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Fossils and artifacts recovered from the middle Awash Valley of Ethiopia’s Afar depression
sample the Middle Pleistocene transition from Homo erectus to Homo sapiens. Ar/Ar ages,
biostratigraphy, and tephrachronology from this area indicate that the Pleistocene Bodo
hominid cranium and newer specimens are approximately 0.6 million years old. Only
Oldowan chopper and flake assemblages are present in the lower stratigraphic units, but
Acheulean bifacial artifacts are consistently prevalent and widespread in directly overlying
deposits. This technological transition is related to a shift in sedimentary regime, supporting
the hypothesis that Middle Pleistocene Oldowan assemblages represent a behavioral

facies of the Acheulean industrial complex.

A Homo cranium was found at Bodo,
Middle Awash Valley, ini Ethiopia’s Afar in
1976 (1). An age of ~350,000 years for this
fossil and stratigraphically associated
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Acheulean artifacts has been widely as-
sumed based on their morphologies (2), but
in the absence of radiometric dating. A
second hominid’s parietal was found in
1981 (BOD-VP-1/1) (3, 4) and a distal
humerus fragment was recovered in 1990
(BOD-VP-1/2). These specimens straddle
the traditional morphological interface be-
tween Homo erectus and Homo sapiens—a
transition whose age is poorly defined. The
Bodo cranium exhibits cut marks indicating
defleshing (5). This specimen is usually
referred to as “archaic” Homo sapiens, as
have other inadequately dated specimens
from Europe (Arago, Petralona) and Asia
(Yunxian).

We recently recovered additional Mid-
dle Pleistocene vertebrate fossils at Bodo.
In this report, we establish chronostrati-
graphic control for deposits at Bodo and
elucidate the relations between Oldowan
and Acheulean assemblages widely distrib-
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uted in this area. We do not follow a
previous stratigraphic framework formulat-
ed for the Middle Awash (6, 7) because of
the difficulty in correlating sedimentary
units across a broad region marked by con-
siderable faulting and lacking precise chro-
nometric control. Qur fieldwork concen-
trated on Middle Pleistocene archaeological
and paleontological occurrences extending
across the modern Bodo, Dawaitoli, and
Hargufia catchments (Fig. 1). These are
incorporated in fluvial sediments derived
from wadis or seasonal rivers on the eastern
side of the basin and a major river along the
basin axis. These Middle Pleistocene depos-
its are in fault contact with a sequence of
Lower Pleistocene and Pliocene deposits to
the east. The Middle Pleistocene deposits
are succeeded by a formation exposed as a
fault block to the west that bears typical
Middle Stone Age artifacts provisionally
attributed to the Late Pleistocene.

Most of the in situ Middle Pleistocene
deposits in the Bodo-Hargufia area are in a
sedimentary unit now informally designated
“u” (Fig. 1). This ~35-m-thick package
comprises four cyclical sedimentary units
and is divided into subunits ul to u4 (u4 is
typically truncated by later erosion). Each
subunit consists of gravel sand to clay silt
with calcic soils and concretions at the top.
Sand and silt of ul and u2 are indicative of
deposition in a stabilized alluvial plain.
Those of u3 and u4 reflect increasingly
shifting silty overbank and sandy channel
deposits. A normal fault (fault 6) to the
west separates ul to u4 from a 15- to
20-m-thick sequence of deposits that ap-
pears to represent the continuation of unit
u. We informally designate the latter beds
as unit u-t. These beds contain abundant
Middle Pleistocene vertebrate fossils in-
cluding the three fossil hominids from the
upper Bodo sand unit (UBSU) (I). They
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also include a number of occurrences of
Acheulean artifacts. The UBSU is separat-
ed from the top of ul by at least four
sedimentary cycles of unknown duration.

We sampled two different vitric tephra
horizons within units u and u-t for Ar/Ar
dating (Fig. 1). One of these [MA90-20
(Hargufia) = MA90-7 (Dawaitoli) =
MA90-23 (Bodo)] separates ul and u2 and
is correlated on the basis of stratigraphic
position, similarities in glass morphology
and phenocryst content, and geochemistry
(Table 1). This correlation is emphasized
by the physical and chemical characteristics
of this horizon as compared to other spatial-
ly and temporally associated tephra. Sam-
ples were dated by the laser-fusion “°Ar/
3Ar method [following methods described
in (8)]. No volcanic horizons were found
above the UBSU. We attempted to date
tuff MA90-24 from u-t, immediately below
the UBSU, but this ash was too contam-
inated by detrital feldspars. The dated sam-
ples MA90-20 and MA90-23 contain small
(<0.10 to 0.25 mm) rare potassium feld-
spars. Although the laser-fusion method is
generally well suited for the dating of small
grains, the combination of the fine grain
size and young age of these feldspars results
in significant scatter in the data.

Feldspars from MA90-20 (~0.5 mm)
yielded six single grain ages, ranging from
0.51 million years ago (Ma) to 0.73 Ma,
and two multiple grain ages of 0.39 Ma and
0.57 Ma. Combined, these data yielded a
weighted mean age of 0.55 = 0.03 Ma
(Table 2). A third multiple grain analysis
yielded an age of 1.68 Ma, indicating the
presence of detrital feldspars. Feldspars from
MA90-23 are much more finely grained
(<0.25 mm), and we fused three to five
grains to increase the precision of the mea-
surement. Five multiple grain ages range
from 0.69 to 0.87 Ma and yield a weighted
mean age of 0.74 = 0.03 Ma. (Table 2).
The MA90-23 feldspars are compositionally
heterogeneous and are consistently older
than feldspars from MA90-20. These differ-
ences may be due to contamination in the
MAO90-23 multiple grain analyses.

Pooled together and without the obvious
contaminant (L# 4980-09) (Table 2), the
MA90-20 and MA90-23 analyses yield a
weighted mean age of 0.64 + 0.03 Ma
(Table 2). Such a pooling is justified be-
cause an age probability spectrum depicts a
normal, Gaussian distribution indicating
that these two samples belong to a single
age population. Furthermore, an isochron
plot of the pooled data yields an age of 0.64
+ 0.04 Ma, an initial *°Ar/3%Ar intercept
of 300 £ 17, and a mean standard weight
difference value of 1.6. Taken together,
these results indicate that the pooled data
fit the criteria for a single age population,
with no systematic errors. Given the ana-
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Fig. 1. Stratigraphic relations of Middle Pleistocene deposits (units u and u-t) in the Bodo, Dawaitoli,
and Hargufia areas. These deposits are in fault contact with Lower Pleistocene deposits to the east
and Upper Pleistocene deposits to the west. Subunit u1 begins with disconformable thick lenses of

.coarse gravels resulting from the readjustment of the topography to tectonics. Subunit u2 is

regularly cyclothemic, with its lower part including a widespread volcanic marker tuff horizon.
Peculiar stromatolithic structures occur locally in the middle part of the subunit. Subunit u3 is a
variable thickness of valley fills, from fossiliferous sands to silts and clay-silts. Subunit u4 is usually
truncated or absent. Sedimentological, structural, archaeological, and biochronological consider-
ations suggest that sequence u-t was emplaced atop unit u before fault 6. Unit u-t and fault 6 are
illustrated here only at Bodo, although the same structural relations separate units u and u-t at

Dawaitoli and Hargufia.

lytical unceftainty inherent in the measure-
ment of such small, young grains, we be-
lieve that the best estimate for the age of
this horizon is suggested by the pooled
results of 0.64 += 0.03 Ma. However, the
single grain ages from MA90-20 suggest a
minimum age of 0.55 *+ 0.03 Ma for the
base of subunit u2. Overall, these results
indicate a temporal correlation with upper
members of the Olorgesailie formation in
Kenya (Olorgesailie members 10 and 14 are
0.66 Ma and 0.49 Ma, respectively) (9).
The archaeological technologies and
faunal assemblages from units u and u-t in
the Middle Awash are currently indistin-
guishable and are effectively contemporane-
ous with similar collections from members
10 and 14 of the Olorgesailie formation. In
addition to the Bodo hominids, the paleon-
tological sample from the overlying u-t beds
at Bodo yielded excellent cranial material
of Kolpochoerus majus and Alcelaphus busela-
phus, Damaliscus niro, and Syncerus acoelo-
tus. The Theropithecus oswaldi and K. majus
from u and u-t at Bodo (10), Dawaitoli,
and Hargufia indicate a good biochrono-
logical match for Olduvai bed IV and the
upper levels at Olorgesailie. The Bodo
bovids fit this assessment and are in accord
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with, the Middle Awash radiometric dates.

zlﬂ\s%;al third of a hominid humerus
lacking an articular end (BOD-VP-1/2) was
recovered in 1990 from the surface of the
upper Bodo sands ~100 m north of the
original Bodo cranium discovery. Aside
from a greater cortical thickness, this fossil
has no morphological features noticeably
different from modern human comparative
specimens. This new Bodo humerus is ap-
preciably smaller than many modern hu-
man humeri. The two other Bodo hominid
individuals are represented by large and
robust cranial remains recovered from the
same locality. The relatively small-size of
the new humerus may reflect pronounced
sexual dimorphism in this hominid form,
also suggested by broadly contemporary,
smaller cranial remains from other African
sites such as Salé and Ndutu. Several work-
ers have identified primitive characters of
the Bodo crania that accord well with an
older age for the fossils than previously
thought (I, 3). However, most workers
have identified the Bodo specimen as “ar-
chaic” Homo sapiens on the basis of its
derived morphology compared to typical
Homo erectus of Java and China.

Our placement of the Bodo cranium at




Table 1. Compositional data for Hargufia-Dawaitoli-Bodo tuffs. See Fig. 1 for geographic and
stratigraphic locations. All values are given in parts per million except Fe, O, Al,O,, and CaO, which

are given as weight percent (32).

Location Fe,O; AlLO; CaO Ba No Rb Sr i Y ZIn  Zr

MAQ0-7 6.06 1151 052 985 1646 119 116 23 2177 99 232 676
MA90-20 6.09 1162 053 985 1701 125 116 18 2241 96 219 659
MA90-23  6.11 1161 056 1001 1743 124 116 21 2278 98 223 663
MAQ0-6 7.1 1046 043 572 2031 135 100 6 2319 102 256 831
MAQ0-24  8.79 798 035 1013 2284 138 96 46 1480 119 301 681

Table 2. Laser-fusion “CAr/3°Ar results. The
laboratory run number is indicated by L#, the
number of grains measured in each fusion is
indicated by n, and the percent radiation is
indicated by % Rad. (33). The average and SD
of the Ca/U ratio as well as the weighted mean
and uncertainty, respectively,
0.0127, 0.554, and 0.032 for MA90-20 (J =
0.000315 = 0.000002); 0.2819, 0.4528, 0.739,
and 0.028 for MA90-23 (J = 0.0003187 =
0.000001); and 0.1166, 0.2949, 0.639, and
0.034 in the pooled results (L#4980-01 to
L#4980-08 for MA90-20 and L#5005-01 to
L#5005-05 for MA90-23). The material was
sanidine except for L#5005-03 (Plagioclase)
and L#5005-05 (anorthoclase).

%

L# n CaK Rad. Age (Ma) = Ma
MA90-20
4980-01 1 0.0122 33.8 0.533 0.053
4980-02 1 0.0289 56.6 0.648 0.063
4980-03 1 0.0029 97.6 0.632 0.163
4980-04 1 0.0119 30.0 0.731  0.072
4980-05 1 0.0000 75.8 0.597 0.054
4980-06 1 0.0359 53.9 0.511  0.033
4980-07 3 0.0040 46.3 0.389 0.073
4980-08 3 0.0105 22.8 0.565 0.075
4980-09 3 0.0403 70.1 1.681 0.033
MA90-23
5005-01 3 0.0536 79.1 0.701  0.044
5005-02 3 0.0062 65.5 0.687 0.046
5005-03 3 1.0680 89.3 0.871  0.080
5005-04 3 0.0102 94.6 0.776  0.043
5005-05 5 0.2717 46.6 0.748 0.047

~0.6 Ma is based on the structural, bio-
stratigraphic, and archaeological consider-
ations outlined above. These tie the fossils
to the adjacent unit u, whose best age is
0.64 + 0.04 Ma and whose minimum age is
0.55 £ 0.03 Ma. This placement has sig-
nificant implications for the interpretation
of hominid evolution across the Middle
Pleistocene. Age estimates for south and
east Asian representatives of Homo erectus
overlap the Bodo age estimate (11, 12). If
these estimates for Asian fossils are correct,
evolution within African and Asian Homo
erectus may have followed different trajec-
tories, with advanced features appearing
earlier in Africa (13-15). Alternatively,
other specimens interpreted to have
evolved from Homo erectus (such as
Arago, Petralona, and Yunxian) may be
substantially older than generally thought

are 0.0133,-

(~0.5 Ma rather than 0.3 Ma).

Atrtifacts were excavated at HAR-A4 and
DAW-A6 and found eroding from individ-
ual horizons at various localities in the three

~modern drainages. Assemblages in ul and u2

consist of simple cores and flakes typical of
Oldowan technology; bifaces are notably
absent. Flakes are predominantly cortical or
plain-platformed, primarily unmodified,
with rare, minimal retouch. Five pairs of
conjoining flakes were found at BOD-A3. In
contrast, Acheulean artifacts dominated by
relatively well made, bifacial hand axes and
cleavers first become abundant in subunit u3
and above, consistently found eroding from
alluvial sediments associated with shallow
channels or channel banks. Oldowan and
Acheulean artifacts are mostly in a fresh,
unabraded condition. The HAR-A4 (in u3)
excavations yielded a small number of bi-
faces in situ as well as a large number of
flakes and flake fragments, a significant pro-
portion of which were quite small (1 to 2 cm
in maximum dimension). These relations
indicate that sorting before burial was min-
imal.

_The local shift from Oldowan to
Acheulean assemblages observed in the Mid-
dle Awash comes substantially later than the
appearance of the Acheulean in Africa, dated
elsewhere minimally at 1.5 Ma (16). Old-
owan and Acheulean assemblages found in
contemporary Olduvai bed II deposits were
attributed first to different contemporary hom-
inid taxa (I7) and then to different techno-
logical responses to different habitat (18-20)
or raw material use (21). The local Middle
Awash. assemblage change comes within unit
u; there is no faunal difference between the
Oldowan levels (ul and u2) and the overlying
unit in which Acheulean artifacts become
pervasive (u3). There is, however, a progres-
sive change in the sedimentary regime: The
wadi fan environment became increasingly
dominant, and sands accounted for a greater
volume of the section in subunit u3. The
Middle Awash change from core (chopper)-
based Oldowan assemblages to assemblages
with large quantities of Acheulean bifaces
appears to reflect the use of different technol-
ogies in different geographic settings. Isaac
(22) noted the clustering of Acheulean tools
in areas with a sandy substratum, suggesting
mechanisms of hominid preference and hy-
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draulic agency to account for this observation
(23). The Middle Awash data are consistent
with such interpretations. Future use of the
landscape approach to interpret archaeologi-
cal assemblages (24, 25) will explore late
Oldowan assemblages as activity facies of the
Acheulean (26).

Older radiometric ages (0.64 Ma) for the
Middle Awash and for upper Olorgesailie (0.6
to 0.74 Ma) (9) combine with the discovery
of much older (1.0 to 1.5 Ma) Acheulean
occurrences at Konso-Gardula (16), Kesem-
Kebena (27), and Bouri (28) to emphasize the
long duration of the Acheulean. These find-
ings couple with new evidence for possible
early (1.6 to 1.8 Ma) hominid occupation of
Java (29) to show that the Old World origins,
dispersal, culture, and evolution of Homo
erectus were very complex.
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were measured on a MAP-215 noble gas spec-
trometer fitted with a Balzers electron multiplier
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MCM-22: A Molecular Sieve with Two Independent
Multidimensional Channel Systems

Michael E. Leonowicz, Jeffrey A. Lawton,* Stephen L. Lawton,
' Mae K. Rubin

The molecular sieve MCM-22 contains structural features previously unobserved in this
class of materials. Its framework topology, derived from high-resolution electron micro-
graphs and refined with synchrotron x-ray diffraction powder data, contains two indepen-
dent pore systems, both of which are accessed through rings composed of ten tetrahedral
(T) atoms (such as Si, Al, and B). One of these pore systems is defined by two-dimensional,
sinusoidal channels. The other consists of large supercages whose inner free diameter,
7.1 angstroms, is defined by 12 T-O species (12-rings).and whose inner height is 18.2
angstroms. These coexisting pore systems may provide opportunities for a wide variety of
catalytic applications in the petrochemical and refining industries. Another structural fea-
ture is an unusual -T-O-T- chain that passes through the center of a modified dodecasil-1H

[435%6%] cage.

Molecular sieves are crystalline, microporous
materials with frameworks of tetrahedral at-
oms that are interconnected in three dimen-
sions through oxygen atoms. Their pore struc-
ture makes them useful in the petrochemical
and refining industries for catalysis and sepa-
ration processes. Synthesis is usually carried
out under hydrothermal conditions. A direct-
ing agent, if present in the reaction gel, may
be used to influence the formation and geom-
etry of the internal pore system. The molec-
ular sieve MCM-22 was synthesized in this
manner, with hexahydro-1H-azepine (hexa-
methyleneimine) as a directing agent. We
propose a model for the structure of this
molecular sieve.

MCM-22 may be synthesized as an alumi-
nosilicate or borosilicate. Scanning electron
micrographs revealed that it crystallizes as
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very thin sheets and that boron MCM-22
crystallites are typically thicker than those
from aluminum syntheses. Boron-containing
samples were chosen for structural studies
because their large size gave rise to powder
x-ray diffraction (XRD) patterns with sharper
peaks. :

The MCM-22 sample used in this study
was hydrothermally synthesized by proce-
dures described elsewhere (I) from Hi-Sil
precipitated silica (87% SiO,), hexameth-
yleneimine (HMI), triethanolamine, boric
acid (H;BO;), and sodium hydroxide (50%
NaOH solution). Triethanolamine (320 g)
was added to a solution containing 14.0 g of
H,BO;, 6.3 g of NaOH, and 160 g of H,0;
96.0 g of Hi-Sil were then added, followed
by 42.0 g of HMI. After vigorous stirring for
1 hour, 100 g of this slurry were transferred
to a Teflon-lined stainless steel autoclave.
The vessel was placed in an oil bath, and
the reaction mixture was crystallized under

static conditions at 120°C for 230 days. The.

solid product was washed with water and
dried overnight at 120°C (2) and then
24 JUNE 1994
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system blank volumes of 4Ar, 39Ar, 38Ar, 37Ar,
and 3%Ar are 4, 2, 0.08, 0.3, and 0.3 x 10~17 mol,
respectively. Sanidine from the Fish Canyon tuff
was used as the neutron fluence monitor, which
has a reference age of 27.84 Ma (30). The con-
stants used in this study are as follows: (\, + \_’
= 0581 x 10~"%year; A, = 4.962 x 10'0/year;
40 K per degree kelvin =1.167 x 10~* mol/mol).
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calcined in air at 540°C for 16 hours. This
calcined product, Hj o35Na, g43(Als g0s-
By.071510.924) 05, is referred to as MCM-22.

Electron diffraction (ED) photographs
indicated that the unit cell had hexagonal
symmetry with no systematic absences.
They exhibited Laue symmetry consistent
with the eight hexagonal space groups
P6/mmm, P62m, P6m2, P6émm, P622,
P31m, P31m, and P312. The XRD data for
the structure refinement of the calcined
sample were collected on beamline X7A at
the National Synchrotron Light Source in
Brookhaven National Laboratory (3).
These data were successfully indexed on a
hexagonal lattice and were fully consistent
with a space group that exhibits no system-
atic extinctions. The refined unit cell pa-
rameters were a = 14.1145(8) A and ¢ =
24.8822(18) A (4).

The structure was determined with high-
resolution electron micrograph (HREM) lat-
tice images and model building. Trial models
were refined by the program DLS (5), and the
model whose calculated XRD pattern most
closely resembled the experimental pattern
was subjected to a Rietveld refinement (6)
(Fig. 1). Final atomic coordinates are given in
Table 1. There are 72 T atoms per unit cell.

As seen in projections of the framework
topology for MCM-22 (Figs. 2 and 3), the
[001] projection is remarkably similar to that
of the silica clathrate dodecasil-1H (DOH)
(7) (Fig. 3). Topologically, the two frame-
work connectivities are related. The DOH
structure contains hexagonal sheets of [435%67]
cages (8) (Fig. 4A) that share 4-ring faces
with adjacent cages within the sheet. Large
12-ring cavities bordered by six joined cages
are created within these sheets. These sheets,
in turn, join along the unit cell ¢ direction
through single 6-rings that cap the 12-ring
cavities at either end, giving the cavity [685'7]
topology. Adjacent sheets are also directly
connected through bonds between apical T
atoms on the threefold axes of [435%6] cages.






