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1. Introduction 

ABSTRACT 

The present -day thermal state of the martian interior is a very important issue for understanding the 
internal evolution of the planet. Here. in order to obtain an improved upper limit for the heat flow at 
the north polar region. we use the lower limit of the effective elastic thickness of the lithosphere loaded 
by the north polar cap. crustal heat-producing elements (HPE) abundances based on martian geochem
istry. and a temperature-dependent thermal conductivity for the upper mantle. We also perform similar 
ca1culations for the south polar region. although uncertainties in lithospheric flexure make the results 
less robust. Our results show that the present-day surface and sublithospheric heat flows cannot be 
higher than 19 and 12 mW m-2

• respectively. in the north polar region. and similar values might be rep
resentative of the south polar region (although with a somewhat higher surface heat flow due to the 
radioactive contribution from a thicker crust). These values. if representative of martian averages. do 
not necessarily imply sub-chondritic HPE bulk abundances for Mars (as previously suggested). since 
(1) chondritic composition models produce a present-day total heat power equivalent to an average sur
face heat flow of 14-22 mW m-2 and (2) sorne convective models obtain similar heat flows for the pres
ent time. Regions of low heat flow may even have existed during the last billions of years. in accordance 
with several surface heat flow estima tes of ~20 mW m- 2 or less for terrains loaded during Hesperian or 
Amazonian times. On the other hand. there are sorne evidences suggesting the current existence of 
regions of enhanced heat flow. and therefore average heat flows could be higher than those obtained 
for the north (and maybe the south) polar region. 

© 2010 EIsevier Inc. AH rights reserved. 

of the planet (McGovern et al., 2002, 2004; Montesi and Zuber, 
2003 ). 

Knowledge ofthe surface heat flow is very important for under
standing the thermal and geologic evolution of a planetary body. 
There are not direct measurements for Mars, but heat flows have 
been deduced for diverse martian regions from the effective elastic 
thickness of the lithosphere (Solomon and Head, 1990; Anderson 
and Grimm, 1998; Zuber et al., 2000; Nimmo, 2002; Kiefer, 2004; 
McGovern et al., 2002, 2004; Grott et al., 2005; Ruiz et al., 2006, 
2008; Kronberg et al., 2007; Ruiz, 2009; Dohm et al., 2009a; Ritzer 
and Hauck, 2009 ) or from the depth to the brittle-ductile transi
tion beneath large thrust faults (Schultz and Watters, 2001; Grott 
et al., 2007; Ruiz et al., 2008, 2009). So deduced heat flows are valid 
for the time when the lithosphere was loaded or faulted, permit
ting us to delinea te, in a tirst approximation, the thermal evolution 

Given the lack of large scale tectonic activity at the present 
time, the possibility of using effective elastic thicknesses for esti
mating the present-day thermal state of this planet seems re
stricted to the polar regions, where loading by ice caps is a 
recent phenomenon, estimated to be a few million years old (Las
kar et al., 2002; Phillips et al., 2008 ). Through the modeling of the 
deflection of the topography beneath the north polar cap due to ice 
loading, Phillips et al. (2008) found a lower limit of300 km for the 
effective elastic thickness of the lithosphere at the north polar re
gion. For the south polar region, Phillips et al. (2008) suggested a 
lower limit of 275-300 km for the effective elastic thickness, 
although the topographic evidences for this case are more uncer
tain. Effective elastic thicknesses around or higher than 300 km 
are clearly higher than any previously published value for Mars 
(e.g., McGovern et al., 2004). This could indicate that Mars is dead 
in a geodynamical sense (Grott, 2008 ). 

~ Corresponding author. Present address: Departamento de Geodinámica. Facul
tad de Ciencias Geológicas. Universidad Complutense de Madrid. 28040 Madrid. 
Spain. 
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On the other hand, Wieczorek (2008) obtained a best tit of 
161 km for the effective elastic thickness of the south polar region 
through gravityjtopography admittance modeling. However, this 
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author found that any value higher than 110 km can fit the ob
served admittance. A value of rv 100 km or higher is similar to the 
effective elastic thicknesses obtained for the HesperianjAmazo
nian-aged Valles Marineris region (McGovem et al., 2004), 
although the estimate for the south polar region is a lower limit. 
On the other hand, effective elastic thickness estimates for Amazo
nian-aged regions are usually lower than 100 km (McGovem et al., 
2004; Belleguic et al., 2005), although these estimates were per
formed for volcanic regions, which could be hotter than average. 

Phillips et al. (2008) estimated heat flows following the strength 
envelope procedure (McNutt, 1984) coupled with temperature 
profiles and crustal heat production rates deduced fram the ther
mal history models of Hauck and Phillips (2002), obtaining surface 
and mantle heat flows of 25 and 17 mW m-z, respectively. These 
results are very similar to those obtained by the nominal model 
of Hauck and Phillips (2002), and Phillips et al. (2008) condude 
that, since the result for the north polar region is an upper limit, 
heat-producing elements (HPE) abundances for Mars are probably 
sub-chondritic (this conclusion was basically unchanged when a 
non-steady-state loading response was considered by these 
authors). In this sense, Grott and Breuer (2009a) found that ther
mal history models consistent with an average effective elastic 
thickness of at least 300 km require either sub-chondritic HPE 
abundan ces or a high fractionation of HPE in the crust and a dry 
mantle rheology. An alternative explanation is a spatially heteroge
neous heat flow on Mars, which could naturally arise from mantle 
convection (Grott and Breuer, 2009a; Kiefer and Li, 2009 ). 

The conclusions of Phillips et al. (2008) rely on HPE distribu
tions and temperature profiles derived from thermal history mod
els, and somewhat on the assumed mantle thermal conductivity 
(4 W m- 1 K- 1

), which is high for the lithospheric mantle. Here 
we derive a more robust calculation of upper limits for the surface 
and sublithospheric heat flow at both polar regions by using a HPE 
distribution based on geochemical considerations and more realis
tic thermal conductivities, including a temperature-dependent 
thermal conductivity for the lithospheric mantle; this procedure 
has the advantage of making the results independent of any spe
cific thermal history model. We also discuss the implications of 
our results for the thermal history ofMars, as well as sorne possible 
evidences of regional variations in the current thermal state of the 
lithosphere. 

2. Temperature at the base of the lithosphere 

The effective elastic thickness of the lithosphere, which is a 
measure of the total strength of the lithosphere, can be converted 
to heat flow following the equivalent strength envelope procedure 
described by McNutt (1984). This methodology is based on the 
condition that the bending moment of the mechanicallithosphere 
must be equal to the bending moment of the equivalent elastic 
layer of thickness Te. The link between the mechanical structure 
and heat flow comes from the dependence of the ductile strength 
on temperature. 

If lithospheric flexure is small, then it can be neglected and Te is 
equal to the depth to the base of the mechanical lithosphere, L, 
which is defined as the depth at which the ductile strength reaches 
a low value and below which there are no further significant in
creases in strength. The base of the mechanical lithosphere can 
be defined, therefore, as the depth to an isotherm given by 

Q 

Rln [A{al~a3)í'J ) 
(1 ) 

where Qis the activation energy for creep, R (=8.31447] mol- 1 K- 1
) 

is the gas constant, A and n are laboratory-determined constants, 
(al - a3)L is the strength level defining the base of the mechanical 

lithosphere, and i:; is the strain rateo The surface, subcrustal and sub
lithospheric heat flows can then be calculated by finding the tem
perature profile that fits the isotherm given by Eq. (1) at a depth 
equal to Te. 5urface heat flow decreases with topography curvature 
(McNutt, 1984; Salomon and Head, 1990), and therefore assuming 
no lithosphere flexure gives an upper limit to the heat flow. This 
is sufficient for the purposes of this work, as Phillips et al. (2008) 
did not determine a lower limit for lithospheric flexure. 

We calculate the temperature defining the base ofthe mechanical 
lithosphere by using the flow law of dry olivine (Chopra and Pater
son, 1984): Q = 535 k] mol- 1

, A = 28840 MPa-n 
S-l, and n = 3.6. For 

(al - a3)L we usea valueof10 MPa, which is consideredappropriate 
for the low gravity ofMars (see Ruiz et al., 2006), although the exact 
selected value does not produce significant changes in the calcula
tions due to the exponential dependence of ductile strength on tem
perature. A strain rate of 10-14 

S-l is used in the calculations, which 
corresponds to an estimated age of ,,-,5 Ma for the load by the north 
polar cap (Phillips et al., 2008 ). So, Ir = 1267 K is obtained. The use 
of a weakerwet olivine rheologywould reduce both the temperature 
at the base ofthe lithosphere and the surface heat flow. For example, 
for the wet Anita Bay dunite (Chopra and Paterson, 1984) 
Ir = 1087 K, which would imply a reduction of less than 10% of the 
surface heat flow obtained in all the cases analyzed in the present 
work (see 5ections 4 and 5). 

3. Temperature pro files 

We calculate thermal profiles for both north and south polar re
gions by considering a three layer model differencing between po
lar cap (not included in the lithosphere), crust and mantle 
lithosphere. 

Polar caps are assumed to be composed of water-ice. The ther
mal conductivity of cold water-ice is high, and the presence of 
rocks or other ices (e.g., COz) would reduce the bulk thermal con
ductivity, and hence the calculated heat flow. For this reason, non
water-ice components are not taken into account in our upper
limit calculation. The thermal conductivity ofwater-ice is strongly 
temperature-dependent, and therefore the temperature profile in 
the polar cap is given by 

(Fb¡x) 
T¡x:b = Tsexp ka ) (2) 

where Ts is the surface temperature, F is the surface heat flow (equal 
to the heat flow reaching the polar cap from below), bpe is the thick
ness of the polar cap, and ka = 621 W m-1 (Petrenko and Whit
worth, 1999). Here we use Ts = 155 K and bpe = 2 km as 
representatives for the martian polar regions (Plaut et al., 2007; 
Phillips et al., 2008; Wieczorek, 2008). 5ubsurface temperatures 
might be higher than those expected for a steady-state thermal pro
file, beca use cooler surface conditions related to obliquity and inso
lation changes implied in the growth of the polar caps (Laskar et al., 
2002) would have a relatively limited downward propagation in a 
few million years; this would reduce the surface heat flow, reinforc
ing the robustness of the upper limits calculated in this work. 

For the crust, homogeneously distributed radioactive heat 
sources and a constant thermal conductivity are assumed. So, the 
temperature at the base of the crust is given by 

Fbc Hcb~ 
TCb=T¡X:b+-'---2' ' 

(e (e 
(3) 

where T peb is the surface temperature at the base of the polar cap, be 

is the thickness of the crust, ke is the thermal conductivity of the 
crust, and He is the crustal volumetric heat production rateo 

Crustal models for Mars (Neumann et al., 2004, 2008) indicate 
that the crust at the north polar region is typically ,,-,15-25 km 

ecob
Rectángulo



J Ruiz el aL / Jcarus 207 (2010) 631-637 633 

thinner chan the average martian crust Wieczorek and Zuber 
(2004) have conscrained che average martian crust to be between 
38 and 62 km through simultaneously cons idering several geo
physical and geochemical arguments, although 45 km is a reason
able lower limit for the nominal crusta l density o( 2900 kg m- 3 

(Neumann et al. , 2004; Ruiz et al., 2008, 2009). So, the local crusta l 
thicknesses at the north polar region would most likely be between 
",20 and ",SO km. Similarly, the crust at the south polar regio n is 
",15 km thicker than the average crust, implying a local crusta l 
thickness between ",60 and ",80 km. 

We use 1<, '" 2.5 W m- 1 K- 1 (or the whole crust. TIle crustal t her
mal conductivity should be ",2 Wm- 1 K- 1 i( the martian crust is 
mostly basal tic (e.g., ClilTord, 1993; Gratt et al. , 2005). The upper 
kilometers o( the crust could be enriched in water ice, which would 
increase the thermal conductivity; Clifford (1993 ), (or example, 
considers that the martian cryosphere would have an average ther
mal conductivity o( ",,3 W m- 1 K-l. However, crusta l rock porosity 
and the thickness o( a liquid water- or water-ice-enriched crust 
are poorly known. A va lue o( 2.5 W m-1 K- 1 is likely somewhat 
high (or the average martian crust: this value is there(ore use(ul 
(or estimating an upper limit (or the heat now. If we use 
k, : 2 W m- I K- 1

, the obrained heat now is reduced less than 
1 mW m- 2 with respe([ ro the results (or the north polar region 
presented in Sect ion 4 ; even (or the south polar region and low 
effective e lastic thickness, the reduction in sur(ace heat now is less 
than 15% with respect to the values obtained in Section 5. 

For calculating the present-day crustal volumetric heat ing rate, 
w e use potassium, thorium, and uranium abundances o( 3740 
0.70, and 0.18 ppm respectively, which are average values esti~ 
mated (or the crust o(Mars by the review o( Taylor and McLennan 
(2009). These values are higher than average sur(ace K and Th 
abundances deduced (rom Mars Odyssey GRS measurement (Tay
lor et al., 2006), but only slightly higher than a more recent reftne
ment (correcting (or water content) o( the GRS data (Hahn and 
Mcl ennan, 2008). The used va lues are use(u l (or our purpose, since 
the obtained sur(ace heat now increases with the increasing o( HPE 
in the crust (Ruiz et a l., 2006). In the calculations we use a nominal 
crusta l density o( 2900 kg m- 3 and decay constants (rom Van Sch
mus (1995), obta ining a volumetric heat production rate of 
0.142 j.t.Wm- 3 (or equiva lently, a heat production rate by mass 
unity or 4.91 x lO-s ¡tW kg- 1). 

The thermal conductivity o( olivine, the minera l considered to 
dominate duct ile deformation in lithospheric mantle rocks, exhib
its a strong temperature-dependence. Here we use the express ion 
(McKenzie et a l., 2005) 

a 3 . 

km = 1 + C(T _ 273) + ~d¡T', (4) 

where Q' 5.3, c · 0.0015, do' 1. 753 X 10-2
, dI ' - 1.0364 x 10- 4 , 

d2 : 2.2451 X 10- 7 and d3 : -3.4071 x 10-1 \ for calculating an 
upper limit for the thermal conductivity of olivine as a function of 
temperature. Results obta ined from Eq. (4 ) are similar to those of 
Hofmeister (1999) for forstente olivine. The thermal conductivity 
of sorne silicate minera ls (including olivine) somewhat decreases 
with the increasing of che proportion of iron (Hofmeisrer, 1999). 
The marrian mamle is considered to be iron-rich (e.g., Halliday 
et al. , 2001 ), and for this reason Eq. (4) gives an upper limit to the 
thermal conductivity of the mantle lithosphere of Mars. 

We calcula te the temperature profile across the lithospheric 
mantle by integration, from z : b, to L, of 

dT = F" - Hm(z - b, ) d 
¡<m (T) Z, 

(5) 

where F' b: F - HdJ, is the heat flow at the base ofthe crust, and Hm 
is the volumetric heat production rate of the lithospheric mantle. 
The value of Hm is poorly constrained. Here we use Hm: 0.1 H" 

based on a ratio between crustal and primitive mantle HPE abun
dances higher than ,....,10 for Mars (Taylor and McLennan, 2009); this 
value represents a reasonable upper Iimit for Hm (melt extraction 
would reduce mantle HPE abundances), w hich in tum results in 
an upper limit to the obtained surface heat now. 

The surface heat now is obtained by sim ul taneously solving Eqs. 
(2)- (5 ). 

4. Heat flows in the north polar regioo 

Fig. 1 shows the surface heat now for Te '" 300 km as a function 
of the thickness of the crust in the north polar region. The upper 
limit obtained for the surface heat now is 17 -1 9 mW m- 2, depend
ing on crustal thickness. Our values are lower than those of Phillips 
et al. (2008 ). Thus, a more restrictive upper limit, which does not 
depend on any pre-defined thermal his tory model, is imposed to 
the present-day heat now of Mars in this region. Without litho
spheric heat sources, the surface heat now equals the sublitho
spheric heat now. Therefore, an independent upper limi t for the 
sublithospheric heat now (essentia lly rhe heat now from the deep 
planetary interior) can be est imated by ass uming H, : O and Hm = o. 
This upper limit, which is 11-12 mW m- 2 depending 011 the crustal 
thickness, is also shown in Fig. 1. Fig. 2 shows that subcrustal and 
sublithospheric heat nows obta ined by including lithospheric heat 
sources are 11-14 and 8- 10 mW m- 2, respectively, for 
Te: 300 km. In this figure it is a lso observed that both the sub
crustal and the sublithospheric heat flow decrease with the 
increasing of the crustal thickness, beca use the larger fraction of 
heat sources placed in a thicker crust. 

Surface heat nows of ,...,20 mW m- 2 or less have been previously 
proposed, based on estimates of the effective elastic thickness for 
the Amazonian Tharsis region, the Hesperian/Amazonian V~lles 
Marineris regions (Zuber et al., 2000; McGovern et al., 2004), and 
the Noachian- or Hesperian-Ioaded Isidis Planiria (Rirzer and Hauck, 
2009). Forexample, the estimares for Amazonian terrains areall con
sistent w ith a surface heat now between 13 and 24 mW m-2 

(McGovern et al., 2004; li and Kiefer, 2007). llle effective e lastic 
th icknesses obtained for these regions areclearly lower than thatde
duced for the north polar region, a lthough it must be noted that for a 
given value o(Te the obtained heat now dec reases with the increas
ing ofthe cUlVature ofthe topography of the equiva lent elastic plate 
(McNutt, 1984; Solomo n and Head, 1990). Those calculat ions used a 
high mantle thermal conductivityof 4 W m- I K- 1 and no lithospher
ic heat sources. The use of a high mantle thermal conductivity in
creases the obtained heat now (see Eqs. (3) and (5)). The existence 
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Fig.1. Surface heat flow in the north polar region as a function of crusta! thickness, 
calculated for T. = 300 km and the cases inc1uding and nct inc1uding lithospheric 
heat sources. 
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Fig. 2. Subcrustal and sublithospheric heat flow in the north polar region, as a 
function of crustal thickness, obtained for T. = 300 km and the case inc1uding 
lithospheric heat sources. 

of lithospheric heat sources implies a thermal profile between the 
surface and lithosphere base hotter than for the case without heat 
sources; this in tum gives a steeper near surface thermal gradient 
and a higher surface heat flow. Conversely, not taking into account 
lithospheric heat sources decreases the obtained surface heat flow. 
The aboye cited estima tes of low heat flows for the Amazonian are 
therefore not totally comparable with our values, but they suggest 
that the present-day heat flow in the north polar region could not 
be much lower than those characterizing sorne regions during a sub
stantial part of the martian history (although estimates for other 
Hesperian or HesperianjAmazonian regions give higher heat flows; 
e.g., McGovem et al., 2004). 

Thermal history models for Mars usually predict present-day 
average surface heat flows between 20 and 30 mW m- 2 (e.g., Nim
mo and Stevenson, 2000; Spohn et al., 2001; Hauck and Phillips, 
2002; Arkani-Hamed, 2005; Grott and Breuer, 2009b). Schumacher 
and Breuer (2007) obtained a mantle heat flow (under the stagnant 
lid) of ""-'12 mWm- 2 by considering convection with temperature
dependent mantle thermal conductivity. These authors do not give 
surface heat flow, but from their heat production rates (also based 
on chondritic HPE abundances), enrichment factors, and crustal 
and stagnant lid thicknesses, an average heat flow of 18-
22 mW m- 2 is obtained. The thermal history models of Grott and 
Breuer (2009a) are consistent with Te == 300 km (for a not flexed 
lithosphere) for present-day surface heat flows of 11-20 and 14-
20 mW m- 2 for mantle convection with wet and dry rheology, 
respectively. (Noteworthy, water abundance, and hence rheology, 
in the deep and convective mantle is not necessarily the same as 
in the lithospheric mantle.) These values are consistent with our 
results, but the models of Grott and Breuer (2009a) require sorne 
degree of sub-chondritic HPE abundan ces for an upper limit of 
19 mW m- 2 for the surface heat flow. In tum, the thermal models 
by Grott and Breuer (2009b) , which inelude a crustal HPE distribu
tion dependent on crustal thickness and location and a wet convec
tive mantle, find present-day average surface and sublithospheric 
heat flows of21 and 14.5 mWm- 2

, respectively; according to this 
model, a sublithospheric heat flow of ""-'9 mW m- 2

, consistent with 
Te == 300 km at the north polar region and our results considering 
lithospheric heat sources, require a reduction of HPE abundan ces 
with respect to the chondritic composition model of Wanke and 
Dreibus (1988). On the other hand, the models of steady-state con
vection for the present-day Mars of Li and Kiefer (2007), which in
elude plume melting and chondritic HPE abundances, find surface 
heat flows under 20 mW m- 2

, in accordance with our results. 
Total radioactive heat power deduced from bulk composition 

models for Mars can be converted to an equivalent average surface 

heat flow. This is 14 and 22 mW m- 2 (see Table 1) for, respectively, 
the bulk composition models of Wanke and Dreibus (1988) and 
Lodders and Fegley (1997). These models inelude chondritic HPE 
abundances, adjusted with SNC geochemistry, which differ in 
potassium abundan ce. The upper limit for the surface heat flow de
duced for the north polar region is between these values. 

Summarizing, ifthe present-day heat flow in the north polar re
gion is representative of martian averages (although the effect of 
variations in crustal thickness on HPE distribution must be taken 
into account), then our results can be interpreted in two altemative 
ways: 

(1) Martian HPE abundances are chondritic, mantle convection 
removes roughly as much heat as is radioactively generated, 
and the contribution of secular cooling to the present-day 
heat flow is less than predicted by the majority of thermal 
history models. 

(2) Martian HPE bulk abundances are lower than predicted by 
geochemical models, and secular cooling could have a non
negligible contribution to the present-day heat flow. 

5. Heat flows io the south polar regioo 

The effective elastic thickness of the lithosphere of the south 
polar region is higher than 110 km (according to gravityjtopogra
phy admittance modeling; Wieczorek, 2008, p. 515), and could 
be higher than 275 km (if the evidences of lithospheric flexure 
are correct; see Phillips et al., 2008). Crustal thicknesses typical 
of the southem hemisphere of Mars could permit the mechanical 
decoupling between the crust and lithospheric mantle, depending 
on temperature profile and crustal rheology. For a given effective 
elastic thickness, the obtained heat flow is in that case lower than 
if the crust is mechanically welded to the lithospheric mantle (Ruiz 
et al., 2008). It is not elear if a dry or wet rheology is pertinent for 
the martian crust at the present time, but a dry diabase rheology 
(Mackwell et al., 1998) would preelude crustjmantle decoupling 
for the values of crustal thickness and effective elastic thickness 
deduced for the south polar region of Mars. Crustjmantle decou
pling is therefore not considered in our upper-limit calculations 
presented in this section. 

Fig. 3 shows surface heat flows for the south polar region, as a 
function of the effective elastic thickness, for crustal thicknesses of 
60 and 80 km. Fig. 3 also shows heat flows for zero lithospheric heat 
sources, a case which gives a generous upper limit to the sublitho
spheric heat flow. Surface and deep mantle heat flows may be as high 
as 32 and 26 mWm- 2

, respectively (for Te == 110 km), although they 
might be lower than 20-21 mWm- 2 and 11-12 mWm- 2

, respec
tively (for Te >- 275 km), for the south polar region. The lattervalues 
are similar to those obtained for the north polar region. 

Jable 1 
HPE abundances for Mars. 

Wanke and Lodders and 
Dreibus (1988) Fegley (1997) 

Bulk silicate· abundance 
K (ppm) 305 920 
Th (ppb) 56 56 
U (ppb) 16 16 

Silicate fractionb 0.7937 0.783 
Equivalent heat flow (mW m 2)C 14.3 21.9 

• Crust plus mantle. 
b Total silicate massftotal mass of Mars. 
C Equivalent surface heat flow is calculated from martian mass and radius of Sohl 

et al. (2005), and decay constant of Van Schmus (1995). 
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Fig. 3. Surface heat flow in the south polar region, as a function af the effective 
elastic thickness, calculated for crusta! thicknesses af 60 and 80 km and the cases 
inc1uding and not inc1uding lithospheric heat sources. 

Fig. 4 shows surface and sublithospheric heat flows for the 
south polar region as a function of the effective elastic thickness, 
calculated for be == 60 km and including lithospheric heat sources, 
compared with the equivalent heat flows for the north polar re
gion, be'" 25 km, and Te == 300 km; (rustal thicknesses have been 
selected fram an average thickness of 45 km for the martian crust, 
corresponding to the nominal model of Neumann et al. (2004). If 
Te >- 275 km in the south polar region, then the present-day sub
lithospheric heat flow may be similar, ,,-,8-9 mW m-2, under both 
polar regions, although there would be a certain difference in sur
face heat flow because the higher crustal thickness in the south po
lar region (however, for a thicker crust the effect of a higher 
radioactive contribution to the surface heat flow is partly compen
sated by the lower thermal conductivity of the crust). 

Summarizing, results for the south polar region are less restric
tive than those obtained for the north polar region, due to uncertain
ties in lithospheric deflection. The surface and sublithospheric heat 
flow might be similarly low in both regions, but it is not sure. 

6. Regional variations in the thermal state of the lithosphere 

The present-day heat flow at both polar regions might not be 
representative of martian averages. For example, convective mod
els by Kiefer and Li (2009) predict present-day mantle heat flow 

35 Surface Heat Flow 
Sublithospheric l-leat Flow 

E 25 
:;; 
g 
~ 
¡¡: 
- 15 NPR m 
I (be = 25 km 

~~]@Y~l ______________ _ 

5+---~---r--~--~--__ ----~--__ ---
100 150 200 250 300 
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Fig. 4. Surface and sublithospheric heat flow in the south polar region (SPR) as a 
function of the effective elastic thickness and calculated for a crustal thickness of 
60 km (solid cUlVes), compared with the equivalent ones for the north polar region 
(NPR), calculated for T. = 300 km and a crustal thickness of 25 km (horizontal 
dashed lines). 

variations higher than a factor 2. In this section we discuss evi
den ces of possible local variations in the current thermal state of 
the martian lithosphere. 

The possibility of a currently dead Mars is challenged by pub
lished geologic information that indica tes geologic and hydrologic 
activity into the Late Amazonian epoch. Indeed, endogenic-driven 
activity for at least parts of Mars is strongly suggested by a collec
tion of geologic, hydrologic, topographic, chemical, and elemental 
evidences obtained by Viking, Mars Global Surveyor, Mars Odys
sey, Mars Exploration Rovers, and Mars Express missions (see 
Dohm et al., 2008 and references therein ). The evidence is espe
cially highlighted in the TharsisjElysium corridor region (Dohm 
et al., 2008), which includes (also see Table 2): (1) stratigraphically 
young rock materials such as pristine lava flows with few, if any, 
superposed impact craters; (2) tectonic features that cut strati
graphically young materials; (3) features with possible aqueous 
origin such as structurally-controlled channels that dissect strati
graphically young materials and anastomosing-patterned slope 
streaks on hillslopes; and (4) spatially varying elemental abun
dances for such elements as hydrogen (H) and chlorine (CI) re
corded in rock materials up to lj3 m deep. Therefore, an elevated 
heat flow for parts of the Tharsis and Elysium volcanic provinces, 
as well as the TharsisjElysium corridor region, is suggested by 
stratigraphic relations among rock materials and structures, as 
well as crater statistics. 

Another line of evidence comes from the discovery of diffuse 
methane plumes arising from a wide zone including Syrtis Major, 
Nili Fossae and eastem Arabia Terra regions (Mumma et al., 
2009). The concurrence in this area of the Syrtis Major volcanic 
structure, as well as the fracture system of Nili Fossae, suggest 
an endogenic origin for the methane plum es, although a biological 
origin has also been proposed for the origin of martian methane 
(e.g., Krasnopolsky, 2006). These plumes may therefore be an indi
cation of locally enhanced endogenic activity. 

A completely different line of evidence could also support the 
spatial association among an area of elevated heat flow and the 
source area of the methane plum es. Indeed, the two global 
paleoshorelines proposed for Mars (parker et al., 1993; Clifford 
and Parker, 2001 ), named Deuteronilus and Arabia shorelines, 
have a higher large-scale elevation at the northem plains adja
cent to the Syrtis MajorjNili Fossae region than in other regions 
(Fig. 5; see also Figs. 5 and 10 of Carr and Head (2003) ). Devia
tions of equipotentiality along martian paleoshorelines could be 
caused by modification of the original topography due to ther
mal isostasy related to different thermal histories between the 
regions transected by these paleoshorelines (Ruiz, 2003; Ruiz 
et al., 2004). 

The paleoshoreline hypothesis is controversial, due to different 
interpretations proposed for the putative coastal features (see Clif
ford and Parker, 2001; Ghatan and Zimbelman, 2006), but there is a 
strong support for a distinctive geochemical signature, consistent 
with aqueous activity and the paleoshoreline demarcations, at 
the northem plains of Mars (Dohm et al., 2009b). Moreover, the 
present-day topography of the Deuteronilus shoreline is accept
ably close to an equipotential surface (Head et al., 1999; Carr and 
Head, 2003 ), and the influence of ocean desiccation on rotation axis 
and geoid shape could explain the large-scale trends of departure 
from equipotential surfaces of both Deuteronilus and Arabia shore
lines (Perron et al., 2007). However, the portions of both putative 
shorelines closer to the methane source region are hundreds of 
meters more elevated than predicted when the effects of ocean 
desiccation are taken into account (see Fig. lb of Perron et al. 
(2007) ). Thus, the concurrence at a same region of volcanic and 
tectonized terrains, methane plumes, and more elevated than aver
age possible paleoshorelines, strongly suggests a region of en
hanced heat flow. 
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Jable 2 
Geologic activity within the Tharsis/Elysium corridor regions during the Amazonian Periad (EA: Early Amazonian, MA: Middle Amazonian, lA: Late Amazonian) (see Dohm et al., 
2008 and references therein). Note that the commencement and/or end af activity of the Usted features are not exactly constrained by the commencement and/or end of the 
periods. 

Activity 

Late-stage development of Tharsis 
Development of Syria Planum, a corona-like feature 
Elysium rise development 
Late-stage Tharsis Montes and OIympus Mons development 
Emplacement of lavas centered at Tharsis Montes, Alba Patera, and Syria Planum 

EA MA lA 

Continued change from widespread Tharsis magmatic-tectonic activity initiated during the Late Hesperian to centralized volcanism to forge 
the giant shield volcanoes of Tharsis Montes, OIympus Mons , and Alba Patera 

Significant waning of tectonism in the western hemisphere except at Alba Patera 
Continued construction of OIympus Mons 
Late-stage volcanic activity at Elysium rise 
Late-stage volcanic activity at Tharsis Montes, which inc1udes emplacement of the aureole delxdts 
Emplacement of the Medusae Fossae materials; materials could be ash-flow tuffs, ancient polar deposits, or pyroclastic and eolian materials 
Magmatic-tectonic activity in a region south of Ascraeus 
Local tectonism associated with sorne of the large shield volcanoes including Tharsis Montes 
Emplacement of the aureole deposits, interpreted to be the result of late-stage glaciation and interaction between ice and lavas 

Fig.5. Spatial association of the source area of methane plumes (Mumma et al. , 2009) and high large-scale elevation of putative ocean paleoshorelines proposed for Mars 
(after Clifford and Parker, 2001 ). The highest elevabon of the Deuteronilus shoreline coincides with its maximum proximity to the methane source area. The Arabia shoreline 
is also less elevated to the west of the methane source area, although not to the eas t; however, this zone is close to the volcanic area of Elysium. 

The average heat flow of Mars might, therefore, be higher than 
the value obtained for the north polar region. 

7. Conclusions 

Our results show that the present-day surface heat flow at the 
north polar region is 19 mW m- 2 at mosto Similarly, the heat flow 
arising to the lithosphere fram the deep mantle cannot be higher 
than 12 mW m- 2

. Heat flows at the south polar region might be 
similar to those of the north polar region, but it is not sure due 
to the uncertainty in estimating lithospheric deflection. The global 
relevance of these values is not clear, but there are sorne evidences 
suggesting the existence of regions of comparatively elevated heat 
flow, such as the TharsisjElysium corridor and the methane source 
region. On the other hand, even if heat flows obtained for the north 
(and maybe south) polar region are representative of martian aver
ages, our results are not necessarily incompatible with chondritic 
HPE abundan ces. Indeed, the total radioactive heat power deduced 
fram chondritic models of bulk composition of Mars is equivalent 
to an average surface heat flow of 14-22 mW m- 2

, and sorne con
vective models obtain a present-day surface heat flow lower than 
20 mW m- 2

. Moreover, there are several previous estimates of sur
face heat flow of rv20 mW m- 2 or less for terrains loaded during 

the Hesperian or Amazonian Periods. Maybe, regions of low surface 
heat flow have been common during the last two or three billions 
of years. This possibility and its implication for the thermal history 
models of Mars require further careful investigation. 
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