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The Halibee member of the Upper Dawaitoli Formation of Ethio-
pia’s Middle Awash study area features a wealth of Middle and
Later Stone Age (MSA and LSA) paleoanthropological resources in
a succession of Pleistocene sediments. We introduce these artifacts
and fossils, and determine their chronostratigraphic placement via
a combination of established radioisotopic methods and a recently
developed dating method applied to ostrich eggshell (OES). We
apply the recently developed 23°Th/U burial dating of OES to
bridge the temporal gap between radiocarbon (**C) and “°Ar/3°Ar
ages for the MSA and provide "C ages to constrain the younger
LSA archaeology and fauna to ~24 to 21.4 ka. Paired '*C and
230Th/U burial ages of OES agree at ~31 ka for an older LSA local-
ity, validating the newer method, and in turn supporting its appli-
cation to stratigraphically underlying MSA occurrences previously
constrained only by a maximum “°Ar/*°Ar age. Associated fauna,
flora, and Homo sapiens fossils are thereby now fixed between
106 + 20 ka and 96.4 + 1.6 ka (all errors 2¢). Additional “°Ar/3°
results on an underlying tuff refine its age to 158.1 + 11.0 ka, pro-
viding a more precise minimum age for MSA lithic artifacts, fauna,
and H. sapiens fossils recovered ~9 m below it. These results dem-
onstrate how chronological control can be obtained in tectonically
active and stratigraphically complex settings to precisely calibrate
crucial evidence of technological, environmental, and evolutionary
changes during the African Middle and Late Pleistocene.

geochronology | Middle Stone Age | Late Stone Age | Middle Awash |
Ethiopia

Accurately dating the emergence of Homo sapiens and asso-
ciated technologies in Africa is an enduring challenge in
geochronology and a persistent source of frustration for paleo-
anthropologists (1-3). Most of Africa’s Middle Stone Age
(MSA) lies beyond the ~50-ka range of '*C dating, and even
Later Stone Age (LSA) occurrences often lack associated char-
coal or bone suitable for this technique. Furthermore, crucial
Eurasian finds originally dated by '*C have recently required
large revisions, highlighting the importance of improved sample
preparation even for well-established dating methods (4-6).
The *°Ar/°Ar dating of potassium-rich Pleistocene volcanic
minerals has yielded solid calibrations based on association and
correlation (7-12). However, even when present, many such
rocks are contaminated by detrital minerals or lack datable
fractions, further limiting application of the technique.

Efforts to overcome these geochronological barriers have often
led to adoption of less-reliable techniques such as electron spin
resonance, thermoluminescence, or other trapped-charge tech-
niques to obtain varying age estimates for important fossils of
emergent H. sapiens (refs. 1 and 2, ref. 13 contra ref. 14; ref. 15
contra ref. 16). Such approaches, often pursued when more
tested and cross-validated methods are unavailable, require in
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situ measurements, may involve questionable assumptions, and/
or yield less-precise ages than many radioisotopic decay-based
methods (1, 17). Even for more established techniques, methodo-
logical developments continue to require revision of earlier chro-
nologies (e.g., ref. 18).

Here we integrate the results of detailed stratigraphic and
geomorphological field studies with satellite imagery, tephra
chemistry, and multiple radioisotopic chronometers including
the recently developed 2**Th/U burial dating of ostrich eggshell
(OES) (19) to calibrate a suite of stratigraphically superim-
posed fossil and artifact assemblages from the Middle Awash
study area, Afar Rift, Ethiopia. This provides the temporal
scale against which ongoing and future studies of key fossils
and artifacts will be measured and provides a model approach
for other occurrences with similar geochronological challenges
and resources. We predict that further applications of this
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integrated, basinal-to-submeter geological approach employing
multiple geochronological methods will meet ongoing chal-
lenges (20) of calibrating and understanding Pleistocene cli-
mate change, tectonic processes, environments, technologies,
and biological evolution.

The chronostratigraphic framework presented here is foun-
dational to ongoing paleoanthropological studies on a spatially
and stratigraphically extensive set of MSA and LSA occur-
rences in the Dawaitoli Formation of the Middle Awash. We
first sketch the history of earlier work and outline our broader
stratigraphic findings. We then describe four paleoanthropolog-
ically important Halibee member beds. We describe this succes-
sion in chronological order, oldest first, summarizing geological
and geochronological results and introducing the paleoanthro-
pological content of each. The broader implications of this
research are then considered.

Background

The Middle Awash depository of Ethiopia’s southwestern Afar
Rift comprises variably exposed and tectonically disturbed
strata whose cumulative late Miocene through Holocene thick-
ness measures ~1 km. Paleoanthropological work in the 1970s
by Kalb et al. (21) was followed by our Middle Awash research
project that began in 1981. We have recovered hominid fossils
from 14 separate time-successive horizons, cataloged 33,803
vertebrate fossils from 431 localities, established 69 excavations
within 311 archaeological localities, and procured ~2,000 geo-
logical samples. These resources are now broadly chrono-
logically calibrated across the last 6 My, demonstrating that
sedimentation through time in this terrestrial depository was
obviously episodic rather than the continuous sequence pro-
moted by the previous project (22).

The Middle Awash study area is geographically divided into
artifact- and fossil-bearing areas assigned local Afar names.
Localities within them are abbreviated with three-letter prefixes
(e.g., HAL-A1). Thus, the term “Halibee” applies equally to a
village, a wadi, and to the Halibee member geological unit (23,
24). Middle Awash deposits contain an array of archaeological
occurrences ranging from Oldowan to LSA, but research has
historically focused on rich and extensive Acheulean occur-
rences (21). Establishment of chronostratigraphic and spatial
control over the area’s MSA and LSA resources proved more
difficult, requiring extensive field and laboratory research and
methodological advancements of the last two decades.

For example, the area’s best-known MSA assemblages were
first recorded in the 1970s and became the focus of intense
work in the Aduma area during the 1990s (3, 21, 25). Precise
geochronological placement proved elusive because various
methods were only able to calibrate the younger Aduma MSA
at roughly 80 to 100 ka, whereas the underlying Aduma MSA
assemblages (ADU-A1) were not dated.

The LSA of the Middle Awash was first recorded in
“Holocene” beds near the Namey Koma hills in the headwaters
of the Messalou wadi, a tributary of the Awash River (Fig. 1)
(21). Clark et al. (26) confirmed LSA occurrences in the Oulen
Dorwa (OUD) basin in stratified sections that remained
undated until now. Results presented here provide ages for the
Middle Awash MSA and LSA that reveal occupation of the
Afar Rift floor before and during the Last Glacial Maximum
(~26 to 19 ka) (27), contemporaneous with human occupation
recently documented from southwestern Ethiopia (28) to cen-
tral Tanzania (29).

As a result of our ongoing research, MSA and LSA occur-
rences have now been documented as widely distributed across
the Middle Awash study area. The richest, least disturbed, and
most spatially and stratigraphically extensive of them lie within
a deep stratified section best exposed in largely unvegetated
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erosional topographies in catchments of the Kada and Ounda
Halibee western tributaries of the Awash River (Fig. 1). The
LSA is embedded near the top of the stratigraphic succession
in sediments that overlie strata containing the progressively
older MSA and Acheulean assemblages (SI Appendix, Figs.
S1-S7).

Adjacent, penecontemporaneous deposits north of the Mid-
dle Awash study area present analogous challenges to calibrat-
ing their paleoanthropological resources (30, 31). These include
limitations of radioisotopic dating, rapid facies changes, and
syndepositional faulting in a dynamic geomorphic setting. Care-
ful establishment of faults, slumps, inverted channels, erosional
features, useful marker horizons, and volcanic strata related to
fossils and artifacts are keys to successful stratigraphic place-
ment, and this work is underpinned by strong field logistics and
iterative laboratory studies. In keeping with the Middle Awash
project’s long-term scientific, development, and resource man-
agement goals (32), the challenges of creating an adequate
chronostratigraphic framework for the Pleistocene artifacts and
fossils were met by the integrative approach to chronostratigra-
phy presented here.

Results

Dawaitoli Formation. The steep gradient of the modern Awash
River north of its Messalou confluence (Fig. 1) results in active
downcutting, a northerly narrowing riverine forest and flood-
plain, and active headward erosion into the primarily fluvial
sediments comprising the flanking Plio-Pleistocene Dawaitoli
Formation (24). Today, the main Awash tributaries (Messalou
on the east and Wallia, Halibee, and Talalak on the west;
Fig. 1) further expose extensive sediments for a north-to-south
distance of ~25 km in the northern sector of the Middle Awash
study area. The Dawaitoli Formation’s youngest strata lie
~90 m above and west of the modern Awash River in the Hali-
bee area. The overall succession dips slightly to the west, its
sediments ranging from Holocene to Pleistocene, sampling the
last ~700 ka.

Understanding the complex and dynamic erosional/deposi-
tional interfaces that operated here during the Pleistocene was
key to the Halibee chronological framework presented below.
Fluvial deposition and erosion through time was largely con-
trolled by the base level of downstream depocenters as the
northward-flowing axial Awash River was tectonically dropped
and/or volcanically dammed by the ongoing extension-related
tectono-volcanic activity of the Afar Rift. These erratic tectonic
and geomorphological conditions pertain even today in the
Middle Awash, with tributaries such as the Kada Halibee sea-
sonal stream featuring rapid headward erosion that broadly
exposes the Dawaitoli Formation’s sediment stack. In contrast,
lower gradient stretches of the Awash River in the southern
sector of the Middle Awash exhibit broad floodplains, lakes,
swamps, and riverine forest and currently feature active sedi-
mentation (Fig. 1). The utility of these modern analog settings
in the inference of Pleistocene depositional and occupational
conditions is discussed below.

Atrtifacts and fossils of the Dawaitoli Formation were embed-
ded in this dynamic setting in which sedimentation was influ-
enced by abrupt tectonic and consequent geomorphological
changes. The result was a time-transgressive, shifting interface
between erosion and deposition, all with climatic variation pro-
ceeding independently. Modern erosion today exposes the For-
mation’s deposits on a broad scale (Fig. 1). The current lack of
vegetation cover allows excellent visualization and even remote
tracing of stratigraphically superimposed lithological units via
satellite imagery. Combining these data with ground-truth investi-
gation has revealed recurrent cut-and-fill features, including
inverted paleotopography evidenced by inverted fluvial channels
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Fig. 1. Satellite imagery of the northern sector of the Middle Awash study area at synoptic and precision scales. Base image is a three-dimensional per-
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spective view to the east from above the western margin of the Afar Rift. White lettered circles mark the lettered sections in Fig. 2. Inset imagery is pan-
chromatic and multispectral Worldview-2 imagery captured normal to the Faro Daba landscape. Yellow arrows mark the courses of sinuous Pleistocene
paleochannels currently topographically inverting due to local erosion. Fossiliferous ~100-ka Faro Daba beds were emplaced north and east of these
channels directly atop darker surfaces of the DMCC that had been locally reexposed by paleo-erosion that removed the older Chai Baro beds. The
~158-ka DGST of these beds is the most reflective sediment in the lower right corner of the insets. See S/ Appendix for details and illustrative ground-
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truth photographs.

that parallel those documented for Utah, Egypt, Australia, and
China (see refs. 33 and 34 for reviews) and even Mars (35, 36)
(Fig. 1 and SI Appendix, Figs. S8-S10).

Halibee Member Stratigraphy. The MSA and LSA occurrences
described below derive from the Halibee geological member,
informally recognized here, and were deposited during the late
Middle and Late Pleistocene. The member is informally divided
(from the base upward) into four sedimentary beds: Chai Baro
(MSA), Faro Daba (MSA), Wallia (LSA), and OUD (LSA)
(Fig. 2). Outcrops of the first three beds lie in the Halibee
(HAL) region, ~15 km west of counterparts in the small OUD
sedimentary basin perched east of Namey Koma in the head-
waters of the Messalou wadi (Fig. 1).

Halibee member sediments are primarily associated with the
Pleistocene paleo-Awash River and its tributaries. Sediments
range from fine-grained silts and clays to sands, interbedded
tephra, and massive cobble conglomerates derived from the steep
Afar Rift escarpment and shoulder to the west. Lithological het-
erogeneity reflects intense tectonic and fluvial interactions near
the western rift margin, as with the penecontemporaneous upper
Busidima Formation exposed in the Hadar and Gona study areas
to the north (30, 31).

Niespolo et al.
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A widespread, usually calcite-cemented, variably indurated,
thick (~3.0 to 5.0 m) cobble conglomerate (the Didamela Cob-
ble Conglomerate, DMCC) (SI Appendix, Figs. S6 and S7) at
the base of the member is a valuable marker horizon. It floors
the Chai Baro beds and is traceable for ~8.5 km north to
south at roughly the 565 m (southern) to 575 m (northern)
elevation. Sourced from the adjacent western rift escarpment
and emplaced by high-energy fluvial conditions in a marginal
half-graben, the emplacement mechanisms for such thick, lat-
erally extensive conglomerates remain contentious (30, 37,
38). However, their resistance to erosion and often >10 km
lateral traceability make some of them useful stratigraphic
markers.

Lower depositional energy sediments were abruptly emplaced
upon the DMCC. The lowest ~5 m of Chai Baro beds silts and
silty clays are richly fossiliferous and contain MSA artifacts.
Superimposed on these are ~10 to 15 m of mostly sterile silts,
silty clays, and subordinate fine sands, followed by a crucial
tephra marker horizon here named the Didale Glass Shard Tuff
(DGST). Now precisely dated (below), the DGST is widely pre-
sent and traceable across the Halibee region. It also serves as a
key to understanding the extensive cut-and-fill depositional
regime in which the overlying Halibee member MSA and LSA
assemblages were emplaced.

PNAS | 3of11
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Fig. 2. Halibee member litho- and chronostratigraphy. Measured sections representative of the OUD (A), Wallia (B-D), Faro Daba (E-H), and Chai Baro
(I-M) beds are illustrated, with letters corresponding to locations plotted in Fig. 1. A central schematic composite section summarizes the relationships
between these beds. Important marker horizons and the stratigraphic levels of chronologic results and archaeological and paleontological resources are
indicated. Photographs of outcrops on which these sections are based are presented in SI Appendix. Descriptions and discussions of the materials and
methods used for geochronologic determinations and of the tephra and their chemical signatures are contained in the main text and S/ Appendix.
A more detailed presentation of the age determinations is summarized in Fig. 3.

Following additional relatively low-energy deposition, paleo-
erosion locally removed substantial thicknesses of the Chai
Baro beds across a wide swath of the Halibee region. This ero-
sional downcutting sometimes reached and reexposed the resis-
tant DMCC and is today best evidenced as inverted channels
(SI Appendix, Figs. S8-S11). Such channeling contributed to
the undulating paleotopography atop the DMCC. In an area
near the Faro Daba village, one such channel is obvious in sat-
ellite imagery as a meandering feature that laterally truncates
the DGST and contains large rip-up clasts of DGST in its bed
load (Fig. 1 and SI Appendix, Fig. S8). Today these channels are
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emergent in eroding landscapes of the Halibee member
because modern erosion into softer flanking silts leaves the
channels topographically inverted. Such paleochannels are
today recognizable in the field and satellite imagery by their
sand-to-gravel lithologies, and because they now provide better
anchorage/drainage for modern Acacia bushes than do the soft
silty sediments more rapidly eroding from their flanks (Fig. 1,
Insets).

After the local erosional removal of Chai Baro sediments,
the base level for the local paleo-Awash catchment was again
relatively elevated. Deposition in the Halibee region then
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commenced as the Faro Daba beds were emplaced abruptly
and unconformably across the undulating upper surface of
the DMCC in places where Chai Baro sediments had been
removed. The low-energy sedimentation of the Faro Daba
beds’ fine-grained overbank and floodplain silts first filled low
topography atop the DMCC and eventually submerged it.
Abundant fossil wood, burned tree trunks, and carbonate rhizo-
liths evince relatively dense vegetation spatially and stratigraph-
ically tightly associated with vertebrate fossils and MSA lithics
in the several meters of silts and silty clays atop the DMCC.
These basal Faro Daba sediments are overlain by a basaltic tuff
and a succession of up to ~15 to 20 m of predominantly silty
clays and some fine sands. Atop these are the silty clays, silts,
and sands of the now-dated LSA-bearing Wallia beds. The
younger, uppermost Halibee member’s OUD beds east of the
Awash also bear newly dated LSA occurrences.

Below we introduce sedimentological and paleoanthropolog-
ical contexts and provide tephrochemical and radioisotopic
results that constrain the four time-successive sets of paleoan-
thropological occurrences in the Halibee member.

Halibee's Chai Baro Beds. The richest fossil-bearing deposits in
the Chai Baro beds are exposed sinuously and nearly continu-
ously in the Kada and Ounda Halibee catchments over a north-
to-south distance of ~8 km. They are recognized by their silt,
fine sand, carbonate components, and buff color that contrasts
with the more clay-rich, largely sterile dark brown silty clays
with sand lenses that succeed them. The aforementioned
DGST is the most prominent and widespread tuff in the
Halibee member. Ranging from 0.5 to 1.6 m thick, it is identifi-
able by its fresh, coarse cuspate and bubble-wall glass shards
and occasional pumice clasts. Exposures vary from apparent
primary fall deposits to those that have undergone minor
reworking. Frequently overlying the DGST is a 5-to-30-cm-
thick, dark gray, very fine-grained, bedded and unconsolidated
vitric ash, here referred to as the Bartikimber Vitric Tuff
(BRVT). Unlike the DGST that has compositionally uniform
glass, the BRVT glass preserves a wide linear compositional
primary array with secondary compositionally distinct clusters.
A compositionally bimodal mafic-felsic tuff is intermittently
exposed above the DGST, and less than a meter above the
BRVT when present (Fig. 2 and SI Appendix, Figs. S21 and S22
and Table S1).

The DGST was the first Halibee member tephra to yield
“OAr/*Ar results, an age of 148 + 34 ka (all errors 26 or 95%
CI, unless otherwise stated) (11). Given the large uncertainty,
we resampled the DGST in 2015 (sample MA15-07) from a pri-
mary, coarse-grained, fining-upward airfall deposit hosting
primary anorthoclase, pumice, and abundant glass shards. Sec-
ondary minerals (calcite, anhydrite, and gypsum) were present
as well as clays and minor lithics that likely washed or settled in
over time. Two size fractions of anorthoclase crystals revealed a
population of xenocrystic grains concentrated in the coarse
fraction (Fig. 3). Of 44 grains from MA15-07, 32 juvenile grains
were combined to yield an inverse isochron age of 159.4 + 11.6
ka (SI Appendix). Whereas the previously published age results
from the DGST are less precise than those presented here, we
feel that accuracy in such cases is maximized by inclusion of all
valid measurements concordant within uncertainty. Thus, we
combine all valid data to yield a single weighted mean age;
using the inverse variance as the weight factor as is standard
practice when combining results with disparate precision. Com-
bined with the previous results, the weighted mean age of the
DGST is now 158.1 + 11.0 ka.

This provides a minimum age for underlying artifacts and
fossils in the Chai Baro beds and a maximum age for those in
the Faro Daba beds. The Chai Baro H. sapiens and other verte-
brate fossils and MSA artifacts in locality HAL-VP-5 that lie
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~9 m below the DGST are therefore most probably substan-
tially older than the Upper Herto occurrences ~60 km to the
south (10) because the intervening sediment (Fig. 2 and S/
Appendix, Fig. S2) is predominantly dark brown silty clays asso-
ciated with slow or standing water deposition. How much older
than Herto remains an open question because more precise
chronological placement of Chai Baro has proven elusive given
the lack of associated tephra or OES. The use of stratigraphic
thicknesses to estimate age in tectonically active and fluviatile
zones featuring widely and rapidly varying sedimentation rates
is common in modern paleoanthropology despite known chal-
lenges in such geologic settings, with only rare, extremely well-
dated exceptions (39). We follow ref. 40 in considering simple
thickness-based approaches to be ill-founded and potentially
misleading in most terrestrial applications. We therefore await
further field acquisition of dateable samples to resolve the
antiquity of the fossiliferous basal part of the Chai Baro beds.

Abundant vertebrate fossils have been collected from the base
of the Chai Baro beds. Lithic artifacts are less abundant than
those seen in the younger Faro Daba beds. Excavations have not
yet been conducted, pending improved geochronological place-
ment. However, field observations and limited controlled surface
collection of one occurrence during paleontological extraction
allow initial characterization of the Chai Baro MSA. It shares
virtually all technological and raw material attributes with the
overlying and younger Faro Daba MSA. Chai Baro flaked stone
artifacts include Levallois cores, flakes, and points; retouched
points; scrapers; and very large heavy-duty tools (sharpened cob-
bles). The wide variety of raw material includes lavas, obsidian,
and siliceous rocks. Although exposed across fewer square kilo-
meters than the Faro Daba MSA, conjoining lithic sets eroding
from fine-grained, rhizolith-rich silts of the Chai Baro beds indi-
cate primary depositional contexts. Available excavatable occur-
rences are predicted to provide excellent integrity and resolution,
sensu ref. 41 (SI Appendix, Fig. S12).

Fossils from the Chai Baro beds are often well-preserved
and sample a rich and diverse terrestrial fauna. Mammalian
size range spans from ubiquitous and abundant small mammals
up to rhinoceratids, including diverse bovids as well as
numerous Papio and cercopithecin individuals (SI Appendix,
Fig. S12). The abundant primates include four hominid speci-
mens, a dentition, femoral fragment, and two partial hominid
crania that likely predate the ~160-ka Herto crania.

Halibee's Faro Daba Beds. The MSA-bearing deposits of the Faro
Daba beds were first erroneously called “Issie” (21); incorrect
spatial placements on published maps also misidentified the
HAL and Wallia tributaries, geographic errors repeated by
Negash et al. (42). The Faro Daba beds outcrop most widely
atop the undulating platform of the DMCC in the area west of
the confluence of the Kada Halibee tributary and the Awash
River (Fig. 1). In contrast to the Chai Baro MSA exposed fur-
ther north, and by fortuitous geomorphological circumstances,
Faro Daba’s fossiliferous overbank silts and silty clays are
widely and horizontally exposed atop the resistant DMCC plat-
form. Geomorphologically, the indurated cobble conglomerate
serves as a physical shelf that protects the soft, immediately
overlying Faro Daba beds from headward erosion. This has
resulted in a low rolling topography that provides uniquely
wide windows into the paleolandscape because of the abundant
embedded fossils and artifacts concentrated in these relatively
soft sediments.

The Faro Daba fossil-bearing sediments across this ~1.5-km?
surface contain abundant large rhizoliths at their basal contact
with the DMCC and a prominent basaltic tuff marker horizon
that usually lies ~1 to 5 m above the DMCC top (Fig. 2). The
paleoanthropological resources of the Faro Daba beds are con-
centrated above and below this Afcaro Basaltic Tuff (AFBT). It
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typically presents as a dark gray to black, unconsolidated to
moderately indurated, 5-to-150-cm-thick, fine-sand sized scoria-
ceous deposit that locally shows evidence of reworking and
overthickening in paleochannels. Based on the analysis of five
separate samples, the AFBT displays one dominant and one
subordinate basaltic glass compositional mode (SI Appendix,
Figs. S21 and S22 and Table S1).

Abundant fossil wood, burned tree trunks, and rhizoliths
evince a biotically rich and temporally brief interval during
which the included MSA artifacts and vertebrate fossils were
deposited. As with the older occurrences of the Chai Baro
beds, the Faro Daba paleoanthropological resources are con-
centrated in these lower silts and silty clays of the Faro Daba
beds, followed by largely unfossiliferous overlying darker silty
clays.

l};rior work utilized *°Ar/°Ar and '*C dating in a series of
attempts to constrain the ages of the Faro Daba beds. The Faro
Daba remains were emplaced after local erosional removal of the
sub-DGST Chai Baro package, and thereby postdate the maxi-
mum “’Ar/*’Ar age of 158.1 + 11.0 ka for the DGST. Attempts
to date the AFBT and the artifacts and fossils interbedded with it
have repeatedly failed due to low K concentrations combined
with extremely high atmospheric “’Ar concentrations (11). A
minimum age of >54 ka (accelerator mass spectrometry '*C-
dead) was obtained from charcoal in an in situ burned tree stump
charcoal sample (SI Appendix, Fig. S7C ) overlying the AFBT by
~4 m (11). This result helped to confirm stratigraphic relation-
ships and erosional processes described above, but tighter age
constraints were required.

Our original application of *“*Ar/*’Ar to obsidian debitage pro-
vided maximum ages for fossils and artifacts at Herto (10),
inspiring parallel work on the Faro Daba MSA. We first sub-
jected 21 surface-collected, DGPS (differential Global Position-
ing System)-controlled obsidian debitage samples to combined
X-ray fluorescence analysis, electron probe microanalysis, and
“OAr°Ar age determinations. A chemically and chronologically
distinct juvenile population dating to 106 + 20 ka was identified,
thereby constraining the extrusion age of the obsidian and pro-
viding a maximum age for the Faro Daba MSA (11).

Building on these results, in 2015 we sampled additional
diagnostically MSA surface and in situ obsidian artifacts from
the Faro Daba MSA bearing outcrops to assess their chemical
compositions and link them with the previously dated obsi-
dians. Of the 17 additional pieces presented here, all were
either techno-typologically diagnostically MSA or recovered in
situ. Of the 17 pieces, 3 demonstrated major/minor oxide and
trace element concentrations that geochemically match the
~106-ka-dated obsidian (SI Appendix, Fig. S27): two bifacial
points from HAL-A2 and a retouched flake from the archaeo-
logical excavation at HAL-A25 (both Faro Daba beds)
(Dataset S1). These obsidians derive from the unknown geolog-
ical source that was represented by three pieces (MA04-28K,
280, and 28P) in ref. 11, later characterized as Type 10 in ref.
42. These results exclude the possibility of contamination and
conclusively link the ~106-ka obsidian dates to in situ Faro
Daba artifact assemblages, rendering this obsidian extrusion
age as the maximum age limit for them.

However, the Faro Daba beds’ upper age limit remained
constrained only by the infinite '*C age, therefore insufficiently
precise for placing the Faro Daba remains. Acquiring a precise
minimum age for the Faro Daba MSA required the application
of the recently developed *°Th/U OES burial dating technique
(19). We recovered OES fragments (MA15-09) from ~5 m
above the AFBT (Fig. 2). Numerous OES fragments were col-
lected at a single location, eroding from within a medium to
light grayish brown silty clay, likely from a single egg or a larger
eggshell fragment, parts of which were excavated in situ. Five
fragments were analyzed using laser ablation inductively
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coupled plasma mass spectrometry (ICP-MS) to characterize
the distribution of U and Th in the OES fragments and by solu-
tion multicollection ICP-MS to produce **"Th/U ages on two
subsamples of each OES fragment, yielding 10 ZTh/U ages
ranging from ~97 to 91 ka (SI Appendix). Three samples pro-
duced burial ages consistent with a single stage model of U
uptake upon burial (19), yielding a weighted mean age of 96.4
+ 1.6 ka (all errors are 26 or 95% CI, unless otherwise stated;
Fig. 3).

Goa)d agreement of the 2Th/U ages among multiple OES
fragments indicates that their mean **°Th/U age provides a
firm minimum age for their hosting stratum. Indeed, close
agreement between **°Th/U burial ages and '*C ages of youn-
ger eggshells observed in this study (see Halibee’s Wallia Beds)
and a prior one (19) shows that OES *Th/U ages may closely
date their host strata. Collectively, these relations, along with
preservation of stratigraphic order between the mean OES age
and the mean age of underlying obsidian, indicates that MSA
artifacts and fossils from the Faro Daba beds are now con-
strained to between ~96 ka and ~106 ka.

The lower ~5 to 10 m of the Faro Daba beds comprise richly
fossiliferous silty clays immediately below and above the AFBT.
Lithic artifacts accompany the fauna, most concentrated in the
average ~5-m interval between the tuff and the top of the
underlying DMCC. Archaeological research began with recon-
naissance transects, followed by collection of artifacts derived
from sieving operations conducted during fossil recovery,
DGPS-controlled surface collections, and, finally, 238 m? in five
excavations.

Surface and excavated artifacts from the Faro Daba beds
closely match, with Levallois cores and products that include
points (SI Appendix, Figs. S13-S15), technological blades, scra-
pers, perforators, and other retouched tool types and heavy-
duty tools that include core axes and pick forms. Conjoining
sets of lithics, often involving many flakes and small debitage,
are often found freshly exposed atop the soft eroding silts.
Flakes account for more than half of the total artifact count
from the excavations. The pooled lithic assemblage is obviously
part of the MSA technocomplex in all aspects, including a wide
range of raw materials, mostly volcanic rocks probably procured
locally from readily accessible clasts in the DMCC, along with
imported obsidians and siliceous rocks. Both surface and sub-
surface artifacts are usually in direct association with faunal
remains, primarily rodents and bovids.

A large assemblage of fossil vertebrates has been collected
from three major paleontological localities representing the
Faro Daba beds (SI Appendix, Fig. 16). Because of the striking
abundance, integrity, and resolution of the archaeological
occurrences sandwiched between the top of the DMCC and the
base of the AFBT, initial collection of fauna was restricted to
fossils found above the tuff. As in the older Chai Baro silts, the
Faro Daba fauna is taxonomically diverse, but proportionally
distinct. Rodents are common in the collections, and the bovids
range up to eland (Zaurotragus) size. Primates are remarkably
abundant, and many partial skeletons of the dominant cercopi-
thecines and colobines were recovered. Unlike the Chai Baro
assemblages, papionins are absent, perhaps indicating Faro
Daba’s closer proximity to a riverine forest. Included among
the primates are an array of 13 cataloged H. sapiens comprising
a mix of postcranial and craniodental elements. The most com-
plete of these is a partial skeleton, with mandible and cranial
vault, of a very large and robust adult, presumed male, individ-
ual that eroded from sediments above the AFBT but below the
dated OES (sample MA15-09) horizon.

Halibee's Wallia Beds. The Wallia beds comprise the uppermost

sediments in the Kada Halibee catchment. Erosion and absence
of vegetation allow aerial and satellite imagery to be used as
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Fig. 3. Radioisotopic ages from the Halibee member; age errors are 26 or 95% Cl. Schematic column (Center) shows relative positions of dated samples.
(A) C ages of five OES fragments from locality OUD-A1 in the OUD beds. (B) "*C and 23°Th/U ages of splits from an OES fragment from locality HAL-A27
in the Wallia beds. (C) 22°Th/U ages of three OES fragments from sample MA15-09 in the Faro Daba beds; plots for each fragment show measured ages
for outer- and inner-shell fractions and resulting burial ages (see S/ Appendix, section 2.2 for details); remaining plot shows burial ages of each OES frag-
ment and their weighted mean age. (D) “°Ar/*°Ar data and ages for the DGST. (Left) K/Ca ratios (Upper), “°Ar/*°Ar ages (Middle), and relative probability
distributions of ages of two size fractions of single anorthoclase grains from sample MA15-07 (Lower); shaded areas in middle-left panel indicate grains
inferred to be xenocrysts and omitted from the inverse isochron shown in the right panel; note higher xenocryst abundance in coarser grain size. (Right)
Inverse isochron for anorthoclase grains from MA15-07 after excluding xenocrysts; the final weighted mean age of the DGST (inset age) includes both
data from MA15-07 (this study) and from MAQ09-04 (11). For details, see S/ Appendix and Dataset S1.

effective mapping tools by which the extent of the Wallia beds
can be readily and accurately assessed at large scale (Fig. 1). To
date, the Wallia beds are the least investigated Dawaitoli For-
mation deposits. Limited foot transects across these extensive
outcrops included observation and photography of stone tools
and fossils eroding from deposits associated with two sampled
tephra described below.

The Wallia beds are exposed from at least the southern end of
the Wallia catchment northward to the Talalak river, a distance
of ~20 km. Combining our preliminary surveys, tephrochrono-
logical results, and imagery, we estimate that many years of
intensive foot survey will be required for adequate paleoanthro-
pological survey coverage of these deposits across the ~50-km?
exposures. Such reconnaissance is predicted to identify dozens (if
not hundreds) of LSA occurrences. Imagery also indicates that
these sediments (or their chronological and geomorphological
equivalents) stretch far north of the Talalak, to near the Gona
wadi where they also include LSA occurrences (30). Here we
briefly introduce the Halibee Wallia beds and their contents.

The LSA-associated fossils and artifacts in the Wallia beds
uncomformably overlie the Faro Daba MSA and are embedded
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in light gray to reddish brown silts and medium brown silty
clays measuring a total thickness of ~8 m. These sediments are
interbedded with two tephra above a pebble sandstone/con-
glomerate eroded into underlying dark silts and clays. These
tephra are fine-grained, partially reworked, crystal-poor, gray
vitric tuffs ranging from 5 to 60 cm in thickness. The lower tuff
(MA15-11) was not analyzed, and the upper tuff is represented
by three samples spanning a ~5.5-km north-to-south transect
that includes MA15-10. This tuff, the Seegeri Vitric Tuff
(SEVT), is compositionally uniform and readily distinguishable
from other Halibee member felsic tephra. An additional tuff
that is represented by a single isolated sample (MAO04-16) has
not yet been related to the others but represents a third tephra
occurrence in the Wallia beds.

Fragments of a whole, in situ, collapsed ostrich egg (MA15-12;
Fig. 2) were extracted from gray, bedded to partially laminated
silty clay ~2 to 3 m above sediments hosting LSA archaeology
at locality HAL-A27 in the Wallia beds. Vitric tuff MA15-11 is
present between this OES and the archaeology and also outcrops
at HAL-A26 1.1 m beneath the SEVT (MA15-10) and atop an
analogous LSA assemblage.
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This OES find provided an opportunity to further evaluate
the fidelity of *°Th/U burial dating by comparing '*C and
#0Th/U burial ages on splits of eggshell calcite. Using two mea-
sured Z°Th/U ages from the OES, we calculated a burial age
(after ref. 19) of 30.59 + 0.73 ka BP. This age overlaps, albeit
slightly, with the 95% CI of the '*C age [32.20 to 3121 cal ka
BP (43, 44); Fig. 3 and SI Appendix]. The "*C age dates eggshell
mineralization, and the *°Th/U burial age dates initial contact
of the eggshell with U-bearing soil water. Overlap between the
two results indicates OES burial and U uptake ensued shortly
after eggshell mineralization, i.e., within the analytical uncer-
tainties of the two techniques. The Wallia LSA is therefore
dated to ~31 ka based on the mutually consistent *C and
#0Th/U burial OES ages.

The two archaeological localities thus far established in the
Wallia beds were created to document the presence of LSA
lithics associated with the geological samples described above.
Few to no vertebrate fossils have been found associated with
the abundant evidence of flaked and ground stone technology
belonging to the LSA technocomplex (SI Appendix, Figs.
S17-S19). Obsidian is the single dominant raw material type,
with siliceous rocks represented by only a few pieces. Blades
dominate the assemblages, but bladelets and convergent and
oval-shaped flakes are also present. Sizes of flakes and blades
are generally much larger than the younger OUD LSA assem-
blage (below). Crested blades attest to being removed sequen-
tially from prismatic/pyramidal cores, and some blades and
Levallois products were retouched into end scrapers and
points. Ground stone implements include hand stones and frag-
ments of lower grindstones.

Messalou’s OUD LSA. The OUD area east of the modern Awash
River (Fig. 1) contains a set of LSA occupations whose impor-
tance was recognized in the mid-1970s (21). Additional recon-
naissance, excavation, and sampling of Locality OUD-A1 in
2018 led to the establishment of a local measured section (Fig.
2) that includes two tuffs and archaeological remains, including
OES and a variety of flaked and ground stone tools attributable
to the LSA.

The OUD beds comprise interbedded fluvial and lacustrine
basin-fill tuffaceous sediments deposited unconformably upon
eroded Pliocene basement rocks. These filled the base of a
small basin created by basalts forming the Namey Koma volca-
nic edifice in the uppermost catchment of the Messalou drain-
age east of the modern Awash (Fig. 1). The LSA-bearing light
brownish gray tuffaceous silty clay beds are massive, variably
consolidated, and represent laterally continuous, gently sloping
erosional surfaces with abundant artifacts, unlike the ledge-
forming, reworked tuff and unconsolidated gray silt below. The
uppermost light brown silty clay contains no stone tools.

The tuffaceous lake margin sediments bearing densely con-
centrated LSA artifacts at OUD-ALI are intercalated with two
unconsolidated, laterally discontinuous, fine- to coarse-grained
reworked vitric tuffs (MA18-11 and 18-13; Fig. 2). These tuffs
are ~30 cm thick and separated by ~1.7 m. Our hypothesis that
these might correlate with the two Wallia beds tephra described
above was falsified by laboratory analysis showing the glass
components to be compositionally distinct and preserving
abbreviated linear compositional arrays (S Appendix, Table S2
and Figs. S21 and S22). MA18-13 is also multimodal, preserv-
ing a minor mode compositionally equivalent to the underlying
MA18-11 tuff, indicating incorporation of MA18-11 shards dur-
ing deposition/reworking (Dataset S1).

OES fragments from the archaeologically rich silty clay layer
were surface-collected and '*C-dated to between 23.9 to 21.4
cal ka BP, thus ~10 ka younger than the Wallia LSA (Fig. 3 and
Dataset S1).
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We intensively surveyed and then performed DGPS-
controlled collection of diagnostic surface artifacts at OUD-A1,
followed by a 35-m? excavation. Bone was absent from both,
but OES was well-preserved. Lithic raw material quality and
diversity are high, including silicious rocks, obsidian, and fine-
grained basalt extracted from cobbles and boulders exposed in
adjacent slopes of older basement sediments. The assemblage
is microlith-dominated. Assemblage analysis is currently under-
way, but field observations allow introductory characterization
of the assemblage (SI Appendix, Figs. S18 and S19).

Cores are mostly single- (and less commonly opposed-) plat-
form, usually pyramidal, and less frequently prismatic. Most
flakes are laminar, in the bladelet category. Platform prepara-
tion was by core-tablet removals usually on elongate pebbles/
nodules/blocks/blanks that are locally available in the adjacent
basement sediments. Simple (unretouched) microliths were the
primary targets, although some abrupt backing was applied.
True geometric forms are absent, but perforators are present.
Ground stone artifacts include hand stones and lower grind-
stones, the latter mostly fragmentary. The presence of OES
beads and preforms among both surface-exposed and excavated
materials indicate the local manufacture of these items.

Discussion

Establishment of the chronostratigraphic framework presented
here is of pivotal importance because accurate and precise tem-
poral placement is foundational to solving many research ques-
tions involving the origin and evolution of African H. sapiens.
The production of such knowledge will require the effective
and precise coupling of recently acquired lake sediment cores
with both adjacent and distant geological, archaeological, and
paleontological datasets (20).

The Halibee member’s sedimentary record contains paleoan-
thropological resources emplaced episodically within a single
depository over ~200 ka. Its dense and laterally extensive MSA
and LSA archaeology and associated faunal occurrences are now
emerging across large outcrops that allow sampling of biological
and cultural landscapes at ages and scales rarely represented
even in eastern Africa. The open-air conditions under which
these remains were deposited are distinct from many contempo-
raneous occurrences recorded in caves or rock shelters.

In situ collections of archaeological and fossil material are
valuable for research questions that require high-precision spa-
tial and microstratigraphic data. However, such precise and
accurate placements from limited excavations into large open-
air occurrences often generate inadequate samples with which
to test various hypotheses about evolution, innovation, and
adaptations (17). This is where exploration followed with con-
trolled surface collection of specimens “in stratigraphic con-
text” is a valuable approach (see ref. 45).

For example, by combining surface transects at broad scale,
surface collection of assemblages at different spatial and strati-
graphic resolutions, and then targeted excavations, our initial
findings in the OUD beds illustrate the power of this strategy.
There, the remarkable coherence of independently dated sam-
ples from a single actively deflating stratum provides a precise
age constraint on a substantial collection of artifacts. The LSA
there is now firmly placed chrono-stratigraphically and can be
characterized typo-technologically. However, understanding the
geological and ecological contexts in which this assemblage of
artifacts or others like it accumulated is crucial. It is here that
the utility of actualistic data becomes apparent.

Fluvial processes and fluviatile ecologies associated with the
modern Awash River provide important frameworks for inter-
preting Halibee’s Pleistocene sediments, flora, and fauna (46).
For example, recurrent deposition of primarily silty sediments
embedding the stratigraphically restricted fossil and artifact
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occurrences atop cemented, topographically undulating cobble
and pebble conglomerates of the Halibee member indicates
seasonal overbank fluvial sedimentation initiated by a relatively
elevated base level. Inverted channels with flow directions simi-
lar to modern drainage at Halibee further reveal the Pleisto-
cene landscapes during LSA and MSA times.

The Faro Daba beds provide additional evidence from which
the MSA landscape may be inferred. Abundant rhizoliths and
burned tree root/trunk systems in silty overbank sediments indi-
cate water sufficient to support dense vegetation in proximity to
the paleo-Awash and its tributaries here ~100 ka. The
cemented underlying DMCC cobble conglomerate would have
impeded drainage after seasonal flooding, creating shrinking
seasonal ponds flanking the paleo-Awash River and attracting a
wide variety of fauna. Modern analogs are observed in the
modern Awash River’s annual flood cycle.

Pleistocene and Holocene wadi paleochannels now emergent
as sinuous inverted sands and pebbles across the Halibee suc-
cession represent tributaries that once drained the catchment
west of the Halibee area depository, as they do today. These
wadis would have provided humans and fauna solid footing and
therefore natural corridors to ephemeral ponds and marshes,
and thereby to more permanent water, shade, lithic raw mate-
rial, and biotic resources of the larger paleo-Awash river to the
immediate east.

After the richly fossiliferous and artifact-bearing Pleistocene
Halibee bed silts representing the seasonally flooded paleoland-
scape were deposited, these tributary channels—both active as
well as inverted—were eventually submerged by progressive
sedimentation in expanding seasonal swamps and marshes, with
annual sedimentation leveling the topography. The sterility of
the overlying finer dark brown clay-rich deposits indicates that
the underlying fossil-rich silts were deposited during temporal
windows that were relatively short-lived compared to the span
of the Halibee member. We predict that continued integration
of actualistic investigations in the Middle Awash with the
geological and paleobiological evidence from archaeological
occurrences will generate multiple testable hypotheses about
Pleistocene occupation of the Halibee area.

Broader Implications and Potentials

The paleoanthropological resources of the Afar introduced and
calibrated above join a growing body of multidisciplinary evi-
dence with which to investigate current issues in human evolu-
tion. For example, there are serious ongoing debates among
paleolithic archaeologists about the reality of purported transi-
tions between named archaeological technocomplexes such as
the Acheulean, MSA, and LSA (47-50). Indeed, from eastern
to western Africa, understanding the nature of the relationship
between the MSA and LSA remains incomplete, with little
consensus on issues ranging from timing to geography to tech-
nology. Understanding the temporal and spatial variation in
technologies (51-53), subsistence (54), mobility (55, 56), and
potential ecosystem modifications (57) of Middle and Late
Pleistocene human populations is best accomplished via com-
prehensive research on stratified, calibrated sequences of time-
successive, geographically limited archaeological occurrences
associated with skeletal remains. The rapidly expanding nexus
of MSA localities in the Afar thereby creates additional oppor-
tunities for progress in testing the modes and tempos of biolog-
ical and cultural change and the causes of observed variation
(58-61).

In the biological realm, the last several decades have wit-
nessed persistent efforts to match oceanic and lacustrine prox-
ies of global climate change with evolutionary events. Many
earlier efforts ignored at least some of six fundamental prob-
lems involved in any such enterprise practiced at incompatible
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scales, with deficient datasets, and falsely equating correlation
as causation (62). A recent contribution entitled “Rethinking
the ecological drivers of hominin evolution” (20) rereviewed
these attendant problems and called for a “new phase of paleo-
anthropological research” (p. 797) that abandons the “pattern
matching paradigm” (p. 797) in favor of placing greater empha-
sis on “theory-driven prediction” (p. 803). Such meta-analyses
have their value in paleoanthropology, but they will never sub-
stitute for the rare assemblages that combine high ecological and
behavioral integrity with negligible time-averaging.

The recent acquisition of calibrated, high-resolution terres-
trial lake sediments recording environmental variables has already
enhanced knowledge of climate change and attendant complexi-
ties of tectonism in eastern Africa (63-66). However, revealing
how these dynamics relate to the evolution, dispersal, and behav-
iors of H. sapiens through time requires more than drill cores and
will increasingly depend on outcrops of evidence-bearing sedi-
ments that accumulated more episodically and whose contents
require sustained extraction, comprehensive analysis, and secure
age calibration. The Halibee member occurrences described
above meet these strict criteria.

Conclusions

The African MSA witnessed the emergence of anatomically
modern humans and their expansions to Eurasia (66). Under-
standing the biology of these people and their descendants
requires chronologically placed fossils. Ethiopia now contains a
succession of five dated sets of human skeletal remains in MSA
contexts: the Omo I partial skeleton at >212 ka (67) and four
sets of remains from the Middle Awash: The Chai Baro fossils
at >158 ka (see above), the Herto fossils at ~156 to 160 ka
(10), the Faro Daba fossils at ~100 ka (see above), and the
upper Aduma fossils at <100 ka (3). We anticipate that LSA-
associated human remains will follow.

The relative and chronometric placements established above
for the sequence of occupations in the Halibee area combine
with the high ecological and archaeological integrity of these
assemblages to establish the study area’s potential for advanc-
ing paleoanthropological knowledge of technological, geologi-
cal, biological, and environmental changes in a single basin
during a period widely associated with the ultimate emergence
and dispersal of modern humans.

A recent summary (66) concluded that “interdisciplinary analy-
sis ... will undoubtedly reveal new surprises about the roots of
modern human ancestry.” (p. 235). The Halibee member’s contri-
butions to understanding the anatomical, behavioral, and ecologi-
cal aspects of this ancestry are evident. Establishment of a sound
chronostratigraphic framework via independent, cross-verifying
chronometers is foundational to ongoing paleoanthropological
research. Our results demonstrate the power of sustained field
and laboratory work and further confirm that the deep sedimen-
tary stack of Ethiopia’s Afar remains central to understanding the
origins and evolution of our species.

Methods

Field and laboratory methods employed to generate the results described
above are standard in geoscience and paleoanthropology. Detailed descrip-
tions and illustrations of these methods are presented in S/ Appendix.

Data Availability. All study data are included in the article and/or supporting
information.
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