyze the thermal evolution of Mercury is through thermal
history models (e.g., Hauck et al., 2004; Grott et al., 2011; Williams et al., 2011; Tosi et
al., 2013). Most of them neglect the presence of a megaregolith layer, resulting in
enhanced heat dissipation, and hence in substantial planetary cooling and contraction,
which is hard to reconcile with the relatively limited observed global contraction

deduced from shortening measurements in compressional structures (for an updated
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estimate of radial contraction see Watters et al. 2013). On the other hand, Grott et al.
(2011) demonstrated that the inclusion of an insulating megaregolith layer has important
implications on the thermal evolution of Mercury, since predicted planetary cooling and
radial contraction are notably reduced, relaxing the severe constraints imposed by the
observed contraction.

In this work, we consider the effect of an insulating megaregolith layer in the
calculation of surface heat flow and crustal thermal structure from the depth of thrust
faults associated with several prominent lobate scarps on Mercury. We first derive
upper limits for the surface heat flow by neglecting the megaregolith layer. Then, we
solve the heat equation by taking into account the properties of a typical Lunar
megaregolith, in accordance with previous studies which considered the Lunar
megaregolith as a good analog for Mercury (Grott et al., 2011). Furthermore, as
Mercurian megaregolith properties are not very well known, we also analyze the
influence on the results of higher thermal conductivities, and the implications of the
condition that the heat loss through the surface must be higher than the heat generated

internally by radioactive decay in a cooling planet.

2. Study areas

Lobate scarps are the most prominent tectonic features on Mercury, and are
interpreted to be the surface expressions of thrust faults related to global thermal
contraction of the planet (e.g., Strom et al., 1975; Watters et al., 2009). In this work we
have calculated surface heat flows for three different regions of Mercury by using
published values of the BDT depth estimated from the analysis of thrust faults
associated with lobate scarps (coordinates for the studied lobate scarps are given in

Table 1). Watters et al. (2002) used a mechanical dislocation model to obtain a BDT
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depth of 35-40 km beneath the Discovery Rupes lobate scarp (hereafter Region A).
Ritzer at al. (2010) employed a similar method to analyze the geometries of two faults
associated with two lobate scarps located at the equator (Region B), and they obtained a
BDT depth of 35 km for both structures. Egea-Gonzalez et al. (2012) studied the depth
of faulting for three lobate scarps located in the Kuiper region of Mercury (Region C);

the depth of faulting estimated by these authors ranges from 30 to 39 km.

3. Temperature at the brittle-ductile transition.

In order to obtain surface heat flows, we solve the heat equation. To establish the
integration constants that are involved in this calculation, we take into account the
temperature at the brittle-ductile transition (Tgpr) and the surface temperature (Ts). As
the brittle strength is a function of depth and the ductile strength depends on
temperature, we can equate both strength expressions at the brittle-ductile transition
with the purpose of working out the value of the temperature at the BDT depth.

Smith et al. (2012) have shown that there are large variations in crustal thickness
on Mercury. Our studied regions have crustal thicknesses ranging from similar (Region
B) to clearly higher (Region C) than the mean value of 50 km assumed by these authors.
For these regions, the crustal thicknesses values in Smith et al. (2012) are certainly
thicker than the local BDT depth. Although there are some uncertainties in the absolute
values of the crustal thickness model, local variations in this kind of models are robust.
Thus we only consider the possibility of a BDT depth in the crust and restrict our
calculations to crustal mechanical and thermal properties.

The critical stress difference necessary to cause faulting is given by (e.g.,

Ranalli, 1997):
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(01 — 03)p = apgz, (1)

where p is the density, g is the acceleration due to the gravity (3.7 m s, z is the depth
and « is a coefficient that depends on the friction coefficient and on the tectonic regime
(o = 3 for thrust faulting). In this expression we have assumed zero pore pressure, which
is appropriated for the Mercurian crust. In the lithosphere, ductile deformation takes
place mainly by dislocation creep. In such a case the ductile strength is (e.g., Turcotte

and Schubert, 2002);

1

(01— 03)a = (3)" Exp (%) @

where £ is the strain rate, A and n are laboratory-determined constants, Q is the
activation energy of creep, R is the gas constant (8.31 J mol™® K™ ), and T is the
absolute temperature. The brittle and ductile strengths are equal at zgpt, S0 We can find

the value of Tgpr:

Tgpr = . ' 3
nR Ln[3pngD—p(§) n]

|+

This expression can be adapted to consider two different layers in case that

megaregolith is assumed:

Q
Tgpr = \"n ?
nR Ln 3[,D1Z1+P2(ZBDT_21)]Q(%) "
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We have used subscript 1 to refer to the megaregolith layer and subscript 2 to apply to
the deeper layer. z; is the megaregolith thickness.

At the surface we assume temperature values provided by the present-day
surface temperature model of VVasavada et al. (1999), which takes into account the
insolation dependence on latitude and longitude. Table 1 shows temperatures on the
surface that are representative for the location of the three regions studied here (see also

Williams et al. (2011) and Egea-Gonzélez et al. (2012)).

4. The case without insulating megaregolith

For the case without a megaregolith layer, surface heat flows can be easily
calculated by solving the steady-state, 1-D heat conduction equation with radiogenic
heat production for a layer of zgpr thickness. We have assumed that thermal
conductivity, density, heat capacity and volumetric heat production rate are constant
values that represent the average properties of the crust, so the surface heat flow is

expressed as:

Fs = k(Tgpr—Ts) n zppTH 1 (5)
ZBDT 2

where kK is the thermal conductivity of the crust and H is the volumetric heat production
rate. We use a thermal conductivity of 2 W m™ K™, a value appropriate for basaltic
rocks and for a wide variety of Earth crustal rocks at temperatures of several hundreds
of degrees centigrade (e.g., Beardsmore and Cull, 2001).

In order to calculate Tgpt, We use crustal properties compatible with
MESSENGER data pointing to a dense crust formed mainly through extensive

volcanism (Head et al., 2008; Denevi et al., 2009; Nittler et al., 2011; Smith et al.,
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2012): a crustal density of 3100 kg m™ and creep parameters for dry Maryland diabase
(n=4.7,Q = 485 kI mol™ and A = 8 MPa™*s™ (Mackwell et al., 1998)). Strain rates
used are 10"® s - 10™ s, where the former value is a characteristic value for active
terrestrial plate interiors (e.g., Tesauro et al., 2007), and the latter is a typical value for
thermal contraction on terrestrial planets (e.g., Schubert et al., 1988). The obtained Tgpr
values are shown in Table 1; note that higher zgpt values result in lower Tgpt Values.

In order to calculate volumetric heat production rates, we have taken into
account a period of time (t) between 3.2 and 4 Ga, and the average surface abundances
of radioactive elements obtained by Peplowsky et al. (2012, 2011) as representative for
the entire crust, which give (1.0 - 3.3) x 10* mW m. We assume homogeneously
distributed crustal heat sources, because the heavily cratered surface suggests a heavy
mixing of the crust (see, for example, the arguments given by Taylor et al. 2006 for the
case of Mars). Relevant parameters and obtained surface heat flows are summarized in
Table 1.

Figure 1 shows the temperature profiles for extreme values of zgpr, t and € in
the case of Region C. Profiles obtained in Regions A and B are similar and are not
shown. The calculated heat flows are consistent with results of previous works (Watters
et al., 2002; Nimmo and Watters, 2004; Egea-Gonzalez et al., 2012; Ruiz et al., 2013);
higher surface heat flows are obtained for shallower zgpr and higher strain rates and

volumetric heat production rates.

5. The case with a megaregolith layer.
In this section we solve the 1-D heat conduction equation by including a
megaregolith layer in order to analyze its influence on surface heat flows and crustal

temperatures above the BDT depth. We assume two layers that are described by
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different average parameters and obtain the following expressions:

Fs =kia 6)
T(Z)=—2HTllZz+aZ+T5,OSZSZ1 )
T(Z)=—2HTZ2 z>+bz+c, z, <z < Zgpr (8)
where

q= Hyky(zgpr — 21)? + Hykyzi + 2k, [(Tapr — Ts)k, + Hy(Zgpr — 21)24]
2kq[k1(Zgpr — z1) + kp2z4]

b= ko[2(Tgpr — Ts)ky — Hyz7] + Hy(2kyzE + ky (2ppr?* — 22))
2ky(ky(zppr — 1) + kp2zy)

_ koz1[2Tgprk; + zgprHy(Zgpr — 221) + ZpprHi24]
2k, (k1 (Zgpr — 21) + kpz4]

ki[ zgprHyz1(—zppr + 21) + 2k3(Tszgpr — Teprz1)]
2k, (k1 (Zppr — 71) + kp2z4]

As previously mentioned, subscript 1 refers to the shallower, fractured
megaregolith layer and subscript 2 applies to the deeper, consolidated layer. Units of a
and b are K m™, and c is in K. The deeper layer is characterized by parameters already
considered in the previous section: k, = 2 W m™ K™, p, = 3100 kg m™ and H, = (1.0 —

3.3) x 10* mw m?.
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With regard to the megaregolith layer, as the Moon and Mercury have both
heavily cratered surfaces and the greater gravity of Mercury could offset the greater
velocity of impactors there, previous studies consider that Lunar and Mercurian
megaregoliths could be similar (Grott et al., 2011). We have selected k; = 0.2 W m™ K°
! from the relationship between porosity and thermal conductivity derived for the Moon
by Warren and Rasmussen (1987). We assume a megaregolith thickness (z;) of 1 -5
km. A thickness shallower than 1 km is not expected due to the high velocity of
impactors on Mercury, and a blanket deeper than 5 km is unlikely because of the high
gravity (Grott et al., 2011). A megaregolith density of 2000 kg m™ has been adopted
(see Caarier et al., 1991; Vasavada et al., 2012; Wieczorek et al., 2013). This p; value
supposes that H; ranges between (0.6 — 2.1) x 10 mW m™. The used properties are
listed in Table 2.

Fs values obtained from the heat equation solution are shown in Table 3.
Highest results are related to a thin megaregolith layer, a shallow brittle-ductile
transition depth and high values of strain rate and volumetric heat production rate.
Figure 2 displays temperature profiles obtained in Region C from zgpr = 39 km. Thick
megaregolith layers, shallow brittle-ductile transition depths and high volumetric heat
production rates and strain rates imply hotter temperature profiles above the BDT depth.
Comparisions of these results with those obtained in Section 4 show that an insulating
megaregolith reduces surface heat flows and raises temperatures in regions shallower
than zgpt notably.

Although previous works concluded that the thermal properties of the
megaregolith are similar on Mercury and the Moon, Mercurian megaregolith properties
are not very well known. Differences in temperatures and geologic activity, with

persistent volcanism on Mercury, could lead to differences in fractures, porosities and

10
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thermal conductivities between the Moon and Mercury megaregoliths. Thus, we have
performed calculations in order to illustrate the influence of different thermal
conductivities on surface heat flows and subsurface temperatures.

Figure 3 displays the highest Fs values in Region C as a function of k;. This
figure shows that the surface heat flow increases, whereas crustal temperatures above
zZgpr decrease, with megaregolith thermal conductivity. Thus, the cases withouth
megaregolith considered in the previous section represent upper limits for the paleo-heat
flows derived from the BDT depth, and conversely represent lower limits for crustal
temperatures above zgpr. Variations in the results due to differences in megaregolith
density are negligible because of the weak dependence of surface heat flows and crustal

temperature on this property.

6. Discussion and conclusions.

Our results clearly demonstrate that an insulating megaregolith layer notably
influences the thermal state of Mercury, through increasing subsurface temperatures and
reducing surface heat flows. Heat flows derived in Section 4 must be considered as
upper limits for Mercury, because the effect of the megaregolith was not taken into
account there, while crustal temperatures above zgpr are lower limits for each studied
region. Lower surface heat flows are obtained by taking into account a Lunar-like
megaregolith. The upper range of values is in agreement with results obtained by Grott
etel. (2011). The lower range in surface heat flows that we have obtained is difficult to
reconcile with the planetary cooling required to originate global contraction and lobate
scarps (see Ruiz et al., 2013). With respect to temperatures, hotter temperature profiles
are related to thicker megaregolith layers, lower strain rates and higher volumetric heat

production rates. Several extreme combinations of parameters involving highest zgpr

11
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values, thicker megaregolith layers, and higher volumetric heat production rates lead to
a maximum in temperature profiles implying a negative heat flow. This excludes such
combinations of parameters.

Figure 4 shows surface heat flows as a function of thermal conductivity and
thickness of the megaregolith, for strain rates and zgpr maximizing heat flow. H has
been calculated from the mean values provided by Peplowski et al. (2011, 2012). Itis
interesting to note that the upper range of obtained heat flows is compatible with those
reported by Grott et al. (2011) in their nominal thermal history model.

The heat flow and the actual megaregolith influence may potentially be
constrained by the condition that the total radioactive heat production must be lower
than the total surface heat loss in a cooling and thermally contracting planet (Ruiz et al.,
2013); the Urey ratio (Ur) is the ratio between the total heat production and the total
heat loss, and must be lower than 1 for interior planetary cooling. The radioactive heat
production can be expressed as an equivalent surface heat flow, and Figure 4 also
shows upper and lower limits for the radioactive component of heat flow, calculated
considering that the silicate portion of the planet is a spherical shell with outer radius of
2440 km, and mean density and thickness of, respectively, 3380 kg m®and 420 km
(Hauck et al., 2013). The radioactive elements abundances are based on the mean
MESSENGER values (Peplowski et al., 2011, 2012), but taking into account that
mantle abundances must be lower than surface abundances, because the high
incompatibility of these elements concentrates them in the crust; we consider the cases
with bulk radioactive elements abundances in the silicate layer of 0.2, 0.3 and 0.4 times
the average surface value. Our results show that satisfying the condition of Ur < 1 is
favored by a thinner megaregolith layer, a higher thermal conductivity of the

megaregolith, an average radioactive element abundance in the silicate fraction

12
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substantially lower than the surface value, or some combination of these possibilities.
Most importantly, our results indicate that average abundances of heat-producing
elements in the silicate layer is 0.4 times or less the average surface value, which is in
agreement with results obtained by Ruiz et al. (2013). This result is robust, since it
holds irrespective of the assumed thermal conductivities and densities, and serves to
place an upper bound on the bulk content of heat producing elements in Mercury’s
interior.

The crust of Mercury is considered to be mostly basaltic, although ultra-mafic
rocks could be present (Nittler et al., 2011). Ultra-mafic rocks have generally thermal
conductivities higher (e.g., Clauser and Huenges, 1995) than our nominal value of 2 W
m™ K, which is appropriate for rocks of basaltic composition. A higher crustal thermal
conductivity would involve higher surface heat flows. If for example a crustal thermal
conductivity of 2.5 W m™ K™ is considered, then the obtained surface heat flow ranges
would be 21-38 mW m and 9-29 mW m™ for the cases without and with megaregolith,
respectively. For the cases without megaregolith, crustal temperatures above the BDT
depth would be lower than those obtained in Section 4, whereas in cases including
megaregolith the derived temperature profiles are, in general, similar to those obtained
in Section 5. Thus, the effect of using a higher crustal thermal conductivity is not very
important for our evaluation of the insulating effects of a megaregolith layer.

Our results clearly evidence that an improved knowledge of the properties of the
megaregolith is necessary for addressing key questions on the Mercurian nature and
evolution. Megaregolith insulation could indeed have been an important factor limiting
heat loss and therefore interior cooling through the history of Mercury. It could help to
explain the limited contraction observed. In any case, the insulating effect of the

megaregolith cannot have been sufficiently high for precluding the contraction of this
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planet, at least for the time when most of large lobate scarps were originated. Thus,
further research on contraction history and megaregolith properties is fundamental for
our understanding of the thermal and internal evolution, as well as the present-day state,

of Mercury.
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Figure Captions

Table 1. Relevant parameters and surface heat flows calculated by neglecting
the megaregolith layer. Surface temperature depends on both latitude and longitude due
to the coupled spin-orbit resonance and the relatively high eccentricity (Vasavada et al.,
1999; Williams et al., 2011).

Figure 1. Temperature profiles in Region C for extreme values of zgpr, t and &
by neglecting megaregolith properties.

Table 2. Properties assumed in our calculations. Subscript 1 refers to the
megaregolith layer and subscript 2 refers to properties of the deeper layer.

Table 3. Relevant parameters and extreme surface heat flows calculated by
including megaregolith.

Figure 2. Temperature profiles calculated in Region C from zgpr = 39 km and
extreme values of z;, t and &.

Figure 3. Surface heat flows as a function of k; in Region C. Fs has been
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calculated from z; = 1, zgpr = 30 km, ¢ =10 s?and H; = 2.1 x 10* mw m.

Figure 4. Highest surface heat flows in Region C as a function of z; for different
values of k; Dashed black lines represent equivalent radioactive heat flows calculated
by assuming bulk radioactive elements abundances in the silicate portion of Mercury of
0.2, 0.3 and 0.4 times the average surface value (the ratio between the average heat
production in the solid outer shell and the average surface heat production is denoted by
I'; ' = 1 implies a uniform HPE distribution in the silicate layer equivalent to the value
observed at the surface). Ur is less than 1 when Fs exceeds radioactive heat flow curves.

We represent the cases for (a) 4.0 Ga and (b) 3.2 Ga.
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Table

Table 1. Relevant parameters and surface heat flows calculated by neglecting
the megaregolith layer. Surface temperature depends on both latitude and longitude due
to the coupled spin-orbit resonance and the relatively high eccentricity (Vasavada et al.,

1999; Williams et al., 2011).

Lobate scarps ZBDT Teot Ts (K) Fs
(km) (K) (MW m)
Region A | Discovery Rupes 35-40 731-808 | 365 20-31
(56°S, 40°W) (Watters et al.,
2002)
Region B Western scarp 35 737 - 808 350 24 - 32
(0°,59.3°E) (Ritzer et al.,
Eastern scarp 2010)
(0°, 64.7°E)
Region C Santa Maria 30-39 732-816 | 435 17-30
Rupes (Egea-Gonzalez
(3.5°N, 19°W) etal., 2012)
S K4 scarp
(4°N, 15°W)
S_K3scarp
(10.3°N, 13°W)
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Table

Table 2. Properties assumed in our calculations. Subscript 1 refers to the

megaregolith layer and subscript 2 refers to properties of the deeper layer.

k;=02Wm'K?

k,=20W m'lK?

p1 = 2000 kg m™

p, = 3100 kg m*

Hy= (0.6 —2.1) x 10* mwW m™*
(t=3.2-4.0 Ga)

H,=(1.0-3.3) x 10* mwW m?
(t=3.2-4.0 Ga)




Table

Table 3. Relevant parameters and extreme surface heat floasdaigd by

including megaregolith.

Lobatescarps | zspr z & Teot H Fs
(km) | (km) | (sY | (K) (mw m) (MW m™)
Region Discovery 35 1 | 10° | 808 2.1x 10" 25
A Rupes 3.3x 10%
(56°S, 40°W) [ 40 5 | 10°| 733 | 0.6x10° 10
1.0x 10*
Region | Western scarp| 35 1 | 10™ | 808 2.1x 10" 25
B (0°, 59.3°E) 3.3x 10"
Eastern scarp 5 10° | 739 0.6x 10* 11
(0°, 64.7°E) 1.0x 10%
Region | SantaMaria | 30 1 | 10| 816 2.1x 10* 23
C Rupes 3.3x10*
(3.5°N, 19°W)
S K4 scarp
(4°N, 15°W) | 39 5 [ 10°[ 734 | o0.6x10° 8
S_K3 scarp 1.0x 10*

(10.3°N, 13°W)




Figure

Click here to download high resolution image

31

23

22

1

L

0.2

04 0.6 0.8

I

Ky

1.2

1.4

1.6

1.8

2


http://ees.elsevier.com/icarus/download.aspx?id=186443&guid=ed11bea0-0282-4223-9e0a-e3a212b42fff&scheme=1

Figure

Click here to download high resolution image

Fg (mW m™)

40

35

30

25

20

15

10 F

S e
ey
e

R
—~ k,—02Wm K ey SRS
k,_04Wm K IR
- L,-O()Wm K S
k=08 Wm™ K
| | 1 1 | 1 1

e e

) AT SRy v e VRPN ARAS S e e e A

-----
......
-

o — T — —— — - — - — o — — o — - — - ——— ——— - - -~

] 15 2

2.5



http://ees.elsevier.com/icarus/download.aspx?id=186444&guid=c91d7102-8dc2-430f-90a9-2b3dcc5ceede&scheme=1

Figure
Click here to download high resolution image

b) 40

| 1 -1 '-l ) 1 1 |

— k=02Wm K - P02

35 L k;=0.4 W m!' K! O
- k=06Wm' K’ - T=04

k=08 Wm™ K

2) [ —— i

15-4 \ -

10 F "

e
_______
.....

Fg (mW m™)



http://ees.elsevier.com/icarus/download.aspx?id=186445&guid=52d1bb99-2389-46b2-b47a-c83404536acd&scheme=1

