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Abstract

In this thesis are presented the chronologies, obtained through
magnetostratigraphy, of two key sites of archaeological and paleoanthropological
interest, Melka Kunture (Upper Awas Valley, Ethiopia) and Thomas Quarry |
(Casablanca, Morocco). These sites of Pleistocene age document the
emergence and developments of the Acheulean lithic technology thought to be a
major turning point in human evolution, representing over the last two decades a
highly debated issue in the study of early technologies.

In East Africa at Melka Kunture, located in the Ethiopian highlands, a time-
diagnostic sequence of normal and reverse polarity magnetozones was obtained,
representing a magnetochronologic record extending from the Brunhes Chron
(<0.773 Ma) to the top of Reunion Subchron (2.116 Ma). The new data were then
integrated with “°Ar/®°Ar dating from the literature to establish age models of
deposition that were used to estimate the mean ages of the main archeological
levels contained. In North-West Africa at Thomas Quarry I, located in the outskirts
of Casablanca (Morocco), magnetostratigraphy coupled with geochemistry
provided a chronostratigraphic framework extending from the Brunhes Chron
(<0.773 Ma) to the Matuyama pre-Cobb Mountain (>1.210 Ma) subchron.

Research conducted in the last decade revealed that the Acheulean
emergence in East Africa should have occurred around 1.7 Ma. This datum is
testified by a few key archeological sites such as Kokiselei 4 (1.76 Ma; West
Turkana, Kenya), KGA6-Al (~1.75 Ma; Konso-Gardula, Ethiopia), FLK West
(~1.7-1.65 Ma; Olduvai Gorge, Tanzania). The new magnetostratigraphic results
obtained from Melka Kunture archeological area of Ethiopia pushed back the first
occurrence of the Acheulean at 1.95 (-0.025; +0.1) Ma, some 200 ka before what
previously known, and it also provided evidence of the earliest high-altitude
peopling of East Africa at 2.02 (-0.095; +0.096) Ma.

The peculiarity of the Acheulean as a cultural phenomenon lies in the first
appearance of Large Cutting Tools (LCTSs) representing the most evident novelty

relative to the pre-existing Oldowan technology. However, the timing and modes



of the technical innovation(s) leading to the Acheulean, their relationship with the
pre-existing Oldowan technology and their dispersion across the African
continent are still unclear. The age models established for Melka Kunture
archeological area allowed also to date other more recent Acheulean sites
documenting the continuity of this technology trough time, such as GAR XIIJ at
1.13 (-0.06; +0.05) Ma, GOM II OAM, yielding two fragmentary Homo
heidelbergensis fossils (GOM [11-576 and GOM 111-6169), dated to 1.03+0.04 Ma
and GOM II “Butchery site” at 0.75 (-0.1; +0.02) Ma. On the other hand, for the
two sites GOM ly and GOM 15 only minimum ages were proposed, respectively
of ~1.41 and ~1.51 Ma, for lack of chronological constraints in their stratigraphic
interval.

Beginning from the new results from Melka Kunture, a chronostratigraphic
record was assembled through a critical review of data from the literature of key
archaeological and paleoanthropological sites from East Africa in order to infer
about the dynamics of origin(s) and dispersal(s) of the Acheulean across the
African continent, as well as the potential toolmaker(s) of this innovation. The
reconstructed record spans between 2.0 and 1.6 Ma, across the Olduvai normal
polarity subchron (1.925-1.770 Ma), which represents a fundamental
magnetostratigraphic constraint in this field of research. The new data provided
by this thesis suggest that in this time-interval, not one but several Acheulean
techno-economic innovations appeared in the East African record emerging in a
non-linear evolutionary path. This analysis suggests as novel scenario that there
were several early Acheuleans that emerged in East Africa at different times, in
different places and with different technical peculiarities derived from a common
Oldowan background.

As for Thomas Quarry | (Casablanca, Morocco), the age of ~1.3 Ma
obtained for the archeological site Thi-L expanded our knowledge on the
Acheulean emergence in Atlantic Morocco. This new age estimate based on
magnetostratigraphy coupled to geochemistry makes the Acheulean of Thi-L the
earliest of North-West Africa. The dynamics of dispersal and spreading of the
Acheulean from its cradle in East Africa to North Africa are not yet clear because
of the inherently discontinuous nature of the stratigraphic and archeological



records. The wide gap between the Oldowan in Algeria, currently dated ~1.77
Ma, and the early Acheulean of Morocco, dated in this thesis at ~1.3 Ma, does
not allow to infer about the origin of the early Acheulean of Thi-L but only further
discoveries will clarify the emergence of the North African Acheulean in a whole
pan-African perspective.

Furthermore, the new data presented in this thesis allowed to constrain in
time the site ThlI-GH of Thomas Quarry |, located in a higher stratigraphic unit
with respect to Thi-L, yielding Homo fossils associated to faunal remains and
Acheulean tools. This site was constrained with magnetostratigraphy to the
Brunhes/Matuyama boundary at 0.773+£0.004 ka. The human remains from Thi-
GH, currently under investigation, will shed light on the critical period of
divergence between the Middle Pleistocene archaic lineages of Western Eurasia
and Africa, one of which gave rise to the evolutionary line of Homo sapiens.



Riassunto

In questa tesi vengono presentate le cronologie di due siti d’interesse
archeologico e paleoantropologico, Melka Kunture (Valle superiore dell’Awash,
Etiopia) e Thomas Quarry | (Casablanca, Marocco), ottenute attraverso
I'applicazione della magnetostratigrafia. Questi siti di eta Pleistocenica
documentano emergenza ed evoluzione della tecnologia litica Acheuleana,
considerata tra i maggiori salti cognitivi nel’ambito dell’evoluzione umana,
argomento al centro del dibattito scientifico degli ultimi vent'anni sulle prime
tecnologie.

In Africa orientale a Melka Kunture, collocata sull’altipiano etiopico, € stata
identificata una sequenza di magnetozone a polarita normale e inversa che
rappresenta un record magnetostratigrafico che si estende dal Chron Brunhes
(<0.773 Ma) al top del subchron Reunion (2.116 Ma). | dati ottenuti sono stati
integrati con le datazioni #°Ar/3°Ar disponibili in letteratura al fine di produrre
modelli per stimare le eta medie dei siti archeologici contenuti.

In Africa nord-occidentale a Thomas Quarry |, che si trova nell’area
suburbana di Casablanca, i dati magnetostratigrafici hanno fornito un impianto
cronologico che si estende dal Brunhes Chron (<0.773 Ma) al subchron
Matuyama pre-Cobb Mountain (>1.210 Ma).

Le ricerche condotte negli ultimi decenni hanno rivelato che 'emergenza
della tecnologia Acheuleana in est Africa € avvenuta intorno a 1.7 Ma. Questo
dato é supportato da alcuni siti archeologici quali Kokiselei 4 (1.76 Ma; West
Turkana, Kenya), KGA6-Al (~1.75 Ma; Konso-Gardula, Ethiopia), FLK West
(~1.7-1.65 Ma; gola di Olduvai, Tanzania).

| risultati magnetostratigrafici ottenuti presso 'area archeologica di Melka
Kunture (Etiopia) hanno fornito un’eta piu antica per la prima occorrenza
dellAcheuleano a 1.95 (-0.025; +0.1) Ma, circa 200 ka prima di quanto noto in
precedenza, ed hanno fornito la prova del primo popolamento di alta quota est
africano datato 2.02 (-0.095; +0.096) Ma. La peculiarita del fenomeno culturale
Acheuleano e costituita dalla comparsa di Large Cutting Tools (LCTs), strumenti

litici di grandi dimensioni (>10 cm), i quali rappresentano la piu evidente novita



rispetto alla preesistente tecnologia Olduvaiana. Tuttavia, i tempi e modalita della
o delle innovazioni tecniche che condurranno all’Acheuleano, il loro rapporto con
la preesistente tecnologia Olduvaiana e la loro dispersione all'interno del
continente africano sono ancora poco chiari. | modelli di eta costituiti per I'area
archeologica di Melka Kunture hanno permesso inoltre di datare altri siti
Acheuleani piu recenti che documentano la continuita di questa tecnologia nel
tempo, quali GAR XlI1J a 1.13 (-0.06; +0.05) Ma, GOM Il OAM, che ha restituito
due fossili di Homo heidelbergensis (GOM 111-576 and GOM 111-6169), a
1.03+£0.04 Ma e il sito GOM Il “Butchery site” datato 0.75 (-0.1; +0.02) Ma. D’altro
canto, per i due siti GOM ly e GOM 16 € stato possibile fornire solo eta di minimo,
rispettivamente ~1.41 e ~1.51 Ma, per mancanza di vincoli cronologici all'interno
dell’intervallo stratigrafico in cui si trovano.

Al fine di investigare le dinamiche di origine e dispersione dell’Acheuleano
nel continente africano, i risultati ottenuti a Melka Kunture sono stati integrati nel
record cronostratigrafico generale dell’Africa orientale ottenuto attraverso la
revisione critica della bibliografia esistente riguardante i siti archeologici che
documentavano le piu antiche occorrenze di tale tecnologia litica. Il record
ottenuto risulta compreso tra 2.0 e 1.6 Ma, e comprende [lintervallo
magnetostratigrafico a polarita normale Olduvai subchron (1.925-1.770 Ma), il
quale rappresenta un vincolo cronostratigrafico fondamentale in questo ambito di
ricerca. Questa analisi ha fornito elementi a supporto del fatto che in questo
intervallo temporale diverse innovazioni tecniche Acheuleane comparvero in
Africa orientale seguendo un percorso evolutivo non lineare, manifestandosi in
epoche e luoghi diversi e con peculiarita tecniche differenti ma comunque
derivanti da un background Olduvaiano comune.

Per quanto riguarda Thomas Quarry | (Casablanca, Marocco) l'eta di ~1.3
Ma ottenuta per il sito archeologico Thl-L permette di contestualizzare meglio le
dinamiche di emergenza dell’Acheuleano nel Marocco Atlantico. Questa
attribuzione cronologica ottenuta integrando i dati magnetostratigrafici con analisi
geochimiche ha reso I'Acheuleano di Thi-L il piu antico dell’Africa nord-
occidentale. Le dinamiche di dispersione ed espansione dellAcheuleano a
partire dal suo luogo di origine in Africa orientale verso il resto del continente non



sono chiare a causa della natura discontinua dei record stratigrafici ed
archeologici. L'ampio divario tra I'Olduvaiano rinvenuto nei siti algerini,
attualmente datato ~1.77 Ma, e il primo Acheuleano marocchino, datato in questa
tesi a ~1.3 Ma, non permette di discutere le origini dell'industria di Thil-L ma solo
ulteriori scoperte potranno chiarire le dinamiche di emergenza dell’Acheuleano in
nord Africa in una prospettiva pan-Africana.

Inoltre, | dati forniti da questa tesi hanno permesso di datare il sito Thl-GH
di Thomas Quarry I, collocato in un’unita stratigrafica superiore rispetto a Thi-L,
il quale ha restituito fossili umani associati a faune e strumenti litici Acheuleani.
Tale sito € stato vincolato cronologicamente alla transizione Brunhes/Matuyama
datata 0.773+0.004 ka. | fossili umani di Thl-GH, attualmente in fase di studio,
chiariranno le dinamiche di divergenza tra i lignaggi archaici dell’Eurasia
occidentale e Africa, uno dei quali dara seguito alla linea evolutiva di Homo

sapiens.



Chapter 1

Introduction

The history of human evolution is a topic that has fascinated people and
scholars for centuries. Several still unresolved questions concerning our past are
currently being targeted by different disciplines. Establishing an accurate timeline
for paleoanthropological- and archeological-bearing sites is a fundamental step
for understanding human evolution and dispersals.

The East African Rift Valley represents an invaluable archive of the
biological and cultural evolutionary history of hominin species. Despite its
geochronological potential linked to the presence of extended stratigraphic
sequences bearing datable volcanic deposits, the timing of many stages of this
long process are unclear. Regarding the history of cultural evolution, the earliest
lithic tools first occur in East Africa around 3.3 (Lomekwi, West Turkana, Kenya)
to disappear soon after and reappear at about 2.8 Ma (Gona, Ethiopia). From this
moment the lithic production becomes continuous, giving rise to the first human
culture, the Oldowan. It took about 1 million years for a new technological leap to
occur, leading to the Acheulean, that is considered the longest and widest
dispersed human culture, mainly characterized by the production of Large Cutting
Tools (LCTs).

The origin of the Acheulean and its relationship with the Oldowan
represents a major topic in current Early Stone Age research as well as its
dispersal through Africa. Over the last two decades, a considerable effort has
been made to date the emergence of the Acheulean in Africa. In East Africa,
earliest Acheulean industries appeared at 1.76 million years ago (Ma) at Kokiselei
4 in West Turkana, Kenya (Lepre et al., 2011), around 1.75 Ma at KGA6-Al in
Konso-Gardula, Ethiopia (Beyene et al., 2013; Suwa et al., 2015), at ~1.7-1.65
Ma at FLK West in Olduvai, Tanzania ~1.7-1.65 Ma (Diez-Martin et al., 2015;
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Stanistreet et al., 2018) and at Melka Wakena, Ethiopia, around 1.6 Ma (Hovers
et al., 20212). In South Africa the earliest Acheulean seems to be nearly as old
as in some East African sites and is reported between ~1.6 and >1.0 Ma (Lotter
and Kuman, 2018). North Africa is also rich in Acheulean sites, but most of them
are out of stratigraphic context (Mohib et al., 2019). The only North African
Acheulean sites in clear stratigraphic context are Tighennif near Mascara in
Algeria and Thomas Quarry | (Thl) in Morocco (Geraads et al., 1986; Mohib et
al., 2019; Geraads et al., 1986; Gallotti et al., 2021, 2023; Raynal et al., 2023).

In East Africa, the continental stratigraphic sequences hosting sites of
archaeological and/or paleoanthropological interest are characterized by the
deposition of volcanoclastic/clastic sediments intercalated with primary volcanic
deposits. The depositional architecture is generally complicated by rapid lateral
variations of sedimentary facies and the frequent development of unconformities,
typical of continental deposition. In this context, providing reliable ages for
archeological levels and performing correlations among distant sections are
rather complicated tasks. ldentifying an appropriate dating technique plays
therefore a critical role. In South Africa, efforts to date the sequences were
considerable, but the complicated sequences characterized mostly by cave infill
reworked deposits often limit their validity (Gallotti, 2022). In North Africa, the long
sedimentary sequences of Casablanca emplaced in coastal transitional to
continental environment require specific dating methods due to the lack of datable
volcanic horizons.

The contribution of this thesis is to provide reliable chronologies through
magnetostratigraphy for two key archaeological and paleoanthropological areas
of Africa, that will allow to discuss the implications of the Acheulean emergence
and development during the Early/early Middle Pleistocene. The sites chosen for
this purpose are Melka Kunture (Ethiopia) and Thomas Quarry | (Morocco)
representing almost complete archives of the origin and evolution of the

Acheulean, accompanied by human fossils and faunal remains (Figure 1.1).
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Thomas
Quarry |

X Melka

— Kunture

Figure 1.1 Geographical location of the sites object of this thesis.

Even though those sites are in a clear stratigraphic context, characterized
by expanded stratigraphic sequences suitable for magnetostratigraphy, their
chronological attributions were poorly constrained. Prior dating at Melka Kunture
established through K-Ar, “°Ar/**Ar and magnetostratigraphy led to an uncertain
attribution due to the high errors of radiometric results, often exceeding 20%
(Morgan et al., 2012), and the incompleteness of magnetostratigraphic data
(Tamrat et al., 2014). At Thomas Quarry | (Morocco) several dating attempts were
made with biostratigraphy (Geraads et al., 2002; 2010), optically stimulated
luminescence (OSL) and electron spin resonance (ESR) providing contrasting
results (Rhodes et al., 2006).

The magnetostratigraphic method was applied to provide chronological
constraints based on the globally synchronous and aperiodic polarity reversals of
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Earth’s magnetic field, and therefore identify the peculiar pattern of
magnetozones of each stratigraphic sequence, also offering the opportunity to
date geological material in situations where other methods are not effective (e.qg.,
absence of tephra or speleothems).

The Quaternary Period, extending from 2.595 Ma to the present day
(Gradstein et al., 2020), was characterized by several magnetic polarity reversals
which proved particularly useful when applied to dating sections of archaeological
and/or paleoanthropological relevance. Two main magnetic polarity intervals
were defined for the Quaternary, the Brunhes Chron (<0.773 Ma) of prevailing
normal polarity and the Matuyama Chron (0.773-2.595 Ma) of predominant
reverse polarity. During the Matuyama Chron, corresponding to the Lower
Pleistocene, several intervals of shorter duration (subchron) characterized by
normal magnetic polarity occurred, known as Jaramillo, Cobb Mountain, Olduvai
and Reunion subchrons, representing fundamental chronostratigraphic markers
in this time-interval.

In this thesis the reference geomagnetic polarity timescale (GPTS) for
Quaternary used throughout is the one from Channell et al., (2020) which
provides the following ages for the magnetostratigraphic constraints, with

acronyms according to Gee and Kent (2007) (Figure 2.1):

Brunhes normal polarity Chron (C1n) <0.773 Ma;

e Matuyama reverse polarity subchron (C1r.1r) 0.773-0.990 Ma,;

e Jaramillo normal polarity subchron (C1r.1n) 0.990-1.070 Ma;

e Matuyama reverse polarity subchron (C1r.2r-) 1.070-1.180 Ma;

e Cobb Mountain normal polarity subchron (C1r.2r-1n) 1.180-1.210 Ma,;
e Matuyama reverse polarity subchron (C1r.2r -) 1.210-1.770 Ma;

e Olduvai normal polarity subchron (C2n) 1.770-1.925 Ma;

e Matuyama reverse polarity subchron (C2r.1r) 1.925-2.116 Ma;

e Reunion normal polarity subchron (C2r.1n) 2.116-2.137 Ma,;

e Gauss/Matuyama boundary (base of the Quaternary) 2.595 Ma.

Magnetostratigraphic analyses were conducted to reconstruct the magnetic

polarity stratigraphy of each site for dating through correlation to the reference
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geomagnetic polarity time scale (GPTS). The ages obtained from the magnetic
polarity reversal recognized in the stratigraphic sequences were used in
combination with the available radiometric ages from the literature to perform
age-depth modelling useful to derive the interpolated ages of the
archeological/paleoanthropological horizons of interest.

After establishing a robust chronology for the Acheulean sequences at Melka
Kunture (Ethiopia) and Thomas Quarry | (Morocco), which provided surprising
results, the focus passed to an overall review of the East African chronological,
archeological and paleoanthropological records. Establish high resolution-
chronologies have allowed the archaeologists to interpret the origin of the
Acheulean and its relationship with the crowd of hominids (Foley, 1997) that

populated East Africa.

1.1 Quaternary geochronology

Quaternary geochronology represents a complex field of scientific research
as continental sequences are frequently laterally discontinuous, often
characterized by unconformities, difficult to correlate due to the wide variability of
depositional facies even at short distances, and they frequently lack reliable
biostratigraphic constraints. These issues become even more crucial when it
comes to dating sites documenting human presence, because on these
chronologies, the history of our species is built. Therefore, the choice of the most
appropriate dating method is a fundamental aspect in the process of
reconstructing our past.

Different dating methods have been implemented in the last decades in the
study of the Quaternary, based mostly on radioisotopes decay, such as °Ar/>°Ar
on tephra layers, U-Th or U-Pb on zircons and speleothems (Richard et al., 1998),
and cosmogenic nuclides %°Al and °Be (Schaefer et al., 2022). Moreover, other
techniques have been developed like electron spin resonance (ESR) (Grin,
1989), optically stimulated luminescence (OSL) (Galbraith and Roberts, 2012)
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and Thermoluminescence (TL) (Wintle and Huntley, 1982) conceived in order to
date sedimentary sequences without volcanic input. For example, ESR dating is
based on the time dependent accumulation of electrons in the crystal lattice of
certain minerals exposed to surrounding radiation. The age is obtained by
calculating the dose received compared to the dose rate generated by the
surrounding environment (Grin, 1989). These ‘trapped charge’ dating methods
of undisputable value require careful knowledge of environmental dose rates in
the past, which can be difficult to determine, leading to experimental errors
sometimes exceeding 30%. Mammal biostratigraphy is also frequently applied to
the study of the Quaternary, but the chronostratigraphic relationships between
faunal units dispersed on a continent the size of e.g., Africa characterized by
wildly different regional-scale environmental conditions and geographical barriers
between them, are frequently difficult to assess.

In this thesis, Quaternary chronology is investigated through the application
of magnetostratigraphy, which allows to date and correlate stratigraphic
sequences at global scale across different depositional environments.
Magnetostratigraphy is a branch of stratigraphy that utilizes the record of the
magnetic polarity reversals of the Earth’s magnetic field to date and correlate rock
sequences by means of magnetic parameters. The method involves the study of
the paleomagnetic direction of the field whose orientation is recorded by
sedimentary and volcanic rocks through their ferromagnetic mineral content.
These minerals are capable to maintain the signal registered at the time of rock
emplacement over time. Due to the randomness with which the Earth’s magnetic
field flips polarity, a sequence of geomagnetic reversals identified along a
stratigraphic sequence is characteristic of a specific time-interval. When the
magnetic reversal sequence is correlated to a reference geomagnetic polarity
timescale (GPTS) (Figure 2.1) and is possibly provided other chronological tie-
points from, e.g., radiometric dating, an age-model of deposition can be
developed for dating levels of interest. The main advantage of this technique is
that stratigraphic sequences are dated and correlated through the recognition of
isochronous global signals, therefore each magnetic reversal represents a

synchronous timeline at global scale. Intensity and direction of the field are
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registered at the time of rock formation through different natural processes by
ferromagnetic minerals (Muttoni, 2010). Suitable mineral phases in
magnetostratigraphy are magnetite, hematite, phases of the solid solutions of the
titanomagnetite and titanohematite, maghemite, greigite and greigite/pyrrhotite,
while iron hydroxides such as goethite and lepidocrocite, that are usually
produced by weathering reactions, are generally associated with secondary
phenomena and tend to record post depositional overprint signals. Among these
minerals magnetite and hematite are usually the most reliable recorders of the
primary paleomagnetic signal carrying polarity reversals. They originate in
magmatic contexts and acquire magnetic properties during cooling below the
Curie temperature of ~580°C for magnetite or Néel temperature of ~675°C for
hematite. These unlocking temperatures have been estimated as approximations
by Dunlop and Ozdemir (1997) for magnetite and by O’Reilly (1984) for hematite.
In sedimentary environments, the erosion of pre-existing rocks provides the
supply of these minerals which are then involved in transport and can be
incorporated in sedimentary deposits through different processes. In marine and
lacustrine realms, magnetite can also be produced biologically by magnetotactic
bacteria living both in marine and freshwater environment within the sediments
near the sediment-water interface and in the water column. Those are the ones
that more likely contribute to magnetic remanence (e.g., Zhao et al., 2016).

Rocks containing stable ferromagnetic minerals can record a signal parallel
to the direction of the ambient geomagnetic field, acquiring a natural remanent
magnetization, or NRM (Muttoni, 2010). The measurement and laboratory
treatment of the NRM in samples taken throughout a stratigraphic sequence is
used to subdivide the sequence in intervals of alternating normal or reverse
polarity, generating a magnetic reversal sequence for correlation to the reference
GPTS.
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1.2 Research approach

As stated above, one of the main aims of this thesis is to clarify and refine
the chronologies of Melka Kunture (Ethiopia) and Thomas Quarry | (Morocco)
through magnetostratigraphy. The approach used in order to reach this goal
began with a careful analysis of the literature concerning the stratigraphic and
chronologic frameworks of the targeted areas as well as their archaeological and
paleoanthropological content. Extensive field activity was conducted at Thomas
Quarry | involving outcrop description and evaluation of the stratigraphic
relationships, followed by the generation of reference stratigraphic logs used for
facies analysis and, finally, magnetostratigraphic sampling. With the aim of
proposing age-depth depositional models integrated with chronological data, to
explain the sedimentary evolution of the area, an attempt of interpretation in terms
of sequence stratigraphy was proposed.

All samples collected for magnetostratigraphy for both localities were
processed in the laboratory following experimental protocols illustrated in chapter
4. Then, the obtained results were integrated, where possible, with radiometric
dating from the literature and used to generate age models of deposition for the
sites of interest. The resulting ages were subsequently compared with selected
results after a detailed review of the literature regarding the East African
archeological and paleoanthropological record to delineate the dynamics of
emergence of Acheulean in East Africa and eventually identify the possible
toolmaker(s).

After a general introduction about the geological setting and archeological
relevance for each area (chapter 3) the presentation of results in this thesis is
organized from the more ancient archeological area, Melka Kunture (Ethiopia)
(chapters 5, 6 and 7) to the more recent, Thomas Quarry | (Casablanca, Morocco)
(chapters 8 and 9). The first manuscript of each area presents the general
magnetostratigraphy and chronological interpretation for the entire sequence,

followed by the chronological refinement of specific stratigraphic intervals of
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interest, such as Kella Valley for Melka Kunture (chapter 6) and ThI-GH site for
Thomas Quarry | (chapter 9). Also, the data obtained from Melka Kunture have
been used to discuss the archaeological implications regarding the Acheulean
emergence in a broader East African perspective (chapter 7).

Most of the results have been published on peer-review journals and
presented in international meetings, while the remainder are being processed for

submission.
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Chapter 2

African Early Pleistocene archeological
record

The African continental record contains the oldest evidence of lithic
productions, often associated with faunal and/or hominin remains. Lithic
industries represent the most consistent evidence of human activity in the most
ancient periods of prehistory. They provide information on the technical behaviors
of prehistoric men, especially when they come from indisputable stratigraphic
contexts investigated through systematic excavations. The study and
interpretation of the different types of artefacts and their technical characteristics
allows the identification of specific cultures in a specific space and time and, more
generally, to trace human cultural evolution.

In Africa, the most ancient technologies owe their names to the type locality
where they were first discovered, for example the term Oldowan derives from the
Olduvai Gorge archeological area (Tanzania) where the first Oldowan stone tools
were discovered in the ‘30s by Louis Leakey (Leakey, 1934; 1936), while the term
Acheulean belongs to the type site of St. Acheul (France) discovered by de
Mortillet (1872) at the end of XIX century.

Oldowan and Acheulean may have been produced and used by hominin

species through time over wide geographical area.
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2. African Early Pleistocene archeological record

2.1 Oldowan

The Oldowan represents a technocomplex broadly spanning between ~2.8
to ~1.4 Ma. However, the discovery of stone artefacts dated to ~3.3 Ma at
Lomekwi 3 in West Turkana (Kenya) claims for an older origin for stone tool
technology (Harmand et al., 2015).

Oldowan lithic activities mainly focus on the production of small-medium
sized flakes (small flaking) with sharp edges from cobbles or angular clasts, which
are rarely retouched. Flaking methods are characterized by a variety of methods
strongly dependent on the raw material constraints (e.g., size, geometry, and
lithology). Several Oldowan sites yielded also percussive material used both for
knapping and other activities as food-processing (Kuman, 2019). Initially
interpreted as a single period lasting more than one million years of technological
stasis (Semaw et al., 1997; Semaw 2000; Stout et al., 2010), in the current state
of knowledge it is considered as comprised of two distinct periods: early Oldowan
(from 2.8 to 2.3 Ma) and late Oldowan (<2.0 Ma). They do not correspond to two
evolutionary technological steps, but the distinction between those assemblages
has a chronological significance (e.g., Delagnes and Roche, 2005). The only
difference so far detected in late Oldowan assemblages (2.0 Ma) is the rather
systematic intra-site coexistence of a panoply of flaking methods and practices,
which at earlier sites were only tested and experienced at inter-site scale.
Accordingly, the difference is not in the final product, but it concerns more with
the ability to vary the technical operations by adapting to the different raw
materials, which in time generated a wide variability of flaking methods. This
means that since 2.0 Ma knappers were able to simultaneously apply several
technical solutions to exploit all the available lithic resources of a specific micro-
region (Gallotti, 2018).

12



2. African Early Pleistocene archeological record

2.2 The origin of the Acheulean and the
Oldowan/Acheulean transition

The disappearance of the earliest human culture, the Oldowan, and its
substitution by a new technology, the Acheulean, is one of the main topics in
modern Paleoanthropology. The Acheulean was the first human culture to be
widely spread across the Old World and persisted for 1.5 million years. Due to
these worldwide implications, much effort has been invested in recent years to
trace the earliest Acheulean. However, the biological and cultural processes that
led to the emergence of the Acheulean are still poorly understood (de la Torre,
2016; Gallotti and Mussi, 2018%). Traditionally, it has been assumed that this
major cultural change was ignited by the emergence of a new human species,
Homo ergaster/erectus. However, these assumptions are not grounded in the
current available evidence, but rooted in cultural history paradigms that should
now be superseded. Itis therefore, at present, unclear whether there are effective
causal links between the appearance of a new species, Homo erectus, and the
emergence of the Acheulean as a technology, and their relation to the extinction
of Homo habilis and the disappearance of the Oldowan culture (Gallotti and
Mussi, 20182).

Cultural mechanisms that led to the emergence of the Acheulean are also
poorly understood. In the first place, it is unclear how and why core-and-flake
methods of knapping, typical of the Oldowan, gave way to Acheulean technology
based on the production of huge flakes made into Large Cutting Tools. Further
complicating the issue is the presence of stone tool industries that lack handaxes
after the emergence of the Acheulean (de la Torre, 2016; Gallotti and Mussi,
2018?%). Summarizing, it is not clear whether the Acheulean is a technological
evolution of the Oldowan or an intrusive phenomenon (e.g. de la Torre and Mora,
2016; Gallotti and Mussi, 2018%). Recent research has gradually provided new
data on the timing of emergence of technical innovations, on the relationship with
the Oldowan and on the diversity of its technical behaviors. And exactly this

13



2. African Early Pleistocene archeological record

diversity among African Acheulean industries allows to think that there may have

been not just one but several African Acheuleans (see chapter 7; Gallotti, 2022).

2.3 The developments of the Acheulean in the
Early/early Middle Pleistocene

The development of the Acheulean after 1.4 Ma is poorly understood. From
then onwards and up to 0.7 Ma, the long stratigraphic sequences in East Africa
are from a limited number of sites, and several are of uncertain age (e.g. Leakey,
1971; Isaac and Isaac, 1997; Roche et al., 2003; de la Torre, 2011; Beyene et
al., 2013; McHenry et al., 2016). Descriptions of the corresponding late Early
Pleistocene lithic series are generally limited to the LCTs and their morphological
or aesthetic patterns (Gallotti and Mussi, 2017, 2018°). Accordingly, no direct
comparison can be made with the record of the earlier Acheulean.

In addition, there are very few human fossils in this period (e.g., Anton,
2013; Anton et al., 2014; Baab, 2014; Profico et al., 2016; Anton and Middleton,
2023), and their association with lithic artefacts and faunal remains has usually
been taken for granted, not proved.

This fragmented evidence found in the East African record has frequently
been underestimated in large-scale syntheses involving Acheulean technical
behaviours. It is often taken for granted that the Early Pleistocene is a uniform
cultural entity closely related to the evolutionary history of Homo erectus (e.g.,
Leakey, 1975; Sharon, 2007; Beyene et al., 2013). The Acheulean industries
often described as “remarkably static and lacking innovation over thousands of
years and across a number of varied environmental settings” (Nowell & White,
2009, p. 76).

Recent research at Melka Kunture has instead demonstrated the existence
of two Acheuleans at Melka Kunture: an early Acheulean dated to 1.6 Ma and a
second Acheulean dated to 1 Ma, respectively associated with Homo aff. erectus

and an ancestor of Homo heidelbergensis (Gallotti and Mussi, 2017, 2018).
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2. African Early Pleistocene archeological record

The existence of two different Acheuleans has also been proposed for the
Casablanca region (Raynal et al., 2017; Mohib et al., 2019; Gallotti et al., 2022),
the first dated to 1.3 Ma at Thomas Quarry I-Unit L, the second dated to 0.5 Ma
at the Grotte a Hominidés (Raynal et al., 2010, 2011, 2023) and to 0.7 Ma at the
Grotte des Rhinocéros (Raynal et al., 2023). In both East and North Africa, the

two Acheuleans are separated by an important chronological gap. The main

guestion is what this poor information depends on, if it is the outcome of

incomplete fieldworks or if it is related to geological, climatic, and/or paleo-

environmental mechanisms.

One of the aims of this

thesis is to refine the

uncertain chronology of the
Acheulean sequence of the
Melka Kunture Formation
(Ethiopia) and of Thomas
Quarry | (Casablanca,
Morocco), L-sites and

Grotte a Hominidés, to try to

better define |

chronologically this gap.

Figure 2.3.1 Acheulean artefacts =

from Thl-L archeological site.
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Chapter 3
Sites and geological contexts

3.1 East Africa

The Pleistocene volcano-sedimentary archives of East Africa documents
the oldest and most varied archeological and paleoanthropological record in the
world. A milestone of human cultural evolution documented in this macro-region
Is the emergence of the Acheulean testified by several localities located across
the African Rift Valley, from the Ethiopian Highlands (Melka Kunture and Melka
Wakena) to the Ethiopian Mid-Lowlands (Konso-Gardula and Gona), the
Lowlands of Kenya (Turkana Basin) and the Midlands of Tanzania (Olduvai
Gorge). As previously stated, a main aim of this thesis is to refine the chronology
of the key archeological area of Melka Kunture (Ethiopia) in order to provide an
age estimate for the ten archeological sites hosted in the Melka Kunture
Formation (MKF) with particular emphasis to sites registering the Oldowan-
Acheulean transition.

Since the origin of the Acheulean is a highly debated topic, several
guestions regarding the implications of such an old age for the earliest Acheulean
raised. What is the meaning of such an early appearance of the Acheulean on
the Ethiopian Highlands? How did it originate and what was the dynamics of its
dispersal? Is there one single Acheulean with different technology that appeared
and invasively expanded through East Africa as a single event, or there are more
Acheuleans with different characters appearing at different times and places
across East Africa? Moreover, the timing of the development of this earliest

Acheuleans is poorly understood, but the sedimentary sequence of Melka
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Kunture offers the opportunity to investigate also the later stages after the
Acheulean emergence.

To attempt responding these questions, a whole East African chronological
framework was assembled through careful and critical review of the existing
bibliography to place the earliest occurrences of the Acheulean in the various
East African regions in a common temporal framework. This chronological
approach was accompanied by a critical archeological discussion on the techno-
economic behaviors to understand when and what type of technical innovations
emerged in each region, and how they relate to the human biological variability
recorded in this time period. Despite the fragmentary nature of the East African
continental record, it has been possible to set a general overview based on the
current state of knowledge to contextualize better the Acheulean in a broader

scenario finding unexpected outcomes.

3.2 Melka Kunture (Ethiopia) state of the art:
geological setting, archeological relevance and

chronology

Melka Kunture is an archeological site-complex located in the Upper Awash
Valley of the Ethiopian highlands (8°420N; 38°350E), about 50 km southwest of
Addis Ababa at 2000-2200m above sea level (a.s.l.). The investigated area,
characterized by a relatively continuous volcano-sedimentary sequence, extends
over some tens of km? on the two banks of the Awash River, and hosts a dense
concentration of archaeological and paleoanthropological sites (Fig. 6.1).

The Melka Kunture stratigraphic sequence, mainly composed of
fluvial/alluvial siliciclastic and volcaniclastic deposits variably intercalated with
tuff/cinerite, informally known as Melka Kunture Formation (e.g., Bardin et al.,
2004; Kieffer et al., 2002, 2004; Raynal et al., 2004; Raynal and Kieffer, 2004;

Gallotti and Mussi, 2017; Pioli et al., 2023), is exposed along a network of gullies
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incised by tributaries of the Awash River. Different stratigraphic levels of
archeological and paleoanthropological interest have been discovered
throughout this sequence in the last decades, spanning from the Oldowan to the
Late Stone Age (Chavaillon et al., 1974; Chavaillon et al., 1979; Chavaillon and
Coppens, 1986; Chavaillon and Berthelet, 2004; Chavaillon and Piperno, 2004;
Gallotti et al., 2010, 2014; Gallotti and Mussi, 2015, 2017, 2018; Gallotti et al.,
2010; Mussi and Gallotti, 2014; Mussi et al., 2014, 2016).

Previous magnetostratigraphic studies (Westphal et al., 1979; Tamrat et al.,
2014), combined with radiometric dating of tuff/cinerite using K/Ar (Schmitt et al.,
1977; Chavaillon and Piperno, 2004) and “°Ar/**Ar (Morgan et al., 2012),
suggested that the Melka Kunture sequence deposited in a magnetochronologic
interval spanning from the early Brunhes Chron (<0.773 Ma; geomagnetic polarity
time scale of Channell et al., 2020 used throughout) at the top to the Olduvai
Subchron (1.770 Ma to 1.925 Ma) at the base. These valuable
magnetostratigraphic data (Tamrat et al., 2014) are however difficult to integrate
in the ever-growing inventory of archeological levels described at Melka Kunture
(e.g., Gallotti and Mussi, 2017, 2018) because of the laterally discontinuous
nature of the stratigraphic sequence. The aim of this work was to provide new
magnetochronological constraints on the deposition of the Melka Kunture
sedimentary sequence and related archeological/paleoanthropological layers.
Sampling for magnetostratigraphy has been conducted along nine stratigraphic
sections outcropping along two adjacent gullies termed Gombore and Garba. In
these sections we identified the main archeological sites from the literature
including, from younger to older, Gombore 1I-2 Butchery site, Gombore Il Open
Air Museum, Gombore 10, Gombore ly, and Gombore IB for the Gombore gully,
and Garba lll, Garba XIlJ, Garba IVD, Garba IVE, and Garba IVF for the Garba
gully. Our new magnetostratigraphic data have been integrated with 4°Ar/3°Ar age
data from Morgan et al. (2012) in order to generate age models of deposition for
the Gombore and Garba gullies sequences and derive (interpolated or

extrapolated) best-fit ages of the main archeological levels therein contained.
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Figure 3.2.1 General stratigraphy of the Melka Kunture Formation outcropping in the tributary
gully of the Awash River at Garba (a), Gombore (b) (reported in m a.s.l., after Raynal et al., 2004)
and Kella localities (c) (modified from Taieb (1974)). Preliminary magnetostratigraphic results are
reported according to Westphal et al. (1979), Cressier (1980), and Tamrat et al., (2014). Also, K-
Ar and “°Ar/®Ar ages are reported from Schmitt et al., (1977) from Morgan et al. (2012)
respectively.
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Following the establishment of this first chronostratigraphic background, the
focus passed to improving the chronological resolution across the critical Olduvai
subchron interval using two sections located on the left bank of the Awash River
in the nearby Kella valley: Kella Il bis and Kella Bridge, where the basal part of
the Melka Kunture Formation is documented and provided with published
4OAr/*%Ar ages (Morgan et al., 2012). The oldest one, Tuff MK 27-17, 1.874 +
0.024 Ma, suggests that the Olduvai subchron should be present in these levels.
These data from Kella were used in conjunction with data from Garba IV to
propose a regional correlation of the basal part of the Melka Kunture Formation
around the base of the Olduvai subchron. This is relevant for the secure
placement in time of both the earliest human presence so far recorded at Melka
Kunture, which is also the earliest documented on the Ethiopian highlands and
the Oldowan-Acheulean transition as represented by Oldowan levels Garba IVF-

E and early Acheulean level Garba IVD.

3.3 North Africa

The North African record is characterized by few archeological localities that
document human presence albeit devoid of accurate dating. Although many
archaeological investigations have been carried out in Morocco since the
beginning of the nineteenth century, only a few purported pre-Acheulean sites
were reported, and all are in disputable stratigraphic contexts (Gallotti et al., 2021,
2023).

The only pre-Acheulean evidence recorded from a stratigraphic context
belongs to the Ain Hanech Formation in Algeria, where Oldowan occurrences
dates to 2.4 and 1.9 Ma (Shanouni et al., 2018), but their age is controversial
(Geraads et al., 2006). Another possible Early Pleistocene Algerian site with a
similar age is Mansourah, which yielded a lithic industry without LCTs (Chaid-
Saoudi et al., 2006). In this context, the only North African Acheulean sites in

known stratigraphic context are located in Algeria, Tighennif, and in Morocco,
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Thomas Quarry | (Thl) (Geraads et al., 1986; Gallotti et al., 2022, 2023; Raynal
et al., 2023). This sporadic and low-resolution evidence, the absence of pre-
Acheulean sites in Morocco, and the wide gap between the Oldowan in Algeria
and the early Acheulean of Morocco don’t allow a discussion hinting at a local
origin of this technical innovation.

Thomas Quarry | (Morocco), targeted in this thesis, belongs to the
Casablanca Sequence which represents the most complete sedimentary
successions of raised marine terraces and associated continental deposits of
North-West Africa, and contains key Lower Paleolithic assemblages originally
discovered and studied by Biberson (1961), as well as relevant hominin remains.
At Thomas Quarry |, key archeological findings are represented by Acheulean
lithic tools retrieved from site Thl-L, mainly bifacial artefacts obtained from blocks
of raw material and large flakes associated with poorly preserved faunal remains.
At a higher stratigraphic level, site Thl-GH, yielded several human fossils
including mandibles and vertebrae attributed to genus Homo associated with

lithic tools and faunal remains (Raynal et al., 2010; Raynal et al., 2023).

3.4 Thomas Quarry | (Morocco) state of the art:
geological setting and archeological relevance

In order to provide age constraints for the archeological and
paleoanthropological findings, previous attempts to date this sedimentary
sequence were performed through OSL and ESR dating obtaining an
approximate age of ~0.9 Ma for Thil-L and ~0.5 Ma for ThI-GH respectively
(Rhodes et al., 2006), with wide uncertainties and incompatible with
biostratigraphic data (Geraads et al., 2002; 2010). These uncertainties prompted
to conduct a thorough magnetostratigraphic study of the sequence.

The geological substratum of the South-Western side of Casablanca, area where
Thomas Quarry | is located, characterized by a Late Miocene-Pleistocene
sedimentary sequence emplaced above either Cambrian Quartzites or
Cretaceous Limestones. This so-called Casablanca Sequence consists of a

complex and extensive system of longitudinal dune ridges parallel to the actual
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Atlantic coastline and recording the succession of paleo-shorelines since the end
of the Miocene (Lecointre 1952; Biberson, 1961; Stearns, 1978; Lefevre &
Raynal, 2002; Lefevre et al., 2021).
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Figure 6.1.1 Sketch stratigraphic section showing the inferred relationships and relative altitudes
of the Formations above present sea level: Reddad Ben Ali F., Dar Bou Azza F., Kef Haroun F.,
Anfa F., and Oulad Hamida F (Thomas Quarry I) (drawing from David Lefévre). Age estimates
obtained through biostratigraphy, OSL and ESR are reported according to the literature (Geraads,
2002; Geraads et al., 2010; 2022; Rhodes et al., 2006; Raynal et al., 2010). Archeological sites:
GDBA: Grotte de Dar Bou Azza; GDG: Grotte des Gazelles; GDO: Grotte des Ours; GH-CCC:
Grotte a Hominidés-complex of continental deposits; G Littor.: Grotte des Littorines; GV: Grotte
Velozzo; SAR ext.. Sidi Abderrahmane-Extension; SAK: Sidi Al Khadir; SAR M: Sidi
Abderrahmane-Unit M; S.T.1.C.: Société de Transformation Industrielle et de Construction Quarry;
Thi-L: Thomas Quarry I-Unit L.

Its emplacement reflects eustatic oscillations on a passive continental margin
under low uplift rates and takes the form of depositional cycles usually beginning
with calcarenites marking marine transgression followed by regressive facies
such as aeolianites and paleosols. Intense quarrying activities and urban
exposed the Casablanca Sequence extensively. Four Formations associated
with four raised platforms have been defined from the late Early to the Late
Pleistocene (Figure 6.1.1): Oulad Hamida Formation (late Early Pleistocene-early
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Middle Pleistocene), Anfa Formation (Middle Pleistocene), Kef Haroun Formation

(Middle Pleistocene), and Dar Bou Azza Formation (Late Pleistocene) (Lefevre,

2000; Leféevre and Raynal 2002). The sedimentary sequence outcropping at

Thomas Quarry | (hereafter Thl) was firstly described by Biberson (1961) and

after recent stratigraphic revision was attributed to the Oulad Hamida Formation
(hereafter OHF).

OHF lies above includes five allostratigraphic members OH1, OH2, OH3,

OH4, comprising GH-continental cave complex (GH-CCC), and OH5, as

described in detail in chapter 8 and supplementary material 8.

OH1 Member: Bed 1 is composed of coarse calcirudite at the base
and a stratified coarse-grained biocalcarenite followed by Bed 2
characterized by bioclastic sands more or less bioturbated, partially
decarbonated and cemented. A limestone unit within Bed 2 (Thi-L
site), hosts several levels containing early Acheulean lithic artefacts,
as well as the remains of large mammals;

OH2 Member: overlying an unconformity developed above OH1
Member, OH2A deposits comprises coarse biocalcarenites with a
curved cross-bedding followed by a finer inclined planar-bedding
biocalcarenites, vertically followed by massive coarse bioclastic
aeolianites of OH2B, the upper part of which is affected by
pedogenesis;

OH3 Member deposits are composed of blocs and pebbles produced
by the dismantling of Members OH1 and OH2, passing to coarse
and/or coquinoid biocalcarenites with inclined planar bedding, overlaid
by aeolian calcarenites;

OH4 Member is associated with a palaeoshoreline marked with cliff
and deep coastal notch cut into OH1 and OH3. This unit begin at the
base as a calcirudite with a coarse coquinoid matrix and plurimetric
collapsed blocks of calcarenites from OH3 Member which constitutes
the cavity ceiling and blocks of calcirudite coming from earlier units.
The lower infilling of the cavity is a marine deposit passing upward to
continental deposits labelled GH-Continental Cave Complex
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(GHCCC). GH-CCC (SU 4-3) lies conformably above OH4 and is
composed of bioclastic and quartzose sands containing lithic artefacts,
macro and micro-fauna and hominin fossils, passing to GH-CCC (Su
2-1) is composed from bottom to top of a multilayer dripstone
interbedded with loose red, laterally linking with a speleothem,
overlying by massive bedded, rubefied sands rich in microfauna and
fragments of gasteropods shells, originating from reworked
superficials red soils. At the entrance of the cavity, the wide cross-
bedding “gray” sands of Member OH5 are intercalated between the
lower (3-4) and the upper units (1-2) of the GH-CCC,;

Member OH5, overlying Member OH4, is composed of fine, weakly
cemented calcarenites, characterized by a pronounced large scale
cross-bedding. This unit partially fills GH and represent the more

recent unit of the Oulhad Hamida formation.
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Chapter 4
Materials and methods

4.1 Field activity

At Melka Kunture (Ethiopia), 273 stratigraphically superposed core samples
were retrieved in 2017 and made available for this thesis. These analyses were
conducted in order to reconstruct the general magnetostratigraphy of the
sequence and date ten archeological horizons therein contained. A total of 248
samples were drilled at Thomas Quarry | in two different field campaigns with the
aim to establish the general magnetostratigraphy of the sequence and date two
key archeological bearing sites termed Thi-L and Thl-GH (see chapters 8, 9).

Field work at Thomas Quarry | (Casablanca, Morocco) was carried out with
a detailed stratigraphic approach consisting of a first phase of evaluation of the
stratigraphic context and relationships between units, followed by detailed
lithological descriptions and drafting of logs. The sampling densities were decided
based on the specific resolution needed for the investigated interval and also
depending on the lithologies as the availability of fine granulometries that are
usually the most favourable for paleomagnetism.

Sampling was performed using a water-cooled electric drill, for the more
cohesive lithologies, or small plastic cylinders (5 cc volume) gently pushed into
the outcrop, for soft lithologies, to obtain core-samples which were then oriented
with a magnetic compass. The orientation parameters obtained are expressed as
declination relative to the magnetic north and inclination with respect to the

horizontal, by convention positive downward and negative upwards.
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4.2 Laboratory procedure

The oriented core-samples obtained were then cut in standard sized
samples, 2.5 cm diameter per 2.5 cm in length (10 cc volume) and subsequently
weighted. The analyses were performed mostly at the LASA paleomagnetics
Laboratory (Segrate, Italy) and also at ALP paleomagnetic Laboratory
(Peveragno, Italy).

4.2.1 Rock magnetic analyses

Rock magnetic analyses were performed to investigate the magnetic
mineralogy carrying the primary paleomagnetic signal. These include, magnetic
susceptibility, anisotropy of magnetic susceptibility (AMS), acquisition of backfield
isothermal remanent magnetization (IRM), hysteresis loops, thermal
demagnetization of a three-components IRM and thermomagnetic cycles.

The initial magnetic susceptibility was measured using a MS2B (Bartington)
susceptibility bridge or a KLY-2 Kappa-Bridge (Agico) followed by the
measurement of the anisotropy of magnetic susceptibility (AMS) using a KLY-3
Kappa-Bridge (Agico).

The AMS was measured at room temperature to verify whether the magnetic
grains had preferred orientations. These analyses allowed to define the maximum
(kmax), intermediate (kint), and minimum (kmin) axes of the AMS ellipsoid of
samples and the related standard parameters of foliation F = kint/kmin, lineation
L = kmax/kint, degree of anisotropy P = kmax/kmin, and shape parameter T =
2In(kint/kmin)/In(kmax/kmin) — 1.

Backfield IRM acquisition, imparted fields from -1.5 T up to 1 T and
hysteresis loops, imparted in fields between -1 Tto 1 T or -0.5 T to 0.5 T, were
performed with a vibrating sample magnetometer (VSM) model EZ7

(Microsense). Hysteresis plots of magnetization [Am?/Kg] versus applied field [T]
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were used to determine values of saturation magnetization (Ms), saturation
remanence (Mr), and coercivity (Hc), after correction for paramagnetic or
diamagnetic components. The coercivity of remanence (Hcr) was determined on
the same samples from IRM backfield experiments. The resulting diagram of
Hc/Hcr versus Ms/Mr (Day et al., 1977; Dunlop, 2002), was used to infer about
the domain state (~granulometry) of the magnetite particles, whether multi-
domain (MD), pseudo-single domain (PSD) or single domain (SD). On the other
hand, when samples contain a mixture of minerals with contrasting coercivities,
backfield IRM acquisition curves were rescaled and analyzed using the unmixing
coercivity method (Maxbauer et al. 2016) to identify each ferromagnetic phase
contributing to the magnetic remanence as function of its specific coercivity
spectrum and deriving the percentage in which it occurs.

Thermal demagnetization of three-component IRM (Lowrie, 1990) imparted
in fields of 0.12 T, 0.4 T and 1.5 T or 2.5 T using a pulse magnetizer IM-10-30
(ASC Scientific), was performed in steps of 50°-25°C to detect ferromagnetic
mineral phases by analyzing their maximum unblocking temperatures and
coercivities. A selection of rock fragments was also subjected to thermomagnetic
cycles using the VSM to study again the maximum unblocking temperatures of
the ferromagnetic phases contained in the samples.

A selection of fragments from Thomas Quarry | was studied also using the
S-Ratio = -IRM -0.3 T/SIRM2.5 T, obtained by applying a saturation IRM at 2.5
T followed by an antipodal IRM at 0.3 T, and the parameter HIRM = (IRM-0.3 T
+ SIRM2.5 T)/2 to investigate in detail rock magnetic variability along the section.
S-Ratio approaching +1 reveals the occurrence of dominant low coercivity
magnetic phases (e.g. magnetite) while S-Ratio approaching — 1 high coercivity
phases (e.g., hematite, goethite), while the higher the HIRM the higher the
content of high coercivity phases (e.g., hematite, goethite) relative to low

coercivity phases (e.g. magnetite).
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4.2.2 Magnetostratigraphy

To reconstruct the magnetic polarity stratigraphy thermal and alternating
field (AF) demagnetization techniques were conducted with the purpose of isolate
the characteristic (primary) component (termed ChRM) of the natural remanent
magnetization (NRM) signal by removing secondary overprints usually of
diagenetic origin.

Thermal demagnetization analyses were performed on oriented core-
samples in increasing temperature steps from room temperature up to ~690° C
with a TD48 furnace (ASC Scientific), while AF demagnetization was imparted on
samples in fields from O mT up to 85 mT with steps of 5-10 mT with an AF
demagnetizer (2G Enterprise). The residual NRM signal was measured after
each demagnetization step mostly with a 755 DC-SQUID cryogenic
magnetometer (2G Enterprises) located in a magnetically shielded room or with
a spinner magnetometer Jr-6 (Agico).

Magnetic component directions were extracted using least-square analysis
(Kirshvink, 1980) to calculate the ChRM component directions from standard
vector end-point demagnetization diagrams, and standard Fisher statistics was
applied to analyze the mean component directions. These ChRM component
directions were transformed into virtual geomagnetic poles (VGPs). VGP
latitudes were plotted versus stratigraphic depth in order to reconstruct the
magnetic polarity stratigraphy for comparison with the reference timescale of
Channell et al., (2020)
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4.3 Age Modeling

Chronologies provide timeframes for events, allowing to derive rates of
processes and making possible to compare and correlate different stratigraphic
sequences. Many fields of application can profit from different kind of dating
methods exploiting different principles to describe the same depositional system
that could be used jointly through age modeling.

Age-depth modeling represents a useful tool to describe the depositional
history of a sequence by considering different input data, for example numerical
dating (e.g. *C, “°Ar/*°Ar) and magnetochronology, as function of depth. These
are obtained by applying a mathematical function on a number of dated depths
to derive a curve and the associated confidence interval used to estimate the
ages of undated depths (targets) and related errors. There are several
approaches to define age-depth relationships with different degrees of complexity
but, generally, since ages are the result of measurements influenced by
uncertainties, age modelling solutions must consider the treatment of these
uncertainties (Lacourse and Gajewski, 2020). The chronological control,
expressed as dating density (number of ages per time interval) represents a
fundamental constraint before choosing which one to apply. Moreover, different
modeling techniques are able to handle the age reversals by incorporating them
increasing the uncertainty range. An age-depth model without age reversals is
defined as minimal adequate model (Blaauw and Heegaard, 2012).

Until now, there is not a unique procedure on how to select which age-
depth model to perform, what are acceptable values of age densities, and what
are good quality input data. From these aspects derive precision and accuracy of
the chronological model (Blaauw et al., 2018). How to mediate between these to
constitute a good model is a choice that is based on the experience of the
operator. Different age modeling techniques have been implemented in the last
two decades (e.g. Clam (Blaauw, 2010), OxCal (Bronk Ramsey, 2008), Chrono
(Haslett and Parnell, 2008), Bacon (Blaauw and Christen, 2011) and Undatable
(Lougheed and Obrochta, 2019)) in particular for 1*C age modeling, that could be
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subdivided in different main categories according to Blaauw and Heegaard
(2012):

e Linear interpolation
among the most frequently used model, represent the simpler way to build
and age-depth model. In this case the age-depth model equation is a
straight line interpolating the tie-points as best-fit line. The fitting quality is
expressed by the correlation coefficient r?, a value comprised between 0
(no fit) and 1 (perfect fit). The assumptions of linear interpolation
presuppose that ages are accurate and that there are no variations in
sedimentation rates through the investigated time-interval. The limitations
in this approach lie in the inability to manage uncertainty and that changes
in accumulation rates generally occur. Even though considered a crude
method to establish age-depth models, it could provide fair estimates
producing a fit that is hardly conflicting with more complex models (see
Figure 8 in Chapter 5 for two examples of simple linear interpolation).

e Polynomial regression
returns age-depth model equations expressed as polynomial functions
(e.g. quadratic curve for second-order polynomial regression, cubic curve
for third-order polynomial regression etc.) and associated regression
coefficient x? (0= perfect fit; fitted curve passes through all the given data
points).

e Splines
are polynomial curves fitted between each pair of points whose coefficients
are non-locally determined, producing an overall smoothing effect and no
abrupt changes in correspondence of each data point. Depending on the
type of polynomial regression applied between pairs of points different
models will be produced, such as cubic spline, smooth spline, or locally
weighted splines (LOESS or LOWESS splines), where the smoothing
terms are adjusted to constrain the bending of the curve and data could
also be weighted according to their uncertainty.
Usually, smooth sedimentation rates are more realistic representations of

the depositional dynamic through time especially when the sediment type
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does not change abruptly. Another approach would be to use one of the

classes of smoothing functions which use all the available chronological

information from the whole analyzed sequence to generate an age-depth

model of deposition.

e Other models

Figure 421
Example of cubic
spline curve used to
obtain the age of
Kiselev 4
archeological site at
1.76 Myr ago (Lepre
etal.,, 2011).

A wide variety of age-depth models is based on the application of power

functions (Campbell, 1996) as they can handle a greater degree of

compaction increasing downward, which is one of the model parameters.

Subsequently Bernstein polynomial (Bezier curve) regression is applied

producing smoothing through or near all the points and fitted by

approximation, and at the same time it is constrained to pass through the

endpoints.

e Mixed-effects models

This approach involves the consideration of errors occurring in the whole

age modeling system, such as the variance in age determination of a target

level located at a particular depth, the numerical ages could be displaced

from their true age (e.g. incorporation of older or younger material,
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contamination etc.) by a random value. The age-depth relationship is then
obtained through any regression procedure chosen by the operator.
e Bayesian age-depth modeling

Gaining popularity in the last decade, Bayesian approaches offer an
attractive alternative to the classic age-depth modeling methods, based on
the principles of Bayesian statistics, which systematically combines data
with all the other available information during the modeling process. The
combination of prior information and data leads to the posterior distribution
while the model incorporate assumptions about accumulation rates and/or
how they vary, although in each program these are based on different
depositional models associated to different parameters. For example,
when a classical (e.g. linear, polynomial) age-depth modeling routine is
applied, exploring different settings and the preferred one is chosen
among the outcomes of these tests because not containing age reversals,
such decision is arbitrary, while the Bayesian model is construct with a
prior assumption of positive accumulation rates. Even though Bayesian
technigues combines different approaches in the construction of age
models, the best-fit model can resemble simple linear interpolation
(Lacourse and Gajewski, 2020) and consequently, in the absence of many
ages, these techniques can result in a best-fit model that resembles linear
interpolation, albeit with improvements in uncertainty estimation (Blaauw
et al., 2018). The main difference between Bayesian and classical models,
especially linear interpolation, lies in the estimation of age uncertainties: in
Bayesian models, age uncertainties tend to increase between
chronological control points, while polynomial regression and smooth
splines typically have uncertainties that are relatively constant between
dated levels, and uncertainties in linear interpolation models could even
decrease between ages. The precision of Bayesian age-depth models
take advantage from chronological ordering continuing to improve by
adding more dates. Bayesian models can be also supplemented by a
deterministic approach (e.g. Undatable, Lougheed and Obrochta, 2019),

but in general, this method provide better uncertainties estimations for any
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predicted ages for a given depth compared to the other kind of modeling
routines. The accuracy of age models generally increases with higher

dating densities providing reasonably accurate ages.

Cariaco Basin, bootpc=80, xfactor=0.1
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obtained with the
1800 F Undatable software
2000 \ { ! 1 (Lougheed and
0 10 20 30 40 50 Obrochta, 2019)

Age (ka)

Many age-depth models in literature contain long temporal gaps between ages
or are affected by the age spacing problem, implying a poor chronological control
in specific portions of the record. Therefore, to construct and age model besides
the sufficient available ages is fundamental to consider how closely spaced the
ages are in time (Blaauw et al., 2018; Lacourse and Gajewski, 2020). The
tolerable gap lengths are strictly dependent on the research question, but in
general long temporal gaps should be avoided (e.g. gaps of more than 20%
compared to the total length of the record), even though in some cases long
temporal gaps may be inevitable.

The construction of a robust age model begins by choosing the target(s)
to date, the stratigraphic positions from which obtain ages (to obtain a good
distribution of tie-points along the sequence), how many ages are needed and

what material to date. As a general rule, extrapolating an age-depth model
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beyond the dated range of a sediment sequence should be avoided, as it
assumes that the relationship between depth and time holds for sediments
lacking chronological control.

Since most of the proposed rules for performing good age modelling refer
to the field of radiocarbon dating (Blaauw et al., 2018, Lacourse and Gajewski,
2020) which has a temporal resolution bound to the last ~50 ka, it is not easy to
reconcile them when dealing with more ancient geological archives (e.g. Lower-
Middle Pleistocene). Since in these conditions the age modeling exploits other
kinds of input data, such as magnetic reversals and numerical dating that are
generally much more dispersed along a stratigraphic sequence, the best
approach would be to carry out the age modeling trying several solutions in order

to find the one that best describes the depositional history of a sequence.
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Chapter 5

Magnetostratigraphy of the Melka
Kunture Archeological Area (Ethiopia)

This chapter is presented according to

Magnetochronology and age models of deposition of the Melka
Kunture stratigraphic sequence (Upper Awash, Ethiopia) and age
assessments of the main archeological levels therein contained
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Abstract

We present new magnetostratigraphic results from the Melka Kunture
sedimentary sequence outcropping along the Gombore and Garba gullies in the
Upper Awash Valley of Ethiopia that provide a new temporal framework for
human presence in this area of the Ethiopian plateau in the Pleistocene. We
obtained a time-diagnostic sequence of normal and reverse polarity
magnetozones representing a relatively continuous magnetochronologic record
extending from the Brunhes Chron at the top to the Olduvai Subchron or possibly

the Reunion Subchron at the base, assembled from 9 stratigraphic sections

37



5. Magnetostratigraphy of the Melka Kunture Archeological Area (Ethiopia)

correlated in a regional lithostratigraphic context. By integrating our chronology
provided by paleomagnetism with 4°Ar/3°Ar dating from the literature, we
generated simple yet reliable and testable age models of deposition for the Melka
Kunture sedimentary sequence that we used to estimate the mean ages of the
main archeological levels therein contained that resulted ranging from ~0.6 Ma to
~2.1 Ma thus representing altogether one of the most persistent and prolonged

records of human presence of the entire African continent.

Geological setting

Gombore gully, we studied, from top to bottom, stratigraphic sections GX,
GlI2 - G2SAG, GlI6, GOAMII, GlISagl7l, GXIS, and Gombore |, this latter
subdivided into four portions GG, GIG, GIS, and GIC (Figs. 1, 2 and acronyms
therein described), while at Garba gully, we studied sections GBIIl, GBXIIC -
GBXIIB - GBXIIA, GBIVO, and GBIV (Fig. 2). The prevalent lithologies (Fig. 2)
are litoquartzarenites and reworked volcanoclastic material, sometimes cross-
laminated and often containing lapilli or tuff chips, as well as silts, silty clays, and
conglomerates, which are variably intercalated with cinerite and tuff in primary
position, some of which have been dated with K/Ar and 4°Ar/3°Ar (Schmitt et al.,
1977; Morgan et al., 2012), as well as massive lahar deposits.

Altogether, the sedimentary succession deposited in an alluvial/fluvial plain
context characterized by occasional but persistent volcanogenic input (see
Raynal et al., 2004; Raynal and Kieffer, 2004; Chavaillon, 1979 for further
details). These lithologies are particularly favourable for paleomagnetic analyses
because of the general presence of fine-grained sediments (fine sand, silt),
occurring even within the coarsest fractions either as matrix or as individual layers
or pockets, as well as for the virtually ubiquitous presence in these sediments of
a volcaniclastic fraction enriched in ferromagnetic minerals (as testified by the
relatively high remanent magnetization values of the investigated samples; see

also below).
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Figure 1 Google Earth map of the Melka Kunture archeological area in Ethiopia. Gombore and
Garba are the main gullies where we studied a total of 9 stratigraphic sections to assess the
chronology of deposition of the Melka Kunture sequence and main archeological levels present
therein. Numbers refer to georeferenced points reported also in the stratigraphic scheme of Fig.
2.

In the studied sections (Fig. 2), we identified the following tuff levels
provided with what we initially considered acceptable “°Ar/*°Ar ages (after
Morgan et al., 2012), with errors here expressed at 2o level: at Gombore gully,
Former D tuff 27-09 at 0.709 £ 0.026 Ma, Tuff 27-08 at 0.875 + 0.020 Ma (but see
below in Paragraph 4 for the reliability of this datum), Former B tuff 27-12 at 1.200
+ 0.140 Ma, and Tuff 27-03 at 1.393 + 0.324 Ma, while at Garba gully, Tuff 27-
23, informally termed also “Grazia Tuff’, at 1.719 + 0.398 Ma (but see below in
Paragraph 4 for the reliability of this datum) (Fig. 2). As stated in the Introduction,
several archeological and/or paleoanthropological levels have been described in

this sequence.
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Figure 2 Stratigraphic scheme of the Melka Kunture sedimentary succession constructed using
a total of 9 lithological logs from Gombore and Garba gullies correlated using essentially
magnetostratigraphy in conjunction with the available radiometric dating of tuff levels. Circled
numbers to the side of the logs refer to georeferenced points in Fig. 1. Samples for paleomagnetic
and rock-magnetic analyses are listed next to the logs (see legend for symbols). The
characteristic remanent magnetization component (ChRM) vectors extracted from samples that
yielded suitable results upon thermal or alternating field (AF) treatment (see legend for symbols)
were used to develop a magnetic polarity stratigraphy (white squares for reverse polarity and
black squares for normal polarity) that is correlated to the geomagnetic polarity time scale of the
Pleistocene with ages from Channell et al. (2020). In the Gombore | log, GIC is Gombore |
Sondaggio Chavaillon, GIS is Gombore | Scalinata, GIG is Gombore | Gamma and GG is
Gombore | Gully. Other acronyms are as follows: GlISag17l is Gombore Il Saggio 2017 I, GXIS
is Gombore Xl “Sol”, GOAMII is Gombore Il Open Air Museum. See text for additional information.

At Gombore gully (Fig. 2), these include the Gombore I1-2 Butchery site,

containing Acheulean lithic tools as well as faunal remains and associated

ichnological evidence (Altamura et al.,, 2020; Mendez-Quintas et al., 2019),
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Gombore Il Open Air Museum, with middle Acheulean lithic tools and remains
possibility pertaining to early Homo heidelbergensis (Royer and Coppens, 1975;
Profico et al.,, 2016), Gombore 16 and Gombore ly with additional Acheulean
evidence, and Gombore IB with remains of Homo ergaster associated with Early
Acheulean lithic tools (Di Vincenzo et al., 2015; Gallotti and Mussi, 2017; Mussi
et al., 2021). In the Garba gully sequence (Fig. 2), main archeological levels are
Garba 1lIC, with an Acheulean lithic industry, above which lies an early Middle
Stone Age level that yielded three cranial fragments attributed to archaic Homo
sapiens (Mussi et al., 2014), Garba XlIJ, which yielded Early Acheulean lithic
tools and faunal remains (Piperno, 2001; Chavaillon and Berthelet, 2004), Garba
IVD, which yielded a rich Early Acheulean assemblage (Gallotti, 2013), Garba
IVE, located immediately below the “Grazia Tuff” (tuff 27-23 of Morgan et al.,
2012) and containing a partial mandible attributed to Homo erectus (Condemi,
2004; Zilberman et al., 2004a, 2004b; Zanolli et al., 2016) associated with
Oldowan lithic artefacts (Gallotti and Mussi, 2018%), and Garba IVF, which yielded
Oldowan lithic tools (Piperno et al., 2009).

The studied sections with their archeological levels have been placed in a
virtually continuous stratigraphic framework by integrating magnetostratigraphy
and “°Ar/*°Ar geochronology (Morgan et al., 2012) as described in detail further

below.

Paleomagnetism

Rock magnetic analyses

Hysteresis plots of magnetization (Am?/kg) versus applied field (Tesla, T)
(representative examples in Fig. 3A; additional examples in Supplementary Figs.
1-3) were used to determine values of saturation magnetization (Ms), saturation
remanence (Mr), and coercivity (Hc), after correction for the ubiquitous occurrence
of paramagnetic components. The coercivity of remanence (Hcr) was determined
on the same samples from IRM backfield experiments.

The resulting Hc/Her versus Ms/Mr plot (Day et al., 1977) show that 65% of
the studied samples fall in the pseudo-single domain (PSD) range of magnetite

(Fig. 3B). The reminder 35% of the data falls above ranges defined for multi-
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domain (MD) magnetite and tend to display wasp-waisted hysteresis loops (e.g.,
samples GG10 and GBIV20 in Fig. 3A) suggesting the occurrence of
ferromagnetic phases with contrasting coercivities (e.g., magnetite and hematite;
see also below).

Thermal demagnetization experiments of a three-component IRM show a
dominant signal carried by the 0.12 T curves with maximum unblocking
temperatures of about 550°-575°C, interpreted as due to magnetite, coexisting
with a subsidiary higher coercivity component with maximum unblocking
temperatures of about ~650°C, interpreted as hematite (Fig. 4). From all the
above, we conclude that magnetite is the main ferromagnetic phase of the studied
samples coexisting with hematite, in substantial agreement with previous findings
(Tamrat et al., 2014).

Magnetostratigraphy

The NRM values of the investigated samples are well within ranges of
instrumental measurability. The thermal or AF demagnetization of the NRM show
the presence, in most of the samples, of a scattered initial component oriented
northerly and down (normal polarity) and termed A component, removed either
between room temperature and ~200°C or between 0 mT and 20 mT. A
characteristic remanent magnetization (ChRM) component interpreted as
representing the primary magnetic signal was isolated in 140 samples at higher
temperatures, between ~200°C and 575°C, rarely up to 625°C, or higher
alternating fields, from 20 mT to 80-85 mT (Fig. 5; thermal or AF demagnetization
data in Supplementary Table 1). Considering also the results of the rockmagnetic
experiments, the ChRM component directions appear to be carried essentially by
the dominant magnetite fraction, whereas the subsidiary hematite fraction
contributes very little to the ChRM (rare ‘tails’ above 575°C in thermal
demagnetization experiments). The ChRM component directions are dipolar and
oriented either downward (positive inclinations) with northerly declinations,
representing normal polarity, or upward (negative inclinations) with southerly
declinations, representing reverse polarity (Fig. 5). No relationships have been

observed between magnetic mineralogy, which is essentially magnetite-
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dominated, and magnetic polarity. Standard Fisher statistics revealed that the
ChRM component directions are rather scattered around a mean of Dec.=
353.7°E, Inc.= 9.2° (k=6, 095=5.3°, n=140) calculated by flipping reverse polarity
data to normal polarity.

The values of declination and inclination of the ChRM component directions
(Supplementary Table 2) were used to calculate virtual geomagnetic pole (VGP)
latitudes (Supplementary Table 2) and derive magnetic polarity stratigraphy
whereby positive VGP values (ideally approaching +90°) should represent normal
magnetic polarity and negative values (approaching -90°) reverse polarity. The
maximum angular deviation (MAD) values of the ChRM component directions
resulted generally lower than 20°.

These data have been used to delineate the magnetic polarity stratigraphy
of the Melka Kunture sequence described hereafter from top to base (see Fig. 6
for data from Gombore gully, Fig. 7 for data from Garba gully, and Fig. 2 for a
general overview):

e A clear normal magnetic polarity interval has been detected in sections
GlI2, upper part of G2SAG, and GX (Fig. 6) as well as in GBIII base (Fig.
7). The transition to reverse polarity occurs in section G2SAG between
samples G2SAG17 and G2SAG16 (Fig. 6), as well as in correlative
section GBXII between samples GBIIIO1 and GBIII02 (Fig. 7). Taking into
account also the “°Ar/*°Ar age of 0.709 + 0.026 Ma from the Former D tuff
27-09 in section G112 (Morgan et al., 2012), this magnetic polarity reversal
IS interpreted as a record of the Brunhes/Matuyama boundary (0.773 Ma).

e A consistently reverse magnetic polarity interval has been recognized in
the central part of the section G2SAG and at the top of GOAMII (Fig. 6),
as well as in the upper portion of GBXII (Fig. 7). A transition from reverse
to normal magnetic polarity is recorded between samples G2SAG06 and
G2SAG10 in section G2SAG (Fig. 6), samples GOAMII11 and GOAMII12
in section GOAMII (Fig. 6), and samples GBXIIA25 and GBXIIA26 in
section GBXIIA (Fig. 7) and has been interpreted as the
Matuyama/Jaramillo boundary (0.990 Ma).
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A well-expressed normal polarity interval attributed to the Jaramillo
Subchron has been identified in sections GOAMII and G2SAG (Fig. 6),
and GBXIIA (Fig. 7), with appreciable lateral continuity. The normal-
reverse polarity transition, which marks the base of the Jaramillo
Subchron (1.070 Ma), lies at GOAMII between samples GOAMII16 and
GOAMIIO3 (Fig. 6), and at GBXIIA between samples GBXIIA11 and
GBXIIA13 (Fig. 7). Tuff 27-08 with an “°Ar/3°Ar age of 0.875 + 0.020 Ma
(Morgan et al., 2012) should fall in Jaramillo normal polarity strata, but in
section GOAMII it is located in reverse polarity strata shortly below the
base of the Jaramillo (Figs. 2 and 6), and it thus appears ~200 ky younger
relative to its inferred magnetochronological age (>1.070 Ma), with
important consequences on the age of the Gombore Il Open Air Museum
archeological site resting immediately above this level (see also further
below). On this ground, the age of Tuff 27-08 has been excluded from the
age model of deposition of the Gombore gully sequence as described
below in Paragraph 4.

Section GlI6 is characterized by reverse polarity at its top and normal
polarity at its base, with the polarity transition situated between samples
GlI604 and GII605 (Fig. 6). This thin normal polarity interval is a possible
record of the Cobb Mountain Subchron (1.180-1.210 Ma). A similar
polarity excursion has been detected also in sections GlISag 20171 and
GXIS (samples GIIS17111, GlIS17109, and GXIS27; Fig. 6).

Proceeding down-section, a clear reverse polarity interval interpreted as
a record of the (pre-Cobb Mountain?) Matuyama characterizes sections
GXIS, GlISagl7, as well as GG, GIG and GIS (Fig. 6), although several
samples from these sections especially GIG e could not be analyzed for
magnetostratigraphy as they crumbled in the laboratory.

Section GBIVO (Fig. 7) shows a clear normal polarity signal which has
been interpreted as a partial record of the Olduvai Subchron. The
transition from normal to reverse polarity observed between samples
GBIVO7 and GBIVO04 (Fig. 7) should therefore correspond to the
Olduvai/Matuyama boundary (1.925 Ma).
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Mainly reverse polarity characterizes the central-lower portion of section
GBIV (Fig. 7). Tuff 27-23 “Grazia” with a mean “CAr/*°Ar age of 1.719 Ma
(and large analytical errors of £0.398 Ma at 2o0; Morgan et al., 2012)
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Figure 3 Isothermal remanent magnetization (IRM) backfield acquisition curves and
hysteresis loops (corrected for paramagnetic components) have been performed on a total
of 20 samples of volcanogenic and mainly siliciclastic lithologies (6 representative examples
in panel A); additional examples in Supplementary Figs. 1-3). From these experiments, we
extracted the values of saturation magnetization (Ms), remanent magnetization (Mr),
coercivity (Hc), and coercivity of remanence (Hcr), which we plotted on the Day et al. (1977)
diagram of panel B) reporting the ranges of existence of multi-domain (MD), pseudo-single
domain (PSD), and single domain (SD) magnetite grains. About 65% of the analyzed
samples fall in the PSD range while the reminder of the samples falls above the MD range,
reflecting the existence of a complex mineralogy with contrasting coercivities, as reflected

also by the wasp-waisted shapes of the corresponding hysteresis loops (e.g., sample

GOAMIIOb).
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Figure 4 Thermal decay of a three-component IRM (acquired in 1.5 T, 0.4 T, and 0.12 T fields)
of selected samples of volcanogenic and mainly siliciclastic lithologies. Exploded-view panels on
the right illustrate the existence in the studied samples of a magnetite phase with maximum
unblocking temperatures of 550e575 _C variably coexisting with a magnetic phase with maximum
unblocking temperature of 650°C interpreted as hematite. The wasp-waisted shapes of some of

the studied samples (Fig. 3) confirm the occurrence of a mixed-coercivity magnetic mineralogy.
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should fall above or within Olduvai normal polarity strata, but in section GBIV it is
located in reverse polarity strata shortly below the base of the Olduvai (Figs. 2
and 7), and it thus appears some ~200 ky younger On Paragraph 4. Finally, the
base of section GBIV contains two superposed samples of normal magnetic
polarity, with the reverse-normal polarity transition placed between samples
GBIV10 and GBIV13 (Fig. 7). We tentatively interpret this lowermost normal
polarity interval as a partial record of the Reunion Subchron (2.116-2.137 Ma),
albeit we acknowledge model of deposition of the Garba gully sequence
described below ground, the age of Tuff 27-23 “Grazia” has been excluded from
the age in relative to its inferred magnetochronological age (>1.925 Ma). this the

overall complexity of the VGP polarity pattern in section GBIV (Fig. 7).

Age models of sedimentation

In an attempt to establish best-fit age models of sedimentation of the Melka
Kunture succession, two virtually continuous stratigraphies have been
reconstructed, one for Gombore gully and the other for Garba gully, by piecing
together in a common metric scale the constituent stratigraphic sections
according to the correlation scheme of Fig. 2. Onto these continuous
stratigraphies, we placed key age-depth tie points for sedimentation rate
modelling, as described hereafter.

The age model for Gombore gully has been constructed by adopting seven age-
depth tie-points represented by (i) the Brunhes/Matuyama boundary (0.773 Ma),
(i) top Jaramillo (0.990 Ma), (iii) base Jaramillo (1.070 Ma), (iv) top Cobb
Mountain (1.180 Ma), as well as the °Ar/*°Ar ages of (v) Former D tuff 27-09
(0.709 £ 0.026 Ma), (vi) Former B Tuff 27-12 (1.200 + 0.140 Ma), and (vii) Tuff
27-03 (1.393 = 0.324 Ma) from Morgan et al. (2012; with errors at 2c level) (Fig.
8A; see also Supplementary Table 3). Similarly, the age model for Garba has
been constructed by adopting five recorded chronologic tie-points: (i) the
Brunhes/ Matuyama boundary (0.773 Ma), (ii) top Jaramillo (0.990 Ma), (iii) base
Jaramillo (1.070 Ma), (iv) base Olduvai (1.925 Ma), and (v) top Reunion (2.116
Ma) (Fig. 8B; see also Supplementary Table 3). As stated above, we excluded
from the inventory of tie-points the 4°Ar/3°Ar ages of Tuff 27-08 from Gombore

and Tuff 27-23 “Grazia” from Garba because they are in contradiction relative to
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Figure 5 Vector end-point demagnetization diagrams of representative samples showing the
presence of northerly-and-down or southerly-and-up characteristic remanent magnetization
component (ChRM) directions indicating respectively normal or reverse polarity. Transitional
directions are observed in some cases (e.g., sample GIC10). Closed symbols are projections onto
the horizontal plane and open symbols onto the vertical plane in geographic (in situ) coordinates
(equivalent to tilt-corrected coordinates as bedding is essentially horizontal). Demagnetization
steps are expressed in °C or mT.

48



5. Magnetostratigraphy of the Melka Kunture Archeological Area (Ethiopia)

the overall magnetostratigraphy of the levels in which they are found (see above).
Best-fit interpolations of these chronologic tie-points with associated envelopes
of 95% confidence have been obtained using software PAST (Hammer et al.,
2001). For Gombore gully, we generated a simple linear age model of deposition
that takes the form of Depth(m) = 18.6*Age (Ma) + 32.6 (correlation coefficient
r’=0.93), where Depth(m) represents the depth in meters of the composite
stratigraphy and Age (Ma) the corresponding age in Ma. The average
sedimentation rate, represented by the slope of the best-fit line, is thus of 18.6
m/Ma (Fig. 8A). The basal part of the Gombore gully composite sequence, lacking
direct magnetochronological and/or geochronological constraints, was tentatively
dated by linear extrapolation of the best-fit line dashed line in Fig. 8A).
Incidentally, this part of the sequence contains (undated) Tuff 9947 “Graziella” in
section GIC (Fig. 2) that Raynal and Kieffer (2004) correlated using geochemistry
to Tuff 27-23 “Grazia” (1.719 £ 0.398 Ma) from section GBIV (but see above about
the reliability of this datum).

We found that several other tuffs present throughout the Melka Kunture sequence
share similar compositions (see details in Supplementary Figs. 4 and 5), and
hence we consider geochemistry hardly diagnostic for correlating and dating of
the basal part of the Gombore sequence. Regarding the Garba sequence, the
linear best-fit age model (and associated envelope of 95% confidence) that
interpolates the selected chronologic tiepoints takes the form of Depth(m) =
13.2*Age(Ma) + 27.8 (correlation coefficient r>=0.99), implying an average
sediment accumulation rate of 13.2 m/Ma (Fig. 8B) that is slightly lower than at
Gombore (18.6 m/Ma) because of the lateral variability in thickness of the
investigated sedimentary bodies. We tested also alternative and more complex
age models, including models based on second-order polynomials, which,
although sometimes producing high correlation indexes, often violated the
magnetic polarity recognized throughout the stratigraphy, and have therefore
been discarded. We stress that the linear age models we applied, with
outstanding correlation coefficients of r>=0.93 for Gombore gully and r?=0.99 for
Garba gully, are in their simplicity very robust, and provide interpolated ages that
do not violate the magnetochronological constraints used for the construction of
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Figure 6 Magnetostratigraphic data of Gombore gully lithological sections reporting the virtual
geomagnetic pole (VGP) latitudes obtained from the characteristic remanent magnetization
component (ChRM) directions and used to erect the magnetic polarity stratigraphy (VGPs
approaching +90° representing normal polarity and approaching -90° representing reverse
polarity). The maximum angular deviation (MAD) angles (°) of the ChRM directions are also

reported. See also Fig. 2 and text for discussion.

50



5. Magnetostratigraphy of the Melka Kunture Archeological Area (Ethiopia)

VGP MAD
3
6
GBIII02 = :
[@ Garba IlIC f— 1gBllo2 . -
§ « GBXIIC03 . .
8 . . =
| * GBIII06 . .
* GBXIICO1 » .
@
%
o
GBXIIA27
$GBXIA26 *, :
* GBXIIA25 . -—
@ 8 GBXIA1T . Y
< | \
& GBXIIA13 "
Garba XIIJ s GBXIIA11 —— 8 * !
- e s g 1
: ‘e )
* GBXIIAD1 prEEmpaElly P
-90° -60° -30°  30° 60° 90° 200 40
3 « GBIVO09 ’ e
g 3 : \
3 : * GBIVO04 o ’
o | :
| ® Garba IVD |«
j' ; GBIV07 . - - o.
! GBIV03 < —
| @ Garba IVE =~ &gl § GBIV21 . —
| @ Garba IVF |~ H - s
@ i GBIV13 " v'—“*
...... GBIV10 . i
z -0 * GBIvoo —t—rt ~Pe—i—| %
2 -90° -60° -30°  30° 60° 90° 20° 40
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parameters as in Fig. 6. See also Fig. 2 and text for discussion.
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the models (Fig. 8). In any case, alternative age models can be constructed by

using data in Supplementary Table 3.

Inferred ages of the main archeological levels

The linear best-fit age models described above have been used to assess the
ages of the main archeological levels at Gombore gully (Fig. 8A) and Garba gully
(Fig. 8B), as described hereafter (see also Fig. 2). The * errors attached to the
mean ages have been derived from the 95% confidence intervals of the best-fit
lines, and are therefore symmetrical, but in some cases it was necessary to
truncate them on the positive (+) and/or negative (-) side in order to avoid violating
the magnetochronology; for example, the mean age of a level of reverse polarity
cannot embrace with its + error bar normal polarity levels located below and/or
above it, and hence the error bar must be truncated at the appropriate age
allowed by the magnetochronology, producing asymmetrical errors. The following
ages of archeological levels have been derived:

e The extrapolated mean ages of the archeological levels Gombore II
Butchery site (Fig. 8A) and Garba IlIC (Acheulean level) (Fig. 8B), both
located in the early Brunhes Chron, are of 0.75 (-0.1; +0.02) Ma and 0.68
(-0.1; +0.09) Ma, respectively.

e The interpolated mean age of the archeological level Gombore Il Open Air
Museum is of 1.03 (x0.04) Ma (Fig. 8A). In particular, this level,
represented by a basal fluvial lag deposit (stoneline), is of normal
(Jaramillo) magnetic polarity, while the tuff level immediately below the
base of the lag deposit is of reverse (Matuyama) polarity, and hence the
base of the stoneline falls at the Jaramillo/Matuyama boundary at a
nominal age of 1.070 Ma. As stated above, the 40Ar/39Ar age of tuff level
27-08, located immediately below the stoneline in reverse polarity (pre-
Jaramillo) sediments, appears ~200 ky younger than its inferred
magnetochronological age (and has been excluded from age modelling).

e The age of the Garba XIIJ archeological site (Fig. 8B), which lies in reverse

polarity sediments immediately below the base of the Jaramillo/Matuyama
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Figure 8 Composite stratigraphic sequences of Gombore gully (A) and Garba gully (B), in meters
from base, correlated to the geomagnetic polarity time scale of Channell et al. (2020) using
magnetochronologic and radiometric tie-points (Supplementary Table 3) fitted by simple linear
regression models with associated envelopes of 95% confidence. These linear age models of
sedimentation are used to derive interpolated or extrapolated mean ages and associated * errors
of the main archeological levels present at Gombore gully and Garba gully (ages reported in bold
in figure). J is Jaramillo Subchron, CM is Cobb Mountain Subchron, O is Olduvai Subchron, and

R is Reunion Subchron. See text for discussion.
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boundary (1.070 Ma), is estimated at 1.13 (-0.06; +0.05) Ma.

e The extrapolated ages of ~1.41 Ma, ~1.51 Ma and ~1.66 Ma for
archeological levels Gombore 15, Gombore ly and Gombore IB (Fig. 8A),
respectively, should be taken with caution, lacking the basal Gombore
sequence of robust direct chronological constraints.

e The mean ages of the Garba IV archeological levels (Fig. 8B),
magnetostratigraphically comprised between the base of the Olduvai
Subchron and the top of the (inferred) Reunion Subchron, resulted of 1.95
(-0.025; +0.1) Ma for Garba 1VD, 2.00 (-0.0075; +0.1) Ma for Garba IVE,
and 2.02 (-0.095; +0.096) Ma for Garba IVF (Fig. 8B).

Conclusions

We identified the stratigraphic positions of the main polarity reversals of the
Earth's magnetic field in the Melka Kunture sedimentary succession at the
Gombore and Garba gullies. The new magnetostratigraphic data allowed us to
contribute dating the several archeological levels therein contained that are of
exceptional relevance for understanding the patterns of human evolution in Africa
during the Pleistocene. Rock magnetic analyses indicate that the main magnetic
mineral that carries the primary magnetostratigraphic signal is magnetite, mostly
in the pseudo-single domain range, variably associated with a higher coercivity
hematite fraction. Magnetochronological tie-points (e.g., Brunhes/Matuyama
boundary, top Jaramillo, base Jaramillo, base Olduvai, etc.; ages after Channell
et al., 2020) derived from the reconstructed magnetic polarity pattern have been
used in conjunction with a critical selection of “°Ar/3°Ar ages from the literature
(Morgan et al, 2012) to build accurate e and simple e age models of
sedimentation for the Melka Kunture sequence from which we derived the mean
age estimates of the main levels of archeological significance, from Garba IlIC
with Acheulean lithic industry at 0.68 (-0.1; +0.09) Ma to Garba IVF with Oldowan
tools at 2.02 (-0.095; +0.096) Ma.

From these analyses, it appears that the Melka Kunture succession covers
in relatively stratigraphic continuity a time interval spanning from the Brunhes
Chron at the top to the Reunion Subchron at the base, or from ~0.6 to ~2.1 Ma.
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More problematic resulted the age assessments of archeological levels Gombore
Id, Gombore Ig and Gombore IB because of extensive gaps in the
magnetostratigraphic record and absence of direct geochronologic dating of tuff
levels in the lower part of the Gombore sequence. Future work will involve filling-
in the lower Gombore magnetostratigraphic gap and attempt dating critical tuff
9947 “Graziella” at Gombore | as well as redating Tuff 27-23 “Grazia” at Garba
V.
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Chapter 6

Chronology of the earliest peopling of
the Ethiopian highlands
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Abstract

Melka Kunture on the highlands of Ethiopia has provided evidence for the
early peopling of the Ethiopian highlands (>2000 m asl). At site Garba IV, an
Oldowan technocomplex was retrieved in levels E-F located shortly below the
base of the Olduvai subchron, with a currently accepted age of 1.925 Ma, while
the early Acheulean was found in level D located close to the base of the Olduvai
subchron. The base of the Olduvai subchron becomes therefore a prime
chronostratigraphic marker for the study of the early peopling of the Ethiopian
plateau in the Early Pleistocene. Here we report new magnetostratigraphic data
from two sections from the Kella valley located close to Garba IV, namely Kella
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[l bis and Kella Bridge. We document in these sections the occurrence of the
Olduvai subchron, confirmed also by “°Ar/*°Ar ages from the literature. We
correlate these new data to previous data from Garba IV, establishing a robust
registry of the critical Olduvai subchron in the lower part of the Middle Succession
(part of the former Melka Kunture Formation), spanning from ~2 Ma to ~1.2 Ma,
and we also point to a regional basal unconformity marking its onset of deposition.
The better constrained magnetochronology provides firm evidence that the

hominins were peopling areas at 2000 m of altitude at least 2 million years ago.

Introduction

Melka Kunture is a site-complex extending over some tens of km? at 2000-
2200m above sea level in the Upper Awash Valley of the Ethiopian highlands
(Fig. 1). It hosts a dense concentration of archaeological and palaeontological
sites embedded in a complex volcano-sedimentary sequence, with levels
extending in time from the early Holocene to around 2 million years ago (Ma) in
the Early Pleistocene (Gallotti and Mussi 2015; Gallotti and Mussi, 20182; Mussi
et al., 2014; Mussi et al., 2016; Mussi et al., 2022). Here we summarize previous
results on the chronostratigraphy of the Garba and Gombore gullies (Perini et al.,
2021, Morgan et al., 2012), located on the right bank of the Awash River, and
present new chronostratigraphic data from the nearby Kella valley on the left bank
of the same river (Figs. 1,2), in order to better constrain the age of onset of
deposition of the archaeological-bearing volcano-sedimentary sequence.

State of the Art of the Garba and Gombore Chronostratigraphy

The Garba and Gombore gullies run more or less parallel to each other at a
distance of ~300 m and are incised by seasonal streams cutting through
Pleistocene deposits. Both have been thoroughly researched across various
geological sections (Raynal et al., 2004; Pioli et al., 2023; Perini et al., 2021). In
Figure 2, we report a chronostratigraphic scheme for the Garba and Gombore
gully sections that is closely derived from Perini et al. (2021) with the addition of
new data from two sections from the nearby Kella valley (circled numbers
associated with sections acronyms — GB for Garba and G for the Gombore — refer
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to locations in Figure 1; see also Perini et al., 2021). These sections are
altogether comprised of a sedimentary sequence starting at the base with green
silty-clays, informally termed ‘basal clays’ (hereafter BC) by Bonnefille et al.
(2018), unconformably overlain by a volcano-sedimentary sequence subdivided
into the Middle Succession (hereafter MS) (Pioli et al. 2023), first described by
Raynal et al. (2004) as part of the now superseded Melka Kunture Formation,
capped by the Upper Succession (US) (Pioli et al. 2023). The archaeological
levels, named after the gully where they are located followed by Roman
numerals, are represented by red hexagons in Figure 2.

Garba IV

Gombore )

Garbau (5]

Gartsa il (32)

Gombode N

Garba IV Garba Xil  Garba il _Gombore!  Gomborsll Kella Ponte

& (Deev (2)cexm (18 cem eDoc (Do (Zoomm Goexs KP!

5)GBIVO (3)GEXIB (8) Gis M)ee 4G8AG (15GIZ 2 Kellalil bis
'king!

Figure 1 Location map of the Melka Kunture area (Google Earth™) in Ethiopia where Garba,
Gombore and Kella represent the main localities hosting sections of the Upper Succession (US)
and Middle Succession (MS, formerly Melka Kunture Formation). Numbers refer to individual
sections from the Garba and Gombore gullies (acronymized using prefix GB for Garba and G for
Gombore) studied by Perini et al. (2021) and reported in Figure 2. Reported are also the new
sections from the basal MS of this study: Kella Il bis at 8.7148°N 38.61182°E and Kella Bridge
at 8.7090194°N 38.6078584°E.

59



6. Chronology of the earliest peopling of the Ethiopian highlands

w Garbe Gambore Notn E
r 110 1
q.
L LU —r
3 ,L: 4 000 120 Ma* Y 4 { ]
: B | 8 :
i . ™ Wity Ao @ ot iniee ¢
i it
L@ - g e | ~ 0.773 Ma
g L° ) 4 £
K
y N
N o f . i
i |l vl 4 i . 0.000 Ma
v Gansnny DAN @ ezt 4 w
e Ay + = S B 3 Anrarmitio
e i@ . ‘ . — . avemees - B - R S NS S— g 1.070 Ma
o3 i VM - _— 1,100 Ma
- R ol > cobo . I 500
) 750 (v gt - =
.-
ot b £
1. 20080 40 u »e o~ E
™
s |'-.n
x 0 5 bpmed
FLS ||'|l3..: 3 “ote K 1170 Me
5 1] e OMduval subehron oo @ aeEE i Osduval subervon . g
g ‘ B
3 § .»-J .. . oo urw\mc u. ..,__1. 1925 Ma
2 oy ¢ @ Oatn IVD W 27 0 »
8 n o Y1940 308 Ma ) PR BB
. =y * @ ot v Gombos 0@« 58 T n D aremaammmee
i T ) l * @ Cortan 1YY oN, el - i Ghmans 2 ? 3
3 < o o dF]
0 b . - 2.116 Ma
- 1_' > “'“_' syl d Reunion I 5 137 Ma
’ &
| riamd A Coc et el anoc lestic voluancciestic deneneted Byrbien Barvgrins that gave irderpretatie reniits |
o e T Masswn crweion s | Mot poslan i Fig 1 B 7 i pelaty
- (L . *
AP f Cowate ® - Acheukogod v ey
<21 anat S8y oy | -
prm— ‘ | =T
1" oty and L e — | ertieney
oy oned NC - et Oy s - loned (PeTrfamely
[ - Vet st vt ) gt MS « Mehils Succmantn lad o
(rhetem Poww) US - Lpper Secoomeson

Figure 2 General litho-magnetostratigraphy of the Melka Kunture area. Stratigraphic sections
across the Upper Succession (US), Middle Succession (MS, formerly Melka Kunture Formation),
and ‘basal clays’ (BC) from the Gombore and Garba gullies are from Perini et al. (2021) while
those from the Kella valley (Kella lll bis and Kella Bridge; details in Figure 3) are from this study.
The individual geological sections constituting the Garba and Gombore gully sequences are
acronymized using prefix GB for Garba gully and G for Gombore gully. Circled numbers placed
to the side of the acronyms refer to site locations in Figure 1. Sections are aligned relative to the
geomagnetic polarity time scale of Channell et al. (2020) reported to the right together with the
ages of the main polarity reversals. Following Perini et al. (2021), reported are also the available
40Ar/*Ar ages of key tuff layers (Morgan et al., 2012) together with their error bounds at + 2s level.
Red hexagons represent the main archaeological levels, the most relevant of which are, for this
study, levels D and E-F at Garba IV. Circled nhumbers placed to the side of the acronyms refer to

site locations in Figure 1. BC is ‘basal clays’, MS is Middle Succession, US is Upper Succession.
The chronology of the Garba and Gombore gully sequences was initially

investigated through the application of “°Ar/3°Ar dating on tuffs (Morgan et al.,

2012). The volcano-sedimentary sequence was found to extend from
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0.709£0.026 Ma at Gombore 11-2 (Tuff MK 27-09 in section GII2; Fig. 2), across
Tuffs MK 27-08, MK 27-12, MK 27-03 broadly comprised between 0.87 and 1.39
Ma, down to a poorly dated tuff at 1.719+0.398 Ma (Tuff MK 27-23) close to the
base of the sequence in section Garba IV (Fig. 2). As in Perini et al. (2021), here
we report the analytical errors of the radiometric ages of Morgan et al. (2012) at
20 level, which is statistically more robust. Tuff MK 27-23, on which much
emphasis has been placed as it lies close to key archaeological levels such as
Garba IV level D, yielding an early Acheulean technocomplex (Gallotti, 2013),
has a 2c error of almost + 0.4 Ma.

A preliminary magnetostratigraphic study of the Gombore and Garba
successions (Tamrat et al., 2014) revealed a magnetic polarity pattern
substantially consistent with the “°Ar/*®Ar chronology, characterized by the
occurrence of the Brunhes/Matuyama boundary (0.773 Ma according to the time
scale of Channell et al., 2020, used throughout) toward the top of the sequence,
followed down-section by the Jaramillo subchron (0.990-1.070 Ma) and, finally,
the Olduvai subchron (1.770-1.925 Ma) toward the base of the sequence. Several
of the archaeological and palaeontological sites could not, however, be
accurately placed relative to the magnetochronology of Tamrat et al. (2014).
Hence, a more detailed magnetochronological study followed (Perini et al., 2021)
based on the analysis of 9 stratigraphic sections, summarized in Figure 2, that
allowed a more detailed recovery of the magnetic polarity sequence of the US
and MS from the Brunhes/Matuyama boundary through the Jaramillo and the
Olduvai subchrons, also encompassing possible records of the Cobb Mountain
(1.180-1.210 Ma) and Reunion (2.116-2.137 Ma) subchrons, the latter located at
the very base of the MS (Fig. 2, modified from Perini et al. 2021). It is important
to stress that magnetic polarity attributions (Brunhes, Jaramillo, etc.) were made
considering the entire magnetostratigraphic sequence, from top to bottom. In this
respect, the normal polarity magnetozone individuated at the base of the
investigated stratigraphy was attributed to the Olduvai subchron (Perini et al.,
2021; but also Tamrat et al., 2014) because it is part of a sequence of normal and
reverse polarity magnetozones that start from the top of the overall stratigraphy

with the Brunhes chron and continues down-section with the Matuyama chron
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straddling the Jaramillo subchron (Fig. 2). This magnetic polarity sequence was
found to be in substantial agreement with several of the “°Ar/3°Ar ages of Morgan
et al. (2012) (with some exceptions), allowing Perini et al. (2021) to derive
integrated long-term (simple linear) age models of deposition for the US and MS
in the Gombore and Garba gullies. These age models were used to establish that
Garba IV level D, yielding an early Acheulean technocomplex, should have an
interpolated age of 1.95 (-0.025; +0.1) Ma, and would hence fall at or immediately
below the base of the Olduvai subchron (which in section Garba IV falls in a
sampling gap; Fig. 2), while Garba IV levels E and F with Oldowan
technocomplexes should have pre-Olduvai and post-Reunion interpolated ages
of 2.00 (-0.0075; +0.1) Ma and 2.02 (-0.1; +0.09), respectively (Fig. 2; see Perini
et al., 2021 for additional information).

Refining the Chronostratigraphy

A critical aspect of the Perini et al. (2021) age model used to derive the ages
of the archaeological levels of Garba IV comes from an admittedly limited
recovery of the Olduvai subchron. This subchron had been originally found by
Tamrat et al. (2014), but not in clear stratigraphic context, and eventually defined
by Perini et al. (2021) in a clearer stratigraphic context at section Garba IV (Fig.
2). However, this was based on only three magnetostratigraphic samples of
normal polarity, resting on top of several samples of reverse polarity in the
immediately underlying strata followed down-section by a thin normal polarity
interval possibly representing the Reunion subchron (Fig. 2). The nearby
Gombore | composite section was affected by extended gaps in the
magnetostratigraphic record (due to uninterpretable results and/or loose samples
that did not survive laboratory treatment), which hindered the recovery of the
Olduvai subchron in the stratigraphic interval where it was expected to occur from
general age modeling (Fig. 2; see Perini et al., 2021 for additional information).

In order improve the chronological framework of the basal part of the MS
across the critical Olduvai subchron, here we present magnetostratigraphic data
from two sections located on the left bank of the Awash River in the nearby Kella

valley: Kella Il bis and Kella Bridge (Figs. 1-3), where the basal MS is
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documented and provided with published “°Ar/3°Ar ages (Morgan et al., 2012).
The oldest one (1.874+0.024 Ma for Tuff MK 27-17; Figs. 2-3) suggests that the
Olduvai subchron (1.925-1.770 Ma) should be present in these levels. We will
use these new data from Kella in conjunction with data from Garba IV of Perini et
al. (2021) to propose a regional correlation of the basal MS around the base of
the Olduvai subchron. This is relevant for the secure placement in time of both
the earliest human presence so far recorded at Melka Kunture, which is also the
earliest documented on the Ethiopian highlands, as represented at Garba IV by
the Oldowan levels E-F and by the early Acheulean level D.

Magnetostratigraphy

Materials and Methods

The Kella Il bis section (8.7148°N 38.61182°E; Fig. 1) consists of ~4 m of
reworked tuffaceous sands and tuffs pertaining to the MS volcano-sedimentary
sequence resting on top of green silty-clays, informally termed ‘basal clays’
(hereafter BC) by Bonnefille et al. (2018), via a centimetric reddened (weathered)
layer possibly signaling the presence of a temporal gap in unconformity (Fig. 3).
Two tuff intervals were respectively dated at 1.666+0.018 Ma and 1.874+0.024
Ma (Morgan et al.,, 2012) (Fig. 3; see also Fig. 2). The Kella Bridge section
(8.7090194°N 38.6078584°E; Fig. 1) consists of 2 m of tuffaceous sands and tuff
of the MS resting again on top of the BC in a similar context as observed at the
base of the Kella Il bis section (Fig. 3). A total of 29 oriented core samples were
collected in stratigraphic order, 23 from Kella Il bis and 6 from Kella Bridge, using
a water-cooled electric drill and oriented with a magnetic compass. These
samples were successively cut into standard (10cc) samples for
magnetostratigraphic  and  rock-magnetic  analyses. = Samples  for
magnetostratigraphy have undergone thermal demagnetization in steps of 50-

25°C from room temperature up to 625°C using a TD48SC ASC furnace.
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Figure 3 Magnetostratigraphic data of Kella Il bis and Kella Bridge sections (see also Sup.Tab.
2) reporting, from left to the right: A) intensity of the natural remanent magnetization (NRM) at
room temperature. B) Volume susceptibility at room temperature. C) Declination of the
characteristic remanent magnetization (ChRM) component direction. D) Inclination of the ChRM
component direction. E) Temperature range of existence of the ChRM (where LT is the minimum
temperature and HT the maximum). F) Maximum angular deviation (MAD) of the ChRM
component direction. G) Virtual geomagnetic pole (VGP) latitude (positive VGPs represent normal
magnetic polarity and negative VGPs reverse magnetic polarity). The grey horizontal bands
enclose the Olduvai normal polarity subchron, black lines represent its lower and upper limits,
and the red undulated lines the position of the basal unconformity separating the ‘basal clays’
(BC) below from the Middle Succession (MS) above. “°Ar/*® Ar ages of tuff layers of Morgan et al.

(2012) are also reported with error bounds at + 2c.
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The natural remanent magnetization (NRM) was measured after each heating-
cooling cycle with a 2G Enterprises 755 DC-SQUID cryogenic magnetometer
located, together with the thermal demagnetizer, an a magnetically shielded
room.

The initial volume susceptibility was measured with a Bartington MS2B.
Standard least-square analysis (Kirshvink, 1980) was used to calculate the
characteristic magnetic component (ChRM) directions from standard vector end-
point demagnetization diagrams, and standard Fisher statistics was applied to
analyze the mean component directions. In order to determine the ferromagnetic
mineralogy carrying the primary paleomagnetic signal, we performed thermal
demagnetization of a three-component IRM imparted in fields of 0.12 T, 0.4 T and
1.5 T using a pulse magnetizer ASC IM- 10-30, and experiments of hysteresis
and backfield acquisition curves of isothermal remanent magnetization (IRM)
using a vibrating sample magnetometer Microsense EZ7. The hysteresis data
were plotted on a modified Day diagram (Dunlop et al., 2002) while the backfield IRM
curves were rescaled and analyzed using the unmixing coercivity method of
Maxbauer et al. (2016) in order to identify the ferromagnetic minerals contributing

to the magnetic remanence.

Results

Bulk rock-magnetic properties

Thermal demagnetization of a three-component IRM shows a dominant
signal carried by the low coercivity (0.12 T) curve with maximum unblocking
temperatures of ~575°C, interpreted as due to magnetite, coexisting with a higher
coercivity component with maximum unblocking temperatures of ~650°C
interpreted as hematite (Fig. 4A).

The backfield IRM acquisition curves (Fig. 4B), rescaled and unmixed
(Maxbauer et al., 2016), reveal the existence of a magnetic phase responsible for
>90% of the total remanence and characterized by B1/2 (field at which half of the
remanence is acquired) of ~50-60mT, coexisting with a subsidiary higher
coercivity phase responsible for the reminder <10% of the remanence and
characterized by B1/2 of ~600-700mT (Fig. 4C). The hysteresis loops (Fig. 5A)
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yielded parameters of saturation remanence/saturation magnetization (Mrs/Ms)
and coercivity of remanence/coercivity (Hcr/Hc) that plot mostly in the ‘pseudo-
single domain’ (‘PSD’) range (Fig. 5B) well above the single domain (SD)-
multidomain (MD) magnetite mixing line of Dunlop et al. (2002) possibly because
of the presence of phases with contrasting coercivities.
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Figure 4 Rock magnetic analysis results. A) Thermal demagnetization of a three-component IRM
of sample K05 from Kella Bridge acquired in applied fields of 1.5 T, 0.4 T and 0.12 T and showing
the presence of a magnetite phase with maximum unblocking temperatures of ~575°C coexisting
with a phase with maximum unblocking temperature of ~650°C attributed to hematite. B)
Isothermal remanent magnetization (IRM) backfield acquisition curves of representative samples
from Kella Il bis and Kella Bridge; C) representative examples of coercivity unmixing of the IRM
acquisition curves (Maxbauer et al., 2016) showing the dominant presence of a low coercivity

phase (magnetite) coexisting with a subsidiary high coercivity phase (hematite).
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Sample K04 is characterized by a very high Hr/Hc value and appears wasp-
waisted in shape, again pointing to phases with contrasting coercivities. These
results altogether suggest that the MS volcano-sedimentary sequence is
characterized by low coercivity magnetite as predominant magnetic phase,
coexisting with minor amounts of high coercivity hematite, in line with the previous
results of Perini et al. (2021).

Magnetostratigraphy

The natural remanent magnetization (NRM) intensity is generally <1*10?
A/m throughout the MS volcano-sedimentary sequence to then distinctively
increase in the BC as observed at Kella Il bis (the modestly outcropping BC at
Kella Bridge was not sampled) (Fig. 3A). This pattern is paralleled by the initial
volume susceptibility, relatively low in the MS and higher in the BC (Fig. 3B).
Thermal demagnetization of the NRM (Fig. 6; data in Sup. Tab. 1) reveals the
occurrence in 25 samples of characteristic remanent magnetization (ChRM)
component directions oriented either northernly and shallow down (generally
positive inclinations), interpreted as representing normal magnetic polarity, or
southerly and up (negative inclinations), representing reverse magnetic polarity,
isolated between 100-150°C and 525-625°C (ChRM data in Sup. Tab. 2). The
ChRM component directions, plotted on an equal-area projection, display a mean
of Dec. = 356.6°E, Inc = 18.3° (aos = 11.1°; Fig. 6, right panel). However, the
normal and reverse ChRM directions do not pass the bootstrap reversal test
(made with PmagPy; Tauxe et al., 2016) whereby the 95% confidence intervals
for the normal and reverse antipodes overlap for the x and y components but not
for the z component. The normal and reverse directions are antipodal in
declination, but the normal polarity directions tend to be shallower in inclination
(Fig. 6, equal-area projection in right panel). We stress however the paucity of
data used for the reversal test, which may hinder its validity. In any case, taking
into account also results of Perini et al. (2021), we are aware that the ChRM
component directions extracted from these sediments are not ideal, insofar as
they sometimes possess high MAD values and tend to be relatively poorly
grouped. This is in fact frequently the case for remanent magnetizations acquired
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in medium-to-coarse grained continental sediments emplaced in high- to
variable-energy depositional settings, where grains mobility and interactions may
disturb the detrital remanent magnetization imparted by the (weak) Earth’s
magnetic field. Bearing these uncertainties in mind, we believe that the thermal
demagnetization data provided sufficient information for a relatively secure
polarity attribution for most of the analyzed samples (i.e., clear alignments of
demagnetization steps along the N axis or the S axis for normal or reverse
polarity, respectively). In addition, as observed also in Perini et al. (2021), no
obvious relationship seems to exist between lithology and/or magnetic
mineralogy, and magnetic polarity, and thus we are inclined to interpret these
ChRM component directions as primary in origin, albeit we acknowledge that they
do not display an ideal antipodal distribution. The ChRM declination and
inclination values are plotted in stratigraphic order (Fig. 3C,D) together with their
unblocking temperature spectra (Fig. 3E) and maximum angular deviation (MAD)
values (usually ~10°; Fig. 3F). These data were used to calculate virtual
geomagnetic pole (VGP) latitudes (Fig. 3G; Sup. Tab. 2) and derive the magnetic
polarity stratigraphy of Kella Il bis and Kella Bridge, where positive VGP values
represent normal magnetic polarity and negative values reverse magnetic
polarity.

The magnetostratigraphic results are described from top to bottom (Fig.
3G). At the top of Kella Ill bis, a reverse polarity interval was detected from sample
K26 to K22, followed by a transition from reverse to normal magnetic polarity
observed between samples K22 and K20, and by normal polarity down to sample
K09. The reverse to normal polarity transition is interpreted as a record of the top
Olduvai subchron (1.770 Ma), in agreement with the 4CAr/*°Ar ages of
1.666+0.018 Ma for Tuff MK 27-18 and 1.874+0.024 Ma for Tuff MK 27-17
interbedded in the section (Morgan et al., 2012). At Kella Il bis, normal magnetic
polarity continues in the BC below the MS down to sample K01, but because of
the presence at the MS/BC contact of a reddened surface potentially marking a
hiatus in unconformity, and in absence of additional temporal constraints, we
exclude from age modeling this normal polarity interval observed in the BC, and
truncate the interpreted chronology of the MS at the basal unconformity marking
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the MS/BC contact (Figs. 2,3). The nearby Kella Bridge section is characterized
by normal magnetic polarity at its top, in samples KP09 and KP07, and reverse
polarity towards its base, from sample KP04 to KP0O1. We interpret this normal-
reverse transition as the base Olduvai subchron (1.925 Ma). The BC below the

MS were not sampled at Kella Bridge.
A) ' .
MS, Kella Bridge MS, Kella lll bis
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Figure 5 Rock magnetic analysis results. A) Hysteresis loops corrected for paramagnetic
components performed on 9 representative samples from Kella Il bis and Kella Bridge. B)
Hysteresis data (Mrs/Ms versus Hcr/Hc) of samples from panel (A) plotted on a modified Day
diagram (Dunlop, 2002) valid for variable mixtures of single domain (SD)-multidomain (MD)
magnetite grains. Data plot above the SD-MD magnetite mixing line probably because controlled

by mixtures of low coercivity magnetite and high coercivity hematite.

The observed magnetochronology implies that the unconformable base of
the MS is diachronous between Kella Il bis (younger) and Kella Bridge (older)
(Fig. 3, bottom right inset). This is interpreted as due to the inherently erosive
nature of the high-energy MS volcano-sedimentary sequence emplaced
unconformably on top of the low-energy BC unit. End of erosion and associated
onset of deposition of the MS may vary laterally depending on local energy
variations, producing areas of early deposition of the MS when elsewhere erosion

still prevailed and deposition of MS started only later. Hence, the age of the first
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sediment emplaced above the erosional basal unconformity may vary along
strike, being younger at Kella Ill bis, where the base of the MS falls within Olduvai
normal polarity, and older at Kella Bridge, where the base of the MS falls in pre-

Olduvai reverse polarity (Fig. Fig. 3, bottom right inset).
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Figure 6 Vector end-point demagnetization diagrams of representative samples from Kella Ill bis
and Kella Bridge. Demagnetization steps are expressed in °C. Closed symbols are projections
onto the horizontal plane while open symbols onto the vertical plane (made with PuffinPlot;
Lurcock and Wilson, 2012). Standard Fisher statistics for the northerly-and-down (normal polarity)
and southerly-and-up (reverse polarity) ChRM directions is reported in top right panel (Dec =
mean declination, Inc = mean inclination, ass = cone of 95% of confidence around the mean, k =

precision parameter of the distribution, n = number of ChRM vectors).

Discussion

At Melka Kunture there is evidence for the Olduvai subchron at the base of
the volcano-sedimentary sequence (MS) above a basal unconformity with the
underlying BC unit (Fig. 2). This evidence comes from the overall interpretation
of the entire sequence of normal and reverse polarity magnetozones established
at Garba and Gombore, aided by new data from Kella and interpreted in
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conjunction with selected “CAr/*°Ar ages from the literature (Fig. 2). The
completeness of registry of the Olduvai subchron is however found to vary in the
different sections analyzed: at Garba and Gombore, its base an top are not
precisely recorded due to sampling gaps (Fig. 2), while Kella IIl bis and Kella
Bridge register its top and base, respectively (Figs. 2; 3 bottom right inset), due
to the diachronous base of the MS above the basal unconformity, as described
above.

Bearing these complexities in mind, together with all the uncertainties
associated with the various experimental analyses described above, the
chronostratigraphic framework summarized in Figure 2, and the derived age-
depth model of deposition based on magnetochronologic and selected “°Ar/*°Ar
age tie-points (Perini et al., 2021, figure 8), are in-eur-opinion robust and valuable
tools to describe the long-term age evolution of the Melka Kunture sequence and
to assess the ages of the archaeological levels therein contained. The substantial
linearity with which the recognized magnetozones line-up with stratigraphic
depth, from the Brunhes chron at the top to the Olduvai subchron at the base,
associated with the substantial agreement that this alignment has with at least
some of the available “°Ar/*°Ar ages (Fig. 2), imply that on the long-term, age
progresses linearly with depth, allowing to interpolate ages for key archaeological
levels in a simple yet statistical way (see Perini et al., 2021 for age modeling).
Incidentally, simple linear age modeling does not exclude the presence
throughout the sequence of high-frequency and abrupt variations in sediment
accumulation rates, but these, even if present, would not change the observed
linearity of the age-depth control points, which successfully describes long-term

accumulation rates.

Conclusions

We established with previous and new data the occurrence of the Olduvai
subchron at the base of the volcano-sedimentary Middle Succession (MS) at
Melka Kunture hosting key archaeological levels. Our chronostratigraphic
scheme, when considered in its entirety, indicates that archaeological levels E-F

at Garba IV (Gallotti and Mussi, 2015) appear placed in reverse polarity strata
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shortly below the base of the Olduvai subchron, with a currently accepted age of
1.925 Ma, while level D falls close to the base of the Olduvai subchron in a
magnetostratigraphic gap between normal (Olduvai) polarity above and reverse
polarity below (Fig. 2). Our new results from Kella therefore confirm and
substantiate previous results of Perini et al. (2021) concerning the actual age
estimates of these archaeological levels obtained with long-term age-depth
modeling of the MS and US sequences. Specifically, Garba IV level D yielding an
early Acheulean technocomplex (Gallotti, 2013) has an interpolated age of 1.95
(-0.025; +0.1) Ma, while levels E-F with Oldowan technocomplexes have
interpolated ages of 2.00 (-0.0075; +0.1) Ma and 2.02 (- 0.1; +0.09), respectively
(see Perini et al., 2021 for additional information).

The 40Ar/*°Ar age estimate of Tuff MK 27-23 at Garba IV, frequently used to
assess the age of the aforementioned key archaeological level D at Garba 1V,
should be considered (like any other numerical age estimates) in its full statistical
expression at 2c (95%) level, that is, 1.719 Ma+0.398 Ma. We note that the age
of this tuff expressed in this way comprises the age estimates of levels D and E-
F as defined by Perini et al. (2021) and summarized above (albeit this tuff was
not used in age modeling due to its large uncertainty). Obviously, this criticism is
not to the detriment of the analysists who tried to date the tuff (Morgan et al.,
2012). It rather serves as a reminder of the inherently imperfect and
discontinuous nature of the stratigraphic record, which in this case takes the form
of a 10 cm-thick, laterally discontinuous, and reworked tuff.

Finally, our chronostratigraphy has relevant implications, not explored here,
for understanding the emergence of the Acheulean in East Africa (Gallotti, 2013)
as well as the adaptation of Homo to high elevation climate vegetation, and
general environmental conditions during the Pleistocene. We underline that the
recorded archaeological sites at similar or higher (present-day) elevations are all
later in age, as Gadeb at 2300 m asl (de la Torre, 2011), Melka Wakena at 2300-
2350 m asl (Hovers et al., 2021), Kilombe at 2000 m asl (Hoare et al. 2021) and
Mt. Dendi at 3000 m asl (Vogelsang et al., 2018).
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This sub-chapter is presented according to

Reply to Gossa et al., (2024). A critical assessment of the available age
constraints placed in a comprehensively described and modeled
stratigraphy confirms suggestion of presence of Olduvai subchron at
the base of the Melka Kunture sedimentary sequence hosting early
Acheulean archeological level Garba VD

Giovanni Muttoni® and Serena Perini2

& Dipartimento di Scienze Della Terra ‘Ardito Desio’, Universita Degli Studi di
Milano, Via Luigi Mangiagalli 34, 20133 Milan, Italy

There has been considerable turmoil in the literature (e.g., Gossa et
al., 2024) after publication of inference of presence of the Olduvai subchron
(1.770-1.925 Ma) at the base of the Melka Kunture (Ethiopia) volcano-
sedimentary sequence that led Perini et al. (2021) and Muttoni et al. (2023)
to propose an age of 1.95 (-0.025; +0.1) Ma for the early Acheulean level
Garba IVD (Gallotti, 2013), de facto pushing back by about 200 kyr the age
of the earliest Acheulean in Africa, previously dated to close to the top of the
Olduvai at ~1.76 Ma (Lepre et al., 2011). Here we summarize the analyses
of Perini et al. (2021) and Muttoni et al. (2023) to then proceed on with
additional considerations and clarifications pertinent to the ongoing debate.

Synthesis of the results

Perini et al. (2021) studied the magnetostratigraphy of the Melka
Kunture volcano-sedimentary sequence (Raynal et al., 2004) across 9
sections pertaining to the Garba and Gombore sequences, including the
Garba VI section containing, among others, archeological level Garba IVD
(synthesis in Fig. 1; see also fig. 2 in Perini et al., 2021). They considered
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the observed sequence of normal and reverse polarity intervals in relation
to the available “°Ar/*°Ar age data of Morgan et al. (2012). They concluded
that the magnetic polarity sequence, even if fragmented, is coherent, and it
was found to extend from the Brunhes/Matuyama boundary (0.773 Ma) at
the top across the Jaramillo subchron (0.99-1.07 Ma), found in multiple
correlative sections, down to the questioned (Gossa et al., 2024) Olduvai
subchron (1.770-1.925 Ma) and even further down to a possible record of
the Réunion subchron (Fig. 1; see also Perini et al., 2021). Based on these
findings, Perini et al. (2021) proposed two age models, one for the Garba
sequence using five magnetochronologic tie-points (see also below), and
another for the Gombore sequence using 4 magnetochronologic and 3
radiometric tie-points, which resulted however poorly defined at its base.
The questioned (Gossa et al., 2024) age of 1.95 (-0.025; +0.1) Ma for the
early Acheulean level Garba IVD derives from the Garba sequence age
model, specifically from the close proximity of this archeological level to the
base of the Olduvai subchron (1.925 Ma) in the Garba IV section, as
discussed in detail below. Subsequently, Muttoni et al. (2023) studied
additional sections in the nearby Kella Valley, providing further data for the
definition of the critical Olduvai subchron (Fig. 1), strengthening conclusions
in Perini et al. (2021). We explore further some of the key elements of this
chronostratigraphy in response to recent concerns about its validity (Gossa
et al., 2024).

Reliability and stratigraphic continuity of the Olduvai subchron
registry

Tamrat et al. (2014) first proposed the presence of the Olduvai
subchron in the Garba IV section, but unfortunately, they did not provide
enough information to place the archeological levels with accuracy in the
observed magnetostratigraphy. Following this early attempt, the Olduvai
subchron was redefined at Garba IV by Perini et al. (2021) based on three
samples of interpreted normal magnetic polarity resting above several
samples of reverse polarity (Fig. 2; see also fig. 2 in Muttoni et al., 2023). It

was precisely the acknowledged limitation of relying on only three samples
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to define the critical Olduvai subchron, coupled with the fact that the Garba
IV section is of limited stratigraphic extension and does not reach up to the
Garba XIlI section located altimetrically above and containing a registry of
the Jaramillo subchron and the Brunhes/Matuyama boundary (Fig. 1), that
prompted Muttoni et al. (2023) to look for the Olduvai subchron at the nearby
locality of Kella Valley. The studied Kella sections are located only ~1.3 km
away from Garba IV and are comprised of the same volcano-sedimentary
sequence unconformaby overlying the same green silty sand unit that
represents a laterally continuous regional lithostratigraphic marker (Fig. 2).
In the Kella sections, magnetostratigraphy (Muttoni et al., 2023) and
4OAr/*%Ar dating (Morgan et al., 2012) agree well in indicating that the
lowermost part of the volcano-sedimentary sequence generally hosting key
archeological levels contains a record of the Olduvai subchron (Fig. 2; see
Muttoni et al., 2023 for details). Incidentally, we suspect that the normal
magnetic polarity interval that Tamrat et al. (2014) interpreted as the
Jaramillo subchron in the Gombore-I section could in fact be a lateral
equivalent of the Olduvai subchron that they observed at Garba IV, because
Gombore-| overlaps altimetrically with Garba IV rather than being located
above it.

In response to concerns (Gossa et al., 2024) about the quality of the
magnetostratigraphic data in Perini et al. (2021) and Muttoni et al. (2023),
we report in Figure 2 examples of thermal demagnetization diagrams used
to interpret magnetic polarity (normal polarity for samples GBIVOO04,
GBIVOO05, KP09, K09, K13; reverse polarity for samples GBIV21, KP04,
K24) across the critical Olduvai subchron interval. Magnetic component
directions of interpreted normal polarity and associated with the Olduvai
subchron in the Garba IV and Kella sections, even though not always ideally
defined (due to the low magnetization intensity of the investigated
sediments, see below), have been isolated between ~100°C and ~425-
500°C up to 600°C, well above the alleged overprint due to digenetic
goethite (with Néel point of 120°C) claimed by Gossa et al. (2024), which

was in any case not observed.
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We take the opportunity to stress some key aspects of the procedure
we commonly adopt in magnetostratigraphic data interpretation. As our
analytical background is strongly anchored to stratigraphy, we interpret
demagnetization data (to extract magnetic component directions of either
normal or reverse polarity) in the frame of the overall stratigraphic context.
Samples are interpreted not only singularly, but also in relationship with the
information provided by samples located stratigraphically above and below.
In this way, samples that provide the best magnetostratigraphic information
(containing stable and well-defined component directions) are used to guide
the interpretation of stratigraphically nearby samples (altogether defining a
same magnetozone) that may be affected by higher degrees of noise. This
high risk-high gain approach, aimed at augmenting the completeness of the
polarity reversal sequence, necessitates a congruent inventory of samples
for analyses (191 in our case), and is usually applied to stratigraphies
characterized by non-ideal magnetic remanence acquisition processes and
generally low magnetic intensities, like Melka Kunture. There is of course a
limit whereby samples that contain less than ~3 aligned demagnetization

steps are excluded from interpretation.

77



6.1 Confirming the presence of the Olduvai subchron at Melka Kunture (Ethiopia)

3 S
072 ‘ (1’51 '&} oGAR Il
03 g § = ,, eGOMII2 g
=t o8 = N = (18)
N 18
® o ~
g 3\ §} W x| (3
099 B 1o el 3
1.070 l ' \ 12 Recom 0AM B @ GOM II-1 81 i
mE 1-1 - P 711[e GAR X1l
1.180 | | N
(o1 — S 1 ~ S {
1210 | | @ § N
1.3 X : )
: e
s 1.4 Jecomiz 1
2 — (9
15 o ®GOM Iy
16 [1% £
. ~ § " ™
o ~ 3 o | &
1.7 = X ‘ 8¢
1.770 ol U X
18 © ~
x\. T 5 ? 14 =
S e
1.925 fof 1.9 8t Bl 2|
3 § = &eGOMIB s ®GAR IVD
ME 2.0 C @ 5 ||®GARNF
g X (6) Q (4
R2.116 X ! 3
2137
M | Kella 11 Gombore 11 Garba |
22
v
(1) = Section positions in Sup.Fig.1 Geochronology
@ = Archeological level ® “Ar/PAr age ] 20 error
I:a_ggetostlrangrapthy larit @ stratigraphic position of dated tuffs respect to
= O TROGRGU: POIRFEY magnetic polarity stratigraphy
o = Reverse magnetic polanty

Figure 1 Synthetic chronostratigraphic scheme of the Melka Kunture sequence (Upper Awash
Valley, Ethiopia) after Perini et al. (2021) and Muttoni et al. (2023). “°Ar/*°Ar ages from Morgan et
al. (2012) that could be relocated on the Perini et al. (2021) stratigraphy are plotted with respect

to their stratigraphic position (blue dots) and numerical age (black dots with 2c error bars).

Magnetostratigraphy and integration of magnetochronologic and

radiometric age data

Gossa et al. (2024) raise concerns on the validity of the stratigraphic
framework of Perini et al. (2021) and Muttoni et al. (2023) because it is
‘inconsistently and selectively focused on certain dated tuff units as a basis for
their correlation across sections’. We stress that no tuffs were used for section-
to-section correlations, in consideration of the acknowledged laterally

discontinuous nature of the studied stratigraphy. Instead, magnetostratigraphy
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was applied for correlating sections across the Brunhes/Matuyama boundary, the
Jaramillo subchron, and the base Olduvai (Fig. 1; see Muttoni et al., 2023). Gossa
et al. (2024) raise additional concerns based on a claimed subjectivity in selecting
magnetochronologic and radiometric age data in Perini et al. (2021). Seven of the
13 tuffs listed in Morgan et al. (2012; tab.1) from Garba, Gombore, and Kella
could be placed in our measured stratigraphy and considered in relation to the
observed sequence of magnetic polarity reversals (Fig. 1). Out of the 7
stratigraphically relocated ages, three from Gombore (MK27-09, MK27-12,
MK27-03) and two from Kella (MK27-17, MK27-18) were found to be consistent
with the magnetic polarity reversal sequence (Fig. 1). Two of the relocated ages
were excluded after the application of selection criteria, namely (i) congruence of
the radiometric age with the magnetic polarity of the hosting sediment, which led
to the exclusion of tuff MK27-08 from Gombore with an age of 0.875+0.020 Ma
that is slightly younger than the age predicted by the reverse polarity strata
immediately below the base of the Jaramillo (>1.07 Ma) where this tuff is located
(Fig. 1), and (ii) data quality, which led to the exclusion of poorly dated tuff MK27-
23 from the Garba IV section (1.719+0.398 Ma at 20) for reasons summarized
below. In retrospect, we should have probably excluded also the relocated but
poorly dated tuff MK27-03 (1.393+0.324 Ma at 20) from Gombore (Fig. 1), albeit
this tuff has limited implications for the questioned (Gossa et al., 2024) age of
Acheulean level Garba IVD. The other tuffs listed in Morgan et al. (2012) were
not considered because they could not be positioned with accuracy on the
observed magnetostratigraphy (Tamrat et al., 2014; Perini et al., 2021; Muttoni et
al., 2023) using the stratigraphic information provided in Morgan et al. (2012).
This selection procedure, admittedly not fully described in Perini et al. (2021),
was made objectively in preparation for age modeling, and not subjectively during
age modeling to control the output, as Gossa et al. (2024) seem to suspect. In
any case, we admit that there is a limitation here that could have been overcome
if sampling for magnetostratigraphy and radiometric dating were done

simultaneously. An invitation to cooperate in the future.
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Figure 2 Detall of the stratigraphic interval in which the critical Olduvai Subchron has been
identified at the base of the Melka Kunture volcano-sedimentary sequence resting
unconformably on top of the green silty sand unit at Garba 1V, Kella Bridge, and Kella lll
Bis. Next to t