
logical options for generating and using molec-
ular hydrogen. Clearly, more work is needed to
derive more robust emission scenarios for real-
istic technological and economic projections.
The most critical parameters with respect to the
atmospheric implications of large-scale hydro-
gen use appear to be the associated changes in
methane and NOx emissions. The possible re-
duction in NOx emissions would lead to re-
duced tropospheric ozone formation but also to
a substantial degradation of the atmospheric
oxidizing power, which could further aggravate
climate forcing caused by methane and other
greenhouse gases.
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Discovery of Olivine in the Nili
Fossae Region of Mars

Todd M. Hoefen,1* Roger N. Clark,1 Joshua L. Bandfield,2

Michael D. Smith,3 John C. Pearl,3 Philip R. Christensen2

We have detected a 30,000-square-kilometer area rich in olivine in the Nili Fossae
region of Mars. Nili Fossae has been interpreted as a complex of grabens and
fractures related to the formation of the Isidis impact basin. We propose that
post-impact faulting of this area has exposed subsurface layers rich in olivine. Linear
mixture analysis of Thermal Emission Spectrometer spectra shows surface expo-
sures of 30% olivine, where the composition of the olivine ranges from Fo30 to Fo70.

The Mars Global Surveyor (MGS), carry-
ing the Thermal Emission Spectrometer
(TES), arrived at Mars on 11 September
1997 (1). One of the primary goals of the
TES experiment is to map and determine
the composition of martian surface materi-
als (2, 3). The TES instrument collects
spectra, using a Michelson interferometer,

from 1650 to 200 cm�1 (wave numbers)
with spectral sampling of 5.3 cm�1 with a
6.25 cm�1 bandwidth (full width at half
maximum) or 10.6 cm�1 with a 12.5 cm�1

bandwidth (full width at half maximum)
(2–4 ). We combined TES data from multi-
ple orbits into three-dimensional image
cubes, with two spatial and one spectral
dimension, and searched the resultant data
set for spectral features that would allow us
to identify surface mineralogy.

TES spectra are emission spectra that con-
tain both atmospheric and surface compo-
nents (5). Dust, CO2, water ice aerosols, and
water vapor absorptions are present in most

TES spectra. The atmospheric dust and CO2

bands are typically the most dominant fea-
tures, the strongest being the CO2 band at
667 cm�1. The depth of the strong dust
band, near 1100 cm�1, changes as a func-
tion of the dust load in the atmosphere.
Water vapor bands are present in two re-
gions in our spectral range: vibration rota-
tion bands located between 1350 and 1600
cm�1 and pure rotational bands located
between 200 and 300 cm�1.

Olivine [(Mg,Fe)2SiO4] is a greenish
magnesium/iron orthosilicate common in
many mafic rocks. It has a solid solution
series ranging from forsterite, Mg2SiO4

(Fo100) to fayalite, Fe2SiO4 (Fo0) (6, 7). In
most terrestrial environments, olivine is sus-
ceptible to chemical weathering and readily
alters to iddingsite, goethite, serpentine, chlo-
rite, smectite, maghemite, and hematite in the
presence of water (8).

We compared spectra with a range of oli-
vine compositions with our TES spectra. In-
cluded in the spectral feature comparison was a
series of �60-�m Kiglapait (KI) olivine grains
with Fo compositions that range from Fo66 to
Fo11 and a suite of Hawaiian green sand beach
olivine, samples GDS70a to GDS70e (Fo89),
with grain sizes of �30, �60, 60 to 104, 104 to
150, and 150 to 250 �m (9) (table S1).

1U.S. Geological Survey, Denver, CO 80225, USA.
2Arizona State University, Tempe, AZ 85287, USA.
3Goddard Space Flight Center, Greenbelt, MD 20771,
USA.

*To whom correspondence should be addressed. E-
mail: thoefen@usgs.gov

Fig. 4. Simulated sea-
sonal cycle of surface
ozone (in ppbv) at an
arbitrary model grid box
in Germany (“Frankfurt/
Main”) for present-day
emissions (gray) and for
the L3 hydrogen economy
scenario (white). Each sym-
bol represents the multian-
nual monthly statistics, with
boxes denoting the central
50% of the data, whiskers
showing the central 90%,
and horizontal lines display-
ing the median concentration. Note the significant reduction of the high ozone values in summer.

R E P O R T S

www.sciencemag.org SCIENCE VOL 302 24 OCTOBER 2003 627



Spectra from the laboratory-based mea-
surements of the olivine suites show sys-
tematic variations in the position of the
mid- and far-infrared spectral features (4 ).
These variations correspond to differences
in composition (Fig. 1). The olivine absorp-
tion bands between 16 and 50 �m shift
toward shorter wavelengths as the amount
of FeO in the olivine decreases. For exam-
ple, in samples KI4143, KI3054, and
GDS70, the position of the first SiO band
shifts from 382 cm�1 (26.2 �m) to 400
cm�1 (25 �m) to 422 cm�1 (23.7 �m).
Spectral measurements of the GDS70 oli-
vine series show that decreasing the grain
size does not shift the band position but
does decrease band depths (Fig. 1) (10, 11).

To make a correct interpretation of sur-
face mineralogy, it is important to account
for and remove the effects of atmospheric
constituents from TES spectral data. Spec-
trum ratio corrections, which can effective-
ly cancel most of the atmospheric influence
on the TES spectra, were applied. The spec-
trum ratio corrections included seven spec-
tra that were selected and averaged, to re-

duce noise, from pixels that mapped as
olivine in ock 2943 (12). We then selected
and averaged several pixels from ock 2943
from an area just south of Nili Fossae that
did not display any of the olivine absorp-
tions. These sets of spectra were sufficient-
ly close together that they had similar at-
mospheric and dust components, surface
temperatures, and elevations. The averaged
spectrum with the olivine features was di-
vided by the averaged spectrum without
olivine features, resulting in an atmospher-
ically corrected ratioed spectrum or flat-
field spectrum (Fig. 2). This method was
used extensively on both 5 and 10 cm–1

data from the olivine-rich area. Another
correction applied was the surface-atmo-
sphere separation technique (13, 14 ), which
uses a radiative transfer method to isolate
surface and atmospheric components. The
contributions of dust and other atmospheric
components were calculated and removed
from the spectrum. A third correction in-
volved the removal of atmospheric CO2

and H2O gas absorption features from the
spectrum of each pixel. Computed atmo-

spheric reference spectra were scaled to
observed intensities by methods similar to
those used in atmospheric removal algo-
rithms for terrestrial imaging spectroscopy
(15–17 ). The computed atmospheric refer-
ence spectra were derived from computer
models of the martian atmosphere. Refer-
ence spectral features from the atmospheric
models were fitted to those in the observed
spectrum. The observed spectrum was then
divided by the fitted reference spectra to
remove the features. The corrected spectra
allow the olivine features to be readily
identified. In particular, spectral features
centered at 345, 410, 520, and 925 cm�1

match features observed in the spectra of
terrestrial olivines (Figs. 1 and 2).

TES data were assembled into image
cubes that cover the planet from �60° lat-
itude. We used spectral feature mapping
tools (18) to map surface mineralogy (4 ).
We used the �300 to �550 cm�1 region
extensively, because it provides a relatively
clear spectral window through the martian
atmosphere, with comparatively little influ-
ence from dust, CO2 or H2O gas, or ice
clouds. This spectral region contains fea-
tures from many minerals. Diagnostic spec-
tral features chosen for each mineral were
used to map the mineralogy of the martian
surface. For olivine mapping, we used three
spectral features between 300 cm–1 (33.3
�m) and 600 cm�1 (16.6 �m): the emit-
tance minima near 400 cm�1 (25 �m), the
spectral peak near 450 cm�1 (22.2 �m),
and the emittance minima near 510 cm�1

(19.6 �m). For olivine to be identified by
the mineral mapping technique described
here, all three spectral features must be
present. The diagnostic features from the
spectral library were then compared to possi-
ble corresponding features in the TES image
cubes. Those minerals with the best spectral
match to the surface spectra were identified,
and mineral maps were constructed.

We discovered olivine in small outcrops
distributed nearly globally over the martian
surface between �60° latitude, but the largest
surface exposure occurs in the Nili Fossae
area. This region lies in the older, more cra-
tered terrain northeast of the younger lava
flows of Syrtis Major. A series of ring frac-
tures occur in Nili Fossae that have been
associated with the Isidis impact basin (19–
21). The fracture and graben structures south
of Nili Fossae have been partially buried by
lava flows from Syrtis Major (19).

Based on the olivines in our spectral li-
brary, sample KI3054 (Fo66) mapped the
most area (to the most pixels), followed by
KI3189 (Fo60) and KI4143 (Fo41). Spatially,
the southwestern region of Nili Fossae con-
tains olivine with a compositional range of
Fo60 to Fo70, whereas the northeast region
consists of olivine ranging from �Fo40 to
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Fig. 1. The shift in olivine feature
positions as a function of olivine
composition. As FeO in the oli-
vine decreases, the bands shift
toward shorter wavelengths. The
red line is a TES spectrum from
Nili Fossae. The black lines are
laboratory spectra of olivines
with different compositions. The
KI samples are all �60-�m sam-
ples. The GDS70.a and GDS70.d
samples have grain sizes of 150
to 250 �m and �60 �m, respec-
tively. The GDS70 spectra show
that the band positions do not
change with grain size. All spec-
tra have been scaled to a similar
relative emittance.
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Fig. 2. MGS TES spectra from the
olivine-rich areas in the Nili Fossae
region are shown after the appli-
cation of three methods of atmo-
spheric removal. All methods
reveal the same surface spectral
features. Spectrum A has all atmo-
spheric gas bands removed, leav-
ing the dust and surface spectral
features. Spectrum B shows a
spectrum of olivine for compari-
son. Spectrum C shows the ratio
of a spectrum that contains the
olivine signatures to a spectrum
from a nearby region that does
not exhibit any olivine signatures.
The ratio process removed atmo-
spheric gas and dust absorptions.
The surface-atmosphere-separation
method (13) (Spectrum D) was
used to remove atmospheric gas, dust, and water vapor bands. All three methods result in a cleaner
surface spectrum that prominently shows the strong olivine features. The arrows point to the emittance
minima near 900 and 400 cm�1. The gap in the middle of the plot, from 600 to 800 cm–1, is where CO2
strongly absorbs, blocking signal from the surface.
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Fo60. Low-iron olivines did not map in the
Nili Fossae region (Fig. 3). Another outcrop
on the southeastern rim of Isidis mapped
mostly as the KI3054 (Fo66) olivine, fol-
lowed by the KI4143 (Fo41) and a few pixels
of KI3189 (Fo60). This range of olivine com-
positions is consistent with other data in-
ferred from TES (22, 23) and also with the
olivine-rich SNC (shergottite, nakhlite, and
chassigny) meteorites (24). A variety of other
minerals were searched for simultaneously
with the olivine spectra, but no other miner-
als, except for a few pixels of hematite,
showed spectral features strong enough to be
identified with our spectral feature identifica-
tion method in the Nili Fossae Region.

Linear mixture analysis (25) on spectra
from ock 2943 revealed surface exposures
that contain �30% olivine. The other main
minerals found in the deconvolution were
plagioclase feldspar (17%) and pyroxene
(17%). For the olivine estimate of 30%, we
used an olivine spectrum with a 1-mm grain
size (25). The spectral feature strength is
roughly proportional to grain size in the 180-
to 30-�m size range, as observed in our
olivine GDS70 (grain size) series. If the grain
size is smaller than a couple of hundred
microns, then the feature strengths will be
proportionally weaker and corresponding
abundances larger.

There are several possible origin scenarios
and implications for this regional exposure of
olivine. The Nili Fossae area could be under-
lain by an olivine-rich igneous lithology that
has been directly exposed by Isidis basin
tectonics, such as an ultramafic or mafic unit
or a shallow intrusion similar to the lunar
crater Copernicus (26). The Isidis impact site
could have been the focal point of post-
impact basaltic volcanism, from which oli-
vine-rich basalt flowed onto the surface near
Nili Fossae (Fig. 4). Another possibility
could be post-impact faulting followed by
erosion, exposing an olivine-rich layer.

Considering the geologic evidence, we
believe that olivine was present in the sub-
surface before the Isidis impact. Faulting oc-
curred after the impact, exposing subsurface
layers that may have been rich in olivine.
This implies the olivine could have been
exposed at the surface since the time of the
impact, which has been estimated to be of
Hesperian age (27).

Olivine exposed to a warm and wet envi-
ronment will alter to secondary minerals.
Other than hematite, we have not been able to
identify any of the other common alteration
products of olivine in the TES data. Our
observations of regional exposures of olivine
could have implications for warm-wet peri-
ods in martian climatic history, if the age of
the olivine could be constrained. Syrtis Major
is thought to be �3.6 billion years old (28),
and because the Isidis impact basin is older

than Syrtis Major, we can deduce that Nili
Fossae formed at least 3.6 billion years ago.
This could be the upper limit to when the
olivine was exposed at the surface. If the

olivine was exposed shortly after the impact
event, the martian surface may have been dry
and cold for more than 3 billion years, but if
the olivine was recently uncovered at the

Fig. 3. Olivine composition mapped in the Nili Fossae region. There appears to be a trend toward
higher FeO content (and lower Fo values) to the northeast. The enlarged square is �280 km across.
After counting the number of pixels that mapped as olivine in this region, we can say that the Nili
Fossae olivine exposure covers �30,000 sq. km.

Fig. 4. This figure shows a three-dimensional perspective of Nili Fossae, Syrtis Major, and Isidis
Planitia. This image was created by combining Mars Orbiter Laser Altimeter (MOLA) elevation data
and TES spectral data. TES pixels that mapped as olivine are shown in green. MOLA elevation data
is shown in the brown (lower elevations) and violet (higher elevations).
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surface, then it could have been cold and dry
for as little as a few thousand years. We have
also mapped small olivine exposures on cra-
ter rims and central peaks in other areas that
are of Noachian-Hesperian age. This may
help the argument (29) that Mars has been
cold and dry for a long period of time.
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LysM Domain Receptor Kinases
Regulating Rhizobial Nod
Factor–Induced Infection

Erik Limpens, Carolien Franken, Patrick Smit, Joost Willemse,
Ton Bisseling,* René Geurts

The rhizobial infection of legumes has the most stringent demand toward Nod
factor structure of all host responses, and therefore a specific Nod factor entry
receptor has been proposed. The SYM2 gene identified in certain ecotypes of pea
(Pisum sativum) is a good candidate for such an entry receptor. We exploited the
close phylogenetic relationship of pea and the model legumeMedicago truncatula
to identify genes specifically involved in rhizobial infection. The SYM2 orthologous
region of M. truncatula contains 15 putative receptor-like genes, of which 7 are
LysM domain–containing receptor-like kinases (LYKs). Using reverse genetics inM.
truncatula, we show that two LYK genes are specifically involved in infection thread
formation. This, as well as the properties of the LysM domains, strongly suggests
that they are Nod factor entry receptors.

The establishment of a nitrogen-fixing nodule
symbiosis by rhizobial bacteria on the roots of
legumes requires that the bacteria enter the root
in a host-controlled manner. In most legumes,
this infection starts with curling of root hairs. A
bacterium becomes trapped in a cavity formed
by the curl, where it forms a microcolony (1)
(Fig. 1A). Infection thread formation is initiated
within this cavity by invagination of the root-
hair plasma membrane. In this way, a tubelike
structure is formed by which the bacteria enter
the plant and reach the base of the root hair

(Fig. 1B). Ultimately, the infection thread
reaches a nodule primordium formed in the root
cortex that develops into a nitrogen-fixing nod-
ule upon release of the bacteria.

Rhizobia secrete specific lipochitooligosac-
charides, the so-called Nod factors, when they
colonize the roots of their legume host. A Nod
factor consists of a 	-1,4-linked N-acetyl-D-glu-
cosamine backbone of four or five residues, of
which an acyl chain is attached at the C-2 posi-
tion of the nonreducing terminal glucosamine
residue (2). Depending on the rhizobial species,
the structure of the acyl chain can vary, and
substitutions at the reducing and nonreducing
terminal glucosamine residues can be present
(3). Nod factors are involved in induction of the
early steps of nodulation and are also a major
determinant of host specificity of nodulation.

Because responses are induced in the plant by
Nod factor concentrations in a nano- to picomo-
lar range, it seems probable that Nod factors are
recognized by specific receptors (3–7).

Infection thread formation shows the
highest demand toward Nod factor structure
of all Rhizobium–induced responses (7–10).
This has been studied in detail in the interac-
tion of Sinorhizobium meliloti (Sm) and the
model legume Medicago truncatula (7, 8).
The nodFnodL mutant of Sm produces Nod
factors that, in comparison to those secreted
by wild-type bacteria, lack an acetate substi-
tution at the nonreducing terminal glu-
cosamine residue and in which the specific
acyl chain of 16 C atoms containing two
double bonds (C16:2) is replaced by vaccenic
acid (C18 :1). This nodFnodL mutant is able
to induce most steps of the nodulation pro-
cess (e.g., cortical cell activation and the
formation of root hair curls in which bacteria
form a microcolony), but the trapped bacteria
are unable to induce infection thread forma-
tion. Therefore, it has been proposed that the
induction of infection thread formation re-
quires a highly specific Nod factor receptor,
which was named the entry receptor (7, 8).

We used confocal laser scanning micro-
scopy (CLSM) to analyze in more detail the
stage at which infection thread forma-
tion is blocked when M. truncatula is in-
oculated with a nodFnodL mutant (Sm
2011
nodF/nodL::Tn5-GFP). Most (�80%)
of the infections were blocked at the initia-
tion of infection thread formation, because only
microcolonies were formed. However, in about
20% of the cases, infection thread–like struc-
tures were initiated. However, instead of a con-
tinuous tube, a structure composed of tube- and
sac-like structures was formed, the growth of
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