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Abstract
MicroCT imaging of organic inclusions within pottery sherds from Khashm el Girba 23
(KG23), Sudan, reveals domesticated sorghum (Sorghum bicolor subsp. bicolor) at c. 3700‐
2900 BC. The percentage of non‐shattering spikelet bases was c. 73% of identifiable
visualizations, with c. 27% representing wild types. These analyses demonstrate the
domestication of sorghum is significantly earlier than suggested by previous archaeological
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research. These results also demonstrate that microCT scanning is a major qualitative and
quantitative advance on pre‐existing methods for the investigation of crop remains in
pottery sherds, which hitherto have been reliant on surface impressions; it is non‐
destructive, provides higher resolution 3D imaging of organic inclusions, and enables
greater recovery of inclusions within a sherd. MicroCT analysis of ceramics, mudbrick and
other building materials has considerable potential for improving the chronologies and
resolution for the domestication of other cereals in the past.

Introduction
Sorghum (Sorghum bicolor) is one of the most important cereal crops cultivated globally, yet
current archaeobotanical evidence for the timing and location of sorghum domestication is
limited in comparison with other major cereal crops, such as maize (Zea mays; Kistler et al.,
2018), wheat (Triticum spp.; Allaby et al., 2017), barley (Hordeum vulgare; Allaby et al.,
2017) and rice (Oryza sativa; Fuller et al., 2016). Until recently, the earliest evidence for
domesticated sorghum dated to c. 2000‐1500 BC from India (Fuller, 2003), even though it
has long‐been been considered an African domesticate (Harlan & Stemler, 1976; Kahlheber
& Neumann, 2007). Recent research at two sites in the Sudan, Khashm el Girba 23 (KG23)
and Mahal Teglinos K1, used impressions of sorghum husks and rachillas in pottery sherds to
provide an initial chronological framework for understanding the character and duration of
the domestication episode for sorghum extending beyond 3000 BC (Winchell et al., 2017:
Beldados et al., 2018). In addition, domesticated sorghum grains and chaff dating from
between 2500 and 2000 BC have been recovered by flotation at the site of Jebel Moya,
south of Khartoum (Brass et al., 2019). Here we use microCT scanning to virtually
reconstruct sorghum husks and rachillas, as well as other organic remains embedded within
pottery sherds from the earliest of these sites, KG23. The higher quality and greater
quantity of archaeobotanical information recovered by microCT scanning in comparison to
previously employed methods reveals the domestication of sorghum had occurred by c.
3700‐2900 BC, much earlier than previously inferred.

A Note on Sorghum Taxonomy
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The determination of species and subspecies in archaeobotanical remains of sorghum
(Sorghum bicolor) is often problematic. Recent taxonomy and genetics recognize three
subspecies of Sorghum bicolor: wild (ssp. verticilliflorum), domesticated (ssp. bicolor) and
inter‐subspecific weedy hybrids (ssp. drummondii) (Wiersema & Dahlberg, 2007; Teshome &
Feyssa, 2013; also see Wang et al., 2020). Both wild and domesticated forms of sorghum are
cross‐pollinating and therefore some mixing of types would be expected even in fully
domesticated populations. As early as 1936, Snowden noted the presence of intermediate
forms of wild sorghum growing in the vicinity of cultivated populations. These intermediate
forms were likely exploited in the past. Examples of such intergrading forms are evident in
the proportions of spikelet base types found in some modern collections where
domestication traits, e.g. non‐shattering spikelets with open glumes can be seen within
single wild populations (see Winchell et al., 2017).

Archaeobotanical assemblages of sorghum should be differentiated into three phenotypic
categories based on spikelet base morphology (Fig. 2): smooth (wild), torn rachilla
(domesticated or immature) and rip scar (domesticated) (Winchell et al., 2017; Beldados et
al., 2018). Wild sorghum spikelets, which naturally disperse by detaching from the rachilla,
possess a smooth and even abscission scar. Domesticated‐type sorghum spikelets, must be
forcefully separated manually, for example by threshing, and possess a rachilla that is
typically torn below the spikelet base leaving a stub; although some domesticated‐type
spikelets possess a “rip‐scar” where the spikelet base is completely removed (noted only in
modern domesticated reference material). While the “rip‐scar” is exclusively found in
domesticated populations it is in the minority, while the torn rachilla is the typical dominant
form in domesticated populations, but might possibly result sometimes from the harvesting
of green (or immature) wild plants. Nevertheless, domesticated‐type spikelets are further
differentiated from immature‐type spikelets by the presence of a fully‐filled grain or signs of
grain removal through de‐husking, such as an empty glume or spikelet fork; whereas the
grains of immature types are not fully filled, smaller in size and flattened. Examples of
immature grains and spikelets have been illustrated in carbonized macro‐remains from the
site of Mahal Teglinos K1 (Beldados et al 2018). Immature‐type spikelets are expected to
occur in significant numbers within populations undergoing pre‐domestication cultivation,
during which harvesting most likely occurred while the panicle was still ripening, to retain
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the maximum possible grain yield without the loss of wild‐type spikelets to natural dispersal
(Fuller, 2007). Domesticated sorghum is conventionally divided into five cultivated races,
but early domesticated forms should all fall within the race bicolor, which shares tight‐fitting
hulls with its wild ancestor (Harlan & Stemler, 1976; Fuller & Stevens, 2018).

The Archaeobotany of Sorghum Domestication
The Eastern Sahelian region has long been considered the most likely location for the origin
of sorghum cultivation and its subsequent domestication (Harlan, 1971; Harlan & Stemler,
1976; Haaland, 1999). The modern distribution of the wild progenitor crop, Sorghum bicolor
ssp. verticilliflorum, is widespread across Africa; specifically, race aethiopicum is regarded as
ancestral to domesticated forms, which occurs across semi‐arid savanna and the southern
Sahelian zone from Mauritania to western Ethiopia (De Wet and Harlan 1971; Dahlberg
1995; Fuller & Stevens, 2018). Prior to 2017 the earliest identified archaeobotanical
evidence for domesticated sorghum populations came from India dating to between c.
2000‐1500 BC (Fuller, 2003; Kahlheber & Neumann, 2007). Available evidence from Africa,
including Early and Middle Holocene Sudan, the Egyptian desert and southern Libya, was
restricted to morphologically wild forms, suggestive of wild sorghum gathering from 7500
BC to 3750 BC (Fuller & Stevens, 2018; Mercuri et al., 2018). Therefore, archaeobotanical
evidence was required from East African contexts earlier than 2000 BC to document the
domestication process before transference eastward to India.

Since the end of the Pleistocene, the Sahel and bordering regions were home to a large
number of wild summer rain‐fed cereals and grasses (Harlan, 1971; Clark, 1980; Marshall &
Hildebrand, 2002; Neumann, 2005), which were exploited by ceramic‐bearing hunter‐
gatherer groups during the early to mid‐Holocene (Stemler, 1990; Wasylikowa, 1992;
Wasylikowa & Dahlberg, 1999; Barakat & Fahmy, 1999; Mercuri, 2001, 2008; Barich et al.,
2014; Mercuri et al., 2018). Species associated with such contexts include wild sorghum, as
well as a number of small millets comprising Pennisetum, Digitaria, Panicum, Echinochloa
and Brachiaria. Wild sorghum appears in large concentrations alongside these smaller
millets at a number of archaeological sites spread across a wide region, including the
Western Desert of Egypt at Nabta Playa (8000‐7000 BC; Wasylikowa & Dahlberg, 1999),
Southern Libya during the Late Acacus Period (c. 7500‐7100 BC; Wasylikowa, 1992;
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Castelletti et al., 1999; Mercuri, 2001, 2008; Olmi et al., 2011), and Central Sudan (c. 5700‐
3750 BC; Abdel‐Magid, 1989, 2003; Stemler, 1990; Sadig, 2010). Until recently, there had
been no research to reveal evidence for a protracted period of pre‐domestication
cultivation of sorghum, or the domestication episode, which occurs prior and leads to the
fixation of phenotypic and genetic changes associated with domestication, such as non‐
shattering spikelet bases in early archaeobotanical assemblages of other major cereal crops
(Fuller et al., 2014).

Recently the examination of impressions of chaff tempering preserved on the surface of
ceramic sherds has provided new evidence for the appearance of domesticated
morphotypes of sorghum in the eastern Sahelian region. Archaeobotanical assemblages at
two sites, KG23 (Winchell et al., 2017) and Mahal Teglinos K1 (Beldados et al., 2018),
contained sorghum spikelets of both wild (verticilliflorum) and domesticated (bicolor) types,
as would be expected of populations undergoing domestication under cultivation. Both sites
are located in the Southern Atbai, the area between the Atbara, Gash River and Gash River
Delta in modern day Sudan (Fig. 1). Today, it is a featureless semiarid steppe best known for
mobile pastoral livelihoods, but summer rain‐fed grasses provide potential gathered foods,
and traditional low‐rainfall cultivation of millets or sorghum is practiced (Sadr, 1991; Nixon
et al., 2011; Winchell et al., 2017; Lancellotti et al., 2019). Under wetter climatic conditions
during the middle Holocene, zones of potential cultivation or wild grass stands would have
been more extensive (Lezine 2017; Hopcroft et al 2017). Subsequently with gradual drying
these grasslands contracted, especially between 4000 and 2000 BC (Shanahan et al., 2015;
Lezine 2017; Hildebrand et al., 2018).

The cultural materials at KG23 and Mahal Teglinos K1 are both affiliated with the Atbai
Ceramic Tradition (ACT) of the Sothern Atbai region (Fattovich et al., 1984; Marks et al.,
1986; Marks & Fattovich, 1989; Sadr, 1991; Fattovich, 2010; Manzo, 2012; Winchell, 2013),
which is divided into seven major cultural groups: the Amm Adam Group (c. 6th‐5th millennia
BC); the Malawiya Group (c. 5th‐4th millennia BC); the Butana Group (c. 4th‐3rd millennia BC),
which includes KG23; the Gash Group (c. 3rd‐2nd millennia BC), which includes Mahal
Teglinos K1; the Mokram Group (c. 2nd‐1st millennia BC); the Hagiz Group (c. mid 1st
millennium BC‐mid 1st millennium AD); and, the Gergaf Group (mid 2nd millennium AD)
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(Shiner, 1971; Sadr, 1988; Fattovich, 1989; Abbas & Jaeger, 1989; Sadr, 1991; Manzo et al.,
2011; Manzo, 2012; Winchell, 2013). ACT sites, particularly those of the Butana Group, show
increases in site area and thickness of cultural deposit over time, representing longer and
more intense occupation than at earlier sites (Fattovich et al., 1984; Mbutu, 1991; Winchell,
2013). The Butana Group sites are considered to represent a change from a mobile hunter‐
gatherer subsistence strategy to more sedentary practices (Sadr, 1988; Grove, 2007;
Winchell, 2013), even though faunal remains suggest a continuation of hunting wild game
until at least the 3rd millennium BC (Peters, 1986; Manzo, 2012). The ACT sites may be of
particular relevance to the spread of African cereal domesticates due to Gash Group sites,
such as Mahal Teglinos K1, revealing evidence of complex administrative systems with long‐
distance trade links to Egypt, the Red Sea and the Arabian Peninsula (Manzo, 2012;
Fattovich, 2010, 2012; Bard & Fattovich, 2013). These trade links present a possible
geographic and economic route for the transference of African crops, including sorghum
and pearl millet (Pennisetum glaucum), to the Indian sub‐continent sometime during the
late 3rd or early 2nd millennium BC (Boivin and Fuller 2009; Winchell et al., 2018).

Sorghum remains at KG23 and Mahal Teglinos K1 were identified in the form of plant
impressions on the surfaces of ceramic vessels and baked clays, supplemented by a small
number of macro‐remains at Mahal Teglinos K1 (Bedaldos et al 2018). The 117 sorghum
surface impressions from both sites were analysed by viewing silicone casts of the ceramic
surfaces under SEM and then comparing spikelet morphologies to modern reference
collections of wild and domesticated sorghum species (Winchell et al., 2017; Beldados et al.,
2018).

The sorghum assemblages at KG23 and Mahal Teglinos K1 were previously interpreted to
represent plant populations still undergoing domestication due to the presence of both
domesticated and wild‐type spikelets, implying that morphological domestication traits
were not yet fixed. Within these initial studies, sorghum at Mahal Teglinos K1 (2000‐1700
BC; Beldados et al., 2018) appeared further along the evolutionary path to domestication
than at KG23 (3600‐3100 BC; Winchell et al., 2017), due to the slightly higher percentage of
domesticated spikelets; namely, 39‐60% (including indeterminate and excluding
indeterminate in percentage calculations, respectively) compared with 31% at KG23. Given
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the chronological gap between the sites of approximately 1000‐1500 years, these results
suggested the domestication of sorghum occurred over a protracted time period of
millennia, comparable to other major cereals (Fuller et al., 2014).

Unfortunately, the number of specimens from the pre‐domestication cultivation phase of
sorghum is small in comparison to those used to construct domestication sequences for
other major crops (Winchell et al., 2018). Only 51 sorghum spikelets were identified at KG23
and 66 at Mahal Teglinos K1 XI. The development of a new protocol utilising microCT
imaging for the visualisation of organic remains within pottery sherds has been shown to
provide an innovative way to increase archaeobotanical yield by maximising analytical
coverage of previously excavated and/or analysed materials (Barron et al., 2017; Barron &
Denham, 2018). In an effort to increase the number of sorghum spikelet bases associated
with pre‐domestication cultivation assemblages available for analysis, this protocol was
applied to a selection of pottery sherds from the site of KG23, which had previously been
subjected to surface impression analysis and determined to contain sorghum as temper
(Winchell et al., 2017).

Methods
The site of KG23 is the largest of the Butana Group sites, an occupation mound covering 12
hectares comprised of midden deposits up to 2 m thick, which was excavated by the
Southern Methodist University in the 1980s (Fattovich et al., 1984). Other than sporadic
occurrences of surface finds, all artefacts (consisting almost entirely of lithics and ceramics)
recovered from the midden deposit were characteristic of the Butana Group cultural
tradition demonstrating that the occupation at KG23 consisted of a single cultural
component (Mbutu 1991; Winchell 2013). Three locations within the occupation deposit
were systematically excavated (KG23a, KG23b and KG23c) in 5 cm spits.

Two wood charcoal samples from Area C and a third from Area A were radiocarbon dated
and calibrated to between 3700‐2900 BC (Table 1; Winchell et al., 2017), suggesting the site
was occupied for a discrete period of around 500 years. However, the large standard
deviations for two radiocarbon ages (SMU‐1155 and SMU‐1201) produce broad two sigma
(95.4%) calibrated date ranges for probable occupation of the site between c. 3900‐2500 cal
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BC (rounded to nearest century). Despite the lower confidence level, the one sigma (68.3%)
calibrated date ranges are suggestive of occupation between c. 3700‐2900 cal BC and are
used here to provide a chronology for interpretation of the archaeobotanical findings. Given
the radiocarbon samples were all wood charcoal, they may include an ‘old wood effect’ and
thus provide maximum dates for occupation of the site. The duration of occupation within
this 800 year time period cannot be accurately determined, although the range of the
median calibrated dates hints it could be less than three hundred years. These dates
together with the pottery at KG23 provide a relatively robust chronological framework for
occupation of the site, and align with radiocarbon and relative dating of other Butana Group
sites to c. 3800‐2700 cal BC (Sadr, 1991; Manzo, 2012; Winchell, 2013).

During excavation, clear internal stratigraphic zonation was not observed in the sediments
across the site (Fattovich et al., 1984; Winchell, 2013). Consequently, only a relative
chronology based on depth within the deposit can be used to broadly periodise finds within
the period of occupation. Following a comprehensive ceramic analysis for Area KG23c,
Winchell (2013) constructed a relative chronological sequence based on a statistical
seriation among the major ceramic types through the deposit, which differentiated between
an early (levels 11‐28) and late interval (levels 1‐10). Although a systematic ceramic analysis
was not conducted within the other two areas excavated at KG23, this chronostratigraphic
pattern between an early and late interval was also present at six other Butana Group sites
where the ceramic types were analysed (Winchell, 2013: 66‐70).

Following the in‐depth analysis of the ceramic assemblage (Winchell, 2013), surface
impressions on a selection of 91 Khordhag Plain sherds were analysed for organic inclusions
(Winchell et al., 2017). Out of all the ceramic types defined within the Butana Group, only
Khordhag Plain type sherds present evidence for organic tempering in the form of visible
surface impressions and dark residues left from the combustion of organic materials
(Winchell, 2013: 189‐192). Twelve of these Khordhag Plain sherds, representing
stratigraphic positions throughout the occupation deposit in Area C (Table 1), were selected
for Heliscan high‐resolution microCT scanning (Latham et al., 2008; Myers et al., 2011) at
the National Laboratory for X‐ray Micro Computed Tomography (CTLab), Australian National
University.
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Four sherds were mounted in each of three aluminium tubes (55 mm diameter) and
stabilised using packing foam. Each tube was then imaged at 100 kV and 65 mA with a 3 mm
aluminium filter for a duration of between 11‐13 hours, resulting in voxel sizes of between
20‐22 μm. The resultant datasets were rendered using the open source visualisation
software Drishti (v. 2.6.5) and Drishti Paint (v. 2.6.5) (Limaye, 2012). The distribution of
organic inclusions identified by X‐ray attenuation values lower than the surrounding clay
matrix was visualised in low‐resolution (1/64th) (Fig. 3) before individual inclusions were
identified, segmented and visualised in high‐resolution (see Barron & Denham, 2018).
Individual inclusions identified as sorghum spikelets were assigned to one of four categories:
wild, immature, domesticated and indeterminate, based on the morphology of their spikelet
bases as well as grain shape and size (following Winchell et al., 2017; Beldados et al., 2018).
These new results were considered alongside available comparable datasets to provide an
updated time series of evidence relating to the sorghum domestication process.

Results
All twelve sherds contained organic temper, including significant quantities of unidentifiable
plant fragments, possibly leaf and stem chaff, as well as morphologically distinct Sorghum
spp. spikelets. The majority of spikelets appeared to be empty husks, suggesting they were
likely waste material from the dehusking process. Quantities of fragmentary chaff material
in all sherds and the presence of spikelet forks in one sherd (C2‐13 29) reinforce this
interpretation. Significantly, these finds indicate that harvested sorghum was being bulk
processed to separate the edible grains from chaff; the resultant by‐product of this routine
food processing activity was then used as ceramic temper. This suggests that sorghum was a
major dietary component in the same community that produced chaff‐tempered ceramics.
There were also a small number of spikelets that appeared as voids within the sherds,
making it difficult to determine if they were included as empty husks or had contained
grains that had combusted during the firing process. While it is also possible that the empty
but intact domesticated‐type spikelets could also come from free‐threshing sorghum races,
we expect those husks to differ in shape (generally being broader) and have a different
angle of attachment to the rachis (see Fuller & Stevens, 2018).
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A total of 82 sorghum spikelets were identified in the 12 sherds: 57 torn rachis
domesticated‐type (69%), 21 smooth wild‐type (26%), no obvious immature types and 4
indeterminate (5%) (Fig. 4; Table 2; see SOM Presentation S1 of all visualised spikelets). All
domesticated types had mature glumes due to a rounded morphology and small length‐to‐
width ratios, whereas no immature types were identified with only partially filled glumes.
Also, no domesticated type spikelets possessed a rip scar, which is consistent with the
findings of Winchell et al. (2017; 679). Beldados et al. (2018; 521) suspected rip scars may
only appear in later domesticated populations or following changes in threshing techniques.
The wild types were clearly identifiable due to significantly larger length‐to‐width ratios and
smooth abscission scars. The morphologies of inclusions that were assigned indeterminate
status were partially obscured by overlapping chaff or sherd edges, were fragmentary, or
had features belonging to more than one of the three other categories. The 82 identified
spikelet bases significantly augment evidence for early morphological change in sorghum
(Fig. 5), suggesting completion of domestication by the 3rd Millennium BC at the latest.

Four sherds contained entirely domesticated sorghum remains (C2‐1 129, C2‐6 81, C2‐28
114, C3‐3 83); two sherds contained entirely wild‐type sorghum (C3‐9 36, C3‐19 126); and
the remaining six sherds contained both domesticated and wild‐type spikelets with
domesticated‐types outnumbering wild in four of those sherds. Three Echinochloa grains
were also identified in two sherds (C3‐3 83 and C3‐13 106).

Discussion
Augmented archaeobotanical recovery
Previous studies have highlighted ceramic sherds as under‐utilised sources of
archaeobotanical evidence (McClatchie & Fuller, 2014), but this research highlights how
high quality archaeobotanical data is missed through conventional study of only surface
impressions. Primarily, macrobotanical remains visible on pottery surfaces have been
imaged in order to identify taxa and sometimes determine domestication status (e.g. Abdel‐
Magid, 1989; Stemler, 1990; Fuller et al., 2007; Manning et al., 2011; Winchell et al., 2017;
Beldados et al., 2018). This method has been particularly useful when archaeobotanical
preservation of charred macro‐remains is poor or field sampling has been limited.
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The microCT results, comprising 82 spikelets in 12 sherds, equates to an average recovery
rate of 6.83 spikelets per sherd and vastly outstrips the efficiency of previous surface
impression studies. Winchell et al. (2017) utilised surface impressions in 91 sherds from
KG23 to identify 51 sorghum spikelets, equating to a recovery rate of only 0.56 sorghum
spikelets per sherd. The application of microCT has increased the yield of spikelet bases per
sherd by over 1000 % compared to the surface impression method.

MicroCT visualisation also significantly increases the quality of archaeobotanical recovery,
because it enables three‐dimensional reconstruction of the entire spikelet, whereas surface
impressions are often partial resulting in indeterminate morphology of the abscission scar
(compare microCT images in SOM Presentation S1 to surface impression photomicrographs
in SOM Presentation S2). In the twelve sherds analysed, 20 out of 31 surface impressions
were indeterminate, whereas only 4 out of 82 microCT visualisations were indeterminate
(Table 2).

The increased quantity of spikelets identified is particularly significant because the total
quantity of spikelets associated with the cultivation of early domesticated forms of sorghum
across Africa is extremely low. Indeed, these microCT results from KG23 comprise the
largest and earliest assemblage of domesticated spikelets for sorghum. Even though these
conclusions are based on only a handful of pottery sherds from one site, these results show
the potential of using microCT analysis to document the domestication of cereals, as well as
other crops, using previously excavated pottery sherds from across Africa. The results from
KG23 also warrant re‐examination of the Mahal Teglinos K1 assemblage to potentially
increase the quantity and quality of spikelet base data.

There are a number of reasons why quantities of early sorghum remains are currently fewer
than other major cereal domesticates, including poor preservation rates, lack of
archaeobotanical sampling as well as decreasing access to the region due to geopolitical
instability. Reasons such as these make early sorghum cultivation in Africa the perfect case
study for the application of newer analytical techniques, such as microCT, which do not
require further fieldwork but rather can be applied to extract larger quantities of data from
extant but limited archaeological pottery assemblages. MicroCT is non‐destructive and can
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be applied to other already collected pottery assemblages from the Eastern Sahelian zone in
order to flesh out the chronological and contextual narratives of sorghum domestication.

Domestication Episode for Sorghum
The increased number of spikelets identified and analysed at KG23 through microCT not
only increases the dataset size, but also significantly increases the proportional counts of
domesticated spikelet types. The proportion of domesticated‐type spikelets (as a
percentage of those identified to wild and domestic) increased from 31% in surface
impressions to 73% (57 of 78) in microCT analysis, while the wild‐types decreased from 35%
to 27% (21 of 78; Fig. 5). MicroCT results include many fewer classed as indeterminate. The
larger microCT dataset indicates that a larger proportion of sorghum plants exploited at
KG23 had the domesticated morphology than previously estimated. With more than 73%
displaying domesticated morphology, the sorghum crop can be regarded as domesticated,
with domesticated morphology nearing or at fixation. Furthermore, this implies that
cultivation began earlier than previously estimated.

Although the new data indicate that the domestication of sorghum had likely occurred by
3700‐2900 BC, the location and timing of initial cultivation are unknown. The high
proportion of the domesticated form at KG23 suggests that domesticated sorghum was
introduced to the area during the Butana Group occupation, rather than providing evidence
for in situ domestication in the vicinity. Comparable evidence is needed from older sites to
establish whether domestication, and pre‐domestication cultivation, were taking place in
the region during the earlier Malawiya/ Saroba Phase (5th millennium BC) and the Malawiya‐
Butana transition (4000‐3800 BC).

Based on these new findings, the relatively low proportion of domesticated forms reported
from Mahal Teglinos K1 requires re‐evaluation. The percentage of domesticated spikelets at
KG23, c. 73%, is higher than that estimated at Mahal Teglinos K1, c. 60% (Beladados et al.,
2018), despite being c. 1000‐1500 years older. However, the sample size at Mahal Teglinos
was small and has not been studied by the improved microCT methods reported here. Also
the material comes from fragments of baked clay used in the construction of fixed storage
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vessels (Beladados et al., 2018), and as such might not be representative of routine food
processing activities.

Nevertheless, current data raise questions about how a later site appears to have a lower
proportion of domesticated forms in its assemblage. Although these sites are only ~50km
apart, the drop‐off between the sites could represent different sorghum exploitation
patterns, either with a diverse range of sorghum populations at differing stages of the
domestication process, or including larger contributions of wild sorghum gathering in some
areas, like Mahal Teglinos. Further, recent flotation samples from Jebel Moya, some 350 km
to the southwest of KG23, indicated a domesticated sorghum assemblage dating between
2500 and 2000 BC, also earlier and apparently more advanced than the Mahal Teglinos
assemblage (Brass et al., 2019). Comparisons might be drawn with evidence from the
Southern Levant where shattering, wild‐type barley rachises continue to dominate some
assemblages after 7000 BC despite the occurrence of domesticated (>80% non‐shattering)
barley over most of Western Asia by ca. 7500 BC (Fuller et al., 2018). Together these
discrepancies highlight the need for analysis of more archaeobotanical assemblages from
more sites and phases to better capture the dynamics of sorghum domestication in the
eastern Sahel.

Snapshots of early cultivation
The increased number of sorghum spikelets identified in this study provides a nuanced view
of Sorghum bicolor populations growing in the Southern Atbai region at 3700‐2900 BC, as
well as the ways in which they were being processed for consumption and utilised as
pottery temper. The ability to visualise all the sorghum spikelets in each sherd provides a
‘pot‐by‐pot’ snapshot of sorghum use at KG23, which reveals that different sorghum
populations were being exploited and used as temper for different ceramic vessels. The
variations in the types of sorghum present in different sherds at the site potentially
represents social and spatial variations in the types of plant exploitation practiced by
different households or segments of the community that were supplying chaff to various
potters living in the vicinity at the same time.
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Some sherds are tempered with entirely wild sorghum. The sorghum in these sherds could
represent the continued exploitation of wild sorghum populations, cultivation of non‐
domesticated plants by some communities living locally, or the utilisation of wild stands in
years when crops failed. Other sherds contain only morphologically domesticated sorghum
spikelets, which are indicative of a plant population that has undergone a significant period
(c. 1500‐2000 years) of human‐mediated selection resulting in fixation of the loss of natural
dispersal mechanism and increase in grain size; these sherds represent cultivation of
domesticated sorghum in the vicinity of the potters’ community.

Some communities seemingly exploited wild sorghum stands more heavily than others,
perhaps persistently, whereas for others wild sorghum was probably only a fall‐back
following crop failure or a ritual requirement. Other communities were reliant to varying
degrees on the cultivation of domesticated plants, or admixed assemblages of wild and
domesticated plants; they produced tempering assemblages high in the chaff of the
domesticated form, or mixed domesticated and wild forms, respectively. Alternatively,
some subtle differences in scheduling may account for the variations between sherd
assemblages, with wild sorghum harvests taking place some weeks prior to harvesting of
cultivated populations; consequently, only slight scheduling differences in when pots were
made would have affected the forms of sorghum chaff available as temper. There is also the
possibility that a mixed subsistence strategy, combining cultivation as well as gathering of
wild sorghum using baskets or ground collection, resulted in the observed variations
between sherds.

All of the sherds imaged were of Khordhag Plain type with no apparent differences in
composition, form or decoration between the pottery sherds containing wild‐type spikelets
and those with domesticated‐type spikelets (Winchell, 2013).. There is some indication for a
rise in the percentage of domesticated types versus wild types within sherds from the two
chronostratigraphic zones identified by Winchell (2013) at KG23: domesticated types
account for 70% (42 of 60) in levels 11‐28 (early interval) and 83% (15 of 18) in levels 1‐10
(late interval). However, interpretative caution is needed given the small sample size of
sherds analysed here, and limited stratigraphic control through excavation in spits.
Irrespective of stratigraphic position, though, some sherds represent the continued
14

exploitation of wild types, whereas others represent the exploitation of domesticated forms
or mixed populations. The resultant window on early sorghum cultivation suggests a mosaic
of practices and types of plants exploited in the vicinity of the site throughout the several
hundred years of occupation. Given that each pottery sherd contains its own discrete
archaeobotanical assemblage, it is possible that with more data from sites across northern
Africa we will be able to disentangle the socio‐spatial character of early sorghum
domestication.

Conclusion
The application of microCT scanning to organic‐tempered pottery sherds has previously
been shown to reveal morphological details required to differentiate between domesticated
and wild‐type cereal remains. The protocol developed by Barron & Denham (2018) can be
applied to assemblages of organic‐tempered pottery to compile proportional counts of
morphological types in order to evaluate the domestication status of cereal populations
being exploited by people in the past. When applied to pottery sherds from KG23, the
greater analytical coverage provided by microCT significantly increases the number of
organic remains available for study relative to previous analyses restricted to surface
impressions (Winchell et al., 2017).

The microCT analysis reveals a high proportion (c. 73%) of spikelets at KG23 were
domesticated by c. 3700‐2900 cal BC, and that these remains can be clearly linked to
dehusking of grains for consumption. Given comparative evidence for the rate of cereal
domestication (Allaby et al., 2017; Fuller et al., 2014), we can estimate that sorghum
cultivation and domestication are likely to have begun some 1500‐2000 years earlier (ca.
5500‐5000 BC). While these results suggest that sorghum cultivation was well‐established in
the Southern Atbai by 3000 BC, they also suggest that the exploitation of morphologically
wild sorghum populations continued from earlier periods. Earlier sorghum assemblages in
Africa, such as Nabta Playa site E‐75‐6 in Egypt (8100‐7900 BC), or) and Takarkori in Libya
(7500‐6400 BC), consist of entirely wild type sorghum remains (Wasylikowa & Dahlberg,
2001; Mercuri et al., 2018). The vastly increased quantity and quality of archaeobotanical
recovery using microCT relative to surface impressions greatly increases the potential of
ceramic assemblages already excavated from archaeological sites across northeastern Africa
15

to clarify the chronologies and social processes associated with the domestication of
sorghum.
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Table 1. AMS radiocarbon dates for wood charcoal from Khashm el Girba (KG23; Winchell et al., 2017). Calibrations undertaken using CALIB
rev. 7.1.0 (Stuiver and Reimer, 1993) and Intcal20 calibration dataset (Reimer et al., 2020).
Test Unit

Depth
(cmbs)

Lab Code

Radiocarbon Age
(BP)

Calibrated Date
(BC) 68.3%

Calibrated Date
(BC) 95.4%

KG23a

90

SMU‐1155

4527 ± 253

3527‐2906 (100.0)

KG23c

115

SMU‐1188

4519 ± 67

135

SMU‐1201

4727 ± 154

3357‐3306 (22.4)
3302‐3282 (8.3)
3276‐3266 (4.5)
3243‐3102 (64.9)
3703‐3679 (3.5)
3656‐3337 (94.2)
3210‐3194 (2.3)

3893‐3882 (0.2)
3798‐2568 (99.2)
2527‐2497 (0.6)
3492‐3463 (2.2)
3375‐3010 (96.5)
2979‐2964 (0.7)
2948‐2936 (0.6)
3912‐3877 (1.1)
3804‐3022 (98.9)

KG23c

17

Median
Probability
(BC)
3214

3211

3482

Table 2. MicroCT data for sorghum inclusions within twelve pottery sherds excavated from
Test Units C2, C3 and D3 within Area C at Khashm el Girba (KG23), Sudan. MicroCT (mCT)
and surface impression (SI) data are given for each sherd (7), with ‘?’ indicating potential
identifications. Sherd code represents test unit, level (excavated in 5 cm thick spits) and the
designated sherd number within that level (in parentheses).
Depth
(cm)
0‐5
10‐15
25‐30
40‐45
40‐45
55‐60
65‐70
65‐70
70‐75
90‐95
90‐95
135‐140
Totals

Sherd

Torn

mCT
C2_1 (129)
3
C3_3 (83)
4
C2_6 (81)
7
C3_9 (36)
D3_9 (13)
1
C2_12 (79)
7
C2_13 (29)
1
C3_13
4
(106)
C2_15
6
(116)
C3_19
(126)
D3_19
16
(90)
C2_28
8
(114)
12
57

Smooth
SI

mCT

SI

Immature
mCT

SI

Indeterminate
mCT

SI
3

2

mCT
3
4
7
4
2
8
8

SI
3
1
3
4
1
4
3

1+2?

6

3

7

0

1?

5

1

5

20

6

8

2

82

31

1?
2
1
1
7

2?

2

1
1

3
2
1?

3

1

1

1
5
3

1

1

2
3

21

5

18

0

3

4

Total

20
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Figures

Figure 1. Map with location of Khashm el Girba 23 (KG23) in relation to other sites with
archaeological evidence of sorghum (wild, cultivated, and domesticated); domesticated
status indicated for sites with majority non‐shattering evidence. Map indicates approximate
potential modern extent of wild sorghum races (after Harlan & Stemler, 1976; Fuller &
Stevens, 2018). Sites numbered: (1) Kawa; (2) Umm‐Muri; (3) Dangeil; (4) Meroe City; (5)
Hamadab; (6) El Kadada; (7) Muweis; (8) Naqa (art) (9) Shaqadud; (10) Shaheinab; (11) El
Zakiab and Kadero; (12) Umm Direiwa; (13) Sheikh Mustafa; (14) El Mahalab; (15) Sheikh el
Amin; (16) Jebel Qeili (art); (17) Jebel Tomat; (18) Rabak; (19) Abu Geili; (20) Jebel Moya;
(21) Kasala K1 [Mahal Teglinos] (Updated from Winchell et al., 2017; Bouchard et al., 2018;
Fuller et al., 2018; Brass et al., 2019).
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Figure 2. Comparative SEM (left) and hand illustrated (right) images of reference specimens
showing: A – smooth scar in wild‐type; B – torn rachillas (30‐100%) in domesticates and
immature (green‐harvested) wilds; C – “rip scar” (up to 70% in domesticates).
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Figure 3. MicroCT images of Sherd C2‐12 (79). A: Clay fraction. B: Organic inclusions
rendered in green with whole sorghum spikelets rendered in red. C: Sorghum spikelets
isolated from the ceramic matrix. D‐E: Detail of Inclusion 11, domesticated‐type sorghum
spikelet. See SOM Animation 1 – methodological summary of microCT visualisation of
included sorghum remains.
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Figure 4. MicroCT images of botanical inclusions within pottery sherds from KG23c. A: Wild‐
type sorghum spikelet, Sherd C3‐9 (36) Inclusion 3. B: Domesticated‐type sorghum spikelet,
Sherd D3‐19 (90) Inclusion 4. C: Wild‐type spikelet, Sherd D3‐19 (90) Inclusion 23. D:
Domesticated‐type spikelet fork, C2‐15 (116) Inclusion 8. E: Wild‐type spikelet fork, Sherd
C2‐13 (29) Inclusion 9. F: Echinochloa grain, Sherd C3‐13 (106) Inclusion 13. See SOM
Animation 2 – virtual excavation of sorghum spikelet, Inclusion 6, within sherd C2‐12 (79).
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Figure 5. Contribution of new
sorghum impressions to quantitative domestication data on Sorghum. Panel A.
Counts/proportions of spikelet base types from: SI = surface impressions (Winchell et al.,
2017); mCT = microCT scans (this study); and, Total = the two datasets combined. Panel B.
The total KG23 dataset compared to other quantified data (from Abdel‐Magid, 1989;
Stemler, 1990; Wasylikowa & Dahlberg, 1999; Winchell et al., 2017; Beldados et al., 2018;
see Table S1). C. The estimated percentage of domesticated vs. wild types is plotted
(excluding indeterminates) (as per Fuller et al., 2014; see Table S1). Assemblages included
are Nabta E‐75‐6 (Wasylikowa & Dahlberg, 1999) (n=14), all four Stemler (1990) sites
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summed (n=29), KG23 summed (n=134), Mahal Teglinos K1 (Beldados et al 2018) (n=66).
Dashed curve of domestication rate is impressionistic.

Table 1. AMS radiocarbon dates for wood charcoal from Khashm el Girba (KG23; Winchell et
al., 2017). Calibrations undertaken using CALIB rev. 7.1.0 (Stuiver and Reimer, 1993) and
Intcal13 calibration dataset (Reimer et al., 2020).

Table 2. MicroCT data for sorghum inclusions within twelve pottery sherds excavated from
Test Units C2, C3 and D3 at Khashm el Girba (KG23), Sudan. MicroCT (mCT) and surface
impression (SI) data (from Winchell et al., 2017) are given for each sherd, with ‘?’ indicating
potential identifications. Sherd code represents test unit, level (excavated in 5 cm thick
spits) and the designated sherd number within that level (in parentheses).
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SOM Captions

Table S1. Current data on sorghum non‐shattering from Egypt and Sudan: KG23 in
comparative context.

Animation S1. Methodological summary of microCT visualisation of included sorghum
remains demonstrating the virtual extraction of sorghum spikelets from Sherd C2‐12 (79).
Initial images show clay fraction (rendered in brown), then sequentially revealing organic
inclusions (rendered in green) and whole sorghum spikelets (rendered in red), and
concluding with detailed visualisation of Inclusion 11, a domesticated‐type sorghum
spikelet.

Animation S2. Demonstration of virtual excavation of sorghum spikelet, Inclusion 6, within
sherd C2‐12 (79). The visualisation shows the virtual excavation of the sorghum spikelet
(rendered in red) from the surrounding clay matrix (rendered in brown).

Presentation S1. Virtually reconstructed sorghum spikelets embedded as inclusions and
impressions within pottery sherds from Khashm el Girba (KG23). All 82 spikelets
reconstructed.

Presentation S2. Photomicrographs of surface impressions of sorghum in the surface of
pottery sherds at Khashm el Girba (KG23).
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