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Large clutch volume–adult body mass ratios do
not occur in dinosaurs more distantly related to
birds, such as allosauroids (26). Troodontids and
oviraptorids further differ from other more basal
dinosaurs in featuring relatively larger eggs, mo-
noautochronic ovulation, and brooding (5, 6, 23).
Consequently, two factors may have contributed
to the evolution of paternal care: (i) increased
energy demands of larger, sequentially ovulated
eggs, necessitating females to focus strictly on
their own feeding and egg laying (24, 27), and (ii)
greater thermal incubation needs of embryos, re-
quiring an attendant brooding adult (28). Because
maternal and biparental care systems occur with-
in extant crocodilians, the nature of parental care
within more basal theropods and dinosaurs in
general remains ambiguous.

Paternal care in both troodontids and ovi-
raptorids (Fig. 2E) implies that this reproductive
system originated before the origin of flight and
was primitive for Aves. Biparental care of
Neognathes would then represent a derived
condition. Although paternal care has previously
been suggested as the ancestral condition for
extant birds (3, 24, 27, 29), it has largely been
envisioned as evolving within primitive birds,
potentially in conjunction with superprecocial
chicks (24, 27). In extant birds, the three parental
care strategies correspond to statistically distinct
clutch volume–adult body mass relationships
(table S2), with paternal care associated with the

largest clutches, maternal care with intermediate-
size clutches, and biparental care with the
smallest clutches for most adult sizes. This sug-
gests a trade-off in parental investment between
overall clutch mass and total parental care.
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Orbital Identification of
Carbonate-Bearing Rocks on Mars
Bethany L. Ehlmann,1 John F. Mustard,1 Scott L. Murchie,2 Francois Poulet,3 Janice L. Bishop,4
Adrian J. Brown,4 Wendy M. Calvin,5 Roger N. Clark,6 David J. Des Marais,7 Ralph E. Milliken,8
Leah H. Roach,1 Ted L. Roush,7 Gregg A. Swayze,6 James J. Wray9

Geochemical models for Mars predict carbonate formation during aqueous alteration.
Carbonate-bearing rocks had not previously been detected on Mars’ surface, but Mars
Reconnaissance Orbiter mapping reveals a regional rock layer with near-infrared spectral
characteristics that are consistent with the presence of magnesium carbonate in the Nili Fossae
region. The carbonate is closely associated with both phyllosilicate-bearing and olivine-rich rock
units and probably formed during the Noachian or early Hesperian era from the alteration of
olivine by either hydrothermal fluids or near-surface water. The presence of carbonate as well
as accompanying clays suggests that waters were neutral to alkaline at the time of its formation
and that acidic weathering, proposed to be characteristic of Hesperian Mars, did not destroy
these carbonates and thus did not dominate all aqueous environments.

Although telescopic measurements hinted
at the presence of carbonate on Mars
(1–3), subsequent orbiting and landed

instruments found no large-scale or massive
carbonate-bearing rocks (4, 5). Carbonate in
veins within Martian meteorites (6) and possibly
at <5% abundance in Mars dust (1, 4) indicates
that it is present as a minor phase. The lack of
carbonate-bearing rock outcrops is puzzling in
light of evidence for surface water and aqueous
alteration, which produced sulfate and phyllo-

silicate minerals (5, 7). Carbonate is an expected
weathering product of water and basalt in an
atmosphere with CO2 (8, 9), and large-scale
deposits, which might serve as a reservoir for
atmospheric CO2, were predicted for Mars (10).
Lack of carbonate among identified alteration
minerals has compelled suggestions that either
(i) a warmer, wetter early Mars was sustained by
greenhouse gases other than CO2 (11, 12); (ii)
liquid water on Mars’ surface in contact with its
CO2 atmosphere was not present for long enough

to form substantial carbonate (13) (thus implying
that minerals such as phyllosilicates must have
formed in the subsurface); or (iii) formation of
carbonate deposits was inhibited or all such
deposits were destroyed by acidic aqueous ac-
tivity (14, 15) or by decomposition (16). Here we
report the detection of carbonate in a regional-
scale rock unit by the Mars Reconnaisance
Orbiter’s (MRO’s) Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM) and
discuss the implications for the climate and hab-
itability of early Mars.

In targeted mode, CRISM acquires hyper-
spectral images from 0.4 to 4.0 mm in 544 chan-
nels at a spatial resolution of 18 meters per pixel
(17). In addition to diverse hydrated silicates
(18), CRISM identified a distinct, mappable
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