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Abstract. Olduvai Gorge (northern Tanzania) is one of the best known and most iconic palacontological and
archacological sites in the world. In more than a century of research it has yielded an impressive record of fossils and
stone tools which stands as a compendium of human evolution in the context of environmental changes of East
Africa in the last 2 Ma. Recent field work in the DK site at Olduvai lead to the retrieval of a partial crocodile cranium
nicknamed Black Sun because it was discovered during an annular solar eclipse. The specimen is here described and
compared with extinct and extant African crocodylids. The new cranium can be referred to Crocodylus anthropophagus,
a Pleistocene species hitherto found only in Olduvai Gorge. Thanks to the good preservation of the skull table, its
morphology is here characterised for the first time. Black Sun represents to date the earliest (ca. 1.9—1.85 Ma) and
the most informative cranium of C. anthropophagus in the fossil record. Our phylogenetic analysis supports a strict
relationship between C. anthropophagus and Crocodylus thorbjarnarsoni, a large species from the Plio-Pleistocene of the
Turkana Basin (Kenya). These two sister taxa share a combination of characters which places them at the base of
Crocodylus, providing an intriguing element to the debate on the African or extra-African origin of this genus.
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INTRODUCTION

Crocodylus is the most widely distributed croc-
odylian genus. It includes 13 recognized extant spe-
cies occurring in the intertropical belt in Australia,
South Asia, Africa, and America (Trutnau & Som-
merlad 2006; Uetz et al. 2020). It also includes the
largest living reptiles.

Phylogenetic analyses based on molecular
and morphological data concur in indicating that
the two species of Crocodylus currently recognized
in Africa, C. niloticus and C. suchus (Neoafrican Cro-
codylus sensu Cossette et al. 2020), are closely related
to extant Neotropical crocodiles: Crocodylus interme-
dius, Crocodylus moreletiz, Crocodylus acutus, and Croco-
dylus rhombifer (e.g., Brochu 2000, 2007; Oaks 2011,
Meredith et al. 2011; Delfino et al. 2020; Pan et al.
2020). The late Miocene (ca. 7 Ma) African Crocody-
lus checchiai may offer a biogeographic and phyloge-
netic link between the African and American clades
based on a recent reassessment of material from
Libya (Delfino et al. 2020), though other analyses
suggest a more basal position for the species or its
close relative in Kenya (Brochu & Storrs 2012).

In addition to Neoafrican Crocodylus, two
other crocodylid lineages are recognized in Africa
(McAliley et al. 2006; Trutnau & Sommerlad 20006;
Eaton et al. 2009; Hekkala et al. 2010; Meredith et
al. 2011; Shitley et al. 2014, 2018; Smolensky 2015).
The two species of slender-snouted crocodile (Me-
cistops) and three species of dwarf crocodile (Oszeo-
laemuns) are confined to wetlands of West and Cen-
tral Africa, whereas the Neoafrican Crocodylus has an
extensive distribution throughout the continent and
Madagascar (Isberg et al. 2019). Although species
within these two complexes can be distinguished on
subtle morphological grounds (Brochu 2007; Eaton
et al. 2009; Shirley et al. 2014, 2018), significant con-
sistent skeletal differences have not yet been identi-
fied that distinguish the two species of Neoafrican
Crocodylus.

Historically, the name Crocodylus has been used
for any crocodylian fossil that shared some similar-
ities to modern crocodiles, which over the time has
been stereotyped as an ancient group of morpho-
logically conservative “living fossils” that originated
during the late Cretaceous (Lydekker 1886; Mook
1927; Mook & Brook 1933; Kilin 1955; Sill 1968;
Steel 1973; Markwick 1998). In contrast, time-cal-
ibrated molecular analyses typically put the last

common ancestor of extant Crocody/us in the middle
to late Miocene between 8 and 15 Ma (e.g., Oaks
2011; Pan et al. 2020). At least some biogeographic
models place this origin in Asia (Nicolai & Matz-
ke 2019), from where Crocodylus dispersed to Africa
and Mediterranean Europe towards the New World
(Brochu 2001; Oaks 2011; Meredith et al. 2011;
Delfino et al. 2020). Crocodylus palaeindicus from the
middle Miocene-Pleistocene of the Indian subcon-
tinent (Siwalik sequence) and neighbouring areas
may represent the earliest representative of the ge-
nus (Brochu 2000; Iijima et al. 2021). In addition to
those of C. palacindicus, other eatly remains referred
(in some cases tentatively) to this genus are found
in Africa (e.g, Johanson et al. 1982; Schrenk et al.
1995; Brochu & Storrs 2012; Brochu 2020; Delfi-
no et al. 2020) and Southern Europe (Delfino et al.
2007; Delfino & Rook 2008; Delfino & Rossi 2013;
Delfino et al. 2021), all in strata of similar age (late
Miocene-Pliocene). Most likely, the circumtropical
radiation of Crocodylus occurred during a period of
increased extinction of other crocodylomorphs,
which has been attributed to global cooling and
aridification (Markwick 1998; Oaks 2011; Bronza-
ti et al. 2015; Mannion et al. 2015; De Celis et al.
20205 Solérzano et al. 2020). This major extinction
phase started in the late Miocene, culminated in the
Pliocene, and resulted in major declines in diversity
of South American, African, and European croc-
odylians (Scheyer et al. 2013; Mannion et al. 2015;
Moreno-Bernal et al. 2016; Cossette et al. 2020).
The African fossil record of Crocodylus is rich,
though species-level referrals are not always robust.
Although Crocodylus niloticus has been reported in
the area from as far back as the late Miocene (e.g,,
Storrs 2003), occurrences earlier than the Pleisto-
cene are generally viewed skeptically (Delfino et
al. 2004; Brochu & Storrs 2012). Maccagno (1947)
established C. checchiai based on exceptionally pre-
served crania from the latest Miocene of Libya, one
of which has been recently re-described by Delfino
et al. (2020). Additional material possibly referable
to the same species was reported from the late Mi-
ocene of Kenya (Brochu & Storrs 2012). The latter
authors also established the giant-sized species Croc-
odylus thorbjarnarsoni from the Plio-Pleistocene of
the Lake Turkana Basin (Kenya). Finally, the horned
crocodile Crocodylus anthropophagus was described by
Brochu et al. (2010) based on Early Pleistocene cra-
nial and postcranial material from Olduvai Gorge
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Fig. 1 - Stratigraphy and location of Olduvai Gorge. a) Stratigraphy (modified from Hay 1976 and Stanistreet et al. 2020a). The stratigraphic
position of the DK sequence is shown in red. b) Location of Olduvai Gorge in northern Tanzania. ¢) Outline map (modified from
Jorajev et al. 2016) with location of DK site. The reconstructed outlines of Palacolake Olduvai in different phases of extension are

from Ashley et al. (2014).

(Tanzania). The latter two species have been infor-
mally termed Palaeoafrican Crocodylus by Cossette et
al. (2020).

In this paper, we describe a new partial cra-
nium of crocodile collected from Olduvai Gorge
sediments referred to Bed I, cropping out at DK
East site. This specimen serves as a starting point
for revaluating some anatomical features of C. an-
thropophagns and to rearrange the phylogenetic rela-
tionships with other members of its genus.

Olduvai Gorge: a brief overview. Olduvai
Gorge is a long valley incised by a seasonal river
in the south-eastern margin of the Serengeti Plain,
northern Tanzania. The rocks that crop out in the
Gorge form an almost 100-m thick sedimentary se-
quence of lacustrine, alluvial, and aeolian deposits
spanning the last 2 Ma (Fig. 1). These deposits lie
on a lava unit and are interbedded by several tuff
layers forming prominent marker units (Hay 1970).

From bottom to top, the Olduvai succession is
classically divided into Bed I, Bed II, Bed III, Bed
IV, Masek Beds, Ndutu Beds, and Naisiusiu Beds
(Hay 1976). Recent research by the Olduvai Gorge
Coring Project (OGCP) focused on four boreholes
drilled into the Olduvai Basin depocentre and put
into light about 135 m of previously unknown de-
posits beneath Bed I (Stanistreet et al. 2020a; Njau
et al. 2021). These data were used in reconstructing
stratigraphy and palacoenvironment of a fan-del-
ta originated by the nearby Ngorongoro Volcano
(Ngorongoro Formation), and of an underlying
fluvio-lacustrine non-volcaniclastic unit (Naibor
Soit Formation). The authors also recognized dis-
conformities between nearly all major surface units
(Beds I, 11, III, IV, Masek and Ndutu Beds), pro-
viding useful correlative boundaries of the Olduvai
sequence (Stanistreet et al. 2020a). According to the
latest core data, claystone and sandy claystone faci-
es associations forming Bed I accumulated at the
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bottom of Palacolake Olduvai (Fig. 1) during the
period of its maximum depth. Also the overlying
Bed II-IV are dominated by claystone and sandy
claystone facies associations. However, at least two
pulses of fluvial deposition are recognized in Bed
III, while lacustrine sediments are still prevalent
in Bed II. A shallow lake was still present in the
depocentre at the time of Bed IV formation (Hay
1976; Stanistreet et al. 2020a). The Masek Beds
originate from Kerimasi Volcano and are made up
of a mudflow-dominated fan-delta that entered the
still extant Palacolake Olduvai, whereas the Ndutu
Beds facies association comprises acolian sediments
marked by phases of calcrete formation (Hay 1976;
Stanistreet et al. 2020a).

Olduvai is recognized as one of the most im-
portant palacontological and archaeological sites in
the world thanks to the outstanding record of fos-
sils and stone tools found within secure geological
contexts, which offers a clear glimpse of human
evolution in the context of Hast African environ-
mental changes throughout the Pleistocene. Discov-
eries in the Gorge began more than a century ago
by German researchers (e.g.,, Reck 1914), but much
of the fame of the site is due to more than four
decades of work of Drs. Louis and Mary Leakey
at Olduvai. The discovery of holotype specimens
of Paranthropus boisei (aka Zinjanthropus) and Homo
habilis are among the first early hominin fossils to
be found in Eastern Africa and became the most
significant finds for understanding the evolution
of our ancestors (Leakey 1959; Leakey et al. 1964,
Wood 2011; Blumenschine et al. 2012). Numerous
international research projects have collected fossils
and stone artifacts since the eatly twentieth centu-
ry at Olduvai Gorge, and several are still underway,
including the Tanzania Human Origins Research
(THOR) project. This Italian-Tanzanian project
aims at surveying, excavating, and studying differ-
ent palacontological and archaeological contexts in
Olduvai (Cherin et al. 20106), but widens its horizons
also towards other Tanzanian palacoanthropologi-
cal sites, such as Laetoli (Masao et al. 2016).

MATERIALS AND METHODS

In 2016, the THOR team excavated a new trench at site DK
East (DK-E), located about 500 m East from the main Leakey DK
trenches (Leakey 1971; Fig. 2). The new trench exposed a 5 m-thick
sedimentary succession situated between the Bed I Basalt at the bot-

tom and Tuff IB at the top. In order to document and study the
stratigraphic context, 24 geological samples —numbered BS1 to BS24
from the bottom upwards— were collected from the new trench. For
each sample, colour (on dry sample), texture, and lithology were re-
ported following Catt (1990) and Munsell® Soil Colour Chart.

The crocodile fossil described in this paper was discovered
on September 1, 2016 by fossil hunter Agustino Venance during an
annular solar eclipse and was therefore nicknamed “Black Sun” (BS).
Following the field numbering of the THOR project and considering
the specimen nickname, it is here referred to as THOR16_100BS,
and the newly excavated trench is named BS Trench (Fig. 2).

Trench and fossil locations and geological sequence were
recorded by GPS, photos and field drawings. The cranium was care-
fully removed from the site and transported to the Leakey Camp for
preparation, which required a long and complex work as the spec-
imen was almost completely included in a very compact carbonate
concretion. The tools used to remove embedding rock included small
hammers and chisels for larger portions of sediment, stainless-steel
dentist tools and scalpels for removing small portions of sediment,
and a compressed-air vibrating cutter for high-precision work. Af-
ter preparation, it resulted that the specimen comprises five cranial
fragments, which were numbered as THOR16_100BS1-5 from the
front to the back. The first two fragments (THOR16_100BS1-2) and
the last three (THOR16_100BS3-4-5) conjoin and can be refitted.

To facilitate the comparative analysis, 3D models of
THOR16_100BS and of a cranium of extant C. niloticus kept at-
Leakey Camp were created using the Structure from Motion photo-
grammetry method. Photographic acquisition and data processing
were carried out at Leakey Camp in August 2017.

The photographic sets used for the five fossil fragments and
modern specimen included a Canon 500D camera equipped with an
18-55 mm zoom lens and tripod stand, a neutral-colour background
and two 10 cm rulers (for the five THOR16_100BS fragments) or
two 20 cm rulers (for the C. niloticus cranium), used to scale the mo-
dels during post-processing. In order to ensure that the final 3D
model was complete in every detail, all parts of each fragment were
acquired according to the following procedure. A fragment and the
two rulers were set on the stage and several photos were shot by pla-
cing the camera in different positions, 360° around the stage. Then
the rulers were removed and the fragment was turned so that parts
previously covered were exposed, and another series of photos was
shot following the aforementioned method. This procedure was re-
peated until the fragment was completely covered, the final number
of photos per fragment varying between 83 and 160 depending on
its morphological complexity. The pictures were initially processed
under Adobe Lightroom software to improve the graphic rendering
of the 3D model textures by applying automatic correction of chro-
matic aberration and by lightening shadows and darkening lights,
which allows to have less evident shadows in the final texture. Then
the pictures were processed under Agisoft Photoscan software. The
first step —i.e., photo alignment— was always successful in aligning
all pictures at the first trial. Scaling was carried out by applying four
markers, one at each of the two ends of the rulers. The markers of
each ruler were transformed into scalebars with associated metric
values, and the software used them to scale the objects by applying
also the bundle adjustment, which corrects for small misalignments
resulting from automatic alignment. Measurement redundancy (in
fact a single scale bar would have been enough to scale the object)
was used to calculate the reprojection error, which did not exceed
more than 1 mm and was therefore considered acceptable. The
following processing steps created the dense point cloud and the
meshed three-dimensional surface of the pieces. Finally, texture was
applied to the 3D models to associate three-dimensional data with
material and chromatic characteristics. Values derived from each
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Fig. 2 - Google Earth map showing the position of the main trenches excavated in the Olduvai DK area over the years. Blue circles: Geo-
Trenches by Ashley et al. (2016). Green citcles: Trenches by Stanistreet et al. (2018), who also re-exhumed some trenches by Masao et

al. (2013). The star shows the position of BS Trench.

processing phase (number of photographs, number of markers, to-
tal reprojection error in millimetres, number of tie points and points
of the dense cloud, number of polygons in the 3D models and size
of the texture in pixel) are listed in Table 1 and show the high level
of geometric definition and photorealistic resolution achieved.

3D models were analysed and measured with Avizo 7 and
MeshLab 2020.07, while virtual restoration and final editing pro-
cess of the images (i.e., colouring of the duplicated portions) whe-
re carried out under ZBrush 4R6. Using the complete 3D cranium
of C. niloticus as reference, the preserved left portions of Black
Sun were mirrored and manually reconnected matching the com-
plementary margins of the bones. Despite the lack of the median

portion of the rostrum, the very good refitting of the fragments
allowed to obtain an improved 3D model of the fossil, which was
subsequently used to estimate cranial and body size of Black Sun.
A short 3D animation of the restored cranium was built by ZBrush
(see Supplementary video 1). The 3D models of THOR16_100BS

are available for download at https://wwwmorphosource.org/
projects/000362057?locale=en.

Direct comparison was carried out using the aforementio-
ned extant C. niloticus specimen, whereas additional data on extant
and extinct African crocodiles refer to literature by Brochu (2000),
Delfino et al. (2004, 2018, 2020, 2021), Brochu et al. (2010), Brochu
& Storrs (2012).

D Pictures Markers Total reprojection error Tie points Dense clouds 3D models Texture resolution
(number) |(number) (mm) (points) (points) (polygons) (pixel)
THOR16_100BS1 160 4 (2x 2 scale bars) [0.14 80877 4301095 9253432 4096 x 4096
THOR16_100BS2 129 4 (2 x 2 scale bars) 0.10 72121 6388637 13643402 4096 x 4096
THOR16_100BS3 83 4 (2 x 2 scale bars) ]0.11 49556 3838590 8457902 4096 x 4096
THOR16_100BS4 130 4 (2 x 2 scale bars) ]0.03 82126 7075201 15696918 4096 x 4096
THOR16_100BS5 87 4 (2 x 2 scale bars) ]0.02 53408 4351122 9382948 4096 x 4096
C. niloticus 142 4 (2 x 2 scale bars) 0.27 32827 1691220 3992118 4096 x 4096

Tab. 1 - Technical specifications of the photogrammetric process.



280 Agzzara B. et al.

GEOLOGICAL CONTEXT

Olduvai DK site. Douglass Korongo (DK),
also known as Archaeological site number 22 (Leakey
1971) and Geolocality 13 (Hay 1976), is located in
the eastern part of the Olduvai basin on the North
bank of the Olduvai River, approximately 2.5 km
East of the junction between Main Gorge and Side
Gorge (Fig. 1). DK is one of the most famous sites
in Olduvai Gorge, the oldest site in the eastern basin
(at the base of Bed I; see below), and one of the
earliest studied by Mary Leakey (Masao et al. 2013).
Moreover, it has been desctibed as one of the richest
sites in terms of palacontological and archaeological
content, as it yielded hundreds of stone tools and
faunal remains over the decades, including some out-
standing hominin fossils such as the nearly complete
cranium OH24 referred to Homo habilis (Leakey 1971;
Leakey et al. 1971). The DK palacoenvironment is
reconstructed as a wetland characterized by abundant
grasses and a diversity of potentially edible plants,
like papyrus rhizomes (Hay 1976; Albert et al. 2015;
Ashley et al. 2016). Evidence of hominin activities is
represented not only by archaeological artifacts but
also by frequent modification traces on faunal re-
mains (Potts 1984; Reti 2016).

In the early 1960s, Mary Leakey carried out
the first research at the site, excavating the so-called
“Leakey DK trenches” (DKI, DKIA or “Stone
Circle”, DKIB, IC, MK, and Trial Trench; Leakey
1971). She discovered a high concentration of fos-
sils and artefacts in the stratigraphic interval between
Bed I Basalt and Tuff IB, including an enigmatic
circular arrangement of stones, about 5 m wide.
Leakey (1971) considered the DK palacosurface as
an “occupation floor” and the “stone circle” as the
remains of a shelter built by hominins, although
this reconstruction was disputed by other research-
ers that interpreted the circle as a natural forma-
tion (Potts 1984; Njau 2012). Masao et al. (2013)
excavated nine more trenches (DK trenches 11-X)
eastward of Mary Leakey’s ones, i.e., in DK-E area
(Fig. 2). These yielded more than a thousand faunal
remains mostly referred to Bovidae (over 40%) and
Crocodylidae (ca. 14%). Ashley et al. (2016) exca-
vated ten 1 m-wide trenches in a 450 m exposure
along the DK classic site and DK-E (Geo-Trenches
1-10; Fig. 2). Stanistreet et al. (2018) analysed three
trenches (152, 153, and 154) adjacent to the Leakey
DK trenches along a NE-SW line (Fig, 2) and four

trenches (160, 161, 164, and 166) along a perpen-
dicular transect, towards NW-SE. They also re-ex-
humed the Trial Trench, DK trench IX, DK trench
III, and DK trench II (Taliwawa Hill). This latter
work allowed to reconstruct a new sequence stra-
tigraphy context for DK based on the identification
of five “Lake-parasequence” (P1 to P5) boundaries,
and to correlate the stratigraphic position of Mary
Leakey’s “occupation floor” along the site.

The age of the DK stratigraphic succession
is well constrained by those of Bed I Basalt at the
bottom and of Tuff IB at the top. The former was
originated by Ngorongoro Volcano and stratigraph-
ically separates the Lower and Upper Bed I (Stan-
istreet et al. 2020a). Among the Bed I marker tuffs
(Tufts IA-IF; Hay 1976), Tuff IB is well recogniz-
able in DK and is often used as a marker horizon
for stratigraphic correlations (e.g,, Stanistreet et al.
2018). Tuff IB is a vitric trachyte tuff that was de-
posited by one of the explosive eruptive phases of
Olmoti Volcano and comprises ash-flow tuff, both
primary and reworked (including pumice bombs
and lapilli) and widespread air-flow tuff (Leakey
1971; Hay 1976; McHenry 2004). *Ar/*Ar dating
of the Bed I Basalt and Tuff IB yielded ages of
1.8777 £ 0.013 Ma and 1.848 £ 0.003 Ma, respec-
tively. However, recent data from precessional cycle
periodicity suggested that the Bed I Basalt might be
older (~1.94 Ma; Stanistreet et al. 2020b).

Description of BS Trench. The BS Trench
exposes a section spanning for about 5.2 m between
the top of Bed I Basalt and Tuff IB (Fig. 3a). Based
on previously published maps, the BS Trench is lo-
cated in close proximity of Geo-Trench 5 of Ashley
et al. (2010), that is, between Trial Trench and DK
Trench X (Leakey 1971; Masao et al. 2013; Stanis-
treet et al. 2018; Fig. 2). The eye-scale characteris-
tics of the section obtained by observation of the
24 collected samples are reported in Table 2. The
different portions of the section are detailed here-
after following their analogies with facies and/or
significant stratigraphic intervals described in DK
by Stanistreet et al. (2018) and other authors.

The interval between 0.00 and 0.90 m (sam-
ples BS1-BS8) can be referred to the “fluvio-deltaic
sandstone and heterolithic facies association (i.e.,
volcanoclastic sandstone, claystone interbedded
with thin sandstones)” of Stanistreet et al. (2018),
which probably formed in shallow ephemeral braid-
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Fig. 3 - BS Trench at Olduvai DK-E. a) Overall view of the trench, which exposes a section spanning for about 5.2 m between the top of Bed
I Basalt and Tuff IB; the position of the 24 collected samples and the contact between the lahar (sensu Stanistreet et al. 2018) and the
overlying nodular limestone are marked up. b) Detail of the interval between samples BS13 and BS15 showing a basalt boulder. ¢)
Detail of the middle part of the outcrop in which Black Sun (THOR16_100BS) was found; the cranium was embedded in a concretion
block lying ca. 60 cm below its original position, where a detachment niche was identifiable. d) Detail of the block of nodular limestone
containing the specimen; some teeth are visible coming out from the concretion block.

ed fluvial channels.

The interval between 0.90 and 1.45 m (samples
BS9-BS11) can be referred to the “lacustrine clay-
stone facies association (waxy claystone, sandy waxy
claystone)” of Stanistreet et al. (2018), correlative to
the “brown clay” of Leakey (1971), which formed as
suspension fallout in a saline alkaline lake palacoen-
vironment.

The interval between 1.45 and 2.60 m (sam-
ples BS12-BS17) can be referred to the “mass flow
diamictites (volcaniclastic diamictite, sandy volcan-
iclastic diamictite: clay-rich matrix-supported con-
glomerates and sandstones)” of Stanistreet et al.
(2018). The term “diamictite” is used by Stanistreet
et al. (2018) following Flint et al. (1960) to indicate
generically a poorly-sorted sedimentary rock with
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K Colour code _|Colour name Texture Aggregation Other features
BS1 5Y8/2 Pale yellow Sandy loam Massive Some small Mn mottles
BS2 2.5Y71 Light gray Loam (few very fine sand) Massive Very few Mn mottles
BS3 2.5Y6/3 Light yellowish brown _|Loamy sand (very fine sand) Massive
BS4 2.5Y6/3 Light yellowish brown |Loamy sand (very fine to medium sand) Massive
BS5 5Y7/4-6/4 Pale yellow-pale olive |Sandy clay loam Massive Whitish mottles (CaCO;)
BS6 5Y7/3-6/3 Pale yellow-pale olive |Sandy clay loam Medium developed bocky Whitish mottles (CaCO,)
BS7 5YR7/1 Light gray Loamy sand (very fine sand) Massive Laminated (1-3 mm layers); few cracks
BS8 2.5Y8/2 Pale yellow Loamy sand (very fine sand) Massive
BS9 5Y5/1 Gray Sandy loam Poorly developed blocky Whitish mottles (CaCO,)
BS10 2.5Y7/2 Light gray Loamy sand (fine sand) Loose Whitish mottles (CaCOj)
BS11 5Y4/3-4-4 Olive Very fine sandy clay Poorly developed blocky Whitish mottles (CaCO,)
BS12 2.5Y8/2 Pale yellow Sandy loam (very fine to fine sand) Loose
BS13 2.5Y8/2 Pale yellow Sandy loam (very fine to fine sand) Loose
BS14 2.5Y7/4 Pale yellow Sandy loam (very fine to medium sand) Very poorly develoed blocky Whitish mottles (CaCOj); cracks
BS15 5Y7/2 Light gray Clay with some sand (very fine to medium sand) |Massive Whitish mottles (CaCOj)
BS16 5Y5/3 Olive Clay with some sand (very fine to medium sand) |Massive Whitish mottles (CaCO3); whitish fossil bone fragments
BS17 5Y4/3-4-4 Olive Clay Medium developed bocky Whitish mottles (CaCOj3); quartz grains
BS18 5Y7/2 Light gray Sandy clay (very fine to medium sand) Massive CaCO; pebbles and quartz grains
BS19 5Y4/2 Olive Clay Medium developed bocky Laminated (very fine layers); few Mn and CaCO; mottles
BS20 5Y8/2 Pale yellow Sandy loam (few very fine sand) Massive Feldspar crystals
BS21 2.5Y8/1-7/1 White-light gray Sandy loam (very fine to fine sand) Massive
BS22 2.5Y71 Light gray Loamy sand (medium sand) Massive
BS23 2.5Y7/1 Light gray Loamy sand (very fine sand) Massive Few whitish mottles (CaCO;)
BS24 10YR8/2 Very pale brown Unsorted conglomerate Poorly developed blocky Clasts up to 1-2 cm of pumice, quartzite, and other rocks

Tab. 2 - Eye-scale characteristics of the geological samples from BS Trench, DK-E site, Olduvai Gorge. The position of the samples is shown

in Fig, 3a.

very heterogeneous particle sizes. This portion of
the sequence correlates with the “buff-yellow sandy
clay” and “gray-brown sandy clay” of Leakey (1971)
and formed as a volcanoclastic mudflow (lahar) orig-
inated by Ngorongoro Volcano, which rapidly buried
the DK main archaeological horizon, i.e., Leakey’s
(1971) “occupation floor” (Stanistreet et al. 2018).
Basalt pebbles and boulders were identified within
this interval in BS Trench (Fig. 3b), in agreement with
Stanistreet et al. (2018) descriptions.

The interval between 2.60 and 2.80 m (sam-
ple BS18) can be referred to the “nodular calcareous
paedogenic and groundwater precipitates (micritic
nodular to spherulitic nodular limestone)” of Stanis-
treet et al. (2018). The crocodile specimen described
in this paper (THOR16_100BS) was found in this
layer (actually, the carbonate concretion block that
contained the cranium was found about 60 cm be-
low, because it had detached from the original posi-
tion, of which however a clear detachment niche was
identifiable; Fig. 3c). Similatly, based on original field
descriptions (Leakey et al. 1971), it is very likely that
the cranium of H. habilis OH24 was collected from
the same layer, but further East (i.e., close to Taliwa-
wa Hill Trench II; Masao et al. 2013; Stanistreet et
al. 2018; Fig. 2). This layer is easily identifiable in the
field as a massive limestone very rich in sub-spherical

carbonate nodules (Fig 3d), quartzite artifacts, and
isolated crocodile teeth (Fig. 4), as also pointed out
by Masao et al. (2013). The base of the layer exhibits
a heavily gullied surface that undercuts the underly-
ing olive-coloured claystone, similarly to what is de-
scribed in DK Trench IX by Stanistreet et al. (2018).
Ashley et al. (2020) studied the distribution, deposi-
tional genesis, lithology, petrography, and geochemis-
try of freshwater carbonates traceable in Upper Bed 1
(ca. 1.8 Ma) throughout Olduvai Gorge. The authors
recognized five carbonate lithologies, four of which
deposited in a catena-like pattern over connected pal-
aeoenvironments (spring, wetland, freshwater lake/
pond, and saline playa lake). The fifth carbonate li-
thology, i.e., the nodular limestone that can also be
found in BS Trench, formed by pedogenesis in top-
ographically higher areas of the basin (e.g,, the DK
Horst; Stollhofen & Stanistreet 2012), where “sur-
face water seeped into clayey sediments, mixed with
groundwater and became concentrated at nucleation
sites to form nodular limestone” (Ashley et al. 2020:
345). The recognition of other paedogenetic features
(e.g., desiccation cracks, mottles, and root traces) in
the same deposit (Ashley et al. 2020) suggests that it
formed in a low-stand phase of Palacolake Olduvai
in the DK area, confirming that the lake was subject
to a seasonal changing regime (Ashley et al. 2010).
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Fig. 4 - Isolated crocodile teeth
(THOR16_16) recovered
in Olduvai DK-E from the
same layer as the cranium
THOR16_100BS. Scale bar:
3 cm.

The interval between 2.80 and 5.20 m (sam-
ples BS19-BS24) is entirely occupied by Tuff IB.
As Hay (1976) reported for Geolocality 13 (aka DK
site), Tuff 1B is a vitric trachyandesite tuff that com-
prises a thin olive-coloured ash-fall stratum (sample
BS19) overlain by an ash-flow deposit up to 4 m thick
(ca. 2 m in our case; samples BS20-BS23) containing
abundant pumice lapilli (0.5 to 2.5 cm diameter in
BS Trench). The unsorted conglomerate identified at
the top of the section is reported by Hay (19706) as a
stream-worked ash-flow deposit.

SYSTEMATIC PALAEONTOLOGY

Crocodylia Gmelin, 1788
Crocodylidae Cuvier, 1807
Crocodylus Laurenti, 1768

Crocodylus anthropophagus Brochu et al., 2010
Figs 5-6, Supplementary video 1

Referred material: THOR16_100BS, partial cranium (par-
tial rostrum: fragments THOR16_100BS1 and THOR16_100BS2;
nearly complete neurocranium: fragments THOR16_100BS3,
THOR16_100BS4, and THOR16_100BS5), stored in the Leakey
Camp, Olduvai Gorge (Tanzania).

Emended diagnosis: Crocodylus with a prominent triangular
projection (“horn”) at the posterolateral corner of each squamosal
dorsal to otic aperture at matutity; projection is subtriangular in lateral
view and has discrete boundaries mediolaterally and anteroposteriorly,
with shorter sub-vertical anterodorsal margin and longer gently slop-
ing posterodorsal surface. Pair of crests on rostrum corresponding
to the maxillary-nasal sutures. Maxillary ramus of ectopterygoid may
not be forked, though expression of the cleft varies intraspecifically
in most modern Crocodylus. External naris opens anterodorsally rather
than dorsally. Lacks the elongate preorbital crest typical of Indo-Pacific
Crocodylus, and lacks the median rostral boss diagnostic for Neotrop-
ical Crocodylus and African C. checchiai. Skull table with convex lateral
margins, which continue posteriotly into well-developed posterolateral
squamosal rami along the paraoccipital processes of exoccipitals (mod-
ified from Brochu et al. 2010).

Description. The five fragments together
form an incomplete cranium, which shows an ev-
ident diagenetic dorsoventral crushing (Figs 5-0).
The best preserved and least deformed part is the
dorsal portion of the neurocranium, including the
skull table. The right side of the cranium is almost
complete, as it lacks only part of the jugal and pre-
frontal, the posterior part of the maxilla and of
the nasal. The lacrimals, palatines, pterygoids, and
ectopterygoids are missing in both sides. Starting
from the preserved parts, we virtually reconstruct-
ed the whole cranium, of which we can estimate
a maximal width of 27 cm and a dorsal length of
about 50 cm. However, the latter measurement
should be considered with caution due to the lack
of the median portion of the rostrum.

THOR16_100BS1 includes most of the right
premaxilla, whereas THOR16_100BS2 includes the
most posterior portion of the right premaxilla, the
anterior part of the right maxilla, and the anterior
half of the right nasal. The two fragments are sig-
nificantly flattened dorsoventrally. They perfectly fit
each other and are described below as a single unit.
In dorsal view, the premaxilla has a rounded lateral
margin. The external naris has a semi-circular out-
line and it opens flush with the dorsal surface of the
premaxilla, which shows a shallow notch posterolat-
erally to the naris. The anterior tip of the right nasal
is not preserved so its relationship with the external
naris is not identifiable. The premaxillary-maxillary
suture is faintly visible at the anteromedial corner of
THOR16_100BS2 and seems rather straight. The
palatal process of the premaxilla is not preserved
(except for a small splinter of bone displaced from
its anatomical position, which was intentionally left
attached close to the third and fourth teeth during
the preparation of the specimen).
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Fig. 5 - Cranium Black Sun
(THOR16_100BS) from
Olduvai DK-E. a-b) Speci-
men THOR16_100BS4
in dorsal (a) and poste-
rior (b) views. c-d) Speci-
men THOR16_100BS3
in dorsal (c) and ven-
tral (d) views. e) Speci-
men THOR16_100BS5 in
dorsal view. f-g) Speci-
men THOR16_100BS2
in dorsal (f) and ventral
(g) views. h-i) Specimen
THOR16_100BS1 in dorsal
(h) and ventral (i) views. Ab-
breviations: bo, basioccipi-
tal; ex, exoccipital; f, frontal;
fm, foramen magnum; j,
jugal; leu, lateral Eustachian
foramen; meu, median Eu-
stachian foramen; m5, fifth
maxillary tooth; mx, max-
illa; ns, nasal; oc, occipital
condyle; pa, parietal; pf, pre-
frontal; pm4, forth premax-
illary tooth; pmx, premaxilla;
po, postorbital; q, quadrate;
qj, quadratojugal; soc, su-
praoccipital; sq, squamosal.
The dashed lines indicate
the contacts between joining
fragments. Scale bar: 5 cm.

The dorsal surface of the maxilla is flat, but
this morphology may have been exaggerated by the
diagenetic flattening. The maxillary-nasal suture cot-
responds to a low crest-like step as the nasal is slight-
ly elevated over the dorsal surface of the maxilla. On
the ventral side, the palatine process of the maxilla
is missing and only preserved as isolated bone splin-
ters. A small cubic fragment of quartzite was left at-
tached on the ventral surface of the specimen, close
to the contact between the maxilla and nasal. In me-
dial view, the internasal suture surface is slightly con-
vex dorsally and is thicker in the posterior part than
in the anterior.

The premaxilla bears five alveoli. The third
and fourth teeth are preserved and are quite massive,
with the fourth being larger than the third. The latter
is more elongated and pointed than the first. The
first and second alveoli are preserved only in their
posterior margins. The first is smaller than the sec-
ond. The fifth alveolus is wide and relatively smaller
than the fourth. There is a diastema between the sec-
ond and third alveoli. A wide hole due to serration
with a dentary tooth opens on the premaxilla medi-
ally to the third premaxillary tooth. Eight alveoli, the

first six hosting teeth, are present in the preserved
portion of the maxilla. The first and second teeth
are relatively small. The third is broken but appears
larger than the latter two. Teeth four to six are com-
plete, robust, and conical. The alveolus of the fifth
maxillary tooth is the largest, although only the tip
of the tooth itself is visible as it was erupting. The
seventh and eight alveoli are placed medially to the
sixth tooth, that is, the maxillary tooth row is orient-
ed in anterolateral to posteromedial direction pos-
terior to the fifth maxillary tooth. In all preserved
premaxillary and maxillary teeth, the enamel surface
is ornamented with a fluted pattern and strong mesi-
al and distal un-serrated carinae are present.

Looking at the anterior portion of the ros-
trum, the lateral margin at the contact between the
premaxilla and maxilla is gently inflated, giving to
the rostrum an overall hourglass shape. In lateral
view, the dorsal margin of the premaxilla is slightly
concave and anterodorsally inclined in the anterior
portion. Due to deformation, the rostral portion
posterior to the external naris is concave ventrally,
preventing the evaluation of the original orientation
of the external nares.
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THOR16_100BS3, THOR16_100BS4, and
THOR16_100BS5 can be merged together and
form most of the posterodorsal and posterior
parts of the cranium. THOR16_100BS3 includes
the posterior portions of the left and right prefron-
tals, frontals, and the anterior extremities of the
squamosals. THOR16_100BS4 includes the whole
skull table, the occipital region, and the dorsal wall
of the braincase. THOR16_100BS5 completes the
right squamosal with its posterolateral part and also
includes the right quadrate, the quadratojugal, and
a fragment of the jugal.

The prefrontals and frontals form the an-
teromedial and medial margins of the orbits, re-
spectively. The dorsal surface of the prefrontal is
medially flat, but it rises laterally to form a discrete
knob-like process along the orbit margin. A shal-
low notch separates this process from the marked
ridge of the frontal which delimits the orbit medi-
ally. In anterior view, the prefrontals are separated
by a well-developed frontal ridge. In lateral view,
the portions of prefrontal and frontal bordering
the orbit are upturned. The dorsal frontal surface
between the orbits is slightly concave. The fron-
toparietal suture is triangular in shape, with the
posterior vertex extending far backwards until it
wedges between the supratemporal fenestrae. In
ventral view, the prefrontals are markedly concave.
The anterior process of the frontal is well visible as
a rectangular projection enclosed between the pre-
frontals. The posteroventral surface of the frontals
is swollen, with a deep groove separating them. No
prefrontal pillars are preserved.

In dorsal view, the skull table is very well
preserved and appears relatively wide. Its lateral
margins are laterally convex and continue posteri-
orly into significant posterolateral squamosal rami
along the paraoccipital processes of exoccipitals.
The postorbital forms the anterolateral margin of
the supratemporal fenestra but the sutures between
this bone and the surrounding ones (frontal, pari-
etal, and squamosal) are not visible on both sides.
On the right, the postorbital bar is preserved in its
dorsal portion and is relatively slender. The squa-
mosal delimits the supratemporal fenestra along
its posterolateral margin. The dorsolateral part of
the squamosal is largely occupied by a prominent
horn-like projection. In lateral view, this horn is
subtriangular in shape, with a steep anterodorsal
margin and a more gently sloping posterodorsal

one. The angle between these two margins is about
90°. In postetior view, the same horn exhibits a
nearly flat dorsal edge and subvertical lateral and
medial margins, thus being clearly individualized
from the rest of the squamosal. In lateral view, the
squamosal groove is very deep, straight, parallel to
the longitudinal axis of the cranium, and delimited
by prominent dorsal and ventral rims. Posteriotly,
the squamosal does not extend beyond the poste-
rior extremity of the paraoccipital process of ex-
occipital.

In the middle of the skull table, the dorsal
surface of the parietal is flat, with the exception of
a deep sagittal groove running along the interpari-
etal area between the supratemporal fenestrae. In
ventral view, two oblique wide grooves developing
posteriorly to the supratemporal fenestrae, can be
interpreted as the left and right parietal recesses,
respectively.

In posterior view, the occipital area is nearly
complete but compressed dorsoventrally, so much
that the foramen magnum is almost completely
obliterated. In the dorsal part, the supraoccipital
appears as a low and wide area, characterized by
two deep fossae separated by a sagittal crest that
thickens dorsally. The supraoccipital exposure on
the skull table is very small and triangular in dorsal
view. The same shows a slight sagittal inflection in
posterior view. The exoccipital has a slightly con-
cave posterior surface. The vagus foramen is well
visible near the condyle on both sides, and opens
in a triangular shallow depression. The other fo-
ramina on the exoccipital are obliterated. The ba-
sioccipital is partially preserved. The condyle is
prominent and hemispherical in posterior view.
The ventral part of the basioccipital is crossed by
a strong sagittal crest, which culminates ventrally
with a wide median Eustachian foramen. On the
right side, laterally to the latter and at the same lev-
el, a smaller opening along the ventral margin of
the basioccipital, is interpreted as the lateral Eus-
tachian foramen. In lateral view, the basioccipital
surface is markedly inclined in posteroventral di-
rection. In ventral view, the basisphenoid is missing
and its articulation surface with the basioccipital has
the shape of a fluted, concave fan-like surface. At
the anteroventral portion of this feature, the dorsal
walls of the choanae are visible. The latter are not
deeply notched and there is a slight evidence of a
septum between them.
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Fig. 6 - 3D models of Black Sun (THOR16_100BS) from Olduvai DK-E (left) compared with a cranium of extant Crocodylus niloticus (un-
catalogued specimen kept at the Leakey Camp, Olduvai Gorge; right) in dorsal (a), ventral (b), right lateral (c), and oblique (d) views.
Cloned and mirrored portions of Black Sun are highlighted in green. Scale bar: 10 cm.

The quadrate-quadratojugal complex has
a sub-rectangular shape in dorsal view. The later-
al margin of the quadratojugal is slightly convex,
whereas the medial margin of the quadrate is
slightly concave. In lateral view, the quadratoju-
gal extends anteriorly through a crest-like process
towards the superior angle of the infratemporal
fenestra, contacting the postorbital bar (i.e., the
quadrate does not participate in delimiting the in-
fratemporal fenestra). In posterior view, the quad-
rate has an expanded medial hemicondyle, which is
almost as wide as the lateral one. The dorsal and the
ventral edges of the posterior face of the quadrate
have a sinusoidal shape, with the ventral surface of
the medial hemicondyle more prominent that the
lateral hemicondyle.

Comparisons. The morphological fea-
tures described above allow to undoubtedly refer
THOR16_100BS to Crocodylidae. Comparisons
are here limited to the four species of extinct
and extant African species of Crocodylus, 1.e., C.
anthropophagus, C. checchiai, C. niloticus, and C. thor-
bjarnarsoni (C. suchus is not taken into considera-
tion because it is currently considered as skeletally
congruent with C. niloticus; Brochu & Storrs 2012).
The extant M. cataphractus is excluded from our
comparative analysis for a series of morphological
differences with THOR16_100BS including the
extremely elongated and slender rostrum and the
dorsally placed lateral Eustachian foramina with
respect to the median foramen; the latter charac-
ter is also observed in the extant O. zetraspis and
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Fig. 7 - Comparative morphology
of the dorsal (top) and lat-
eral (bottom) parts of the
neurocranium in  selected
specimens  of  African
crocodiles. a) Black Sun
(THOR16_100BS) from
Olduvai Gorge; b) Crocody-
lus  thorbjarnarsoni (holotype
KNM-ER 1683 at the top,
KNM-KP 30604 at the bot-
tom) from Lake Turkana Ba-
sin, Kenya (modified from
Brochu & Storrs 2012); )
extant Crocodylus niloticus (un-
catalogued specimen kept at
the Leakey Camp, Olduvai
Gorge); d) Crocodylus anthro-
pophagus (holotype NNHM-
OLD-1001) from Olduvai
Gorge (modified from Bro-
chu et al. 2010). Images are
not scaled.

its Miocene relative Rimasuchus loydi (Brochu 2000,
2007; Brochu & Storrs 2012), which are also not
considered herein.

Despite the incomplete preservation of the
new specimen from Olduvai, we can exclude its at-
tribution to the late Miocene C. checchiai because the
latter is diagnosed by a flat posterolateral margin
of the squamosal (Delfino et al. 2020). However,
THOR16_100BS shares with C. checchiai the quad-
ratojugal anterior extension to form the superior
angle of the infratemporal fenestra. One of the
most noticeable characters of C. checchiai, namely
the presence of a medial rostral boss (Delfino et
al. 2020), cannot be identified in our specimen due
to the lacking of the median part of the nasals.

Black Sun differs from C. thorbjarnarsoni
from the Plio-Pleistocene of the Turkana Basin
in the morphology of the skull table (which has
a more trapezoidal dorsal outline with anteriorly
convergent lateral margins in C. thorbjarnarsoni) and
in the presence of squamosal “horns” (which are

not well developed in C. thorbjarnarsoni). Moreover,
although absolute dimensions are not useful diag-
nostic characters in crocodylians especially in the
absence of large samples, it is worth mentioning
that C. thorbjarnarsoni is characterised by markedly
larger size. One of the largest known crania of this
species (KNM-ER 1682) is about 85 c¢m in length
(Brochu & Storrs 2012), thus exceeding the esti-
mated length of THOR16_100BS of at least 30
cm. On the other hand, the Olduvai fossil shatres a
number of features with C. thorbjarnarsoni, includ-
ing a broad and deep anterior rostrum, a prominent
crest along the maxillary-nasal suture, a knob-like
process on the prefrontal surface along the orbit
margin, upturned squamosals, lateral and median
Eustachian foramina at the same level, quadrato-
jugal extending anteriorly to delimit the superior
angle of the infratemporal fenestra (Fig. 7).
According to Brochu & Storrs (2012) C. thor-
bjarnarsoni shares several morphological features
with C. anthropophagus from Olduvai Gorge, includ-
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ing prefrontal knobs, upturned squamosals, broad
and deep snouts, and anterodorsally oriented ex-
ternal nares. All these characters are also visible in
THOR16_100BS with the exception of the last,
which is difficult to assess due to deformation. In
addition, the new specimen shows strong triangu-
lar squamosal “horns”, which are very similar to
those reported in the diagnosis of C. anthropoph-
agus (Brochu et al. 2010; Fig. 7). As in the latter
species, THOR16_100BS exhibits a pair of crests
on the rostrum corresponding to the maxillary-na-
sal sutures. No previous information on the mor-
phology of the skull table in C. anthropophagus were
available in the literature due to the incomplete-
ness of the described Olduvai material (Brochu et
al. 2010).

No differences in either size or general mor-
phology are found between THOR16_100BS and
C. niloticus. However, at a closer look, the new
specimen shows much more prominent crests
along the maxillary-nasal sutures, less developed
crest at the lateral margins of frontals, larger and
more rounded supraorbital fenestrae, convex later-
al margins of the skull table which are connected
to prominent posterolateral squamosal rami along
the paraoccipital processes of exoccipitals (Fig. 7).
Dorsal projections at the posterolateral corner of
the squamosal are normally absent in C. wiloticus
and, when present, are not as prominently devel-
oped and more rounded in lateral view, with less
discrete demarcations from the rest of the skull
table (Brochu et al. 2010). Therefore, this region
of the cranium of C. niloticus clearly differs from
the morphology described in Black Sun. Similar-
ly, prefrontal knobs may be present in C. niloti-
cus but their expression is variable and are not a
as prominent as in the Olduvai specimen, which
more closely resembles the condition of C. #hor-
bjarnarsoni and C. anthropophagns (Brochu & Storrs
2012). Finally, differently from the condition seen
in THOR16_100BS, the quadratojugal of C. nzlot-
zens does not extend to the superior angle of the
infratemporal fenestra, which is instead formed by
the quadrate (Brochu & Storrs 2012).

These comparisons allow confident referral
of THOR16_100BS from DK-E to C. anthropoph-
agus. 'The new cranium can therefore be added to
the hypodigm of the species and allows us to ex-
pand our knowledge on its anatomy, since it re-
tains some portions —such as the complete skull

table— not preserved in the material described so
far by Brochu et al. (2010). The diagnosis of C. an-
thropophagus is then amended on the basis of these
newly observed characters.

PHYLOGENETIC ANALYSIS

We performed a maximum parsimony anal-
ysis in TNT v. 1.5 software (Goloboff et al. 2008)
based on the matrix of Cossette et al. (2020), in turn
modified from that of Brochu & Storrs (2012). The
matrix includes 35 taxa and 189 characters (Supple-
mentary file 1). Character 158 was modified as fol-
lows, to accommodate the condition observed in C.
anthropophagus (state 1):

Original character (Brochu & Storrs 2012): Ma-
ture skull table with broad curvature; short poster-
olateral squamosal rami along paraoccipital process
(0) or with nearly horizontal sides; significant poste-
rolateral squamosal rami along paraoccipital process
D).

Modified character (this paper): Mature skull ta-
ble with broad curvature; short posterolateral squa-
mosal rami along paraoccipital process (0) or with
nearly horizontal or slightly curved sides; significant
posterolateral squamosal rami along paraoccipital
process (1).

Borealosuchus sternbergii was set as outgroup.
Characters were weighted equally, multistate charac-
ters were left unordered, and the analysis was con-
ducted by “New Technology search” (default set-
tings). We replaced the original coding of C. checchiai
(Brochu & Storrs 2012) with the most recent one
by Delfino et al. (2020). The original coding of C.
anthropophagus (Brochu & Storrs 2012) was modified
as follows, on the basis of the characters observed
on the new cranium THOR16_100BS:

Character 124: Posterior rim of internal cho-
ana not deeply notched (0) or deeply notched (1).
Scoring modified from “?” to “0”. This character
was not observable in the fragmentary original ma-
terial of C. anthropophagns (Brochu et al. 2010).

Character 125: Internal choana not septate (0)
or with septum that remains recessed within choana
(1) or with septum that projects out of choana (2).
Scoring modified from “?” to “1”. This character
was not observable in the fragmentary original ma-
terial of C. anthropophagns (Brochu et al. 2010).

Character 167: Parietal with recess communi-
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Fig. 8 - Strict consensus tree show-
ing the phylogenetic rela-

tionships between extant
and extinct (1) crocodylians.

Borealosuchus sternbergii

Node numbers are indicat-
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italics below node numbers.
The phylogenetic analysis is
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based on a matrix of 35 taxa

‘Crocodylus’ megarhinus t
Kambara implexidens 1

and 189 characters updated
from Cossette et al. (2020).
Clade names are from Bro-
chu (2020) and Cossette et
al. (2020).
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Australosuchus clarkae t

Rimasuchus lloydi 1
A Voayrobustus
Osteolamus osborni
Osteolamus tetraspis
‘Crocodylus’ gariepensis T
Brochuchus parvidens t
Brochuchus pigotti 1
Euthecodon arambourgii t
Euthecodon brumpti

Mecistops cataphractus
e Crocodylus thorbjarnarsoni t
Crocodylus anthropophagus 1
Crocodylus niloticus
Crocodylus checchiai t
Crocodylus moreletii

T Crocodylus intermedius
Crocodylus acutus
5 Crocodylus rhombifer
Crocodylus palaeindicus t
Crocodylus palustris
Crocodylus ossifragus 1
Crocodylus siamensis
Crocodylus mindorensis
Crocodylus johnstoni
Crocodylus porosus
Crocodylus raninus
Crocodylus novaeguineae

Palaeoafrican
Crocodylus

Neotropical
Crocodylus

-;F:
=3

Indo-Pacific
Crocodylus

cating with pneumatic system (0) or solid, without
recess (1). Scoring modified from “?” to “0”. This
character was not observable in the fragmentary
original material of C. anthropophagus (Brochu et al.
2010).

The phylogenetic analysis resulted in four
equally parsimonious trees of 215 steps, consisten-
cy index of 0.600 and retention index of 0.717. The
strict consensus tree is shown in Fig, 8.

The topology of our phylogenetic tree does
not differ significantly from that of Cossette et al.
(2020), except for small differences (e.g, the rela-

tionships between ‘Crocodylus megarbinus and the
clade formed by Kambara implexidens, Trilophosuchus
rackbami, and Australosuchus clarkae), whose interpre-
tation is out of the scope of this article. The main
and most interesting differences are found in the
clade of true crocodiles (Crocodylus; Node 44). In
our analysis we confirm the close relationship be-
tween C. anthropophagus and C. thorbjarnarsoni (Node
51), already recognized by Brochu & Storrs (2012)
on the basis of four synapomorphies (anterodorsal
orientation of the external nares, upturned squa-
mosals, quadratojugals that extend to the poster-



290 Agzzara B. et al.

odorsal corner of the infratemporal fenestra, and
prominent prefrontal knobs). In our case, the re-
lationship between the clade formed by these two
species and the rest of true crocodiles is resolved. A
basal position within Crocodylus ot C. anthropophagus
and C. thorbjarnarsoni, already retrieved by Delfino
et al. (2020), is noteworthy because it may recall the
traditional view of Crocodylus as an “out-of-Africa”
taxon (Brochu 2000, 2007; Delfino et al. 2007), in
contrast with the hypothesis of an Indo-Pacific
origin of the genus based on biogeographic mod-
els (Nicolai & Matzke 2019) and molecular analy-
sis (Oaks 2011). The latter hypothesis is supported
also by the maximum parsimony analysis by Scheyer
et al. (2013), according to which C. palacindicus (see
below) is regarded as basal to all other Crocodylus,
although their analysis did not include fossil African
Crocodylus. More fossils, especially from the Mio-Pli-
ocene, are needed to solve this issue.

The clade formed by C. anthropophagus and
C. thorbjarnarsoni (i.e., Palacoafrican Crocodylus sensu
Cossette et al. 2020) is sister taxon of the crown
clade (Node 43), which is rooted on a polytomy be-
tween (1) C. niloticus, (ii) the clade formed by C. chec-
chiai and Neotropical crocodiles, (i) C. palaeindicus,
and (iv) the clade of other Indo-Pacific crocodiles.
The unresolved relationship between C. niloticus
(Node 3) and the clade of Neotropical Crocodylus
(Node 48) prevents verifying the hypothesis that the
Nile crocodile is basal to the New World species as
suggested in previous works (Brochu 2000; White
& Densmore 2001; McAliley et al. 2006; Megana-
than et al. 2010, 2011; Meredith et al. 2011; Oaks
2011; Pan et al. 2020). In fact, the latter clade also
includes C. checchiai in our tree, thus supporting the
reconstruction by Delfino et al. (2020) that the ex-
tant American crocodiles (C. moreletii, C. intermedius,
C. acutus, and C. rhombifer) are closely related to —and
possibly derived from— this Miocene African spe-
cies. The third clade (Node 106) includes only the
late Miocene-Pleistocene C. palaeindicus, whose re-
lationships with other Indo-Pacific species remain
unresolved. The latter species are grouped into a
fourth clade (Node 46), in which C. palustris rep-
resents the most basal taxon, followed by the clade
including C. siamensis and the closely-related Pleis-
tocene species Crocodylus ossifragus from the Pleis-
tocene of Java, and finally by the clade including
C. mindorensis, C. jobnstoni, C. porosus, and the pair C.
raninus-C. novaeguineae.

CONCLUSIONS

Thanks to the discovery of Black Sun
(THOR16_100BS) in Olduvai DK-E site, we have
been able to better frame our knowledge on the
cranial anatomy of C. anthropophagus, which was
hitherto known only on the basis of abundant but
fragmentary material (Brochu et al. 2010). Despite
taphonomic deformation, the completeness of
Black Sun allows confirmation or improved obser-
vation of most of the diagnostic characters of C.
anthropophagus (1.e., morphology and development
of the squamosal “horns” and of the crests along
the maxillary-nasal sutures). Moreover, thanks to
the relatively good preservation of the skull table,
its shape and relationships with the rest of the skull
can be characterised for the first time.

Our comparative analysis has confirmed
the morphological differences between the extinct
C. anthropophagus and C. thorbjarnarsoni from the
Plio-Pleistocene of Kenya, and the extant C. #ilo-
tieus (Brochu et al. 2010; Brochu & Storrs 2012).
The Kenyan species shows an unambiguous com-
bination of characters associated with markedly
larger size compared to the other species (Brochu
& Storrs 2012). On the other hand, the differences
between C. anthropophagus and C. niloticus are more
subtle. Based on the 1:7 ratio between dorsal cranial
length and total body length (Whitaker & Whitak-
er 2008 and references therein), Black Sun could
have been as long as 3.5 m, which is in agreement
with the average body lengths recorded for extant
C. niloticus (Cott 1961). We confirm that the cranial
morphology of C. anthropophagnus is outside the range
of variation for C. niloticus and C. suchus, which lies
almost exclusively in biometric variations within its
geographic range (Fuchs et al. 1974; Brochu et al.
2010; Nestler 2012). These results are supported by
our phylogenetic analysis (Fig. 8), which corrobo-
rates the close relationship between Palaecoafrican
Crocodylus species, that is, C. anthropophagus and C.
thorbjarnarsoni. The combination of characters ob-
served in these two sister taxa places them at the
base of Crocodylus, providing a further element to
the debate on the African or extra-African origin
(e.g., see molecular data by Oaks 2011) of this spe-
cious genus.

Crocodylus anthropophagus is so far reported in
Africa only at Olduvai Gorge (Fig. 9). However,
distinguishing fragmentary remains of this species
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A. Gennari 20

Fig. 9 - Life appearance of Crocodylus anthropophagus from Olduvai Gorge (Tanzania) based on the cranial morphology of Black Sun
(THOR16_100BS) and information from the literature (Brochu et al. 2010). In the background, some Homo habilis individuals are
walking in the DK palacoenvironment about 1.9-1.85 Ma. Artwork by A. Gennari.

from those of C. thorbjarnarsoni or C. niloticus may
not always be possible. Therefore, we are still un-
able to reconstruct (if any) a broader geographic
range of C. anthropophagus at least until well-pre-
served remains are discovered in other African ar-
eas. As far as chronology is concerned, Brochu et
al. (2010) reported fossils of C. anthropophagus from
several Olduvai sites/layers, spanning from Bed I to
(possibly) Bed 1V, i.e., this species occurred for at
least the entire Calabrian stage of the Early Pleis-
tocene. Among the previously reported findings,
the stratigraphically oldest ones are few postcranial
bones (scapula and humerus) from DK (Brochu et
al. 2010). Therefore, Black Sun represents to date
the earliest (ca. 1.9—1.85 Ma) and, despite not being
complete, the most informative cranium of C. an-
thropophagus.

The abundance of crocodile remains in the
DK deposits (Masao et al. 2013 and our own dis-

coveries; Fig, 4) suggests that the DK wetland (Fig.
9) was a habitat regularly frequented by these large
predators, as well as other areas of the Olduvai
Basin (Brochu et al. 2010; Njau & Blumenschine
2012). Taphonomic evidence shows that Olduvai
crocodiles fed (at least occasionally) upon hominins
(hence the species name anthropophagus chosen by
Brochu et al. 2010), as crocodile bite marks were
detected on at least two hominin specimens, i.e.,
the left foot OH8 from FLK-NN 3 and the left leg
OH35 from FLK-Zinj 22 (Njau & Blumenschine
2012). The first specimen is referred to H. habilis
(Leakey et al. 1964), the second —whose modifica-
tions are not interpreted as crocodile bite marks by
some authors (Aramendi et al. 2017)— is tentative-
ly assigned to H. habilis (Leakey et al. 1964; Leakey
1971; Day 1978; Susman & Stern 1982; Susman
2008) ot P. boisei (Day 1976; Tobias 1991). The very
abundant crocodile and hominin record (attested by
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common stone tools and well-preserved hominin
remains such as OH24 and OH56; Leakey 1971;
Benito-Calvo & de la Torre 2011; Stanistreet et al.
2018) in DK stimulates more research in this histor-
ical site also to clarify the predation risks our eatly
ancestors faced from C. anthropophagus (Njau 2012).
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