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Abstract 27 

Mercury is covered by a megaregolith layer, which constitutes a poor thermally 28 

conducting layer that must have an influence on the thermal state and evolution of the 29 

planet, although most thermal modeling or heat flow studies have overlooked it. In this 30 

work we have calculated surface heat flows and subsurface temperatures from the depth 31 

of thrust faults associated with several prominent lobate scarps on Mercury, valid for 32 

the time of the formation of these scarps, by solving the heat equation and taking into 33 

account the insulating effects of a megaregolith layer. We conclude that megaregolith 34 

insulation could have been an important factor limiting heat loss and therefore interior 35 

cooling and contraction of Mercury. As Mercurian megaregolith properties are not very 36 

well known, we also analyze the influence of these properties on the results, and discuss 37 

the consequences of imposing the condition that the total radioactive heat production 38 

must be lower than the total surface heat loss (this is, the Urey ratio, Ur, must be lower 39 

than 1) in a cooling and thermally contracting planet such as Mercury at the time of 40 

scarp emplacement. Our results show that satisfying the condition of Ur < 1 implies that 41 

the average abundances of heat-producing elements silicate layer is 0.4 times or less the 42 

average surface value, placing an upper bound on the bulk content of heat producing 43 

elements in Mercury’s interior. 44 

 45 

Key words: Mercury; Regoliths; Thermal histories. 46 

 47 

1. Introduction 48 

 In Mercury, as in other bodies that lack a substantial atmosphere, impact 49 

processes may have resulted in the production of a megaregolith layer, which is a 50 

porous, fragmentary layer formed by large compact and coherent blocks with regolith 51 
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material filling the gaps between them. This rubble has impact and ejecta origin, and 52 

covers the outer few meters-kilometers of a planet (e.g., Warren and Rasmussen, 1987; 53 

Ziethe et al., 2009). Because megaregolith has a thermal conductivity much lower than 54 

that of equivalent solid rock, it insulates the hot interior and slows down cooling. 55 

Therefore, megaregolith has an influence on the thermal state and evolution of the 56 

planet.   57 

Previous works have estimated paleo-heat flows for Mercury from the depth of 58 

large thrust faults associated with lobate scarps, interpreted to reach the crustal brittle-59 

ductile transition (BDT) depth (Watters et al., 2002; Nimmo and Watters, 2004; Egea-60 

Gonzalez et al., 2012), or from the effective elastic thickness of the lithosphere (Ruiz et 61 

al., 2013); the so-obtained paleo-heat flow values refer to the time of deformation (i.e., 62 

the time of faulting or loading). Works calculating heat flows from proxies of 63 

lithospheric strength relate the mechanical state of the lithosphere to their thermal 64 

structure through procedures which involve the surface temperature. These works 65 

disregard the effects of an insulating megaregolith, although such a thermally insulating 66 

blanket would reduce the interior heat loss, which in turn would imply lower surface 67 

heat flows derived from the BDT depth (Ruiz and Tejero, 2000), the raising of near-68 

surface crustal temperatures and the reduction of thermal gradients below the 69 

megaregolith. 70 

Another way to analyze the thermal evolution of Mercury is through thermal 71 

history models (e.g., Hauck et al., 2004; Grott et al., 2011; Williams et al., 2011; Tosi et 72 

al., 2013). Most of them neglect the presence of a megaregolith layer, resulting in 73 

enhanced heat dissipation, and hence in substantial planetary cooling and contraction, 74 

which is hard to reconcile with the relatively limited observed global contraction 75 

deduced from shortening measurements in compressional structures (for an updated 76 
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estimate of radial contraction see Watters et al. 2013). On the other hand, Grott et al. 77 

(2011) demonstrated that the inclusion of an insulating megaregolith layer has important 78 

implications on the thermal evolution of Mercury, since predicted planetary cooling and 79 

radial contraction are notably reduced, relaxing the severe constraints imposed by the 80 

observed contraction. 81 

In this work, we consider the effect of an insulating megaregolith layer in the 82 

calculation of surface heat flow and crustal thermal structure from the depth of thrust 83 

faults associated with several prominent lobate scarps on Mercury. We first derive 84 

upper limits for the surface heat flow by neglecting the megaregolith layer. Then, we 85 

solve the heat equation by taking into account the properties of a typical Lunar 86 

megaregolith, in accordance with previous studies which considered the Lunar 87 

megaregolith as a good analog for Mercury (Grott et al., 2011). Furthermore, as 88 

Mercurian megaregolith properties are not very well known, we also analyze the 89 

influence on the results of higher thermal conductivities, and the implications of the 90 

condition that the heat loss through the surface must be higher than the heat generated 91 

internally by radioactive decay in a cooling planet. 92 

 93 

2. Study areas 94 

Lobate scarps are the most prominent tectonic features on Mercury, and are 95 

interpreted to be the surface expressions of thrust faults related to global thermal 96 

contraction of the planet (e.g., Strom et al., 1975; Watters et al., 2009). In this work we 97 

have calculated surface heat flows for three different regions of Mercury by using 98 

published values of the BDT depth estimated from the analysis of thrust faults 99 

associated with lobate scarps (coordinates for the studied lobate scarps are given in 100 

Table 1). Watters et al. (2002) used a mechanical dislocation model to obtain a BDT 101 
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depth of 35-40 km beneath the Discovery Rupes lobate scarp (hereafter Region A). 102 

Ritzer at al. (2010) employed a similar method to analyze the geometries of two faults 103 

associated with two lobate scarps located at the equator (Region B), and they obtained a 104 

BDT depth of 35 km for both structures. Egea-Gonzalez et al. (2012) studied the depth 105 

of faulting for three lobate scarps located in the Kuiper region of Mercury (Region C); 106 

the depth of faulting estimated by these authors ranges from 30 to 39 km. 107 

 108 

3. Temperature at the brittle-ductile transition. 109 

In order to obtain surface heat flows, we solve the heat equation. To establish the 110 

integration constants that are involved in this calculation, we take into account the 111 

temperature at the brittle-ductile transition (TBDT) and the surface temperature (TS). As 112 

the brittle strength is a function of depth and the ductile strength depends on 113 

temperature, we can equate both strength expressions at the brittle-ductile transition 114 

with the purpose of working out the value of the temperature at the BDT depth.  115 

Smith et al. (2012) have shown that there are large variations in crustal thickness 116 

on Mercury. Our studied regions have crustal thicknesses ranging from similar (Region 117 

B) to clearly higher (Region C) than the mean value of 50 km assumed by these authors. 118 

For these regions, the crustal thicknesses values in Smith et al. (2012) are certainly 119 

thicker than the local BDT depth. Although there are some uncertainties in the absolute 120 

values of the crustal thickness model, local variations in this kind of models are robust. 121 

Thus we only consider the possibility of a BDT depth in the crust and restrict our 122 

calculations to crustal mechanical and thermal properties.  123 

The critical stress difference necessary to cause faulting is given by (e.g., 124 

Ranalli, 1997): 125 

 126 
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             ,                                                                                                        (1) 127 

 128 

where ρ is the density, g is the acceleration due to the gravity (3.7 m s
-2

), z is the depth 129 

and α is a coefficient that depends on the friction coefficient and on the tectonic regime 130 

(α = 3 for thrust faulting). In this expression we have assumed zero pore pressure, which 131 

is appropriated for the Mercurian crust. In the lithosphere, ductile deformation takes 132 

place mainly by dislocation creep. In such a case the ductile strength is (e.g., Turcotte 133 

and Schubert, 2002);  134 

 135 

           
  

 
 

 

 
    

 

   
  ,                                                                                     (2) 136 

 137 

where    is the strain rate, A and n are laboratory-determined constants, Q is the 138 

activation energy of creep, R is the gas constant (8.31 J mol
-1

 K
-1

 ) , and T is the 139 

absolute temperature. The brittle and ductile strengths are equal at zBDT, so we can find 140 

the value of TBDT: 141 

 142 
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 144 

This expression can be adapted to consider two different layers in case that 145 

megaregolith is assumed: 146 

 147 
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 149 
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We have used subscript 1 to refer to the megaregolith layer and subscript 2 to apply to 150 

the deeper layer. z1 is the megaregolith thickness.  151 

At the surface we assume temperature values provided by the present-day 152 

surface temperature model of Vasavada et al. (1999), which takes into account the 153 

insolation dependence on latitude and longitude. Table 1 shows temperatures on the 154 

surface that are representative for the location of the three regions studied here (see also 155 

Williams et al. (2011) and Egea-González et al. (2012)).  156 

 157 

4. The case without insulating megaregolith 158 

For the case without a megaregolith layer, surface heat flows can be easily 159 

calculated by solving the steady-state, 1-D heat conduction equation with radiogenic 160 

heat production for a layer of zBDT thickness. We have assumed that thermal 161 

conductivity, density, heat capacity and volumetric heat production rate are constant 162 

values that represent the average properties of the crust, so the surface heat flow is 163 

expressed as: 164 

 165 

   
          

    
 

     

 
 ,                                                                                               (5) 166 

 167 

where k is the thermal conductivity of the crust and H is the volumetric heat production 168 

rate. We use a thermal conductivity of 2 W m
-1

 K
-1

, a value appropriate for basaltic 169 

rocks and for a wide variety of Earth crustal rocks at temperatures of several hundreds 170 

of degrees centigrade (e.g., Beardsmore and Cull, 2001).  171 

In order to calculate TBDT, we use crustal properties compatible with 172 

MESSENGER data pointing to a dense crust formed mainly through extensive 173 

volcanism (Head et al., 2008; Denevi et al., 2009; Nittler et al., 2011; Smith et al., 174 
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2012): a crustal density of 3100 kg m
-3

 and creep parameters for dry Maryland diabase 175 

(n = 4.7, Q = 485 kJ mol
-1

 and A = 8 MPa
-4.7

s
-1

 (Mackwell et al., 1998)). Strain rates 176 

used are 10
-16

 s
-1

 - 10
-19

 s
-1

, where the former value is a characteristic value for active 177 

terrestrial plate interiors (e.g., Tesauro et al., 2007), and the latter is a typical value for 178 

thermal contraction on terrestrial planets (e.g., Schubert et al., 1988). The obtained TBDT 179 

values are shown in Table 1; note that higher zBDT values result in lower TBDT values. 180 

In order to calculate volumetric heat production rates, we have taken into 181 

account a period of time (t) between 3.2 and 4 Ga, and the average surface abundances 182 

of radioactive elements obtained by Peplowsky et al. (2012, 2011) as representative for 183 

the entire crust, which give (1.0 - 3.3)  10
-4

 mW m
-3

. We assume homogeneously 184 

distributed crustal heat sources, because the heavily cratered surface suggests a heavy 185 

mixing of the crust (see, for example, the arguments given by Taylor et al. 2006 for the 186 

case of Mars). Relevant parameters and obtained surface heat flows are summarized in 187 

Table 1.  188 

Figure 1 shows the temperature profiles for extreme values of zBDT, t and    in 189 

the case of Region C. Profiles obtained in Regions A and B are similar and are not 190 

shown. The calculated heat flows are consistent with results of previous works (Watters 191 

et al., 2002; Nimmo and Watters, 2004; Egea-Gonzalez et al., 2012; Ruiz et al., 2013); 192 

higher surface heat flows are obtained for shallower zBDT and higher strain rates and 193 

volumetric heat production rates.  194 

 195 

5. The case with a megaregolith layer. 196 

In this section we solve the 1-D heat conduction equation by including a 197 

megaregolith layer in order to analyze its influence on surface heat flows and crustal 198 

temperatures above the BDT depth. We assume two layers that are described by 199 
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different average parameters and obtain the following expressions:  200 

 201 

                                                                                                                               (6) 202 

 203 

      
  

   
                                                                                       (7) 204 
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  212 

As previously mentioned, subscript 1 refers to the shallower, fractured 213 

megaregolith layer and subscript 2 applies to the deeper, consolidated layer. Units of a 214 

and b are K m
-1

, and c is in K. The deeper layer is characterized by parameters already 215 

considered in the previous section: k2 = 2 W m
-1

 K
-1

, ρ2 = 3100 kg m
-3

 and H2 = (1.0 – 216 

3.3)  10
-4

 mW m
-3

. 217 
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With regard to the megaregolith layer, as the Moon and Mercury have both 218 

heavily cratered surfaces and the greater gravity of Mercury could offset the greater 219 

velocity of impactors there, previous studies consider that Lunar and Mercurian 220 

megaregoliths could be similar (Grott et al., 2011). We have selected k1 = 0.2 W m
-1

 K
-

221 

1
, from the relationship between porosity and thermal conductivity derived for the Moon 222 

by Warren and Rasmussen (1987). We assume a megaregolith thickness (z1) of 1 – 5 223 

km. A thickness shallower than 1 km is not expected due to the high velocity of 224 

impactors on Mercury, and a blanket deeper than 5 km is unlikely because of the high 225 

gravity (Grott et al., 2011). A megaregolith density of 2000 kg m
-3

 has been adopted 226 

(see Caarier et al., 1991; Vasavada et al., 2012; Wieczorek et al., 2013).  This ρ1 value 227 

supposes that H1 ranges between (0.6 – 2.1)  10
-4

 mW m
-3

. The used properties are 228 

listed in Table 2. 229 

FS values obtained from the heat equation solution are shown in Table 3. 230 

Highest results are related to a thin megaregolith layer, a shallow brittle-ductile 231 

transition depth and high values of strain rate and volumetric heat production rate. 232 

Figure 2 displays temperature profiles obtained in Region C from zBDT = 39 km. Thick 233 

megaregolith layers, shallow brittle-ductile transition depths and high volumetric heat 234 

production rates and strain rates imply hotter temperature profiles above the BDT depth. 235 

Comparisions of these results with those obtained in Section 4 show that an insulating 236 

megaregolith reduces surface heat flows and raises temperatures in regions shallower 237 

than zBDT notably. 238 

Although previous works concluded that the thermal properties of the 239 

megaregolith are similar on Mercury and the Moon, Mercurian megaregolith properties 240 

are not very well known. Differences in temperatures and geologic activity, with 241 

persistent volcanism on Mercury, could lead to differences in fractures, porosities and 242 
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thermal conductivities between the Moon and Mercury megaregoliths. Thus, we have 243 

performed calculations in order to illustrate the influence of different thermal 244 

conductivities on surface heat flows and subsurface temperatures.  245 

Figure 3 displays the highest FS values in Region C as a function of k1. This 246 

figure shows that the surface heat flow increases, whereas crustal temperatures above 247 

zBDT decrease, with megaregolith thermal conductivity. Thus, the cases withouth 248 

megaregolith considered in the previous section represent upper limits for the paleo-heat 249 

flows derived from the BDT depth, and conversely represent lower limits for crustal 250 

temperatures above zBDT. Variations in the results due to differences in megaregolith 251 

density are negligible because of the weak dependence of surface heat flows and crustal 252 

temperature on this property.  253 

 254 

6. Discussion and conclusions. 255 

Our results clearly demonstrate that an insulating megaregolith layer notably 256 

influences the thermal state of Mercury, through increasing subsurface temperatures and 257 

reducing surface heat flows. Heat flows derived in Section 4 must be considered as 258 

upper limits for Mercury, because the effect of the megaregolith was not taken into 259 

account there, while crustal temperatures above zBDT are lower limits for each studied 260 

region. Lower surface heat flows are obtained by taking into account a Lunar-like 261 

megaregolith. The upper range of values is in agreement with results obtained by Grott 262 

et el. (2011). The lower range in surface heat flows that we have obtained is difficult to 263 

reconcile with the planetary cooling required to originate global contraction and lobate 264 

scarps (see Ruiz et al., 2013). With respect to temperatures, hotter temperature profiles 265 

are related to thicker megaregolith layers, lower strain rates and higher volumetric heat 266 

production rates. Several extreme combinations of parameters involving highest zBDT 267 
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values, thicker megaregolith layers, and higher volumetric heat production rates lead to 268 

a maximum in temperature profiles implying a negative heat flow. This excludes such 269 

combinations of parameters. 270 

Figure 4 shows surface heat flows as a function of thermal conductivity and 271 

thickness of the megaregolith, for strain rates and zBDT maximizing heat flow. H has 272 

been calculated from the mean values provided by Peplowski et al. (2011, 2012). It is 273 

interesting to note that the upper range of obtained heat flows is compatible with those 274 

reported by Grott et al. (2011) in their nominal thermal history model. 275 

The heat flow and the actual megaregolith influence may potentially be 276 

constrained by the condition that the total radioactive heat production must be lower 277 

than the total surface heat loss in a cooling and thermally contracting planet (Ruiz et al., 278 

2013); the Urey ratio (Ur) is the ratio between the total heat production and the total 279 

heat loss, and must be lower than 1 for interior planetary cooling. The radioactive heat 280 

production can be expressed as an equivalent surface heat flow, and Figure 4 also 281 

shows upper and lower limits for the radioactive component of heat flow, calculated 282 

considering that the silicate portion of the planet is a spherical shell with outer radius of 283 

2440 km, and mean density and thickness of, respectively, 3380 kg m
-3 

and 420 km 284 

(Hauck et al., 2013). The radioactive elements abundances are based on the mean 285 

MESSENGER values (Peplowski et al., 2011, 2012), but taking into account that 286 

mantle abundances must be lower than surface abundances, because the high 287 

incompatibility of these elements concentrates them in the crust; we consider the cases 288 

with bulk radioactive elements abundances in the silicate layer of 0.2, 0.3 and 0.4 times 289 

the average surface value. Our results show that satisfying the condition of Ur < 1 is 290 

favored by a thinner megaregolith layer, a higher thermal conductivity of the 291 

megaregolith, an average radioactive element abundance in the silicate fraction 292 
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substantially lower than the surface value, or some combination of these possibilities. 293 

Most importantly, our results indicate that average abundances of heat-producing 294 

elements in the silicate layer is 0.4 times or less the average surface value, which is in 295 

agreement with results obtained by Ruiz et al. (2013). This result is robust, since it 296 

holds irrespective of the assumed thermal conductivities and densities, and serves to 297 

place an upper bound on the bulk content of heat producing elements in Mercury’s 298 

interior. 299 

The crust of Mercury is considered to be mostly basaltic, although ultra-mafic 300 

rocks could be present (Nittler et al., 2011). Ultra-mafic rocks have generally thermal 301 

conductivities higher (e.g., Clauser and Huenges, 1995) than our nominal value of 2 W 302 

m
-1

 K
-1

, which is appropriate for rocks of basaltic composition. A higher crustal thermal 303 

conductivity would involve higher surface heat flows. If for example a crustal thermal 304 

conductivity of 2.5 W m
-1

 K
-1

 is considered, then the obtained surface heat flow ranges 305 

would be 21-38 mW m
-2

 and 9-29 mW m
-2 

for the cases without and with megaregolith, 306 

respectively. For the cases without megaregolith, crustal temperatures above the BDT 307 

depth would be lower than those obtained in Section 4, whereas in cases including 308 

megaregolith the derived temperature profiles are, in general, similar to those obtained 309 

in Section 5. Thus, the effect of using a higher crustal thermal conductivity is not very 310 

important for our evaluation of the insulating effects of a megaregolith layer. 311 

Our results clearly evidence that an improved knowledge of the properties of the 312 

megaregolith is necessary for addressing key questions on the Mercurian nature and 313 

evolution. Megaregolith insulation could indeed have been an important factor limiting 314 

heat loss and therefore interior cooling through the history of Mercury. It could help to 315 

explain the limited contraction observed. In any case, the insulating effect of the 316 

megaregolith cannot have been sufficiently high for precluding the contraction of this 317 
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planet, at least for the time when most of large lobate scarps were originated. Thus, 318 

further research on contraction history and megaregolith properties is fundamental for 319 

our understanding of the thermal and internal evolution, as well as the present-day state, 320 

of Mercury. 321 
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 453 

Figure Captions 454 

Table 1. Relevant parameters and surface heat flows calculated by neglecting 455 

the megaregolith layer. Surface temperature depends on both latitude and longitude due 456 

to the coupled spin-orbit resonance and the relatively high eccentricity (Vasavada et al., 457 

1999; Williams et al., 2011). 458 

Figure 1. Temperature profiles in Region C for extreme values of zBDT, t and    459 

by neglecting megaregolith properties. 460 

Table 2. Properties assumed in our calculations. Subscript 1 refers to the 461 

megaregolith layer and subscript 2 refers to properties of the deeper layer. 462 

Table 3. Relevant parameters and extreme surface heat flows calculated by 463 

including megaregolith. 464 

Figure 2. Temperature profiles calculated in Region C from zBDT = 39 km and 465 

extreme values of z1, t and   . 466 

Figure 3. Surface heat flows as a function of k1 in Region C. FS has been 467 
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calculated from z1 = 1, zBDT = 30 km,    = 10
-16

 s
-1

and H1 = 2.1  10
-4

 mW m
-3

. 468 

Figure 4. Highest surface heat flows in Region C as a function of z1 for different 469 

values of k1. Dashed black lines represent equivalent radioactive heat flows calculated 470 

by assuming bulk radioactive elements abundances in the silicate portion of Mercury of 471 

0.2, 0.3 and 0.4 times the average surface value (the ratio between the average heat 472 

production in the solid outer shell and the average surface heat production is denoted by 473 

Γ; Γ = 1 implies a uniform HPE distribution in the silicate layer equivalent to the value 474 

observed at the surface). Ur is less than 1 when FS exceeds radioactive heat flow curves. 475 

We represent the cases for (a) 4.0 Ga and (b) 3.2 Ga. 476 

 477 
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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  

(km) 

TBDT 

(K) 

TS (K) FS   

(mW m
-2

) 

Region A Discovery Rupes 

(56°S, 40°W) 

35 – 40 

(Watters et al., 

2002) 

731 - 808 365 20 - 31 

Region B Western scarp 

(0°, 59.3°E) 

Eastern scarp 

(0°, 64.7°E) 

35 

(Ritzer et al., 

2010) 

737 - 808 350 24 - 32 

Region C Santa Maria 

Rupes 

(3.5°N, 19°W) 

S_K4 scarp 

(4°N, 15°W) 

S_K3scarp 

(10.3°N, 13°W) 

30 – 39 

(Egea-Gonzalez 

et al., 2012) 

732 - 816 435 17 - 30 
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Table 2. Properties assumed in our calculations. Subscript 1 refers to the 

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

 

k1 = 0.2 W m
-1

 K
-1

 k2 = 2.0 W m
-1

 K
-1

 

ρ1 = 2000 kg m
-3

 ρ2 = 3100 kg m
-3

 

H1 = (0.6 – 2.1)  10
-4

 mW m
-3

  

(t = 3.2 - 4.0 Ga) 

H2 = (1.0 – 3.3)  10
-4

 mW m
-3

  

(t = 3.2 - 4.0 Ga) 
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Table 3. Relevant parameters and extreme surface heat flows calculated by 

including megaregolith. 

 

 Lobate scarps zBDT 
(km) 

z1 
(km) 

��  
(s-1) 

TBDT 
(K) 

H 
(mW m-3) 

FS 
(mW m-2) 

Region 
A 

Discovery 
Rupes 

(56°S, 40°W) 
 

35 1 10-16 808 2.1 × 10-4 
3.3 × 10-4 

25 

40 5 10-19 733 0.6 × 10-4 
1.0 × 10-4 

10 

Region 
B 

Western scarp 
(0°, 59.3°E) 
Eastern scarp 
(0°, 64.7°E) 

 

35 
 

1 10-16 808 2.1 × 10-4 
3.3 × 10-4 

25 

5 10-19 739 0.6 × 10-4 
1.0 × 10-4 

11 

Region 
C 

Santa Maria 
Rupes 

(3.5°N, 19°W) 
S_K4 scarp 
(4°N, 15°W) 
S_K3 scarp 

(10.3°N, 13°W) 

30 1 10-16 816 2.1 × 10-4 
3.3 × 10-4 

23 

39 5 10-19 734 0.6 × 10-4 
1.0 × 10-4 

8 

Table
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