To verify that the Au is actually alloyed
into the first layer of the Ni catalyst, we
examined the structure and composition of
the active catalyst by extended x-ray absorp-
tion fine structure spectroscopy (EXAFS).
The EXAFS spectrum of the bimetallic cat-
alyst was recorded in situ under synthesis
conditions to make sure it is the active cat-
alyst that is studied (Fig. 4). Only if we allow
for the possibility that Au atoms have Ni
neighbors at Ni interatomic distances can we
account for the spectrum. Because Au is
immiscible in bulk Ni, this demonstrates
that Au is alloyed into the Ni surface layer as
on the single crystal model systems.

The steam-reforming activity was mea-
sured for the Ni catalyst and for the Au/Ni
catalyst for which the EXAFS data are re-
corded (Fig. 5). The only difference be-
tween the two samples is in the Au modi-
fication. Both samples were first reduced in
pure H and subsequently exposed to a di-
luted n-butane gas at 550°C. We used n-
butane to test the activity because it gives
rise to the most severe graphite formation
problems. The n-butane conversion as a
function of time on stream starts out at
about 99.99%. It is seen that the pure Ni
catalyst deactivates rapidly, whereas the
conversion for the Au/Ni sample is almost
constant. The deactivation is typical of a Ni

catalyst under these extreme conditions, .

and it can be associated with the formation
of graphite as seen in, for example, electron
microscopy. The Au-containing sample, in
contrast, does not produce graphite. This
has been checked by independent thermo-
gravimetric measurements.

In conclusion, we are approaching a
point where fundamental insight into sur-
face structure and reactivity can be applied
directly to the design of new catalysts. By
combining several experimental surface sci-
ence techniques with theory and insight
into synthesis and in situ characterization of
high surface area catalysts, it has been pos-
sible to go beyond our fundamental under-
standing of the atomic processes involved
in catalysis to the design of an improved
catalyst for the steam-reforming reaction.
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The Theropod Ancestry of Birds: New Evidence
from the Late Cretaceous of Madagascar

Catherine A. Forster,* Scott D. Sampson, Luis M. Chiappe,
David W. Krause

A partial skeleton of a primitive bird, Rahona ostromi, gen. et sp. nov., has been dis-
covered from the Late Cretaceous of Madagascar. This specimen, although exhibiting
avian features such as a reversed hallux and ulnar papillae, retains characteristics that
indicate a theropod ancestry, including a pubic foot and hyposphene-hypantra vertebral
articulations. Rahona has a robust, hyperextendible second digit on the hind foot that
terminates in a sicklelike claw, a unique characteristic of the theropod groups Troodon-
tidae and Dromaeosauridae. A phylogenetic analysis places Rahona with Archaeopteryx,
making Rahona one of the most primitive birds yet discovered.

The origin of birds has been debated for
more than 100 years, with theropod dino-
saurs (I-6) and basal archosauriforms (7, 8)
most frequently hypothesized as their ances-
tors. Several workers have argued explicitly
against the “birds as dinosaurs” theory (8-
12). We report-here a new raven-sized prim-
itive bird that adds new morphological data
to the question of bird ancestry. The holo-
type specimen of this new bird, Rahona
ostromi, gen. et sp. nov. (13), was recovered
from a small quarry (site MAD93-18) in
Upper Cretaceous rocks in northwestern
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Madagascar. This quarry has produced a
diverse, well-preserved vertebrate fauna, in-
cluding the primitive bird Vorona berivot-
rensis (14).

The skeleton of Rahona exhibits a strik-
ing mosaic of theropod and derived avian
features (Fig. 1). The specimen appears to
be adult, based on the complete fusion of
neural arches to vertebral centra (Fig. 2).
The single camellate cervicodorsal vertebra
bears a large hypopophysis and bilateral
pneumatic foramina, as in maniraptorans
and birds, as well as a large vertebral canal
(88% of the centrum height; Fig. 2B).
Pneumatic foramina also occur on the dor-
sal vertebrae, lying within well-developed
pneumatic fossae, as in some enantiorni-
thines (Fig. 2A). The vertebral canals are
large (42 to 62% of the centrum height), as
in birds. The dorsal vertebrae have accesso-
ry hyposphene-hypantra articulations, a
unique character of theropod and sauropod
dinosaurs, retained only in Patagonykus (15)
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among birds. There are six sacral vertebrae,
one more than in most theropods and Ar-
chaeopteryx. They are completely co-ossified
into an avianlike synsacrum (Fig. 2C). Like
Archaeopteryx, Rahona retains a long bony
tail. Thirteen caudal vertebrae (Cd) are
preserved, but the complete number is un-
known (Fig. 2D). The transition point is

proximally placed at Cd9.

The antebrachium of Rahona is avian; it
is elongate (the ulna is 150% of the length
of the femur), and the radius is reduced to
50% of the diameter of the ulna (Fig. 3, B
and C and measurements in Table 1). The
caudal (anconal) margin of the bowed ulna
bears six low, slightly elongate papillae that

become less distinct distally (Fig. 3D). We
interpret these to be quill knobs for the
attachment of secondary flight feathers.
These six quill knobs, which are regularly
spaced (1.6 cm apart), cover only a portion
of the ulnar shaft. We estimate that there is
space for four additional feathers, for a total
of approximately 10 secondary remiges,

A

Fig. 1. Rahona ostromi, a new primitive bird from the Late Cretaceous of
Madagascar. (A) Reconstruction in left lateral view, with missing elements
indicated by shading. (B) Skeleton of Rahona as found in situ. The specimen
is lying onits right side with its axial column in dorsiflexion. Almost all elements
of the skeleton were discovered within an area of 500 cm?; most are pristinely
preserved. Most preserved parts of the axial column (the last 6 dorsal, the
synsacral, and the first 12 caudal vertebrae and chevrons) were found in
virtually direct articulation. A 13th caudal vertebra and two chevrons were
found closely behind the 12th caudal vertebra. A cervicodorsal vertebra

Fig. 2 (left). Axial skele-
ton of Rahona ostromi.
(A) Last six dorsal verte-
brae in right lateral view.
(B) Cervicodorsal verte-
bra in right lateral view.
(C) Synsacrum in left lat-
eral view. (D) Caudal ver-
tebrae and articulated
chevrons in left lateral
view. Cd1 through Cd9
are on the top row and
Cd 10 through Cdi13
are on the bottom row.
Abbreviation: h, hypos-
phene-hypantra articula-
tion. Scale bars = 1 cm.

was found 5 cm in front of the dorsal series and, although isolated, was
oriented and spaced as if in articulation with them. The pelvic elements were
found either articulated with the synsacrum (right ilium) or in close proximity.
The right hind limb, with the femur slightly displaced from the acetabulum, is
closely articulated, but digits are missing from the pes. The lower left hind
limb is loosely articulated (the femur was displaced approximately 1 m to the
north) but has an articulated and nearly complete pes. The left scapula and
right ulna were found touching or close to the rest of the bones; the right
radius was displaced approximately 15 cm to the west. Scale bar = 5 cm.

Fig. 3 (right). Wing ele-
ments of Rahona os-
tromi. (A) Left scapula in m * .#

lateral view, caudal end r“*m
up. (B) Right radius in }‘

cranial view, proximal
end up. (C) Right ulna in
medial view, proximal
end up. The box indi-
cates the limits of the

scanning electron microscope photo shown in (D). (D) Scanning electron microscope photo of papillae on right ulna (left), with magnified views of two of the
papillae (right). We interpret these as quill knobs. Abbreviations: ap, acromion process; gf, glenoid fossa. Scale bar for (A), (B), and (C) = 1 cm.
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which is fewer than the 12 to 14 secondar-
ies suggested for Archaeopteryx (16) but
within the range known for extant birds.

The main axis of the glenoid fossa is
centered on the ventral edge of the scapular
blade, as in Archaeopteryx and theropods,
rather than lateral to the ventral edge as in
Neornithes (Fig. 3A). Otherwise, the scap-
ula is quite derived. It has a facet for the
coracoid, indicating a mobile joint as in
derived birds, rather than the plesiomorphic
sutural contact of theropods and Archae-
opteryx. A well-developed acromion process
projects well cranial to the coracoid facet,
as in Unenlagia, Archaeopteryx, and birds.
On the basis of these forelimb characters
(enlarged acromion process, coracoid facet,
elongate ulna, and ulnar papillae), the scap-
ula of Rahona was probably positioned dor-
sally on the ribcage rather than more ven-
trally as in theropods, resulting in a more
laterally directed glenoid fossa. This orien-
tation allows for the more extensive vertical
excursion of the humerus needed to pro-
duce a flight stroke (17) and contributes to
the wing-folding mechanism (18).

The pelvic elements of Rahona closely
resemble those of Archacopteryx and Unen-
lagia (18). The ilium has a long preacetabu-
lar process (55% of the ilium length) and a
short postacetabular process that is drawn
back into a narrow, pointed posterior end.
The pubis (90% of the ilium length) is
oriented vertically (as in some manirap-
torans, Archaeopteryx, and Unenlagia). Dis-
tally, the pubis sweeps caudally and expands
into a foot; a well-developed hypopubic cup
is present (Fig. 4A). A pubic foot is absent
in nearly all avians, but is present in thero-
pods, Archaeopteryx, Patagonykus, and enan-
tiornithines (for example, Sinornis and
Cathayornis). Like that of Archaeopteryx, the
ischium of Rahona is short (45% of the
length of the pubis), platelike, and has a
pointed process at the anterodistal end (Fig.
4A). We interpret the latter as the obtura-
tor process, based on its shape and position.
Behind the iliac articulation is a small dor-
sally projecting process [the “proximodorsal
process” of Novas and Puerta (18)], a char-
acter shared exclusively with Unenlagia and
the primitive birds Archaeopteryx, enantior-
nithines, Iberomesomis, and Confuciusomnis.
A second, smaller process is midway down
the caudal ischial margin, as in Archae-
opteryx and Confuciusomis. There is no ev-
idence of an ischial symphysis. All pelvic
elements are unfused, a plesiomorphic char-
acter state shared with nonavian theropods,
Archaeopteryx, Unenlagia, and Iberomesomnis.

The femoral head is identical to that of
Archaeopteryx, lacking both a neck and a
fossa for the capital ligament. It also bears
an avianlike undivided trochanteric crest

(Fig. 4B). The tibia is long and straight
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(137% of the femoral length) and lacks a
medial cnemial crest as occurs in more de-
rived omithurine birds. The greatly re-
duced, splintlike fibula is birdlike in propor-
tion (15% of the tibial diameter), and the
tubercle for the m. iliofibularis faces poste-
riorly, as in Ornithurae (Fig. 4C). The right
fibula is preserved in articulation with the
tibia, and its distal portion shifts onto the
cranial surface of the tibia. If this is its
natural position (as in Patagopteryx), it
could not have articulated with the calca-
neum. Loss of contact between the fibula
and calcaneum characterizes birds.

The much reduced calcaneum is tucked
into the lateral margin of the broad short
astragalus (14% of tibial length), as in ma-
niraptorans and Archaeopteryx. The astraga-
lus and calcaneum are partially fused to one
another but are not fused to the tibia (Fig.
4C). A free distal tarsal caps the right meta-
tarsal IV. Plesiomorphic free tarsals are also
retained in the primitive bird Iberomesornis
and in some specimens of Archaeopteryx.

The foot of Rahona is primitive in many
respects; notably the metatarsals are not
fused to one another (Fig. 4D). In some
specimens of Archaeopteryx, the metatarsals
also lack any fusion (for example, the Eich-
stitt specimen), although other specimens
exhibit partial fusion of the proximal meta-
tarsals (for example, the London specimen).
The digits of the left foot of Rahona were
found in articulation and show that digit 1 is
reversed relative to the other digits (Fig. 1B),
a configuration known only in birds (10).

The most striking feature in the nearly
complete left foot, however, is the structure
of digit II. It is extremely robust relative to
the other digits (the first phalanx of digit 11
is 140% of the width of that of digit III at
midshaft) and distinctive in morphology.
The phalanges have large, ventrolaterally
placed flexor keels, expansive distal exten-

Table 1. Lengths (in millimeters) of pelvic and limb
elements of Rahona ostromi. Dash indicates that
measurement is not possible because of an ab-
sent or incomplete element.

Element Left Right
Synsacrum 41.9
Scapula 82.2 -
Radius - 126.9
Ulina - 132.3
llium 66.7 67.7
Pubis - 60.8
Ischium 27.3 -
Femur 88.0 871
Tibia 119.8 120.2
Fibula - -
Metatarsal | 8.9 -
Metatarsal Il 44.7 441
Metatarsal lll 48.0 48.1
Metatarsal IV 45.3 47.7

. REPORTS

sor surfaces, and deep, dorsally placed, col-
lateral ligament pits. The digit ends in an
enlarged sickle-shaped claw. Although un-
guals are missing from digits 1l and IV,
their preserved distal phalanges indicate
that they bore substantially smaller claws.
On the left foot, digit II was found in hy-
perextension, whereas digits 1l and IV were
flexed (Fig. 1B). This distinctive morphol-
ogy of an enlarged hyperextendible digit 11
is found only in dromaeosaurid and tro-
odontid maniraptorans (for example,
Deinonychus, Velociraptor, and Troodon), re-
sulting in the predatory “slashing” foot (19).

The general skeletal morphology of Ra-
hona is birdlike. Rahona is only slightly
larger than the London Archaeopteryx
specimen (though smaller than its avian
contemporary Vorona) and extremely
lightly built (the long bones are hollowed

Fig. 4. Pelvis and hind limb of Rahona ostromi. (A)
Left pelvisin lateral view. The iliumis complete; the
pubis is missing its distal end; and the ischium is
missing its obturator process, ischial articulation,
and part of a small process in the middle of its
caudal margin. These missing portions are
present on the right pubis and ischium, and their -
outlines are indicated here by dotted lines. (B)
Right femur in anterior view. (C) Right tibia, fibula,
and proximal tarsals in anterior view. The proximal
ends of the crural elements are slightly eroded but
are complete on the left tibia and fibula. (D) Left
pes in exploded medial view. (E) Articulated left
pes in dorsal view. The ungual of digit Ill and the
distal phalanx and ungual of digit IV are missing.
Abbreviations: a, astragalus; ¢, calcaneum; f, fib-
ula; op, obturator process; pf, pubic foot; pp,
preacetabular process; t, tibia. Roman numerals
refer to digit numbers. Scale bars = 1 cm.
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to the same degree seen in other birds).
These factors, combined with the elongate
feathered ulna and raptorial slashing foot,
suggest that this bird was lightweight, ac-
tive, predatory, and capable of powered
flight. The combination of derived wing
morphologies with a vertically oriented
pubis in Rahona counters the recent sug-
gestion that the development of an avian-
style lung ventilation system suitable for
the high metabolic demands of flight was
coupled with a fully retroverted pubis
(11). The vertical pubis of Rahona also
bears a well-developed hypopubic cup, a
morphology associated with suprapubic
musculature and avian-style lung ventila-
tion (11). Rahona thus shows that a hy-
popubic cup and opisthopuby did not de-
velop in concert.

It has been hypothesized that birds be-
long to a derived clade of theropods called
Maniraptora (2-5). However, the arrange-
ment of taxa within Maniraptora, including
exactly where birds fit, is debated. Both
Dromaeosauridae (4, 5) and Troodontidae
(20) have been hypothesized to be the clos-
est relatives of birds.

We ran a phylogenetic analysis (21)

Fig. 5. (A) Phylogenetic A
hypothesis of relation-
ships of Rahona to therc-

Ornithurae B

Patagopteryx

with two separate data sets, one including
and one excluding forelimb elements for
Rahona (22). The most parsimonious tree
for both data sets shows the same arrange-
ment of taxa within Aves (which includes
Rahona). That is, the exclusion from the
phylogenetic analysis of the strongly avian
forelimb assigned to Rahona does not alter
its phylogenetic position within Aves. Ra-
hona is supported as a member of Aves
[Avialae of others; for example, (3, 5)] by
seven unambiguous derived characters;
bootstrapping of the data set (500 replica-
tions) shows a 90% confidence level for our
Aves node (Fig. 5A; the analyses depicted
include forelimb characters for Rahona).
Our most parsimonious analysis places
the purported maniraptoran theropod Un-
enlagia within Aves as the sister taxon to a
Rahona-Archaeopteryx clade (Fig. 5A). This
three-taxon clade is united by four unam-
biguous characters of the pelvis and femur
(node 3 in Fig. 5A). Uniting these three
taxa in a single subclade places them on a
side branch of early bird evolution and sup-
ports the suggestion that Archaeopteryx was
not a direct precursor of modern birds (12,
23). However, this clade collapses to a

Ornithurae

Patagopteryx

paraphyletic configuration of (in order) Un-
enlagia—Archaeopteryx—Rahona—other birds,
or Archaeopteryx—Unenlagia—Rahona—other
birds, with only one additional step (see Fig.
5B for one of these trees). This suggests that
the characters uniting these taxa may rep-
resent primitive features for birds rather
than synapomorphies of a separate primi-
tive bird lineage. These alternative hypoth-
eses may prove more tenable, as Rahona
shares a number of characters with more
derived birds exclusive of Archacopteryx (for
example, six fused sacral vertebrae, a mobile
scapulocoracoid joint, and an undivided
trochanteric crest). Rahona remains firmly
nested within Aves in all trees.

In addition to its numerous bird features
(for example, a reversed hallux, a splintlike
fibula, and ulnar papillae), Rahona retains
specific theropod synapomorphies. The ac-
cessory hyposphene-hypantra articulations
on its dorsal vertebrae are a synapomorphy
of Saurischia (Sauropodomorpha + Thero-
poda) and are unknown in any other am-
niote clade (24). The singular pedal mor-
phology is known only in derived manirap-
toran theropods, which are the purported
precursors of birds (25). Thus, the combi-
nation of morphological characters found in
Rahona strongly supports its membership in
Aves, as well as its theropod ancestry, and
thus the dinosaurian origin of birds.

P . 4 Enantiornithes Enantiornithes
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Morphological information from Rahona was com-
bined with that of six bird and eight maniraptoran
taxa into a 113-character matrix and analyzed with
the PAUP and MacClade programs. Characters
were unordered and unweighted, and trees were
optimized with the use of delayed transformations.
Tree statistics are as follows: The most parsimonious
tree shown in Fig. 5Ais 228 steps; consistency index
(Cl) = 0.579, homoplasy index (Hl) = 0.421, reten-
tion index (RI) = 0.712. The tree shown in Fig. 5B is
229 steps; Cl = 0.576, HI = 0.424, Rl = 0.708. The
character matrix and character list for this phyloge-
netic analysis are available at www.sciencemag.org/
feature/data/97 2697 .shl.

The three forelimb elements of Rahona were found
either next to or touching the hind portion of the
skeleton (Fig. 1B). Because they were not in direct
articulation with the rear of the animal, we recog-
nize the possibility, albeit remote in our opinion,
that they do not belong to the same individual or
taxon. Although material of more derived avians
was found elsewhere in the quarry, with the excep-
tion of one articulated partial tibiotarsus-tarso-
metatarsus (74) all avian material occurred as wide-
ly scattered, isolated elements. The only articulated
skeleton found anywhere in the quarry is that of
Rahona. Because of the taphonomic distribution of
bone in the quarry and the juxtaposition of these
forelimb elements with the rear portion of the skel-
eton, we believe they belong to the same specimen
and are confident in assigning them to Rahona.
Nevertheless, to test the effect of an erroneous
association, the phylogenetic analysis was run with
two data sets, one including and one excluding
forelimb elements for Rahona. Each data set result-
ed in two most parsimonious trees; the ambiguity in
these trees was due to the switching of the posi-
tions of the theropod taxa Oviraptoridae and Orni-
thomimidae. The topology of taxa within Aves was
consistent across all four most parsimonious trees,
with Rahona firmly nested within this clade.
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Age and Origin of Carlsbad Cavern and Related
Caves from “°Ar/3°Ar of Alunite

Victor J. Polyak,* William C. Mcintosh,* Necip Given,
Paula Provencio

40Ar/39Ar dating of fine-grained alunite that formed during cave genesis provides ages
of formation for the Big Room level of Carlsbad Cavern [4.0 to 3.9 million years ago (Ma)],
the upper level of Lechuguilla Cave (6.0 to 5.7 Ma), and three other hypogene caves (11.3
to 6.0 Ma) in the Guadalupe Mountains of New Mexico. Alunite ages increase and are
strongly correlative with cave elevations, which indicates an 1100-meter decline in the
water table, apparently related to tectonic uplift and tilting, from 11.3 Ma to the present.
4OAr/3®Ar dating studies of the hypogene caves have the potential to help resolve late
Cenozoic climatic, speleologic, and tectonic questions.

Carlsbad Cavern and Lechuguilla Cave are
world renowned for their size, geology, and
mineral decorations. These and other relat-
ed caves are located in the Permian Capitan
Limestone, Goat Seep Dolomite, and asso-
ciated backreef carbonate rocks in the
Guadalupe Mountains of southeastern New
Mexico and West Texas (1) (Fig. 1). Carls-
bad, Lechuguilla, and other major caves of
the Guadalupe Mountains formed partly, if
not largely, by sulfuric acid dissolution (2—
4) rather than solely by carbonic acid dis-
solution as was initially thought (5). Caves
formed by ascending hydrothermal or sulfu-
ric acid-bearing waters are termed hypo-
gene (6-8). Hypogene caves represent at
least 10% of the 300+ (9) caves in the
Guadalupe Mountains; these are generally
the larger caves. Some hypogene caves in
the Carlsbad area contain small amounts of
alunite, a potassium-bearing aluminum sul-
fate, which is a by-product of cave genesis

(10). Alunite has been used for K-Ar and
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40Ar/*?Ar dating of hypogene and super-
gene hydrothermal ore deposits (11) and
supergene paleoweathering sequences (12).
Here, we use alunite to determine the ab-
solute age of formation of Carlsbad Cavern
and other related hypogene caves. Previous-
ly, ages of these (13) or any other dissolu-
tion caves could be estimated only by dat-
ing detrital sediments and carbonate precip-
itates, which establish only the earliest ages
of calcite or clastic deposition in the caves.

Alunite is present in Carlsbad Cavern
and related caves in floor deposits and wall
residues and most commonly within pock-
ets of altered bedrock or solution cavity
fillings (10), which may represent paleokarst
cavities. Alunite and hydrated halloysite are
products of the reaction of acidic cave-form-
ing waters with clays such as montmorillon-
ite, illite, dickite, and kaolinite that occur as
detrital components of cavity fillings or in
scarce thin Permian clay beds. The Green
Clay Room in Carlsbad Cavern presents the
most convincing evidence of alteration by
sulfuric acid of green montmorillonite-rich
sediments that fill solution cavities; white
reaction rims around these cavity fillings
consist of alunite and hydrated halloysite
(Fig. 2A). In Endless Cave, pods of white
alunite and hydrated halloysite at the base of
a 10-cm-thick Permian clay bed also provide
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