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Abstract

Surface heat flows are calculated from elastic lithosphere thicknesses for the heavy cratered highlands of Mars, in terms of the

fraction of the surface heat flow derived from crustal heat sources. Previous heat flow estimations for Mars used linear thermal

gradients, which is equivalent to ignoring the existence of heat sources within the crust. We compute surface heat flows following a

methodology that relates effective thickness and curvature of an elastic plate with the strength envelope of the lithosphere, and

assuming crustal heat sources homogeneously distributed in a radioactive element-rich layer 20 or 60 km thick. The obtained

results show that the surface heat flow increases with the proportion of heat sources within the crust, and with the decrease of both

radioactive element-rich layer thickness and surface temperature. Also, the results permit us to calculate representative tempera-

tures for the crust base, rock strength for the upper mantle, and lower and upper limits to the crustal magnetization depth and

intensity, respectively. For Terra Cimmeria, an effective elastic thickness of 12 km implies between 30% and 80% of heat sources

located within the crust. In this case the uppermost mantle would be weak at the time of loading, and temperatures in the lower

crust cold enough to favor unrelaxed crustal thickness variations and to permit deep Curie depths in the highlands, as suggested by

the observational evidence.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The heavily cratered highlands of Mars, mainly

located in the southern hemisphere, contain the oldest

terrain on the planet (Fig. 1 shows a map with the

geographical features discussed in this paper). Martian

highlands basement dates from the Early Noachian
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period (e.g., 1), which ended between 3.8 and 4.1

Gyr ago [2]. The Noachian epoch is the earliest period

of the Martian chronology (established by crater

counts), ranging from the formation of the planet to

between 3.5 and 3.7 Gyr ago (the start of the Hesperian

epoch [2,3]). The existence of long-wavelength crustal

thickness variations in the highlands has been inferred

from inversions of topography and gravity data [4].

Such variations probably have survived throughout

Martian history and therefore require ancient lower

crust temperatures cold enough to prevent their relaxa-

tion until the present day [4–7]. Some regions of the
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Fig. 1. Map of Mars with the geographical features discussed in this paper and other representative features indicated on MOLA topography [42].

The label AmR indicates the Amenthes Rupes region. The cratered highlands are mainly located in the Southern Hemisphere.
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highlands (principally in Terra Cimmeria and Terra

Sirenum) display strong (likely remnant) magnetization

[8–10]. The thickness of the strongly magnetized ma-

terial is limited by the depth to the Curie temperature,

for the minerals that carry the magnetization, at the

time when the magnetization was established. So, the

thermal state of the highlands has important implica-

tions for the stability of crustal thickness variations

against relaxation, and for the thickness of the magne-

tized crust.

Previous works have estimated surface heat flow for

diverse regions of Mars, deduced from the effective

elastic thickness of the lithosphere at the time of load-

ing (e.g., [4,11–15]), or from faulting depth [16]. Such

heat flow estimates are relevant for the loading and the

faulting time, respectively. These studies used linear

thermal gradients (equivalent to ignoring the presence

of heat sources within the crust), so that the obtained

heat flow values are lower limits.

In this paper we take into account the existence of

crustal heat sources in the calculation of surface heat

flows for Mars. From arguments drawn from Martian

surface materials analyzed in Pathfinder soils and rocks,

or from orbital observations, it has been proposed that

over 50%, or even 75%, of radioactive heat sources in

Mars are located in the crust [17]. For comparison, in

the Earth, roughly half of the heat flow lost in conti-

nental areas originates from crustal heat sources. We

used our results to calculate representative temperatures

for the base of the crust (of critical importance to
considerations of stability against relaxation of the

highlands crust thickness variations), to calculate rock

strength in the uppermost mantle (in order to analyze

the possible bounds on heat sources located in the

crust), and to obtain lower and upper limits to the

crustal magnetization depth and intensity, respectively.

2. Crustal temperature profiles and estimation of

surface heat flows

The temperature-depth profile in a planetary crust is

a function of the amount and distribution of crustal heat

sources. Apart from general considerations (e.g., [17]),

the distribution (and intensity) of heat sources in the

Mars’ crust is poorly constrained. For this reason, here

we assume crustal heat sources homogeneously distrib-

uted in a radioactive element-rich layer (not necessarily

equivalent to the whole crust) 20 or 60 km thick. The

higher value corresponds to a typical value for mean

thickness of the highland crust deduced from topogra-

phy and gravity [18,19]. The lower value is taken to

make the lower limit agree with the estimations of

20–30 km for the thickness of an enriched crust de-

duced from the geochemistry of Martian meteorites

[20]. A nearly homogeneous distribution of radioactive

heat sources is in accordance with the suggestion that

vertical differentiation in the Martian crust is less im-

portant than in the terrestrial continental crust [17].

If f is the fraction of the surface heat flow

derived from crustal heat sources, the temperature at
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depth z (Tz) within the radioactive element-rich layer is

given by

Tz ¼ Ts þ
Fz

k
1� f z

2b

�
;

�
ð1Þ

where Ts is the surface temperature, F is the surface

heat flow, k is the thermal conductivity of the crust,

and b is the thickness of the radioactive element-rich

layer; the factor f can be formally defined as Ab/F,

where in turn A is the volumetric heat production

rate. On Earth, radiogenic sources are sparse beneath

the upper radioactive element-rich layer (e.g., 21),

and so, for the b =20 km case we use a linear

thermal profile between 20 and 60 km depth, calcu-

lated according to

Tz ¼ Tb þ
F 1� fð Þ z� bð Þ

k
; ð2Þ

where Tb is the temperature at the base of the

radioactive element-rich layer, given by Eq. (2).

The thermal conductivity is taken as 2.5 W m�1

K�1, a value frequently taken as representative of

the terrestrial crust and it is also the mean value for

diabase [22], a rock type commonly taken to repre-

sent the mechanical behavior of the Martian crust. In

this work temperature profiles will be calculated for

two different values of the surface temperature: 220 K

(the present-day mean surface temperature [23]) and

273 K (perhaps appropriate for a warm and wet early

Mars; e.g., [24]).

We compute surface heat flows following the meth-

odology described in McNutt [25], which relates effec-

tive thickness of an elastic plate (Te) to the mechanical

thickness Tm of an elastic-plastic plate via a lithospheric

strength envelope. The bending moment of the two

types of plate must match. The bending moment of

the elastic plate is

M ¼ EKT 3
e

12 1� m2ð Þ ; ð3Þ

where E is the Young’s modulus, K is the topography

curvature, and m is the Poisson’s coefficient. The bend-

ing moment of the lithosphere is given by

M ¼
Z Tm

0

r zð Þ z� znð Þdz; ð4Þ
where Tm is the mechanical thickness of the litho-

sphere, r(z) is the least, at depth z, of the brittle

strength, the ductile strength, or the fiber stress, and

zn is the depth to the neutral stress plane. Additionally,

the condition of zero net axial force is imposed,

Z Tm

0

r zð Þdz ¼ 0: ð5Þ

We calculated the brittle strength by the low-pressure

Byerlee’s rule (as in Brace and Kohlstedt [26]) for zero

pore pressure and a crustal density of 2900 kg m�3. (If

substantial pore pressure was present in the Martian

lithosphere in the early Noachian the brittle strengths

would have been lower, which in turn implies lower

heat flows to obtain strength envelopes with the re-

quired bending moment.) The temperature-dependent

ductile strength is calculated for the flow law of diabase

[27] in terms of temperatures given by Eq. (1) or Eq.

(2), and is then linearized following the method in

McAdoo [28]. The fiber stress is calculated from cur-

vature according to, for example, Turcotte and Schubert

[21], using lithospheric constants as in McGovern et al.

[13]. The surface heat flow is calculated for each set of

values of elastic thickness, plate curvature, Ts, f, and b,

by simultaneously solving Eqs. (1) and (2), and in the

b =20 km case, Eqs. (4) and (5).

Estimates of elastic thickness from gravity/topogra-

phy admittance and correlation spectra for several

regions on the southern highlands give values lower

than 12–16 km [13,14], although in general the best-fit

values were for Te=0 (Airy compensation). These

results are similar to the 12–15 km obtained for the

elastic thickness in the regions located southward the

�208 latitude considered as a whole [29], and to the 10–
15 km obtained for Syrtis Major [15]. Here we use

elastic thicknesses for Cimmeria, Noachis and Arabia

Terrae from McGovern et al. [14] in order to calculate

lower limits to the surface heat flow, for the loading

time, at these locations. We calculate ductile strength

using a slow strain rate of 10�19 s�1. This strain rate is

consistent with estimates of ~10�19 s�1 for the Tempe

Terra extensional province [30], and 10�17–10�19 s�1

for the Amenthes Rupes thrust fault population [31],

both geological setting being more tectonized than

Terra Cimmeria (the main focus in this work) and

Noachis terra. Because the elastic thickness estimates

used here are upper limits, the calculated surface heat

flows are lower limits.



Fig. 2. Lower limits to the (a) surface and (b) mantle heat flow

estimated for Terra Cimmeria as functions of the fraction of surface

heat flow originated from crustal heat sources, f. Solid and gray curves

indicate surface temperatures of 220 K and 273 K, respectively.

J. Ruiz et al. / Earth and Planetary Science Letters 241 (2006) 2–10 5
3. Results

3.1. Surface and mantle heat flow, and crustal heating

rate

Surface heat flows calculated for Terra Cimmeria are

shown in Fig. 2a. Surface heat flow increases with the

proportion of heat sources ( f) within the crust. Also,

heat flows are higher for the case with 20-km-thick

radioactive element-rich layer, and for the case with

lower surface temperature. Results for Noachis Terra

and Northeastern Arabia Terra are similar (for North-

eastern Arabia Terra the upper limit for the thickness of

the radioactive element-rich layer was taken as 50 km,

in accordance with crustal thicknesses obtained for this

region by Neumann et al. [19]). Table 1 shows results

for the three regions in the Ts=220 K nominal case and

f =0 (no crustal heat sources), f=0.5 (half of heat

sources located in the radioactive element-rich layer),

and f =1 (all heat sources located in the radioactive

element-rich layer).

Figs. 2b and 3 show, respectively, the mantle heat

flow and the crustal radioactive heat production rate at

Terra Cimmeria. Mantle heat flow decreases with in-

creasing f (obviously it is zero for f =1), whereas the

opposite is true for the crustal heat production. Both

mantle heat flow and crustal heat production are higher

for low values of b and/or Ts.

3.2. Crustal geotherms and temperature at the base of

the crust

Our heat flow results can be used to calculate tem-

peratures within the highlands crust. Fig. 4 shows

crustal geotherms for Ts=273 K and f=0 (linear ther-

mal gradient), 0.5 and 1; results for Ts=220 K are

similar. It can be seen that geotherms are relatively

similar (except in the case with b =20 km and f=1)

in the upper part of the crust, but they are clearly

divergent, due to the specific values for b and f, in

the lower part of the crust. For the case with b =20 km

and f =1 the temperature is constant below the radioac-

tive element-rich layer (which is as unrealistic as a

strictly linear thermal gradient). The zero strength

level for the linearized ductile portion of the strength

envelope is reached at a depth of ~20–21 km in all the

cases. Therefore, the divergence of geotherms in the

lower crust is not relevant for surface heat flow calcula-

tions, but it is very important for considerations of the

thermal state of the lower crust and mantle.

In order to obtain temperatures representatives of the

crust base, we estimate, from heat flow values in Fig. 2,
the temperature at 60 km depth in terms of f, for both

b =20 and 60 km, and the results are shown in Fig. 5

(see also Fig. 4). It is clear that an increase in f causes a

drastic decrease in lowermost crust temperatures, which

is more evident for the b =20 case. These low tempera-

tures appear to be cold enough (when compared with

theoretical models [5–7]) to permit long-wavelength

highlands crustal thickness variations to be stable

against relaxation during the Noachian. Subsequent

post-Noachian cooling (e.g., [13,14]) will further stabi-

lize the highlands crust.

3.3. Rock strength of the uppermost mantle

A cooler lower crust also implies a cooler (and

stronger) upper mantle. A strong upper mantle is in-

consistent with a thin effective elastic thickness for the

lithosphere of the highlands. Thus, rock strength at the

top of the mantle can be used to analyze the range of

possible f (and surface heat flow) values. Indeed, the



Table 1

Summary of surface heat flows ( F) estimated from elastic thicknesses (Te) and maximum curvature of the elastic plate (K), for Ts=220 K

Region Te
(km)a

K

(10�8 m�1) b

F

(mW m2)

f =0 f =0.5 f =1

Northeastern Terra Cimmeria b12 N42 N49 N53–65 N58–96

Noachis Terra b12 N31 N53 N57–68 N62–97

Northeastern Arabia Terra b16 N24 N42 N47–58 N54–91

The thickness of the radioactive element-rich layer (b) is 20–60 km for northeastern Terra Cimmeria and Noachis Terra, and 20–50 km for

northeastern Arabia Terra.
a McGovern et al. [14].
b Concave downward in every case.
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base of the Earth’s mechanical lithosphere can be de-

fined as the depth for which the strength reaches some

low value, usually taken as 50 MPa [25] or 10 MPa

[32]. Since brittle strengths are lower for Mars than for

Earth, a lower strength value should be more appropri-

ate for Mars. So, we chose 10 MPa as the strength

level defining the base of the Martian mechanical

lithosphere, and we consider 50 MPa as more applica-

ble to a higher-gravity planet like Earth. In this case,

the threshold strengths for the two planets have

similar proportions to the maximum stresses found in

the lithosphere.

Accordingly, strength values in the uppermost mantle

higher than 10MPa are taken as inconsistent with a weak

mantle and a thin effective elastic thickness. Fig. 6 shows

the strength for the top of the mantle, calculated for

temperatures at crust–mantle boundary in Fig. 5 using

the flow laws of dunite [33]: f values up to 0.53–0.79

(0.53–0.62 and 0.66–0.79 for b =20 and 60 km, respec-

tively) are consistent with a weak upper mantle, and so

with a thin effective elastic thickness. As the depth to the

base of the radiogenic layer b decreases, the allowable

range of f values also decreases.
Fig. 3. Crustal radioactive heating rates as functions of f, calculated

for results in Fig. 2a. Solid and gray curves indicate surface tempera-

tures of 220 K and 273 K, respectively.
Although we prefer the value of 10 MPa to define

the base of the Martian mechanical lithosphere, it is

worth to mention that a higher strength level would

imply a wider f range: up to 0.66–0.95 for 50 MPa, or

up to 0.63–0.91 for the intermediate value of 30 MPa.

3.4. Depth of magnetization in the southern highlands

The strong magnetic anomalies observed by the

Mars Global Surveyor magnetometer on the southern

highlands, and especially on Terra Cimmeria and Terra

Sirenum [8–10], have been attributed to crustal remnant

magnetization, which was acquired previous to the

impact events creating the essentially non-magnetized

Hellas, Argyre and Isidis basins [8,34], which are

superimposed on the highlands. The base of the strong-

ly magnetized layer may correspond to the depth to the

Curie temperature for the main mineral carrying mag-

netization, when the magnetization was acquired, but it

is also possible that it reflects chemical composition or

state changes [10]. Subsequent lithosphere cooling

can produce weak magnetization under the primarily
ig. 4. Crustal geotherms calculated for Ts=273 K using heat flow

sults in Fig. 2. Labels indicate f values and radioactive element-rich

yer thicknesses (the f =0 case corresponds to a linear thermal
F

re

la
gradient for both cases of crustal thickness).



Fig. 5. Temperatures at the base of the crust as functions of f,

calculated for heat flows in Fig. 2. Black and gray curves indicate

surface temperatures of 220 K and 273 K, respectively.
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magnetized crust in absence of core magnetic field,

although it is unlikely that secondary magnetization

contributes significantly to the observed magnetic

anomalies [35]. In any case, when the crust was first

magnetized the temperature at the base of the strongly

magnetized layer should be equal to or less than the

appropriate Curie temperature, otherwise the crustal

rocks could not retain magnetization.

Given similarly ancient inferred ages of and topog-

raphy formation and strong crustal magnetization for

the cratered highlands, both the results obtained in

Section 3.1 and Eqs. (1) and (2) can be used to calculate

the depth to the Curie temperature at the time when

magnetization was acquired. Depths obtained in this

way represent the maximum thickness of magnetized

crust, because crust shallower than Curie depth might

not be totally magnetized. The main magnetization
Fig. 6. Strength at the top of the mantle, calculated for crustal base

temperatures shown in Fig. 5 as a function of f. Black and gray curves

indicate surface temperatures of 220 K and 273 K, respectively.
carrier could be pyrrhotite, magnetite, or hematite

[9,10,36–38]. Here we performed the calculations for

these three minerals, using Curie temperatures of

325 8C, 580 8C and 670 8C respectively, and we use

the heat flows shown in Fig. 2a.

Results are shown in Fig. 7a (for b =60 km) and

7b (for b =20 km). The Curie depth for pyrrhotite is

nearly constant, and it is lower than 20 km in all the

cases. Otherwise, Curie depth for both magnetite and

hematite increases with the proportion of crustal heat

sources (related with lower crustal temperatures) and

with surface temperatures (since increasing surface

temperature decreases heat flow values). The minimum

Curie depths for magnetite and hematite correspond to

the f=0 case, and they are 32–35 and 37–40 km

respectively. Increasing f increases Curie depths. For

magnetite and b =60 km, the maximum Curie depth is
Fig. 7. Curie depths for pyrrhotite, magnetite and hematite as func

tions of f, calculated for heat flows in Fig. 2. Black and gray curves

indicate surface temperatures of 220 K and 273 K, respectively (fo

the pyrrhotite case the both curves are superimposed). (a) b =60 km

(b) b =20 km.
-

r

,
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41–48 km for f=1. For magnetite and b =20 km, and

for hematite, Curie depths can be deeper than crust base

provided an f value sufficiently higher.

3.5. Intensity of magnetization in the southern

highlands crust

The intensity of magnetization in Terra Cimmeria

and Terra Sirenum is an order of magnitude higher than

those typical on the Earth [9]. Connerney et al. [9] have

modeled the magnetization for a 30-km-thick magne-

tized layer, and they have obtained an intensity of 20 A

m�1, which is comparable to that in fresh ocean-floor

basalts. The intensity of magnetization is inversely

proportional to the magnetized thickness. So, Curie

depths in Fig. 7a and b can be used to recalculate the

minimum rock magnetization intensity in terms of

the maximum thickness of the magnetized layer. The

intensity in the magnetized rocks can be higher than the

calculated values, since the crust above Curie depth is

not necessarily magnetized through its entire thickness.

For pyrrothite, magnetization is higher than 30 A

m�1 in all the cases. The results for magnetite and

hematite are summarized in Fig. 8. In this figure only

end-member scenarios (b =60 km, Ts=220 K, and

b =20 km, Ts=273 K) are shown. Hematite exhibits

the lowest minimum magnetization, due to its higher

Curie temperature (and hence Curie depth). Increasing

the fraction of crustal heat sources f decreases the

required magnetization, due to cooler temperatures

(and hence deeper Curie depths) in the lower crust

(Figs. 5 and 7). In any case, crustal magnetization is

clearly stronger in the highlands crust than that in the

majority of terrestrial rocks [38].
Fig. 8. Minimum magnetization intensity for magnetite and hematite

as functions of f. Black curves are for b =60 km and Ts=220 K; gray

curves are for b =20 km and Ts=273 K.
4. Discussion

The heat flow calculations for the f =0 case are

widely consistent with those in previous work. Our

results are very similar to those in McGovern et al.

[14], and small differences are due to the slightly

different procedure in this work. From faulting depth

of Amenthes Rupes thrust fault Schultz and Watters

[16] proposed a heat flow of ~54–70 mW m�2 for the

time when this feature was formed (Late Noachian

to Early Hesperian periods, which is equivalent to a

maximum possible age range between 3.2 and 3.9 Gyr

[2]). These authors used a thermal conductivity of

3.2 W m�1 K�1; re-escaling their results for the

k value used in this work (more appropriate for basaltic

rocks) the heat flow would be ~42–55 mW m�2,

similar to the values for f=0 obtained here for the

highland at the Noachian. From an elastic thickness

of 10–15 km for Syrtis Major, it has been proposed

[15] a heat flow of 70–170 mW m�2 (for a strain rate

range of 10�16–10�19 s�1; for 10�19 s�1 the heat flow

range would be 70–105 mW m�2) at the Noachian

time, by assuming that due to low curvatures in this

region elastic and mechanical thicknesses are roughly

equivalent. However, because of low Martian gravity,

curvatures for which the elastic thickness approach the

mechanical thickness are much lesser than for Earth,

and for that reason the heat flow proposed for Syrtis

Major should be considered as an upper limit.

The inclusion of crustal heat sources in the

calculations expands the range of possible heat flow,

but it also permits a wider vision of the heat flow

problem and related questions. The effect of surface

temperature is minor compared to the effects of the

presence and distribution of crustal heat sources. As

mentioned in Section 3.3, f can be constrained by the

condition of a weak uppermost mantle implied by thin

effective elastic thickness for the highlands in the No-

achian. A further constraint can be imposed from geo-

chemical arguments. Taking crustal abundances of heat

producing isotopes as in McLennan [17], a radiogenic

heat production rate of 0.8 AW m�3 at 4 Gyr, the

nominal age of the cratered highlands, is obtained. By

comparing this value with those shown in Fig. 3, values

of f60.3 for b =20 km, and f60.85–1 for b =60 km

are obtained.

So, taking both constraints into account simulta-

neously and assuming an effective elastic thickness

(at the Noachian time) of 12 km for Terra Cimmeria,

the f value should be between 0.3 and 0.8. From these

values and the results shown in Figs. 2a,b and 7a,b,

surface and mantle heat flows of 48–57 and 10–40 mW
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m�2, respectively, and Curie depths for magnetite and

hematite of 35–41 and 41–54 km, respectively, are

obtained. Analysis of highlands demagnetization by

impact cratering suggests that magnetization extends

to greater than ~30–40 km depth [39]. Also, the

study of the Mars’ magnetic spectrum [40] suggests

magnetic sources up to ~50 km deep. Moreover, it has

been suggested [41] that the absence of a magnetic

signature associated with the Martian topographic di-

chotomy boundary indicates that the magnetic sources

are mostly placed in the lower part of the crust. These

results are inconsistent with Curie depth obtained here

for pyrrhotite (if this mineral is taken as the main

magnetization carrier), but they widely consistent with

our results for magnetite and (especially) hematite.

5. Conclusion

Our results show the importance of taking into ac-

count the presence of crustal heat sources in calcula-

tions of surface heat flows and crustal temperature

profiles. Increasing the fraction f of crustal heat sources

increases surface heat flow while decreasing lower

crustal temperatures. As a consequence, lower crustal

isotherms are deeper, and the crust as a whole is colder.

Thus, the presence of between 30% and 80% of heat

sources located within the crust of Mars is consistent

with geochemical analysis and allow thin elastic thick-

nesses deduced for the heavily cratered highland and a

weak mantle to be reconciled with both unrelaxed

crustal thickness variations and magnetic sources prob-

ably placed deep in the lower crust, two lines of evi-

dence suggesting relatively cold temperatures in the

early lower crust.
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