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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
the heat-producing elements (HPE)-enriched upper crust, in the Solis Planum region of Mars. The calculations, which use the conce
uppermost crust heat sources deduced from orbital gamma ray spectroscopy and soils geochemistry, are based on the effective elastic
the lithosphere and the minimum depth of faults underlying winkle ridges. We find that, for the majority of analyzed settings, the HPE-
crust is thinner than the whole crust thickness in this region (∼65 km). Thus, our results strongly support a differentiated martian crust.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The thermal structures of planetary lithospheres have been
constrained by their mechanical responses to loading or fault-
ing, as inferred from remotely sensed data. Surface heat flows

The analysis of martian soils and orbital gamma ray sp
troscopy shows significant amounts of heat-producing elem
(HPE) on the martian surface; such measurements are
sidered as representative of, at least, the upper crust(McLen-
nan, 2001, 2003; Taylor et al., 2003a). There is no reason fo
fro
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estimates for diverse places on Mars have been derived
the effective elastic thickness of the lithosphere (e.g.,Solomon
and Head, 1990; Anderson and Grimm, 1998; Zuber et
2000; McGovern et al., 2002, 2004; Ruiz et al., 2004, 20)
or from faulting depth (Schultz and Watters, 2001). Similarly, a
model of winkle ridge origin by localization instability has be
used to constrain thermal gradients on martian ridged pl
(Montesi and Zuber, 2003). These calculations are valid for th
time when the structures used as indicators were formed. H
ever, the need to consider the (previously ignored) presen
heat sources within the martian crust to calculate surface
flow and temperature-depth profiles from elastic thicknes
has been recently pointed out (Ruiz et al., 2004): indeed, greate
crustal heat production implies higher surface heat flow
lower temperatures at the base of the crust.
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which the HPE-enriched crust should coincide with the wh
crust. Indeed, the martian crust could be stratified. Moreo
whereas a combination of several geophysical arguments
strains the average crustal thickness to between 38 an
km (Wieczorek and Zuber, 2004), a light rare Earth element
(LREE)-enriched crust (again not necessarily equivalent to
whole crust)�45 km thick, and most probably 20–30 km thic
has been proposed on the basis of the geochemistry of ma
meteorites (Norman, 1999).

For the case of Solis Planum region, two different set of
servations can be used as heat flow indicators for the Hesp
epoch: the effective elastic thickness and the depth of faults
derlying winkle ridges. Results obtained from both these h
flow indicators should be roughly consistent. For that rea
these results are used in this work in order to establish
straints to the thermal properties of the lithosphere in S
Planum at the Hesperian, including surface heat flow, crust
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mantle contribution to the total heat flow, and the thickness of
the HPE-enriched crust.

2. Temperature profiles
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ago, andA ≈ 0.7 µWm−3 for 3.7 Gyr ago. These values are
similar to those obtained from K, Th and U abundances in
McLennan (2001), and lower than the deduced fromMcLennan
(2003), works which were based on Viking and Pathfinder soils
and Phobos 2 GRS. We also consider the effect of varyingA in

og-
–37

al

lastic
eat
eat

otal
om
ere

pera-
ce-

per
od-
ical
lent
-
and

ow
tem-

the
hich
the
d
te

the

ri-

ated
ter

antle

hus,
be

o ac-
f the
The whole crust thickness in Solis Planum is approxima
65 km according toNeumann et al. (2004)(see their Fig. 7);
we adopt this value here. Temperature profiles are calcu
by assuming heat sources homogeneously distributed in a H
enriched upper crust of thicknessb (between 0 and 65 km), an
linear thermal gradients for the lower part of the crust (w
thickness equal to 65 km−b) and the upper mantle. Hence,
the HPE-enriched crust, temperature at a depthz is

(1)Tz = Ts + Fz

k
− Az2

2k
,

whereTs is the surface temperature,F is the surface heat flow
k is the thermal conductivity of the crust, andA is the volumet-
ric heat production rate. Linear temperature gradients in lo
crust and upper mantle are calculated for a constant m
heat flow (in essence the heat flow from the convective i
rior) given byF − Ab. Whereas a linear gradient would be
useful approximation for the upper mantle, the distribution
HPE in a putative martian lower crust is unknown. On Ea
radiogenic sources are sparse beneath the upper crust, bu
not necessarily true for Mars. In any case, a thermal grad
should be roughly adequate for a HPE-poor crust.

Surface temperature is taken as 220 K, the present-day m
surface temperature (Kieffer et al., 1977). Thermal conductivity
is assumed as 2.5 W m−1 K−1 for both upper and lower crus
which is the mean value for diabase (Kobranova, 1989), a rock
type commonly taken to represent the mechanical behavio
the martian crust, and it has been frequently used for the ma
crust(Solomon and Head, 1990; McGovern et al., 2002, 20.
For the lithospheric mantle thermal conductivity is assume
3.5 W m−1 K−1 (e.g.,Burov and Diament, 1995).

The volumetric heating rate in the upper crust depends
time before present and the amount of HPE, essentially po
sium, thorium and uranium. In the calculations we use a lo
crust density of 2900 kg m−3 (McGovern et al., 2002, 2004,
decay constants fromTurcotte and Schubert (2002), and the
maximum possible age range for the Hesperian period,
3.7 Gyr (Hartmann and Neukum, 2001). Potassium and tho
rium abundances, as well as K/Th ratios show a wide varia
on the surface (Taylor et al., 2003a). K and Th abundance
at Solis Planum are relatively low, but we use average
ues for the HPE-enriched crust: although Solis Planum re
is covered with Hesperian volcanic materials (e.g.,Tanaka et
al., 1992), the bulk of the martian crust was in place by t
Early Noachian (e.g.,Solomon et al., 2005a). The average con
centration of thorium observed by the Mars Odyssey GR
1.1 ppm (Taylor et al., 2003a). Assuming this value as repre
sentative for the (at least) upper crust, and the Th/U ratio
in McLennan (2001, 2003), gives an uranium concentration
0.3 ppm. If potassium concentration is taken as 0.35% (Taylor
et al., 2003a, 2003b; see also the Mars Odyssey GRS web
at http://grs.lpl.arizona.edu), thenA ≈ 0.5 µWm−3 for 2.9 Gyr
d
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the calculations.

3. Heat flows from effective elastic thickness

Estimates of effective elastic thickness from gravity/top
raphy admittance and correlation spectra fall in the range 24
km for Solis Planum(McGovern et al., 2002, 2004). These
values correspond to (McGovern et al., 2004) linear thermal
gradients of 8–14 K km−1 and heat flows (for a crust therm
conductivity of 2.5 W m−1 K−1) of 20–35 mW m−2, in the ab-
sence of heat sources within the crust. Here we use these e
thickness values in order to perform a finer calculation of h
flows and lithospheric temperatures by including crustal h
sources.

The effective elastic thickness is a measure of the t
strength of the lithosphere, which integrate contributions fr
brittle and ductile layers and the elastic core of the lithosph
(for reviews seeWatts, 2001; Watts and Burov, 2003). Effective
elastic thicknesses are converted to heat flows and tem
ture profiles following the equivalent strength envelope pro
dure described byMcNutt (1984), as adapted byRuiz et al.
(2004, 2005)to take into account heat sources in an up
crust equal to or thinner than the whole crust. This meth
ology is based in that the bending moment of the mechan
lithosphere is equal to the bending moment of the equiva
elastic layer of thicknessTe. The bending moment of the me
chanical lithosphere is estimated from its strength envelope
from the curvature of the elastic layer: the link to heat fl
comes from the dependence of the ductile strengths on the
perature profile.

Heat flow calculations for Solis Planum byMcGovern et al.
(2002, 2004)only consider crustal strength. The base of
mechanical lithosphere can be defined as the depth at w
the strength reaches a low value, usually taken to be in
range 10–50 MPa (McNutt, 1984; Ranalli, 1994; Anderson an
Grimm, 1998), with the lower value being more appropria
for the low gravity of Mars (Ruiz et al., 2005). Geotherms and
strain rates fromMcGovern et al. (2004)give significant duc-
tile strength at the top of the mantle for Solis Planum at
Hesperian, 15–9400 MPa for a dry olivine rheology (Chopra
and Paterson, 1984). Whereas wet olivine might be approp
ate for the deep and convective mantle of Mars (Hauck and
Phillips, 2002; Solomon et al., 2005b), dry olivine is more prob-
able for the uppermost mantle on the basis that melting, rel
to crust extraction from upper mantle, is very effective in wa
extraction (Montesi and Zuber, 2003). In a similar way, a dry
rheology has been usually considered for the oceanic m
lithosphere on the Earth (e.g.,Kohlstedt et al., 1995), precisely
due to the extraction of the basaltic crust in these regions. T
this implies that the strength of the martian mantle should
not neglected in the calculations here presented. Taking int
count lithospheric mantle strength increases total strength o

http://grs.lpl.arizona.edu
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lithosphere, which must be compensated with higher heat flow
than in calculations that consider only crustal strength.

Again for geotherms and strain rates inMcGovern et al.
(2004), ductile strength at the base of the crust for Solis Planum
at the Hesperian is 0.1–4 MPa, assuming a diabase rheology
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faults should be at least 25 km deep beneath the surface at the
next ridge (Golombek et al., 2001), which represents the min-
imum depth of faulting. This is consistent with winkle ridge
origin by localization instability, because this mechanism pre-
dict, for the formation time, a brittle–ductile transition (BDT)
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(Caristan, 1982) which should be adequate for a basaltic cru
These values are lower than those used to define the ba
the mechanical lithosphere, which implies mechanically dec
pled crust and mantle. We therefore modified the equiva
strength envelope procedure so that it is applicable to a
ologically stratified lithosphere, estimating the total bend
moment of the lithosphere from the respective contribution
crust and mantle. Taking equal elastic constants and curv
values for the crust and upper mantle, the total bending mom
of a lithosphere with mechanically decoupled crust and ma
is (McNutt et al., 1988; Burov and Diament, 1992)

(2)M = EK

12(1− ν2)

(
T 3

e(crust) + T 3
e(mantle)

) = Mcrust+ Mmantle,

whereE is the Young’s modulus,K is the topography curva
ture, ν is the Poisson’s coefficient,Te(crust) and Te(mantle) are
the effective elastic thicknesses of the crust and mantle, res
tively, andMcrustandMmantleare the crust and mantle contrib
tions to the total bending moment; the effective elastic thickn
of the lithosphere isTe = (T 3

e(crust) + T 3
e(mantle))

1/3.
We use diabase (Caristan, 1982) and dry olivine (Chopra and

Paterson, 1984) rheologies for the crust and mantle, resp
tively. The elastic parameters are taken asE = 100 GPa and
ν = 0.25, for consistency withMcGovern et al. (2002, 2004.
(The calculations of effective elastic thicknesses are depen
on the used elastic parameters; the use of different values
change the obtained elastic thickness, but it does not ne
sarily changes the obtained heat flows in a substantial m
ner (Ruiz, 2005).) Topography curvature is taken as the m
imum curvature of the elastic layer inMcGovern et al. (2004):
6.4 × 10−7 m−1 for Te = 24 km and 3.0 × 10−7 m−1 for
Te = 37 km. Curvatures are concave upward, and for that re
the brittle strength is calculated for compression accordin
the low-pressure Byerlee’s rule for zero pore pressure and
density of 2900 kg m−3. Calculations are performed for stra
rates of 10−19 and 10−16 s−1, values bounding a range usua
utilized in planetary research (e.g.,Solomon and Head, 1990
McGovern et al., 2002).

4. Heat flows from depth of faults

There is strong evidence of deep blind thrust faults
neath winkle ridges on several locations on Mars (e.g.,Schultz,
2000). At Solis Planum, offsets between either sides of e
winkle ridge are observed even after removing regional s
(Golombek et al., 2001). These offsets are maintained to t
next ridge and are consistent with winkle ridge format
as shallow (likely backthrust) deformation above blind thr
faults, but are not consistent with exclusively thin skin mod
of winkle ridges formation. Since winkle ridge spacing at So
Planum of∼50 km, and thrust faults having typically dip a
gles of 25◦ or higher (e.g.,Turcotte and Schubert, 2002), the
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30–50 km deep beneath the ridged highland plana (Montesi and
Zuber, 2003).

The BDT indicates the depth at which brittle and duc
strength are equal. Due to the temperature dependence o
tile strength, the temperature at the BDT depth can be obta
which can in turn be converted, for a given strain rate, to h
flows by matching to a temperature profile (Ruiz and Tejero,
2000; Nimmo and Watters, 2004; Ruiz, 2005), which is here
constructed as indicated in Section2. We use a minimum BDT
depth of 25 km to establish upper limits for heat flow in t
time of faulting, by calculating brittle (compressive) and du
tile strengths in the crust as described in Section2.

5. Results

Surface heat flows in terms ofb, calculated forTe =
24–37 km andA = 0.5–0.7 µWm−3, are shown as blac
curves inFig. 1. For a given value of surface heat flow, ifb

is thicker the heat flow contribution from the HPE-enrich
crust is higher, and the mantle heat flow lower, which in t
implies colder temperatures at the lower lithosphere, increa
total lithospheric strength. For this reason, surface heat flow
creases and mantle heat flow decreases with increasingb (i.e.,
with thickening HPE-enriched crust).

Surface heat flows in terms ofb, calculated for BDT depth
= 25 km andA = 0.5–0.7 µWm−3, are shown as gray curve
in Fig. 1. Surface heat flow increases withb up to b = BDT
depth, but it is constant forb > BDT depth. This occurs be
cause the calculations exclusively depend on the temper
at, and distribution of heat sources above, the BDT depth
for b > BDT depth, increasing the productAb implies low-
ering the lower crust and lithospheric mantle heat flow.
A = 0.7 µWm−3, the casesb > 57 km for 10−19 s−1 are un-
realistic because they would imply negative mantle heat flo

The two sets of independent heat flow calculations prese
here are based on geological structures of roughly similar
and should therefore be roughly consistent. As indicated ab
heat flows obtained from a lower limit for the BDT depth a
by definition, upper limits. For this reason, for equal strain r
HPE-enriched crust thicknessb, and heat production rateA,
elastic thickness-based values that are higher than BDT-b
values should be rejected. This provides constraints on
face and mantle heat flows, along with upper (HPE-enrich
and lower (“HPE-poor”) crust thicknesses for Solis Planum
the Hesperian. It can be seen that for the majority of poss
settings the permitted HPE-enriched crust is thinner than
whole crust. Indeed, a HPE-enriched crust as thick as the w
crust is only permitted for high effective elastic thickness a
high strain rate, and lowA. The results obtained are summ
rized inTable 1(left column).

Fig. 2 shows the effect of varyingA between 0.4 and
0.9 µW m−3 in the calculations. This range is equivalent
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Fig. 1. Surface heat flow in terms ofb, the thickness of the heat-producin
elements (HPE)-enriched crust, calculated for strain rates of (a) 10−19 s−1

and (b) 10−16 s−1. The black curves are obtained from the effective ela
thickness for the extreme cases ofTe = 24 km with A = 0.7 µW m−3, and
Te = 37 km with A = 0.5 µWm−3. Gray curves are upper limits calculate
from a lower limit to the brittle-ductile transition (BDT) depth of 25 km. L
bels forA are valid for bothTe- and BDT-based values.

Table 1
Summary of results for the nominal model

Whole range of
results

Results for
20� b � 30 km

Surface heat flow (mW m−2) 22–47 30–47
Mantle heat flow (mW m−2) 12–38 18–31
Fraction of the surface heat flow due
to crustal heat sources

�0.49–0.73 0.29–0.52

b (km) �28–65 20–30
(Total crust thickness−b) (km) �0–37 35–45

varying the K abundance between 0.2 and 0.7% (the app
imate range deduced from Mars Odyssey GRS observat
Boynton et al., 2003; Taylor et al., 2003a, 2003b) while main-
taining Th and U abundances as above, although it also serv
explore the effects of reasonable variations ofA independently
of the exact abundances of each element. This figure pre
the b values for which theTe-based heat flow is equal to th
x-
s;

to

ts

Fig. 2. HPE-enriched crust thickness(b) values for which theTe-based hea
flow is equal to the heat flow calculated from a BDT 25 km deep, show
terms ofA. Only are represented the extreme casesTe = 24 km with strain
rate= 10−19 s−1, andTe = 37 km with strain rate= 10−16 s−1.

BDT depth-based heat flow. Only are represented the extr
casesTe = 24 km with strain rate= 10−19 s−1, andTe = 37 km
with strain rate= 10−16 s−1, which cover the entire range o
permittedb values for BDT depth= 25 km. It can be seen aga
that for most parameter combinations the HPE-enriched c
is thinner than the whole crust.

The arguments here presented are more pressing wh
is recalled that 25 km is an upper limits for the BDT dep
A deeper BDT gives lower surface heat flows, and hence a
ner HPE-enriched crust. So, for BDT depth> 26.1 km, it is
obtainedb < 65 km for any setting.

Two other effects may affect the results. The thermal c
ductivity of the crust could be somewhat lower than that u
in this work, since basalts frequently have thermal conduc
ities close to 2 W m−1 K−1 (Beardsmore and Cull, 2001). In
this case, both BDT- andTe-based heat flows are decreas
but for the latest this reduction is minor in order to compens
the strength increasing due to a colder geotherm. The co
quence would a thinner HPE-enriched crust. We have use
Solis Planum a crust thickness based in the crustal mod
Neumann et al. (2004). A thicker (thinner) crust would reduce
(increases) the strength at the mantle top, and consequent
required heat flow to justify a given effective elastic thickn
is lower (higher), which in turn results in a higher (lower) p
mitted thickness for the HPE-enriched crust. Future mode
following this line of research should take into account th
effects in more detail.

6. Implications

Our results strongly support a differentiated martian cr
since permitted HPE-enriched crustal thickness values are
erally thinner than the whole crust at Solis Planum. This
consistent with the proposal ofNorman (2002), based on the
geochemistry of martian meteorites, that the LREE-enric
crust originated early in the history of Mars from an undeple
mantle, and that subsequent additions to the crust were
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rived from depleted mantle sources. The LREE-enriched crust
thickness (globally averaged) of�45 km is consistent with
the HPE-enriched crust thickness obtained here, although it is
worth emphasizing that this is a local value for Solis Planum.

If the most likely range of globally averaged thickness for
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Kohlstedt, D.L., Evans, B., Mackwell, S.J., 1995. Strength of the lithosphere:
Constraints imposed by laboratory experiments. J. Geophys. Res. 100,
17587–17602.

McGovern, 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.,
2002. Localized gravity/topography admittance and correlation spectra on
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the LREE-enriched crust, between 20 and 30 km, is consid
roughly valid for Solis Planum, and if this range is also cons
ered representative of the HPE-enriched crust, then a narr
constraint for thermal properties in the Hesperian could be
tatively proposed for this region (Table 1, right column). In this
case, between 29 and 52% of the surface heat flow was d
crustal heat sources, an amount comparable to that in terre
continental regions.

In conclusion, geodynamic modeling of the lithosphere
capable of providing information about the differentiation st
of the martian crust. We have found evidence for an up
HPE-enriched crust thinner than the whole crust in the S
Planum region. This result is significant, and future refinem
and extension of this kind of work will be very useful for u
derstanding of the thermal and geochemical evolution of M
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