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Introduction:  Our understanding of the chemical
composition and chemical evolution of the martian
crust and mantle is now advancing rapidly.  A critical
challenge for the future will be the integration of the
chemical and mineralogical data derived from:
1. Planetary-scale orbital missions that provide imag-

ing, spectroscopic, geophysical and geochemical
data on scales of meters to many kilometers (e.g.,
Global Surveyor, Mars Odyssey);

2. Localized landed missions that provide relatively
good geological context but return limited varieties
of geochemical data (Viking, Pathfinder and the
imminent Beagle-2 and Mars Exploration Rovers);

3. Martian (SNC) meteorites that are comprehensively
analyzed for petrology, geochemistry, and isotopes,
but that have poorly understood geological context.
Among the most important findings over the past

five to ten years, that are especially relevant to under-
standing martian crust-mantle evolution, are the fol-
lowing (by no means comprehensive):
1. Direct chemical measurements of martian rocks and

soils by Mars Pathfinder that have confirmed, re-
fined, and greatly extended previously available
data from Viking [1-4].  Of special interest are the
presence of high silica rocks and surprisingly high
potassium contents in both rocks and soils at the
Pathfinder site.

2. Thermal emission spectroscopy, while mapping the
mineralogical character of the martian surface, has
identified a global-scale mineralogical / chemical
dichotomy approximately coinciding with the to-
pographic break separating the heavily cratered
southern (Surface Type 2) and less cratered north-
ern hemispheres (Surface Type 1) [5].  The spectral
signature of “andesite” that characterizes the north-
ern hemisphere is controversial and has been inter-
preted as reflecting either a primary igneous com-
position [5] or as a consequence of basaltic altera-
tion processes [6].

3. A variety of new geophysical constraints derived
from orbital and landed missions.  For example,
data from Mars Pathfinder for the martian moment
of inertia factor [7,8] constrains mass distribution
(e.g., Fe content and Fe/Si) throughout the planet
and combined gravity and topography data provide
important constraints on crustal thickness [9].

4. Dramatically increased number of finds of martain
meteorites, especially basaltic and picritic shergot-

tites, resulting in more than doubling of the avail-
able collection. Geochemical and isotopic data that
have been obtained from these samples have greatly
improved our understanding of the magmatic his-
tory of Mars.  It is also becoming increasingly clear
that this sampling of the martian near-surface may
provide an incomplete, and perhaps even seriously
biased, view of the geochemistry of the martian
crust-mantle system.

5. Arrival of the Mars Odyssey orbiter and especially
the initiation of the mapping phase of the gamma-
ray spectrometer (GRS).  In addition to the well-
publicized finding of widespread near surface water
[10], preliminary GRS data generally have con-
firmed the very short-lived Phobos-2 GRS experi-
ment [11] in showing an enrichment of the large ion
lithophile elements (K, Th) in the martian crust
[12,13].  Odyssey GRS also has generally con-
firmed the global petrological dichotomy recog-
nized by Mars Surveyor thermal emission data [13].
Accordingly, the purpose of this paper will be to

review and integrate some of these new findings and
place them within the context of improved under-
standing of the composition and evolution of the mar-
tian crust-mantle system.

Martian Mantle: The primitive mantle (present-
day mantle plus crust) of Mars generally is thought to
be enriched in iron and in moderately volatile elements
(e.g., K, Rb) by a factor of about two over the terres-
trial primitive mantle (see Ref [14] for recent esti-
mate).  This model is based largely on the composition
of martian meteorites.  However, a number of recent
results call into question several critical aspects of the
current conventional wisdom about the martian primi-
tive mantle.  For example, the precise measure of the
martian moment of inertia, obtained from the Mars
Pathfinder mission [7], especially when combined with
Global Surveyor gravity and topography that suggests
a crust on the order of 50 km thickness [9], is incon-
sistent with the combination of an iron rich primitive
mantle and a bulk Mars that has a chondritic Fe/Si ra-
tio [8].  Recent experimental studies are also ques-
tioning whether an Fe-rich mantle is actually required
to generate all of the SNC compositions (e.g., Ref.
[15]).

The recent spate of new martian meteorite finds has
also allowed us to begin to evaluate systematic geo-
chemical variations that were simply unrecognizable
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when only a handful of martian meteorites were avail-
able.  For example, systematic variations in REE, from
patterns that are very highly LREE-depleted through to
essentially flat, and Nd isotopic compositions of sher-
gottites have been interpreted to reflect an origin by
mixing of magmas derived from a highly depleted
mantle source with an ancient LIL-enriched crustal
component (e.g., Ref. [16,17]).

The likelihood of crust-mantle mixing is also ap-
parent in Fig. 1 where K/Th is plotted against K con-
tent for martian meteorites and orbital GRS data
(adapted from Ref. [18]).  The range of K content in
Pathfinder soils and rocks is also shown for compari-
son.  There is a clear systematic relationship of de-
creasing K/Th ratio with increasing K abundances
(similar trends are seen for K/U and K/La).  The trend
is also consistent with derivation of magmas from a
highly depleted (low K) mantle source, with high K/Th
ratios, and an enriched (high K) crustal source such as
that sampled on the martian surface by Phobos-2 and
Odyssey GRS [11,12] and Pathfinder APXS [3,4].
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 Figure 1.   Plot of K/Th vs. K for martian meteorites and the
martian surface.  Also shown for comparison is the range in
K content for Pathfinder soils and rocks.  The trend for sher-
gottites is consistent with mixing of magmas derived from a
highly depleted (low K) mantle source with an enriched
crustal reservoir.   There is considerable fractionation of the
K/ Th (and K/U, K/La) ratio between depleted mantle and
enriched crust.  Any reasonable mix between these reservoirs
results in a K/Th ratio considerably lower than previously
suggested for the martian primitive mantle.  Adapted from
Ref. [18].

An important implication of these trends is that
there is considerable fractionation among highly in-
compatible elements between crust and mantle.  Ac-
cordingly, great caution is warranted in interpreting
ratios such as K/Th, K/La and K/U in terms of rela-
tively enriched moderately volatile element content of
the primitive mantle.  Indeed, when the orbital GRS,
Pathfinder and martian meteorite data are considered
together, they suggest a martian primitive mantle that

at most is only slightly more enriched in moderately
volatile elements than is the Earth [18].

Although the shergottites appear to be reasonably
well explained, at least to a first approximation, by
mixing of depleted mantle and enriched crust, the mar-
tian primitive mantle may not necessarily fall any-
where along this trend.  Assuming that refractory
lithophile elements are in chondritic proportions, mass
balance among all of the crust-mantle chemical reser-
voirs must be chondritic for these elements.  Although
this appears to be the case for many refractory litho-
phile element pairs (e.g., Th/U, La/Sm) it is not the
case for all (Fig. 2) [18,19].  The element pairs, La/Th,
Sm/Hf and Ba/La, are not readily balanced by the end
member compositions defined by the shergottites.
Mass balance calculations indicate that at least 20-30%
of the REE budget of the martian primitive mantle is
unaccounted for. Mantle sources sampled by nakhlites
(±Chassigny) may represent this complementary man-
tle reservoir but this is not entirely clear (for example,
it is consistent with La/Th and Sm/Hf ratios but not
Ba/La ratios).
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Figure 2.   Plot of La/Th vs. La for martian meteorites.  The
trend defined by shergottites is likely to be related to mixing
between magmas derived from a highly depleted mantle
source and an enriched crust.  No reasonable mass balance
between these reservoirs is consistent with a chondritic
primitive mantle La/Th ratio and another major mantle res-
ervoir with high La/Th is required.  Nakhlites may be sam-
pling this additional reservoir but this is not entirely clear.

Martian Crust:  Although martian meteorites indi-
cate that magmatism has occurred periodically
throughout >4 billion years of martian history, the
crust of Mars appears to be mostly ancient. Essentially
all of the radiogenic isotope systems, including the
short-lived ones, are consistent with very early differ-
entiation of crust-mantle-core (e.g., Refs [20-24]). Re-
cent improvements in understanding the cratering his-
tory of the northern plains further support this notion
[25].  Although there is a clear bimodality in the
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planet’s hypsometry, superficially similar to the conti-
nental crust – ocean crust dichotomy on Earth, in de-
tail, the surface topography differs [26] and on bal-
ance, there is no evidence for anything comparable to
continental crust on Mars.

The bulk composition of the martian crust is of
considerable importance but at present is not readily
obtained beyond the major elements and a few selected
trace elements.  This situation is due to change as Od-
yssey GRS data begin to arrive and accumulate.  Nev-
ertheless, a variety of approaches appear to converge
on a crust that is basaltic in character, but a basaltic
composition that is relatively enriched in incompatible
elements (including heat producing elements), perhaps
similar to terrestrial hot spot volcanism [27].

Soils from the three separated Viking and Path-
finder landing sites have broadly similar composition.
Geochemical relationships among soils and rocks
clearly indicate that a variety of sedimentary processes,
such as sorting, evaporative processes and various
types of alteration, may have affected the soils (e.g.,
[28,29].  Nevertheless, sedimentary processes may
well homogenize upper crustal martian rocks, like they
do on Earth [30], and so it may be possible to extract
an estimate for the exposed crust of Mars from the soil
data.  Since there is no evidence for substantial in-
tracrustal differentiation processes (giving rise, for
example, to granitic rocks), such a composition also
may be broadly representative of the entire martian
crust.

The Pathfinder data are the most reliable and com-
plete and compare favorably with average basaltic
shergottites except that they are more enriched in K
and Na (Fig. 3) [27].  Although the Viking soils appear
to have lower K concentrations (<1,250 ppm), perhaps
suggesting regional variations in detail, the orbital
GRS data (see below) appear to confirm the K-rich
nature of the martian upper crust.

Both Phobos-2 and Mars Odyssey GRS data indi-
cate considerably higher K, Th and U abundances (see
Fig. 1) than seen in the martian meteorite suite. These
data provide very persuasive evidence for a far more
incompatible-element enriched crust than indicated by
the martian meteorite suite.

Modeling of REE and Nd isotope data in martian
meteorites also is consistent with a LREE-enriched
martian crust [16,17].  Accepting that the shergottites
reflect a mixture of magmas derived from depleted
mantle that have assimilated martian crust during as-
cent and eruption, it is possible to constrain the REE
characteristics of the crustal end member through sim-
ple mass balance calculations.  The calculations have a
trade-off between crustal mass and crustal REE content
and are sensitive to the depleted mantle end member

that is adopted.  Nevertheless, within any reasonable
uncertainties, the modeling indicates a LREE-enriched
crust.

0.1

1

10

0.1 1 10

Basaltic Shergottites (wt.%)

SiO2

TiO2

Al2O3

Na2O

K2O

CaO

FeO

MgO

P2O5

MnO

Cr

Figure 3.   Comparison of average Pathfinder soil (recalcu-
lated to S and Cl abundances comparable to shergottites) to
average basaltic/picritic shergottite.  “Error” bars represent
one standard deviation.  On average, martian soils have a
bulk composition broadly comparable to typical basaltic
rocks that have erupted on Mars with the exception of being
greatly enriched in the incompatible elements K and Na.
Adapted from Ref. [27].

Although prone to considerable uncertainty, de-
convolution of thermal emission spectra into minera-
logical end members and chemical composition for
both Surface Types 1 and 2 indicate relatively evolved
compositions [31].  Although the interpretation of “an-
desite” for Surface Type 2 (northern plains) remains
controversial, Surface Type 1 is more likely to relate in
a relatively simple manner to martian upper crustal
compositions.  Although the composition may be more
evolved (basalt to basaltic andesite, depending on de-
convolution approach) than suggested by the soil data,
the composition is characterized by high levels of al-
kali elements compared to martian meteorites [31].

Combining insight from these data leads to a very
preliminary estimate for the composition of the martian
crust that is slightly LIL-enriched basaltic in composi-
tion.  Major and minor elements (Mn, P, Cr) are de-
rived from average Pathfinder soil corrected to S and
Cl contents comparable to basaltic shergottites.  Potas-
sium is derived from Phobos-2 GRS, preliminary Od-
yssey GRS and Pathfinder soil data.  Thorium is de-
rived from preliminary K/Th for Odyssey GRS (and
consistent with Phobos-2).  Uranium is taken from a
chondritic Th/U ratio that is seen for all martian mete-
orites unaffected by terrestrial weathering processes
[18].  Lanthanum is derived from a La/Th ratio of 5, as
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suggested from Fig. 2, and the shape of the REE pat-
tern is derived from the modeling of Norman [16,17].

The composition so derived can be characterized
by SiO2 = 50%, K = 4,500 ppm, Th = 1.3 ppm, U =
0.35 ppm, La = 7 ppm, Yb ~ 2 ppm, Cr = 2,000 ppm.

Discussion:  Such a crustal composition is only
modestly enriched in LIL elements and heat producing
elements.  For example, the continental crust of the
Earth has LIL concentrations that are more than a fac-
tor of 2 higher [30]. However, as pointed out by
McLennan [27], because the crust of Mars is such a
large fraction of the martian primitive mantle (3.2% for
a 50 km thick crust), the effects on the mass balance of
LIL and heat producing elements are very large and
>50% (and perhaps much more) of these elements has
been concentrated into the martian crust for most of the
planet’s history (Fig. 4).
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Figure 4.  Comparison of the crust on Mars to the continen-
tal crust on Earth.  The martian crust, at about 50 km thick-
ness, is a much larger fraction of the planet than is the ter-
restrial crust.  Although the concentration of incompatible
elements in the martian crust is significantly less than the
Earth’s crust, a far greater fraction of the planetary com-
plement resides in the martian crust and was differentiated
much earlier.  This contrast has considerable implications
for understanding the geochemical and thermal evolution of
Mars.

Such profound differences in the timing and scale
of LIL and heat producing element transfer into the
outer portions of Mars compared to the Earth have
important implications for the thermal and tectonic
evolution of Mars.  A number of workers have begun
to address such issues in thermal modeling (e.g., Ref.
[32]) but more work is needed.

It is also worth pointing out that because the crust
has such a large component of incompatible elements,
understanding the chemistry and differentiation proc-
esses of the remaining mantle may be very difficult.
For example, the modeling of Norman [16,17] and
others only considers a three-end member crust-mantle
system (primitive mantle – depleted mantle – crust).
However, trace element systematics of martian mete-
orites (e.g., Fig. 2; Ref. [18,19]) indicate an additional

reservoir that may contain up to 30% of the LREE
budget of Mars.  Thus, the depleted mantle sampled by
shergottites, while perhaps being volumetrically domi-
nant, may contain a relatively small fraction of the in-
compatible trace elements of Mars.

A major conclusion that comes from integrating the
data now available from missions and meteorites is
that many aspects of our current understanding of
crust-mantle geochemistry on Mars require revision.
The ever increasing number of martian meteorite finds,
and improved understanding of their petrogenesis,
coupled with the flood of mineralogical / geochemical
data expected from both current and planned missions
is bound to result in major strides in constraining the
composition and evolution of Mars.

References: [1] Clark, B. C. et al. (1982) JGR, 87,
10059-10067. [2] Rieder, R. et al. (1997) Science, 278,
1771-1774. [3] Economou, T (2001) Rad. Phys.
Chem., 61, 191-197. [4] Wänke, H. et al. (2001) Space
Sci. Rev., 96, 317-330. [5] Bandfield, J. L. et al. (2000)
Science, 287, 1626-1630. [6] Wyatt, M. B. and
McSween, H. Y., Jr. (2002) Nature, 417, 263-266. [7]
Folkner, W. M. et al. (1997) Science, 278,  1749-1752.
[8] Bertka, C. M. and Fei, Y. (1998) Science, 281,
1838-1840. [9] Zuber, M. T. et al. (2000) Science, 287,
1788-1793. [10] Boynton, W. V. et al. (2002) Science,
297, 81-85. [11] Surkov, Yu. A. et al. (1994) Geo-
chem. Int., 31, 50-58. [12] Taylor, G. J. et al. (2003)
LPSC, XXXIV, Abst. #2004. [13] Boynton, W. V. et al.
(2003) LPSC, XXXIV, Abst. #2108. [14] Halliday, A.
N. et al. (2001) Space Sci. Rev., 96, 197-230. [15]
Nekvasil, H. et al. (2003) This conference. [16] Nor-
man, M. D. (1999) Met. Planet. Sci., 34, 439-449. [17]
Norman, M. D. (2002) LPSC XXXIII, Abst. # 1175.
[18] McLennan, S. M. (2003) Met. Planet. Sci. (in
press). [19] McLennan, S. M. (2003) LPSC XXXIV,
Abst. #1710. [20] Chen, J. H. and Wasserburg, G. J.
(1986) GCA, 50, 955-968. [21] Jagoutz, E. (1991)
Space Sci. Rev., 56, 13-22. [22] Harper, C. L. et al.
(1995) Science, 267, 213-217. [23] Blichert-Toft, J. et
al. (1999) EPSL, 173, 25-39. [24] Brandon, A. D. et al.
(2000) GCA, 64,  4083-4095. [25] Frey, H. V. (2002)
GRL, 29(10), 10.1029/2001GL013832. [26] Aharon-
son, O. et al. (2001) JGR, 106, 23723-23735. [27]
McLennan, S. M. (2001) GRL, 28, 4019-4022. [28]
McSween, H. Y., Jr. and Keil, K. (2000) GCA, 64,
2155-2166. [29] McLennan, S. M. (2000) GRL, 27,
1335-1338. [30] Taylor, S. R. and McLennan, S. M.
(1985) The Continental Crust:  Its Composition and
Evolution.  Blackwell. [31] Hamilton, V. E. et al.
(2001) JGR, 106, 14733-14746. [32] Hauck, S. A., II
and Phillips, R. J. (2002) JGR, 107(E7) 10.1029/2001
JE001801.

Sixth International Conference on Mars (2003) 3099.pdf


