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These were a 55-mm-long CLPG with a
pitch of 78 �m (sample 1) and an 11-mm-

long CIPG with a pitch of 45 �m (sample 2).
The ratio of right circularly polarized (RCP)

to left circularly polarized (LCP) transmission
through sample 1 (Fig. 3) shows that although
LCP light is not affected by the right-handed
structure, RCP light displays dips in transmission
similar to those observed in standard LPG struc-
tures. The spectral positions of these dips coin-
cide with the wavelength of scattering of the core
mode into copropagating cladding modes for the
second diffraction order of the conventional
LPG. The transmission dip shifts when the
CLPG is surrounded by gasoline (Fig. 3, inset).

The ratio of RCP to LCP transmission
through sample 2, which acts as a CIPG, is
shown in Fig. 4. The amplitude of oscillation
in the band may be smoothed by varying the
pitch (Fig. 4, inset). The long wavelength
edge of the scattering band in a chiral rod has
been observed previously in microwave mea-
surements (3). The present optical measure-
ments cover the short wavelength edge of a
scattering band. This suggests the CIPG may
serve as a broadband polarizer.
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Small Mid-Pleistocene Hominin
Associated with East African
Acheulean Technology

Richard Potts,1,2* Anna K. Behrensmeyer,3 Alan Deino,4

Peter Ditchfield,5 Jennifer Clark1

Hominin fossils from theAfricanmid-Pleistocene are rare despite abundant Acheulean
tools in Africa and apparently African-derived hominins in Eurasia between 1.0 and 0.5
million years ago (Ma). Here we describe an African fossil cranium constrained by
40Ar/39Aranalyses,magnetostratigraphy, and sedimentary features to0.97 to0.90Ma,
and stratigraphically associated with Acheulean handaxes. Although the cranium rep-
resents possibly the smallest adult or near-adult known between 1.7 and 0.5 Ma, it
retains features observed in largerHomo erectus individuals, yet shows a distinct suite
of traits indicative of wide population variation in the hominins of this period.

African hominin fossils dating to between 1.0
and 0.5 million years ago (Ma) are sparse
despite widespread Acheulean artifacts in this
period. The African sample between roughly

1.5 and 1.0 Ma includes partial crania from
Olduvai (OH 9), Tanzania; Daka, Ethiopia;
and Buia, Eritrea (1–5 ). Later specimens of
African Homo include the �0.6-million-

year-old cranium from Bodo, Ethiopia, and
uncalibrated specimens from Kabwe, Zam-
bia; Ndutu, Tanzania; and Saldanha, South
Africa (6–9). The relationship of African
Homo to East Asian Homo erectus, dated
between 1.7 and 0.5 Ma, and to European
fossils, dated perhaps 0.9 to 0.8 Ma, is
contested (1, 10–13). The entire sample of
fossils from Africa, Asia, and Europe ex-
hibits wide morphological variation that
some researchers divide into multiple lin-
eages and others place in a single polytypic
species (14–16 ). Here we describe a crani-
um dating to 0.97 to 0.90 Ma from Olorge-
sailie, Kenya, that helps compare these old-
er and younger hominin fossils.

The partial cranium designated KNM-OL
45500 was found in the same stratigraphic
level as the rich Acheulean handaxe sites of
Olorgesailie, Kenya (17 ). The specimen con-
sists of the frontal and left temporal bones
and nine cranial vault fragments (Fig. 1). The
frontal bone was found in situ in June 2003 in
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Fig. 3. Ratio of RCP to LCP
transmission through a
CLPG. To perform the opti-
cal measurements, we
placed the fibers inside hol-
low metallic tubes with a
standard fiber-optic ferrule
at each end. The ends of the
fiber were glued with epoxy
into the ferrules and pol-
ished. An Agilent 83437A
broadband light source was
used for spectral measure-
ments in the 1250- to 1700-
nm spectral range. The light
from the source was colli-
mated by a gradient index.
(GRIN) lens and focused into
the sample fiber core with a
100� microscope objective.
The polarization state of lightwas controlled by a thin-filmpolarizer and a zero-order quarter-wave plate. The
output light was collected by a 100� objective and then directed to a receiving GRIN lens pigtailed with a
fiber connected to an Agilent optical spectrum analyzer 86145B. The inset illustrates the shift of a
transmission dip when the CLPG is surrounded by gasoline.
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ber polarizer based on a
CIPGwith nonuniform pitch.
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a sediment block that was excavated and
removed from the site in August 1999. Other
parts of the cranium were discovered 1 to
20 m downslope of the in situ frontal from 28
July through 22 August 2003 by M. Kanunga,
C. M. Kilonzi, R. Kinyua, J. Kioko, G.
Mumo, J. M. Nume, and R. Potts. Although
Olorgesailie preserves dense accumulations
of Acheulean stone artifacts and mammalian
fossils, KNM-OL 45500 is the first hominin
discovered at the site since initial exploration
in 1942 (17, 18).

The block containing the frontal was de-
rived from sediments that onlap the east side
of a prominent volcanic ridge (Lava Hump)
connecting the Mt. Olorgesailie foothills to
the lowland basin (Fig. 2). The fossil was
covered in poorly sorted sandy silt that con-
tained angular volcanic sand, and its lower
surface rested on well-sorted silt of an under-
lying paleosol. These sediments represent the
boundary between Members 6/7 and Member
5 of the Olorgesailie Formation, which can be
traced laterally to excavations along Lava
Hump and elsewhere in the basin.

The age of the fossil layer is constrained
by radiometric ages for overlying and under-
lying volcanic units and by magnetostratigra-
phy. Single-crystal 40Ar/39Ar dating of large
pumice clasts from the lower part of Member
5 yielded an age of 974 � 7 thousand years
ago (ka), whereas a crack-filling air-fall ash
at the top of Member 8 yielded 747 � 6 ka
(19) (Fig. 2). The Matuyama-Brunhes mag-
netostratigraphic transition is recorded in
fine-grained sediments near the base of Mem-
ber 8 (20). The age of this transition is ap-
proximately 790 ka (21, 22). An interval of
�182,000 years is thus represented between
the base of Member 8 and the lower Member
5 pumice. Much of this sequence probably
formed after the hominin fossil, which is over-
lain by a well-developed laterally extensive pa-
leosol at the top of Member 7 and an erosive
contact between Members 8 and 7 (18). Be-
cause there is no sedimentary evidence for a
major hiatus between the lower date and the
hominin level, we estimate the age of the Mem-
ber 5/7 boundary and the hominin fossil as
closer to the lower age of 974 ka; that is,
between 970 and 900 ka (Fig. 2).

The nearly complete frontal bone includes
the supraorbital torus, most of the squama

with a well-preserved frontal crest, the ante-
rior portions of the orbital roofs, and the
interorbital area with a large rectangular fron-
tal sinus exposed inferiorly. The temporal
bone preserves the entire squamous and mas-
toid portions. The zygomatic process is bro-
ken near its root, leaving an 8-mm-wide shelf
of the zygomatic root medial to the fracture.
The mandibular fossa is intact and exhibits a
small but distinct postglenoid process and a
small articular tubercle (Fig. 1).

KNM-OL 45500 was a small individual
but with sufficient development of bony su-
perstructures to warrant designation as an
adult or near-adult. The post-toral sulcus is as
developed relative to the rest of the frontal
bone as in adult H. erectus. The convex
interorbital region is as wide as in adults of
early African H. erectus and is more promi-
nent (as measured by glabella height) than in
adults, including massive crania, of mid-
Pleistocene Homo. Although the cranial vault
is thin overall, the mid-squama thickness of
the frontal vault is typical for adults such as
KNM-ER 3733 from Turkana and OH 9 from
Olduvai. The mastoid process of the temporal
bone is crested, and its tip projects below the
occipitomastoid suture. The root of the zygo-
matic arch is as strongly developed as in
KNM-ER 3733 and Kabwe and is larger than
in the juvenile KNM-WT 15000. Although

the cranial sutures of KNM-OL 45500 tend to
be broken or eroded, the sphenotemporal su-
ture is closed but the left lateral portion of the
coronal suture is not (Fig. 1).

Despite this evidence of adult or near-
adult status, KNM-OL 45500 exhibits the
smallest frontal breadth, supraorbital torus
thickness and breadth, and overall temporal
bone size of any early- or middle-Pleistocene
adult cranium (table S1). Lateral to the prom-
inent glabellar region and large frontal sinus,
the supraorbital torus is thinner vertically
than in adult H. erectus. The mandibular
fossa exhibits mature development (23), yet
is the smallest in mid-Pleistocene adult homi-
nins despite its position beneath the relatively
large zygomatic root. Although the mastoid
process bears two distinct vertically oriented
crests, it is slender and is not associated with
a supramastoid crest, which typifies larger
adults of mid-Pleistocene Homo.

Two specimens from Dmanisi (the near-
adult D2282 and adult D2280) closely match
the frontal torus/vault and temporal bone size
of KNM-OL 45500 (24), and the supraorbital
torus of OH 12 from Olduvai approximates
the size of the Olorgesailie fossil (25 ). The
former two crania, about 1.75 million years
old, have among the smallest cranial capaci-
ties of H. erectus–like individuals, approxi-
mated at 650 and 780 cc (24 ), implying that

1Human Origins Program, National Museum of Nat-
ural History, Smithsonian Institution, Washington, DC
20560–0112, USA. 2Division of Paleontology, Na-
tional Museums of Kenya, P.O. Box 40658, Nairobi,
Kenya. 3Department of Paleobiology, National Muse-
um of Natural History, Smithsonian Institution,
Washington, DC 20560, USA. 4Berkeley Geochronol-
ogy Center, 2455 Ridge Road, Berkeley, CA 94709,
USA. 5Research Laboratory for Archaeology, Univer-
sity of Oxford, 6 Keble Road, Oxford, OX1 3QJ, UK.

*To whom correspondence should be addressed. E-
mail: potts.rick@nmnh.si.edu

Fig. 1. Partial hominin cranium, KNM-OL 45500, from Olorgesailie. Scale bars equal 1 cm. (A)
Frontal bone, anterior view (left) and right lateral view (right). The squama is broken roughly 10
mm anterior to the bregma and along most of the coronal suture. The lateral portion of the left
supraorbital region, near the anterior root of the temporal line, and two fragments from the left
side of the frontal squama are missing. A lateral segment of the coronal suture, �18 mm long, is
poorly preserved on the left side to the approximate position of the pterion. (B) Left temporal bone,
lateral view (left) and inferior view (right). The petrous portion is missing, broken at its base from
the temporal. Two small fragments of the lateral portion of the tympanic adhere to the bone as
part of the medioposterior wall of the mandibular fossa and the posterior wall of the external
acoustic meatus. A slender fragment (27 � 7 mm) of the greater wing of the sphenoid bone is
articulated to the lower half of the temporal’s anterior suture.
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KNM-OL 45500 had a cranial capacity less
than 800 cc. Thus, although brain size varied
substantially in early- and mid-Pleistocene
hominins (1), there was little change apparent
over time in the small end of the size range.

Although small, the Olorgesailie cranium
possesses characters observed in larger individ-
uals of H. erectus, such as midline keeling of the
frontal bone, shelf-like morphology of the post-
toral sulcus, lack of torsion in the toral anterior
surface, and a short temporal squama with flat
superior border. KNM-OL 45500 also shows a
double-arched supraorbital torus, which is more
strongly developed in some mid-Pleistocene
hominins, such as Bodo and Kabwe, than in
Asian H. erectus, but is also expressed to a

varying degree in Daka, Ceprano, and KNM-ER
3733 (table S1). KNM-OL 45500 lacks the deep
mandibular fossa typical of Asian H. erectus and
displays an overall morphology that would ex-
tend the known range of this species. Compari-
son of KNM-OL 45500 with other crania (table
S1) illustrates that metric and qualitative similar-
ities cut across temporal and spatial groups of
fossil specimens. The expression of diverse com-
binations of traits in mid-Pleistocene hominins is
also evident in previous efforts to define new
taxa on the basis of single crania or small fossil
samples (10, 11, 26).

The fossil’s stratigraphic position is the
same as excavations 1.5 km eastward that
have yielded several of the densest in situ

accumulations of Acheulean handaxes known
in Africa (17 ). Two handaxes and several
flakes consistent with Acheulean technology
were recovered on the surface at the KNM-
OL 45500 site, immediately downslope from
it and within 20 m along the steep erosional
slope at the same stratigraphic level.

Fauna associated with the Member 5/7
boundary at the handaxe sites include the abun-
dant grazing species Theropithecus oswaldi and
Equus spp. Fossils found by sieving of the
sandy silt adhering to the frontal bone include
amphibian bones and a single tooth of the ro-
dent Otomys sp., which inhabits thick grasses in
and around modern East African swamps,
lakes, and rivers. Dental fragments of a suid and
an elephantid, probably Elephas recki, were
surface finds at the hominin site at the same
stratigraphic level as KNM-OL 45500. Stable
isotope values on paleosol carbonates indicate
the prevalence of C4 open vegetation along the
ridge where the hominin was found (Fig. 2,
table S2, and supporting online text).

The scarcity of fossil hominins from the
African mid-Pleistocene has been problem-
atic, given the abundance of older speci-
mens and the rich concentrations of stone
artifacts and fossil animals in mid-Pleisto-
cene localities such as Olorgesailie. Be-
cause of their absence in diverse sediments
of the Olorgesailie basin, we hypothesized
that these Acheulean hominins occupied
upland areas and that their fossils might be
preserved in deposits along volcanic ridges
connecting the upland and lowland zones
(18). The context of KNM-OL 45500 on
the edge of a lava ridge supports this
hypothesis and further suggests that
Acheulean toolmakers entered the lowland
to obtain food and water and left numerous
stone tools there, but died primarily in non-
burial upland contexts.

The stratigraphic position of this small-sized
individual at the same level as large Acheulean
cutting tools, which required powerful detach-
ment of massive flakes from outcrops, suggests
that both large and small adults occurred in the
local hominin population. KNM-OL 45500 fur-
ther suggests that supraorbital morphology and
crest development in the mastoid region were
size-dependent and that marked size differences
could occur in immediately adjacent structures.
The resulting potential for highly varying
combinations of traits may explain why it
remains controversial to define species-specif-
ic characters and to apportion variation to
distinct hominin lineages after the origin of
early African H. erectus.
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Evidence for Precipitation on
Mars from Dendritic Valleys in
the Valles Marineris Area

Nicolas Mangold,1* Cathy Quantin,2 Véronique Ansan,1

Christophe Delacourt,2 Pascal Allemand2

Dendritic valleys on the plateau and canyons of the VallesMarineris regionwere
identified from Thermal Emission Imaging System (THEMIS) images taken by
Mars Odyssey. The geomorphic characteristics of these valleys, especially their
high degree of branching, favor formation by atmospheric precipitation. The
presence of inner channels and the maturity of the branched networks indicate
sustained fluid flows over geologically long periods of time. These fluvial
landforms occur within the Late Hesperian units (about 2.9 to 3.4 billion years
old), when Mars was thought to have been cold. Our results suggest a period
of warmer conditions conducive to hydrological activity.

The formation of valley networks on Mars
has been the subject of considerable scientific
debate (1–4 ). Valleys were attributed to flu-
vial erosion implying a warm and wet climate
on early Mars (5 ), possibly conducive to
biological activity (6 ). Several recent obser-
vations argue in favor of such conditions on
early Mars (7, 8), but valley networks could
also have formed by water-lubricated debris
flows (4 ), hydrothermal activity (9, 10), or
groundwater sapping (11–13) due to geother-
mal activity (14 ), and these hypotheses do
not require conditions warmer than the cur-
rent cold climate.

Here, we describe terrestrial-like dendritic
valleys identified using THEMIS images
(15 ) of the Mars Odyssey mission. These
valleys are located in the Valles Marineris
region (Fig. 1) on the plateau west of Echus
Chasma (Fig. 2) and on the inner plateau west

of Melas Chasma (Fig. 3). These landforms
occur within Late Hesperian units (16), about
2.9 to 3.4 billion years old (17 ); they are thus

unexpectedly younger than the Noachian (16)
period, which is considered to be the poten-
tial primitive warm period (4 ).

The plateau west of Echus Chasma (0°N,
81°W ) is covered by densely branched val-
leys that are frequently sinuous and extend
over tens of kilometers (Fig. 2). Infrared (IR)
images taken at night by THEMIS (Fig. 2A)
show mainly intrinsic thermal properties of
the ground (15 ). Valleys buried under loose
material are outlined by variations of the
thermal signal and resemble terrestrial deserts
where sand covers the floor of dry valleys
(fig. S1). On drainage basin G, the main
valley is larger upstream than downstream
close to the mouth, implying a thicker man-
tling at this location. With the exception of
this place, most valleys have widths increas-
ing from their sources to their mouth, as seen
in terrestrial valleys. An IR image taken dur-
ing the day by THEMIS shows that these
dendritic valleys have their heads scattered at
random points on the plateau (Fig. 2C). Hills

1Laboratoire IDES, UMR CNRS and Université Paris-
Sud, Orsay Campus, 91405 Orsay, France. 2Labora-
toire des Sciences de la Terre, UMR CNRS UCB Lyon 1
and ENS Lyon, La Doua Campus, 69622 Villeurbanne,
France.

*To whom correspondence should be addressed. E-
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Fig. 1. MOLA shaded re-
lief map of West Valles
Marineris and the neigh-
boring canyons. White
squares indicate valley
networks observed over
Hesperian geologic units
on THEMIS images of
Figs. 2 and 3.
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