Evidence for a differentiated crust in Solis Planum, Mars, from lithospheric
strength and heat flow
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Abstract

Two independent sets of heat flow estimates provide constraints on the Hesperian-era surface and mantle heat flows, and the thickness
the heat-producing elements (HPE)-enriched upper crust, in the Solis Planum region of Mars. The calculations, which use the concentration
uppermost crust heat sources deduced from orbital gamma ray spectroscopy and soils geochemistry, are based on the effective elastic thicknes
the lithosphere and the minimum depth of faults underlying winkle ridges. We find that, for the majority of analyzed settings, the HPE-enriched
crust is thinner than the whole crust thickness in this regie®5(km). Thus, our results strongly support a differentiated martian crust.
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1. Introduction The analysis of martian soils and orbital gamma ray spec-
troscopy shows significant amounts of heat-producing elements
The thermal structures of planetary lithospheres have beeftHPE) on the martian surface; such measurements are con-
constrained by their mechanical responses to loading or faulsidered as representative of, at least, the upper (Mrsten-
ing, as inferred from remotely sensed data. Surface heat flowsan, 2001, 2003; Taylor et al., 20033here is no reason for
estimates for diverse places on Mars have been derived frofjhich the HPE-enriched crust should coincide with the whole
the effective elastic thickness of the lithosphere (&glpmon  ¢;st. Indeed, the martian crust could be stratified. Moreover,
and Head, 1990; Anderson and Gr|mm., 1998; Zuber et alWhereas a combination of several geophysical arguments con-
g??r(c))}nl\?‘gﬁtci)xgrge?)tthaé'(,:hzl?lgzzér?c??/\dlrétzlrgz ;(;mallé’imzicl)gﬁg/ aaOOSstrains the average crustal thickness to between 38 and 62
' ' km (Wieczorek and Zuber, 2004a light rare Earth elements

model of winkle ridge origin by localization instability has been REE iched . i ival h
used to constrain thermal gradients on martian ridged pIainQ‘ )-enriched crust (again not necessarily equivalent to the

(Montesi and Zuber, 2003These calculations are valid for the Whole crustj<45 km thick, and most probably 20-30 km thick,
time when the structures used as indicators were formed. How1@s been proposed on the basis of the geochemistry of martian
ever, the need to consider the (previously ignored) presence #ieteoriteslorman, 1999

heat sources within the martian crust to calculate surface heat For the case of Solis Planum region, two different set of ob-
flow and temperature-depth profiles from elastic thicknesseservations can be used as heat flow indicators for the Hesperian
has been recently pointed oi\iz et al., 200% indeed, greater epoch: the effective elastic thickness and the depth of faults un-
crustal heat production implies higher surface heat flow andlerlying winkle ridges. Results obtained from both these heat

lower temperatures at the base of the crust. flow indicators should be roughly consistent. For that reason,
these results are used in this work in order to establish con-
" Corresponding author. straints to the thermal properties of the lithosphere in Solis
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mantle contribution to the total heat flow, and the thickness ofgo, andA ~ 0.7 pW 12 for 3.7 Gyr ago. These values are

the HPE-enriched crust. similar to those obtained from K, Th and U abundances in
McLennan (2001)and lower than the deduced fravtcLennan
2. Temperature profiles (2003) works which were based on Viking and Pathfinder soils

and Phobos 2 GRS. We also consider the effect of varing
The whole crust thickness in Solis Planum is approximatelythe calculations.
65 km according tdNeumann et al. (2004(see their Fig. 7);
we adopt this value here. Temperature profiles are calculategl Heat flows from effective elastic thickness
by assuming heat sources homogeneously distributed in a HPE-
enriched upper crust of thicknesgbetween 0 and 65 km), and Estimates of effective elastic thickness from gravity/topog-
linear thermal gradients for the lower part of the crust (withraphy admittance and correlation spectra fall in the range 24-37
thickness equal to 65 km b) and the upper mantle. Hence, in km for Solis Planum(McGovern et al., 2002, 2004)These

the HPE-enriched crust, temperature at a depsh values correspond taVcGovern et al., 2004linear thermal
5 gradients of 8-14 Kkm! and heat flows (for a crust thermal
T,=T, + Fz _ A_Z (1)  conductivity of 2.5 Wt K~1) of 20-35 mWm2, in the ab-
' k 2k sence of heat sources within the crust. Here we use these elastic

whereTy is the surface temperaturg,is the surface heat flow, thickness values in order to perform a finer calculation of heat
k is the thermal conductivity of the crust, adds the volumet-  flows and lithospheric temperatures by including crustal heat
ric heat production rate. Linear temperature gradients in lowesources.

crust and upper mantle are calculated for a constant mantle The effective elastic thickness is a measure of the total
heat flow (in essence the heat flow from the convective intestrength of the lithosphere, which integrate contributions from
rior) given by F — Ab. Whereas a linear gradient would be a brittle and ductile layers and the elastic core of the lithosphere
useful approximation for the upper mantle, the distribution of(for reviews se#Vatts, 2001; Watts and Burov, 200&ffective
HPE in a putative martian lower crust is unknown. On Earthelastic thicknesses are converted to heat flows and tempera-
radiogenic sources are sparse beneath the upper crust, but itise profiles following the equivalent strength envelope proce-
not necessarily true for Mars. In any case, a thermal gradierdure described bycNutt (1984) as adapted byruiz et al.
should be roughly adequate for a HPE-poor crust. (2004, 2005)to take into account heat sources in an upper

Surface temperature is taken as 220 K, the present-day mearust equal to or thinner than the whole crust. This method-
surface temperatur&ieffer et al., 1977. Thermal conductivity  ology is based in that the bending moment of the mechanical
is assumed as 2.5 WmK~! for both upper and lower crust, lithosphere is equal to the bending moment of the equivalent
which is the mean value for diabadéopranova, 198p arock elastic layer of thicknes%,. The bending moment of the me-
type commonly taken to represent the mechanical behavior afhanical lithosphere is estimated from its strength envelope and
the martian crust, and it has been frequently used for the martignom the curvature of the elastic layer: the link to heat flow
crust(Solomon and Head, 1990; McGovern et al., 2002, 2004)comes from the dependence of the ductile strengths on the tem-
For the lithospheric mantle thermal conductivity is assumed aperature profile.
3.5Wnr 1K1 (e.g.,Burov and Diament, 1995 Heat flow calculations for Solis Planum cGovern et al.

The volumetric heating rate in the upper crust depends 02002, 2004)only consider crustal strength. The base of the
time before present and the amount of HPE, essentially potasaechanical lithosphere can be defined as the depth at which
sium, thorium and uranium. In the calculations we use a locathe strength reaches a low value, usually taken to be in the
crust density of 2900 kgm? (McGovern et al., 2002, 2004) range 10-50 MPa\(cNutt, 1984; Ranalli, 1994; Anderson and
decay constants froriurcotte and Schubert (2002and the  Grimm, 1998, with the lower value being more appropriate
maximum possible age range for the Hesperian period, 2.9fer the low gravity of Mars Ruiz et al., 200k Geotherms and
3.7 Gyr Hartmann and Neukum, 20R1Potassium and tho- strain rates fronMcGovern et al. (2004gyive significant duc-
rium abundances, as well as K/Th ratios show a wide variatiotile strength at the top of the mantle for Solis Planum at the
on the surfaceTaylor et al., 2003p K and Th abundances Hesperian, 15-9400 MPa for a dry olivine rheolo@hopra
at Solis Planum are relatively low, but we use average valand Paterson, 1984Whereas wet olivine might be appropri-
ues for the HPE-enriched crust: although Solis Planum regioate for the deep and convective mantle of Matsufck and
is covered with Hesperian volcanic materials (elgnaka et  Phillips, 2002; Solomon et al., 200gkiry olivine is more prob-
al., 1993, the bulk of the martian crust was in place by the able for the uppermost mantle on the basis that melting, related
Early Noachian (e.gSolomon et al., 2005aThe average con- to crust extraction from upper mantle, is very effective in water
centration of thorium observed by the Mars Odyssey GRS igxtraction Montesi and Zuber, 2003In a similar way, a dry
1.1 ppm {Taylor et al., 2003p Assuming this value as repre- rheology has been usually considered for the oceanic mantle
sentative for the (at least) upper crust, and the Th/U ratio abthosphere on the Earth (e.d¢kphistedt et al., 1995 precisely
in McLennan (2001, 2003pives an uranium concentration of due to the extraction of the basaltic crust in these regions. Thus,
0.3 ppm. If potassium concentration is taken as 0.35&l6r  this implies that the strength of the martian mantle should be
et al., 2003a, 2003lsee also the Mars Odyssey GRS web sitenot neglected in the calculations here presented. Taking into ac-
athttp:/grs.Ipl.arizona.eguthenA ~ 0.5 uW 13 for 2.9 Gyr  count lithospheric mantle strength increases total strength of the
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lithosphere, which must be compensated with higher heat flokaults should be at least 25 km deep beneath the surface at the
than in calculations that consider only crustal strength. next ridge Golombek et al., 2001 which represents the min-
Again for geotherms and strain rates McGovern et al. imum depth of faulting. This is consistent with winkle ridge
(2004) ductile strength at the base of the crust for Solis Planunorigin by localization instability, because this mechanism pre-
at the Hesperian is 0.1-4 MPa, assuming a diabase rheologljct, for the formation time, a brittle—ductile transition (BDT)
(Caristan, 198pPwhich should be adequate for a basaltic crust.30-50 km deep beneath the ridged highland pldfanfesi and
These values are lower than those used to define the base Ziiber, 2003,
the mechanical lithosphere, which implies mechanically decou- The BDT indicates the depth at which brittle and ductile
pled crust and mantle. We therefore modified the equivalenstrength are equal. Due to the temperature dependence of duc-
strength envelope procedure so that it is applicable to a rheile strength, the temperature at the BDT depth can be obtained,
ologically stratified lithosphere, estimating the total bendingwhich can in turn be converted, for a given strain rate, to heat
moment of the lithosphere from the respective contributions oflows by matching to a temperature profilRuiz and Tejero,
crust and mantle. Taking equal elastic constants and curvatug900; Nimmo and Watters, 2004; Ruiz, 2Q00@hich is here
values for the crust and upper mantle, the total bending momemwbnstructed as indicated in SectidriWe use a minimum BDT
of a lithosphere with mechanically decoupled crust and mantlelepth of 25 km to establish upper limits for heat flow in the
is (McNutt et al., 1988; Burov and Diament, 1992 time of faulting, by calculating brittle (compressive) and duc-
EK tile strengths in the crust as described in Secfion

3 3
M = M(Te(cruso + Te(mantle)) = Mcrust+ Mmantie (2)

where E is the Young’s modulusk is the topography curva-

ture, v is the Poisson’s coefficientcrusy and Te(mantle are Surface heat flows in terms df, calculated for7, =

the effective elastic thicknesses of the crust and mantle, respee4-37 km andA = 0.5-07 pWn 3, are shown as black

tively, andMcrustand Mmanteare the crust and mantle contribu- curves inFig. 1 For a given value of surface heat flow,if

tions to the total bending moment; the effective elastic thicknesg thicker the heat flow contribution from the HPE-enriched

of the lithosphere i, = (T.3.,.) + Toimantie) > crust is higher, and the mantle heat flow lower, which in turn
We use diabase&aristan, 198pand dry olivine Chopraand  implies colder temperatures at the lower lithosphere, increasing

Paterson, 1984rheologies for the crust and mantle, respec-total lithospheric strength. For this reason, surface heat flow in-

tively. The elastic parameters are takenfas= 100 GPa and creases and mantle heat flow decreases with increasing.,

v = 0.25, for consistency wittMcGovern et al. (2002, 2004)  with thickening HPE-enriched crust).

(The calculations of effective elastic thicknesses are dependent Surface heat flows in terms éf calculated for BDT depth

on the used elastic parameters; the use of different values may 25 km andA = 0.5-07 pWni 3, are shown as gray curves

change the obtained elastic thickness, but it does not neceigr Fig. 1. Surface heat flow increases withup to b = BDT

sarily changes the obtained heat flows in a substantial mamtepth, but it is constant fas > BDT depth. This occurs be-

ner Ruiz, 2009.) Topography curvature is taken as the max-cause the calculations exclusively depend on the temperature

imum curvature of the elastic layer McGovern et al. (2004)  at, and distribution of heat sources above, the BDT depth. So,

6.4 x 10" m~t for T, = 24 km and 0 x 10’ m~* for  for b > BDT depth, increasing the produgb implies low-

T, = 37 km. Curvatures are concave upward, and for that reasogring the lower crust and lithospheric mantle heat flow. For

the brittle strength is calculated for compression according tot = 0.7 pWn13, the case$ > 57 km for 101° s 1 are un-

the low-pressure Byerlee’s rule for zero pore pressure and crustalistic because they would imply negative mantle heat flow.

density of 2900 kg m3. Calculations are performed for strain  The two sets of independent heat flow calculations presented

rates of 101% and 1016 s71, values bounding a range usually here are based on geological structures of roughly similar age,

utilized in planetary research (e.&olomon and Head, 1990; and should therefore be roughly consistent. As indicated above,

5. Results

McGovern et al., 2002 heat flows obtained from a lower limit for the BDT depth are,
by definition, upper limits. For this reason, for equal strain rate,
4, Heat flowsfrom depth of faults HPE-enriched crust thickneds and heat production rate,

elastic thickness-based values that are higher than BDT-based

There is strong evidence of deep blind thrust faults bewvalues should be rejected. This provides constraints on sur-
neath winkle ridges on several locations on Mars (&ghultz, face and mantle heat flows, along with upper (HPE-enriched)
2000. At Solis Planum, offsets between either sides of eactand lower (“HPE-poor”) crust thicknesses for Solis Planum in
winkle ridge are observed even after removing regional slopéhe Hesperian. It can be seen that for the majority of possible
(Golombek et al., 2001 These offsets are maintained to the settings the permitted HPE-enriched crust is thinner than the
next ridge and are consistent with winkle ridge formationwhole crust. Indeed, a HPE-enriched crust as thick as the whole
as shallow (likely backthrust) deformation above blind thrustcrust is only permitted for high effective elastic thickness and
faults, but are not consistent with exclusively thin skin modelshigh strain rate, and lowA. The results obtained are summa-
of winkle ridges formation. Since winkle ridge spacing at Solisrized inTable 1(left column).
Planum of~50 km, and thrust faults having typically dip an-  Fig. 2 shows the effect of varyingd between 0.4 and
gles of 23 or higher (e.g.Turcotte and Schubert, 2002he 0.9 uWn1?3 in the calculations. This range is equivalent to
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8 30 that for most parameter combinations the HPE-enriched crust
E is thinner than the whole crust.
The arguments here presented are more pressing when it
20 is recalled that 25 km is an upper limits for the BDT depth.
0 ' 1'0 ' 2'0 ' 3'0 ' 4'0 ' 5'0 ' elo A deeper BDT gives lower surface heat flows, and hence a thin-
) ner HPE-enriched crust. So, for BDT depth26.1 km, it is
b (km

obtainedb < 65 km for any setting.

Fig. 1. Surface heat flow in terms &f the thickness of the heat-producing TWO other effects may affect the results. The thermal con-
elements (HPE)-enriched crust, calculated for strain rates of (a}%161 ductivity of the crust could be somewhat lower than that used
and (b) 1016 s71. The black curves are obtained from the effective elasticin this work, since basalts frequently have thermal conductiv-
thickness for the extreme cases Bf = 24 km with A = 0.7 pwW n3, and ities close to 2 W ml Kfl (Beardsmore and Cull 20§llln

T, = 37 km with A = 0.5 pWn1 3. Gray curves are upper limits calculated .
from a lower limit to the brittle-ductile transition (BDT) depth of 25 km. La- this case, both BDT- and,-based heat flows are decreased,

bels for A are valid for both7, - and BDT-based values. but for the latest this reduction is minor in order to compensate
the strength increasing due to a colder geotherm. The conse-

Table 1 guence would a thinner HPE-enriched crust. We have used for
Summary of results for the nominal model Solis Planum a crust thickness based in the crustal model in

Whole range of Results for Neumann et al. (20044 thicker (thinner) crust would reduces

results 20< b < 30 km (increases) the strength at the mantle top, and consequently the
Surface heat flow (MW m?) 2247 30-47 _required hf—:-at flow tq jugtify a given effective_ elastic thickness
Mantle heat flow (mW rmi2) 12-38 18-31 is lower (higher), which in turn results in a higher (lower) per-
Fraction of the surface heat flow due <0.49-0.73 0.29-0.52 mitted thickness for the HPE-enriched crust. Future modeling
to crustal heat sources following this line of research should take into account these
b (km) <2865 20-30 effects in more detail.

(Total crust thickness- b) (km) >0-37 35-45

6. Implications

yarymg the K abundance between 0.2 and 0.7% (the approx- Our results strongly support a differentiated martian crust,
imate range deduced from Mars Odyssey GRS observationgjnce permitted HPE-enriched crustal thickness values are gen-
Boynton et al., 2003; Taylor et al., 2003a, 20D8thile main-  grg)ly thinner than the whole crust at Solis Planum. This is
taining Th and U abundances as above, although it also servesgdgnsistent with the proposal dforman (2002) based on the
explore the effects of reasonable variationsiahdependently  geochemistry of martian meteorites, that the LREE-enriched
of the exact abundances of each element. This figure presenifust originated early in the history of Mars from an undepleted
the b values for which thef,-based heat flow is equal to the mantle, and that subsequent additions to the crust were de-



rived from depleted mantle sources. The LREE-enriched crustohistedt, D.L., Evans, B., Mackwell, S.J., 1995. Strength of the lithosphere:
thickness (globally averaged) af45 km is consistent with Constraints imposed by laboratory experiments. J. Geophys. Res. 100,
the HPE-enriched crust thickness obtained here, although it is 17587-17602.

worth emphasizing that this is a local value for Solis Planum McGovern, P.J., Solomon, S.C., Smith, D.E., Zuber, M.T,, Simons, M., Wiec-
p g ) zorek, M.A., Phillips, R.J., Neumann, G.A., Aharonson, O., Head, J.W.,,

If the most likely range of globally averaged thickness for 002, Localized gravity/topography admittance and correlation spectra on
the LREE-enriched crust, between 20 and 30 km, is considered Mars: Implications for regional and global evolution. J. Geophys. Res. 107,
roughly valid for Solis Planum, and if this range is also consid-  doi:10.1029/2002JE001858136.
ered representative of the HPE-enriched crust, then a narrow#cGovern, P.J., Solomon, S.C., Smith, D.E., Zuber, M.T., Simons, M., Wiec-

. . . . zorek, M.A., Phillips, R.J., Neumann, G.A., Aharonson, O., Head, J.W.,
constraint for thermal properties in the Hesperian could be ten 2004. Correction to: Localized gravity/topography admittance and correla-

tatively proposed for this regioffgble 1 right column). In this tion spectra on Mars: Implications for regional and global evolution. J. Geo-
case, between 29 and 52% of the surface heat flow was due to phys. Res. 109J0i:10.1029/2004JE00228607007.

crustal heat sources, an amount comparable to that in terrestridtLennan, S.M., 2001. Crustal heat production and the thermal evolution of
continental regionsl Mars, Geophys. Res. Lett. 28, 4019-4022.

In conclusion, geodynamic modeling of the lithosphere iSMcLennan, S.M., 2003. Composition and chemical evolution of the martian

LT . . .. crust and mantle: Integrating the data from missions and meteorites. In:
capable of providing information about the differentiation state Proc. Sixth International Conference on Mars. Abstract 3099.

of the martian crust. We have found evidence for an uppeficnutt, M.K., 1984. Lithospheric flexure and thermal anomalies. J. Geophys.
HPE-enriched crust thinner than the whole crust in the Solis Res. 89, 11180-11194.
Planum region. This result is significant, and future refinemenMcNutt, M.K., Diament, M., Kogan, M.G., 1988. Variations of elastic plate

and extension of this kind of work will be very useful for un- thickness at continental thrust belts. J. Geophys. Res. 93, 8825-8838.
Montesi, L.G.J., Zuber, M.T., 2003. Clues to the lithospheric structure of

derstanding of the thermal and geochemical evolution of Mars. martian from winkle ridge sets and localization instability. J. Geophys.
Res. 108d0i:10.1029/2002JE001978048.
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