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Abstract 

 

Archaeologists frequently apply 87Sr/86Sr geoprovenance to human and animal bone to 

answer questions surrounding foodways and migration. Utilizing this method to source 

archaeological timber has recently expanded, enriching the archaeological record and 

enhancing studies in wood geochemistry. Due to the effects of time and post-depositional 

alteration, a considerable portion of archaeological wood is found in the form of charcoal. 

However, the impacts of carbonization and chemical contamination on wood strontium 

resilience—and therefore, the applicability of 87Sr/86Sr geoprovenance for anthropogenic 

charcoal—have not yet been examined. Experimental analysis comparing 87Sr/86Sr ratios and 

δ13C values in wood and experimental charcoal (heated at ~400°C and 900°C) from two 

Vachellia nilotica trees sourced in modern Sudan illustrated a consistency between untreated 

wood and both forms of charcoal sufficient to suggest that pyrolysis alone does not 

significantly alter 87Sr/86Sr ratios or δ13C values in V. nilotica. 87Sr/86Sr values ranged from 

0.71715 – 0.71740 (GZL 1) and 0.71678 – 0.71692 (GZL 2). Carbon isotope values ranged 

from -26.4±0.06؉ (VPDB) to -28.4±0.06؉ (VPDB). Tests on V. nilotica charcoal remnants 

from late Holocene iron smelting contexts in Meroe, Sudan show that it is possible to 

produce 87Sr/86Sr ratios from anthropogenic charcoal. Further, these preliminary indications 

suggest that 87Sr/86Sr data from charcoal supported by carbon isotope data from the same 

material can be used as a reliable indicator for wood provenance. 87Sr/86Sr data from the 

Meroe material ranged from 0.70724 - 0.70737, with δ13C values ranging from -26.9±0.06؉ 

to -24.6±0.06؉ (VPDB). Using this knowledge, I posit that iron smelting fuel charcoal at 

Meroe may have come from one region between the Atbara confluence and the confluence 

of the Blue Nile and the White Nile from 400 BCE – 400 CE. Carbon isotope analysis 

supports this hypothesis. These results suggest that the preference of local V. nilotica 

charcoal for iron smelting, combined with intensive production ca. 400 – 200 BCE, may 

have been a catalyst for a break in iron smelting activity at Meroe due to resource exhaustion 

or climatic variability evidenced throughout the region. Additional improvement in 87Sr/86Sr 

and δ13C methods for charcoal analysis will enhance this and similar studies in the future. 
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Introduction 

 

Though it is no longer the fuel of choice in the industrial age, charcoal nevertheless persists 

in modern settings around the world. Burning charcoal gives heat to cooking surfaces, kilns, 

and campfires1, although its elemental carbon composition and absorptive qualities are 

advantageous as part of filtration systems2, medical pigment3, cosmetics4, and toothpaste.5 

Even so, charcoal is a product brought from flame, and fuel remains its most prominent 

purpose in both domestic and industrial contexts. Because of this worldwide ubiquity, 

charcoal has become a useful proxy in a variety of fields, including fire ecology6, 

paleoclimatology7, woodland ecology8, biogeochemistry9, and archaeology.10  

 

The incorporation of charcoal as a proxy in studies with environmental components has 

been swiftly increasing as scholars develop novel methods for its analysis. More concretely, 

Quaternary International published three entire volumes on anthracological (charcoal-related) 

studies during late 2017 and early 2018.11,12,13 These special issues include articles which 

utilize charcoal in a variety of ways, including in paleoforest reconstruction and analysis of 

                                                           
1 Namaalwa et al 2009 
2 Hayashi et al 2016 
3 Chami et al 2015 
4 Kulkarni et al 2017 
5 Brooks et al 2017 
6 Hoffman et al 2016 
7 Xiao et al 2017 
8 Marston et al 2017 
9 Pingree 2017 
10 Barakat 1995 
11 Ludemann and Nelle 2017a 
12 Ludemann and Nelle 2017b 
13 Ludemann and Nelle 2018 
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historical fire regimes.14,15 However, charcoal studies involving marginal environments such 

as deserts still require expansion. 

 

The study of charcoal in semi-arid or arid landscapes has exceptional potential. Species in 

these regions have a high preservation potential. For example, living Acacia varieties can 

withstand termites and moisture damage, as well as salinity levels up to 100 mM.16,17 This 

resilient biomass is then more likely to be carbonized through anthropogenic or natural 

processes. In these dry regions, wood is a precious resource. Wood is often carefully selected 

by species or other factors to be then fashioned into useful tools and materials, which may 

remain in their place of origin or translocated should their maker move locations.18 While 

charcoal production can sometimes be economically lucrative, the finished product is often 

considered waste after its use.19 The lack of value placed on charcoal in concert with its inert 

characterization results in high availability of charcoal on the landscape even when the wood 

products have gone, sometimes thousands of years ago.20 Dry climates are favorable to 

organic preservation, though charcoal often persists in soils in wet climates unsuitable to 

pollen preservation.21 Perhaps due to their general lack of well-developed soils and perceived 

absence of diverse plant life, semi-arid and arid-regions typically boast few (if any) studies 

particular to trees or wood. 

                                                           
14 Ludemann et al. 2017 
15 Hoffman et al. 2016 
16 Wickens 1997 
17 Nabil & Coudret 1995 
18 Springuel & Mekki 1994 
19 Springuel & Mekki 1994 
20 Barakat 1995 
21 Hoffman et al 2016 
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The fields of paleoclimatology22, dendrochronology23, and wood science24 are advancing in 

such a way that allows extreme environments like deserts and polar regions to contribute to 

anthracological study. For example, new chemical methods in determining annual ring 

boundaries in species which do not display conventional annual growth (many of which can 

be found in semi-arid and arid regions) can allow the application of dendrochronology to 

new species.25 Further, developments in understanding the carbonization process has 

allowed for biogeochemical techniques such as light isotope-based paleoclimate analysis to 

be incorporated in charcoal studies.26  

 

The modern country of Sudan is one such region where environmental studies (and 

especially those of wood or charcoal) had historically been ignored until the last few decades. 

Breakthroughs in understanding climate change and human impacts on the landscape have 

altered this trajectory, bringing in a small number of studies on the modern Sudanese 

environment.27,28,29 Changes in this region are especially critical to monitor due to the extreme 

aridity present throughout the country and possible threats against economic livelihoods and 

food security. Further, Sudan is an example of sustaining life on an arid landscape—a reality 

more of the globe may have to embrace in a warming world. 

                                                           
22 Francis & Poole 2002 
23 Blondel et al 2018 
24 Xu et al 2017 
25 Witt et al 2017. 
26 Baton et al 2017 
27 Sulieman 2018 
28 Abaker et al 2017 
29 Fahmi 2017 
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Fortunately, there is a great deal of raw data to work with if one knows where to look. 

Sudan’s past is reflected in a myriad of archaeological sites throughout the country, ranging 

from peppered evidence of mobile Neolithic communities30 all the way to capital cities of 

African empires boasting luxurious infrastructure and intensive industry.31 At sites like these, 

archaeologists frequently uncover charcoal that, while capable of informing anthropological 

questions, may also impact climate studies. Investigating the biogeochemistry of charcoal 

from contexts such as these also lends new information about the resilience of plant life, 

especially in stressed environments.32 Continuing to develop methods to decode more 

information from these charcoal fragments is key to advancing anthracological evidence in 

desert regions such as Sudan. 

 

Through combined methods in the earth sciences and archaeology, the purpose of this study 

is to contribute to the growing body of knowledge on charcoal. It seeks to explore the 

feasibility of establishing the provenance of archaeological charcoal through 87Sr/86Sr ratios. 

This novel approach can inform a range of studies and expand the nature of multi-

disciplinary studies involving charcoal and, to a certain degree, wood. The present study will 

focus on the application of the strontium geoprovenance method on wood charcoal from 

Nahr al Nil State, Sudan. First, charcoal formation, chemical processes, and proxy 

applications and their associated methods will be discussed. The study determining the 

suitability of charcoal for 87Sr/86Sr analysis will follow. This technique will then be applied to 

                                                           
30 Barakat 1995 
31 Humphris 2014 
32 Pingree 2017 
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archaeological charcoal from Meroe, Sudan. Finally, potential relationships between these 

results and other environmental proxies, as well as future applications, will be explored.   
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Charcoal in Context 

 

Charcoal Formation & Chemistry 

The carbonization of both floral and faunal material under oxygen-free conditions results in 

the creation of the material we know as “charcoal”. This work will specifically discuss 

carbonized woody material, such as tree stems or branches. While most “wood” charcoal 

comes from dicotyledon trees, carbonized remains of monophyte plants that produce 

somewhat woody material, like palms and bamboo, may also be considered wood charcoal. 

Charcoal is created when woody material is heated (with 260°C being an optimum 

temperature33) in an anoxic environment. Instead of combusting, a process which would 

need a ready oxygen supply, the plant material undergoes pyrolysis.34 The conversion of 

cellulose-rich biomass via pyrolysis thermodynamically favors the production of carbon in 

this process35:  

 

C6H12O5  3.74C + 2.65H20 + 1.17CO2 + 1.08CH4 

 

The pyrolysis reaction serves to decompose larger molecules into smaller components by 

application of heat.36 Though chemical spectra confirm that wood exposed to heat ≤250°C 

maintains unaltered chemical characteristics, cellulose- and lignin-based components 

                                                           
33 Wilk et al 2016 
34 Antal & Gronli 2003 
35 Ibid 
36 Kung 1972 
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eventually are replaced by carbon, carbon dioxide, and benzene by 400°C, via aromatic 

products as an intermediary.37  

 

The process of carbonization also impacts the physical characteristics of the parent material. 

In some cases, this is due to the destructive nature of high temperatures. For example, the 

structural integrity of fiber cells degrades at temperatures higher than 300°C, making the 

carbonized secondary cell walls indistinguishable from those of the compound middle 

lamella (Figure 1).38 In deciduous species, the proportion of tyloses (and ability to determine 

if a specimen contains heartwood or sapwood) may alter if the wood is heated above 

800°C.39 

 

 

 Figure 1. Homogenization of different cell wall components during wood carbonization at different 
temperatures. From Kwan et al 2009. 

                                                           
37 Braadbaart & Poole 2008 
38 Xu et al 2017 
39 Dufraisse et al 2018 
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Other physical changes during carbonization do not destroy or degrade the wood, but rather 

alter its measurable properties. Inertite macerals are organic, mineral-like compounds made 

from the production of coal and other materials such as charcoal; the particular temperature 

during carbonization of the woody material determines the macerals’ final physical and 

optical characteristics.40 In other words, through reflective microscopy, one can work 

backwards from charcoal composition to elucidate the temperature at which it was charred.41 

However, not all changes from pyrolysis are advantageous to anthracological study. The 

mass loss occurring during carbonization and the related wood shrinkage is variable across 

radial sections of samples, this process is not yet well-understood.42,43  

 

Using Charcoal as a Multi-Disciplinary Proxy 

As discussed above, charcoal is recovered from a variety of contexts. Whether by intentional 

charcoal production or accidental formation, carbonized woody material offers some 

information even beyond that of its raw counterpart. The ways to derive data from charcoal 

to understand the complete environment and human behaviors are numerous. Here, some 

of the primary types are discussed, as well as typical and novel practices across several 

disciplines. The three key pieces of information gained from charcoal analysis are 

chronological data, species identification, and provenance—these three can be combined 

and applied to explore paleoclimatology, ecology, and human-landscape interactions. 

 

                                                           
40 Scott & Glasspool 2007 
41 Caricchi et al 2014 
42 Paradis-Grenouillet & Dufraisse 2018 
43 Blondel et al 2018 
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Chronological Data 

One of the most important types of data obtained from wood charcoal is chronological 

dates. Radiocarbon (14C) analysis is commonly used to determine dates on small charcoal 

fragments. For example, archaeologists often use charcoal in stratified sequences to 

determine dates of occupation44, understand production episodes45, and date sociopolitical 

collapse.46  Researchers focused on the physical aspects of the environment, such as forest 

ecologists, fire historians, paleoclimatologists, and forest managers may wish to know the 

date of historic or paleoforest wildfires, and volcanic activity.47,48,49 These chronological data 

can be used to create hazard assessments, or become incorporated into models projecting 

future events. Annual ring-forming species are particularly advantageous, as they can be 

dated by both dendrochronology and radiometric methods.50 This double-edged 

chronometry allows for the creation of an annually-resolved time series which can be used to 

calibrate radiocarbon dates and improve local chronologies.51 

 

However, the fragile nature of charcoal leads to a preponderance of fragmentary samples. 

This, in turn, results in short tree-ring sequences, complicating the dendrochronological 

analysis.52 Even if the sample is of considerable size, the effects of shrinkage-related 

carbonization are still poorly quantified.53 Further, radiocarbon dates from charcoal can be 

                                                           
44 Beyin et al 2017 
45 Humphris & Scheibner 2017 
46 Inomata et al 2017 
47 Hoffman et al 2016 
48 Robin et al 2014 
49 Okuno et al 2017 
50 Rosler et al 2012 
51 Xu et al 2013 
52 Marguerie 2011 
53 Blondel et al 2018 
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complicated by the “old wood problem”, wherein the decay of the young outer edges of 

wood or charcoal results in an artificially “old” radiocarbon date in terms of its application to 

site stratigraphy.54  

 

Species Identification 

Another metric obtained from charcoal is the species of its parent material, information that 

is relevant across a wide variety of disciplines. Although the cellular structure of wood may 

be altered on the microscopic scale due to pyrolysis, many of the anatomical features 

necessary to elucidate genus and often species remain intact.55 Primarily, identification of 

species in charcoal can be used to understand facets of the local ecology in both past and 

present environment.  

 

Archaeobotanists analyze the parent material species of charcoal to develop an 

understanding about past humans’ relationship with the wooded landscape. For instance, 

species identification of charcoal can aid in reconstructing past flora assemblages near 

human settlements,56 as well as identifying human behaviors surrounding consumption of 

landscape resources related to activities such as ceramic production and metallurgy.57 This 

application of species identification is not exclusive to archaeology, however—recreating 

                                                           
54 Schiffer 1986 
55 Leney & Casteel 1975 
56 Marston et al 2017 
57 Iles 2016 
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burned forests from charcoal remains can add great temporal depth to the ecological record, 

extending the forest history in some cases up to 13,000 years.58 

 

Provenance 

The contextual meaning of a charcoal fragment in some instances is dependent upon the 

knowledge of the parent tree’s origin. Determining the geographic provenance of charcoal 

fragments in cases where this information is unknown is becoming an increasingly important 

part of charcoal studies. When determining charcoal origin, several methods may be utilized. 

One proven method of charcoal provenance determination—dendroprovenance—is 

discussed in detail below. New avenues of inquiry, including strontium isotope ratios, light 

isotope analysis, and DNA analysis, are posited thereafter. 

 

Dendrochronology uses several metrics (e.g., ring-width) to chronicle climatic sensitivity of 

annual ring-forming trees.59 In regions with relatively sensitive climatic responses, such as the 

American Southwest, tree-ring chronologies can be used as tools in determining the 

geographic origin of archaeological timber as well as charcoal.60,61 This method is known by 

the portmanteau “dendroprovenance”.62 In dendrochronology, understanding the regional 

climate signal is paramount: dendroprovenance, then, is an integral component of tree-ring 

dating.63 

                                                           
58 Hoffman et al 2016 
59 Fritts 1976 
60 Guiterman et al. 2016 
61 Marguerie and Hunot 2007 
62 Speer 2010 
63 Fritts 1976 
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Dendroprovenance studies hinge on the unique properties of regional tree-ring records 

resultant from regional climatic variations.64 Investigators utilize site-specific ring-width 

chronologies for a series of forest areas where the wood (or charcoal) may have originated, 

and compare against the chronology of the sample in question.65 Statistical analysis applied 

to ring-width measurements (via platforms such as Tellervo) are then used to determine the 

most likely match of the unknown sample to a regional chronology network.66 

Dendroprovenance techniques have yielded successful results in a number of contexts, 

including in archaic structures of the American Southwest,67 historic churches in the Near 

East,68 Flemish panel paintings,69 and ancient French hearth charcoal.70 Dendroprovenance, 

having basis in techniques honed for nearly a century,71 is likely the most frequently 

attempted method used in sourcing charcoal. However, other methods all show potential for 

this purpose. 

 

Strontium (Sr) isotope analysis is a technique with developing roots in wood provenance. 

Though frequently used in studies to determine the geologic origin of rocks, minerals, or 

water, 87Sr/86Sr analysis may also be applied to calcium-containing compounds, such as bone 

or vegetal material, wherein strontium atoms replace calcium atoms due to the similarity in 

size of their atomic radii.72 The ratio between two stable isotopes of strontium, 87Sr and 86Sr, 

                                                           
64 Fritts 1976 
65 Haneca et al. 2006 
66 Brewer 2016 
67 Guiterman et al. 2016 
68 Bernbei & Bontadi 2012 
69 Baillie et al. 1985 
70 Marguerie and Hinot 2007 
71 Douglass 1929 
72 Pollard et al. 2007 
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is shared between a geological source material and the products it impacts through 

transportation in water, including soil, sand, bone, and trees.73 The unique properties of 

87Sr/86Sr values have led to applications in several fields, including the reconstruction of river 

systems74 and archaeological migration studies.75  

 

Trees (and especially archaeological wood, given the stability of the strontium atom within 

the tissue) also contain some of this strontium-calcium substitution, and 87Sr/86Sr values 

have been used to trace calcium bioavailability.76 The application of strontium isotope 

analysis for provenance of woody material is in its infancy. Nevertheless, this method has 

been used to create indices to determine the origin (and possible building location) of ship 

timbers77,78 and provenance archaeological structural elements.79,80,81  

 

Using Sr isotope analysis requires a set of conditions to be satisfied. First, the suspected 

origin areas must have sufficient variability in strontium uptake, such that the sources can be 

statistically differentiated.82 This differentiation is not as simple as ascertaining variable 

geologic bedrock (for which data is sometimes unavailable)—water catchment, erosion, and 

aeolian sediment deposition all play a part in determining the terrestrial distribution of Sr 

                                                           
73 Graustein & Armstrong 1983 
74 Woodward et al. 2015 
75 Buzon & Simonetti 2013 
76 Aberg et al. 1990 
77 Rich et al 2012 
78 Rich 2013 
79 Drake et al 2014 
80 English et al 2001 
81 Reynolds et al 2005 
82 Pollard et al 2007 
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from rock to growing tree.83 If the uptake variability is satisfied, taphonomic processes must 

also be considered, especially in the case of archaeological objects. A wooden artifact may 

have been buried in an area displaced from the grove where its wood was sourced, which 

may lead to contamination by the local soil, and ambiguous results.84 Further, the wood may 

be submerged underwater. A final caveat of 87Sr/86Sr provenance is the tendency for these 

isotope ratios to vary over time. For example, 87Sr/86Sr isotope ratios in the Dongola Reach 

area of the Nile display a significant decrease from 6000 Cal BP to 4000 Cal BP, with an 

increasing trend thereafter due to shifts in river sediment source.85  

 

Studies investigating the processes of carbonization affecting wood Sr retention or 

modification have not yet been published. It is possible that carbonization of wood may 

cause a small fractionation of Sr compared to raw wood, as it does with 13C in charcoal.86 

Preliminary 87Sr/86Sr data combined with x-ray fluorescence suggests that some Sr is 

preserved during carbonization events, but more analysis must be undertaken.87 If successful, 

this method could be applied to a range of situations, including provenancing archaeological 

fuel sources and confirming the origin of wildfire kindling.  

 

Carbon, oxygen, and hydrogen isotopes (often called “light” or “stable” isotopes collectively) 

also have the potential to elucidate origins of wood. Light isotopes are excellent proxies for 

                                                           
83 Graustein 1989 
84 Pollard et al 2007 
85 Woodward et al 2015 
86 Poole et al. 2002 
87 Herrick, this study 
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water distribution and atmospheric condition.88 In much in the same way as tree-ring data, 

light isotope ratios are influenced by unique, microenvironment-specific conditions resultant 

from climate, ecological niche, and anthropogenic alteration.89 Meteoric water records vary in 

oxygen (δ18O) and hydrogen (δ2H) isotope composition relative to a number of factors, 

including temperature, elevation, amount of precipitation, and site position relative to 

coastlines.90 Changes in carbon isotopes, or δ13C, reflect the ability of the tree to uptake 

water via the presence of CO2 in the atmosphere at the time of tissue formation.91 By 

matching these isotope values against extant climate data, wood can be mapped to a 

geographic location.  

 

Carbon, oxygen, and hydrogen are abundant in organic tissues present in trees, though in 

varying quantities and gradients throughout the stem.92 For example, variations as large as 1-

3؉ δ13C, 1-4؉ δ18O, and 5-30؉ δ2H have been demonstrated to exist within a single tree, 

creating unique challenges in sampling strategy—further, these values are, of course, variable 

by species.93 Additionally, components of the woody tissue (such as lignin or cellulose) 

fractionate these isotopes differently, resulting in varying values based on the specific 

compound analyzed.94 Together (or in some cases, individually), light isotope values can be 

derived from woody material, and compared to existing isotope chronologies or other 

paleoclimate indicators. 

                                                           
88 Sharp 2006 
89 Ibid 
90 Rozanski et al. 1993 
91 Bert et al. 1997 
92 Leavitt 2010 
93 Ibid. 
94 McCarroll & Loader 2004 
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One avenue for applying light isotope chronologies to properly elucidate the provenance of 

wood is through comparison with long-term tree-ring records from the same region. This 

method has been tested on wood from the American Southwest: well-studied tree-ring 

records were used to construct 13C isotope chronologies, which were used in concert with 

ring-width values to appropriately source the wood to their regions of growth.95 This 

technique also has potential to assist in confirming calendar years assigned to wood via tree-

ring dating in ring-forming species, as the carbon isotope chronologies cross-date in much 

the same way.96 However, using light isotopes as source origin indices does not require that 

the tree produce annual growth rings—indeed, construction of paleoclimate records for 

species from regions such as the tropics that do not form rings on a yearly basis may be 

possible through creating isotope chronologies for provenance purposes.97  

 

Although much of the hydrogen and oxygen leaves the wood cellulose during charcoal 

formation, a substantial amount of elemental carbon remains. As charcoal may possess both 

tree-ring data and carbon isotope information, a combination of these techniques would be 

complementary. However, there is some evidence that different stages of pyrolysis of wood 

favor either the 12C or the 13C carbon isotopes, rendering the carbonized wood slightly 

changed in δ13C value from its parent material.98,99 To advance carbon isotope provenance 

techniques, greater examination of the effects of carbonization must be performed. 
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A final suite of methods used in the assessment of wood origin are those involving DNA 

analysis. Chloroplast DNA (or cpDNA) is inherited from the “female” plant, and has proven 

to be an effective molecular marker for the tracing of wood populations, and especially of 

European oak.100,101,102,103 New studies using single nucleotide polymorphisms (or SNPs) have 

shown potential to act as less-expensive alternative measures of genetic material—this is 

especially pertinent in species such as iroko (Milicia excelsa), whose genetic composition 

primarily consists of nSSRs (nuclear simple sequence repeats), short sequences of genetic 

material which are commonly transferred across taxa, complicating cpDNA analysis and 

making SNP analysis more accessible.104,105 Phylogenic relationships between species must be 

well-studied for DNA analysis to be applicable to a particular regions’ trees. Nevertheless, if 

an investigator is fortunate enough to work in such an area, current DNA extraction and 

analytical technologies are inexpensive and often produce quick results.106  

 

DNA analyses are somewhat restricted by the quality of the wood, casting doubt on the 

applicability of this technique to charcoal. Dried wood or old tissue (such as one might find 

in fossil settings or at archaeological sites) often do not retain sufficient quantities of DNA 

to perform analysis, and much of what may be left after drying is often degraded.107 An 

exception comes with oak species: chloroplast DNA in these dried specimens continues to 
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be of appropriate condition for analysis.108 This is evidenced by the development of 

European oak genetic sequences to the level of the individual tree.109 The extraction 

efficiency of DNA from biochar has been assessed, and obtaining genetic information from 

such materials is indeed possible.110 Additional study on wood charcoal specifically may 

determine if the same methods used on woody tissue are feasible for carbonized specimens.  

 

Paleoclimatic & Ecological Data 

In combination with charcoal sample date, data such as species, and charcoal provenance, 

paleoclimatic and ecological records (such as ice cores, lake sediments, or pollen data) can be 

used to reconstruct, or at least inform, studies of past climate. The above data categories 

(dating, species identification, and provenance) each include applications of their analyses for 

this purpose. This status is fitting, as the investigation of past environments is by necessity a 

trans-disciplinary field. However, paleoclimatology is somewhat unique in that analyses may 

range in date from recorded history111,112 up to tens of thousands of years.113,114,115 The 

equally-unique inert properties of charcoal make it a powerful proxy in paleoclimatology as 

well.  

 

Ecology as influenced by climate change is a prime intersection of these applied techniques. 
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Ecological landscape reconstruction can be accomplished by the identification of species in 

an assemblage, followed by an analysis of the plant interactions of those types. Especially in 

combination with other vegetation proxies such as phytoliths and fungi, charcoal remains 

offer an insight to plants present on the landscapes of the past.116,117,118 These results can also 

be paired with stable isotope data (as above) to further support paleoclimatic hypotheses.119 

One of the most powerful uses of charcoal in past landscape studies is its application in fire 

ecology. Charcoal, as an indicator of past burning, can be integrated in soil stratigraphic 

layers120 and dated (often by radiocarbon) to form chronological sequences in fire history.121 

In turn, these records of past fire events can be used as tools in understanding local 

vegetation or moisture changes, their relationship to wildfire occurrence, and resulting 

alterations to the landscape. 

 

Human Dimensions 

Finally, charcoal holds information relating to human behavior in the landscape. Human 

behaviors surrounding trees and wood, such as species selectivity or resource management, 

can be examined through interpretations of their woody resource acquisition.122 The species 

of charcoal from different contexts provides insight into species selection for a specific 

purpose. For example, potters in the ancient Egyptian city of Karanis preferentially selected 

tamarisk for fueling their kilns due to its high heat capacity,123 and modern materials 

                                                           
116 Innes et al 2003 
117 Yost et al 2018 
118 Pessenda et al 1998 
119 Baton et al 2017 
120 Robin et al 2013 
121 Hoffman et al 2016 
122 Marston 2009 
123 Marston et al 2017 



28 
 

scientists have selected bamboo charcoal as particularly effective in chemical adsorption.124  

 

Anthropogenic impacts on the landscape can be assessed through charcoal remains. 

Metallurgy, one of the most consumptive craft technologies, has been tied to deforestation 

in several cases across history,125 a phenomenon which can continue to be explored through 

further charcoal research. Another human facet that charcoal can elucidate comes from the 

assessment of fire temperatures. Reflectivity in charcoal fragments can be used to 

reconstruct the temperature at which the parent material was carbonized (as discussed in 

“Charcoal Formation & Chemistry”), which translates into new understanding of 

technological processes or response to fire events such as volcanic eruptions.126 

 

Summary  

Overall, charcoal’s vast potential to reveal several components of the past renders its use as a 

powerful multi-proxy. Further investigation into the chemistry of charcoal, as well as new 

techniques for its analysis, will undoubtedly provide additional avenues to unlock its secrets. 

However, the tried-and-true methods of dating, species identification, and isotopic analyses 

still stand as a formidable foundation in charcoal studies. Applying these methods in novel 

ways or to understudied regions is imperative in the continued growth of anthracological 

research. In this study, I will investigate the viability of using 87Sr/86Sr analyses as a method 

to provenance archaeological charcoal from iron smelting debris deposited from ca. 400 

BCE – 400 CE at Meroe, Sudan.  
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Study Context & Research Overview 

 

Regional Environment & History 

 

The region of southern Egypt and Sudan 

bracketed by the first and sixth Nile 

cataracts (Figure 2) was called “Nubia” or 

“Kush” in antiquity.127 The geographic area 

is quite large, laying across the Sahara and 

Sahel climate zones.128 This diversity of 

landscape granted people both ancient and 

modern access to a range of microclimates 

and varied resources. Persistent ties between 

ancient Kushite life and the river Nile 

ensures a geographic continuity of site 

formation restricted primarily to the 

riverbanks and seasonal washes following 

the African Humid Period (ca. 16,000 – 

6,000 years ago) to the present.129 However, 

variability and availability of natural 

resources from north to south impacted the 

types of sites formed, the technologies used, 

and their archaeological remains. Most 
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Figure 2. Map of Nubia, with several key locations. 
Map by Mark Dingemanse (www.vormdicht.nl), used 
with permission. 
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important in the understanding of natural resource availability and environment in this 

region are the Nile alluvial system and local geology. 

 

 

The Nile itself lies in a basin (Figure 3) extending from Lake Victoria in south-Central Africa 

to the Mediterranean Sea, including much of the Eastern African region.130 The Nile system 

is a complex one, beginning with the White Nile’s Headwaters in Uganda and the Blue Nile’s 

source in the Ethiopian highlands. After their confluence near modern Khartoum, Sudan, 

today the river is joined by the Atbara near the fifth cataract. While today regulated by dams 

at Aswan, Egypt and Merowe, Sudan, seasonal rains upstream in Ethiopia resulted in 

fluctuations in drainage in ancient times.131,132 According to geoarchaeological survey 

combined with aerial imagery, the Nile’s course has been revealed as highly mobile over the 

majority of the floodplain over the last five thousand years, focusing on more dramatic 

changes during one-thousand-year periods.133 Recent pedological study and 87Sr/86Sr analyses 

concur that the contribution of different branches of the Nile has varied during this time as 

well, with only 30%  of the river’s discharge being attributed to the White Nile, though this 

percentage was likely greater in antiquity.134,135 
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Figure 3. Map of the Nile Basin in Eastern Africa. From the Nile Basin Initiative. 

 

The Nile’s state of near constant erosion has resulted in the carving of terraces (Figure 4) 

across the landscape.136 However, very little geological research has been conducted in Sudan 

in recent years, likely as a result of political turmoil. In northwestern Sudan and farther into 

the Egyptian Sahara, much of the exposed landforms are comprised of bedrock strata due to 

the hyper-arid nature of the desert.137 Primarily, this consists of Mesozoic Nubian Series 

sandstone and the Precambrian basement complex (granite, gneiss, and schist) dotted with 
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outcrops of tertiary lava and Hubi chert.138,139 Bedrock also forms the solitary jebels (Arabic 

meaning, in this case, mountain) on the landscape; Jebel Barkal (Figure 5) near modern 

Karima is perhaps the most well-known example.140 The Nubian Series itself is primarily 

composed of one facies of pale brown, medium-grained sandstone, though surface 

weathering can often darken the conglomerate to a deeper hue.141 In various watersheds, 

deposits of ferruginous “black” sandstone (Figure 6) occur, leading to the development of 

ferromanganese rinds or veins.142,143  

 

 

 
Figure 4. Alluvial terrace on the bank of the Nile at Aswan, Egypt. Pharaonic Period tombs were cut into the 
terrace walls. Photo by Catie Witt (University of Chicago), used with permission. 
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Figure 5. Jebel Barkal near Karima, Sudan. 

 

 

Figure 6. Ferruginous sandstone outcrops near al-Ghazali, Sudan. 



34 
 

Sedimentary deposits in the region consist primarily of aeolian silica sands and Nile alluvium. 

The ratio of these materials has changed noticeably from the last glacial maximum, shifting 

in favor of greater proportions of aeolian deposits of silica sand due to drier conditions.144 

Seasonal runoff channels, or wadis, demonstrate the depositional stratigraphy of the area. 

Typically, the well-defined bedding consists of various marls, silts, and clays.145 Alluvium 

from as far upriver as the Ethiopian highlands exists in various regions along the riverbank, 

and clay is deposited in the floodplain inversely proportional to the distance from the river 

itself.146  

 

Although the climate of Sudan ranges from arid deserts to semi-arid lowlands receiving 

annual precipitation, much of the region’s flora grows within the Nile floodplain as seen 

today (Figure 5).147 From antiquity, much of the indigenous population’s vegetal diet has 

consisted of cereals and grains such as emmer wheat and barley.148 Evidence for this grain-

based subsistence can be seen in the botanical remains of settlements ranging in age from ca. 

3000 – 1000 BP at archaeological sites located at Qasr Ibrim (now in modern Egypt), Nauri, 

Amara West, and Kawa, among others.149,150,151 The substantial animal husbandry (and 

especially of sheep, goats, and cattle) historically practiced in this region likely necessitated a 

great deal of plant fodder to feed livestock and larger animals such as elephants, which were 

utilized in regional warfare.152  
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Some crops, such as foxtail millet and watermelon, may have been scavenged from the 

surrounding landscape rather than cultivated.153 More labor-intensive plants such as fresh 

fruit and vegetables suited to riverine environments supplemented the starchy diet. Prior to 

the modern industrial age, these crops were cultivated through agricultural techniques similar 

to those found in Egypt.154 Remains of advanced water management techniques such as hafirs 

(dugout collection basins for wadi runoff), shaduf (or counterpoise lift) irrigation, and saqia 

(donkey-drawn waterwheel) irrigation dating as early as 3000 BP can be observed near 

archaeological sites around Sudan.155,156 The addition of these techniques in the farming 

repertoire may have allowed imported crops such as grapes to prosper on Sudanese soil.157 

Plants for purposes other than food  also grow readily on the landscape, and include saffron, 

flax, and cotton.158  

 

Hardy, shrub-like desert trees such as those in the Acacia and Tamarix genii and two species 

of fruit-bearing palm, Hyphaene thebaica (doum palm) and Phoenix dactylifera (date palm) grow 

primarily in well-irrigated areas, though some shrubs and trees persist out in the desert 

margins.159 Several species in the Acacia genus thrive in many extremes of the Sudanese 

climate—these include A. senegal, used to produce gum Arabic, A. tortillis, which survives 

both in the desert and near seasonal runoff areas, and Vechellia (formerly Acacia) nilotica 

(Figure 7) within the moist soils of the Nile floodplain, though it too can survive in the drier 
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regions.160   In general, the semi-arid climate of the region does not support the growth of 

trees suited for robust building material such as oak, though Vechellia nilotica is sometimes 

used for this purpose.161 However, this is not to say that the area around Meroe was barren. 

In fact, the arable soil provided in the Nile floodplain and its relatively consistent flow would 

have made its banks able to sustain growth of sizeable plant populations. Historical evidence 

from the historian Strabo (Geographika 1.2.25, 17.2.1-3)162 suggests that the southern reaches 

of Sudan (near the archaeological site Meroe) may even have received sufficient precipitation 

to sustain large forests of trees, including stands of ebony.163,164 However, paleoclimate 

studies with the potential to inform this gap in knowledge have yet to be undertaken. 

 

 

 
Figure 7. Vachellia nilotica growing in the Wadi Abu Dom at al-Ghazali, Sudan. 
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Site & Study Period 

 

This study focuses on the ancient environment at the site of Meroe, and its use by local iron 

smelters. Meroe is located at 36Q 577348 1872323 in the Nahr al Nil state, Sudan (Figure 2). 

The site lies on the Nile, and would have been subject to its seasonal fluctuations and 

seasonal wadi (dry riverbed) runoff prior to the construction of dams in the 20th century 

CE.165 Today Meroe is characterized by the growth of acacia trees, fed by Nile runoff and 

marginal rains resultant of the Ethiopian monsoon system.166,167 The river system 

demonstrated large shifts over 1000-year periods during the Holocene, changing the 

distribution of its floodplain.168 Aerial photography suggests that the Nile is currently shifting 

west near Meroe, indicating the ancient city was situated closer to its banks in antiquity.169 

The University College London – Qatar Research in Sudan Project has excavated, recorded, 

and analyzed archaeological material found at Meroe, Sudan since 2012. Meroe’s significance 

in Sudanese archaeology stems from its tenure as the capital of the Kingdom of Kush from 

ca. 400 BCE – 400 CE, and as a center of prolific iron smelting.170 The UCL Qatar project 

focuses primarily on better understanding the iron smelting activities and technology at 

Meroe within the framework of the site’s culture. Included in the archaeological remains of 

iron smelting contexts is a great deal of charcoal.  
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Based on botanical analysis of the charcoal, Meroitic smelters preferentially selected a single 

acacia species, Vachellia nilotica (formerly Acacia nilotica), to fuel their metallurgical 

furnaces.171,172 Interestingly, V. nilotica does not have a particularly high heat capacity, making 

it perhaps an atypical fuel source for smelting in comparison to trees in the Tamarix genus—

species of which were selected for kiln fuel at contemporaneous Karanis.173 The equal 

suitability of Tamarix spp. for iron smelting fuel, combined with its presence in metallurgical 

debris at Meroe and the ability of tamarisk trees to flourish in riverine environments suggests 

that, despite its availability, Tamarix species were not favored for smelting fuel at Meroe.174  

Given that at least 50kg of charcoal was necessary for each smelt, iron production at Meroe 

would have necessitated vast amounts of V. nilotica.175  

 

Current research indicates that Meroe possessed at least one iron ore mining site about 9km 

away, and technical ceramic176 materials necessary for their craft on site.177 Based on the 

pattern of obtaining valuable ore somewhat close to Meroe and more pedestrian ceramic 

material near the city, the use of exclusively local, common fuel is not unreasonable. It is 

possible that wood within easy reach was deemed “good enough” for the task at hand, with 

no need to harvest wood further afield. Potentially, changes in aridity in this semi-arid region 

may have affected human ability to use the wood in the local landscape due to slow re-

growth, necessitating changes in pyrotechnological behavior.   
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However, published Common Era climate studies specifically targeting Sudan prior to the 

1960s are exceedingly rare. Instead, sedimentary records from the lower Nile floodplain and 

near its source lakes, Tana and Victoria, may be comparable proxies. This gap in 

paleoclimatic information makes Meroe a prime candidate to explore new techniques in 

environmental archaeology through study of metallurgical charcoal. Investigating the 

biogeochemistry of charcoal lends new information about the resilience of plant life, 

especially those in stressed environments. In the present study, the use of 87Sr/86Sr ratios in 

acacia charcoal from metallurgical contexts will be examined. Finding the geographic origin 

of these wood charcoal samples during two contrasting periods—during the Meroitic apex 

(400-200 BCE) and during the city’s decline (200-400 CE)—would be incredibly beneficial in 

understanding both regional control and local climatic conditions during this time.178 

 

Research Overview 

This research will incorporate archaeological data with methods from geochemistry to 

investigate the following questions: 

1. Does the 87Sr/86Sr ratio (if present in charcoal) remain stable or change in a 

predictable manner during carbonization of wood at temperatures consistent with 

domestic hearths (400°C) and metallurgy (900°C)? 

2. Does the carbonization process in Vachellia nilotica favor either 13C or 12C when 

heated to the above temperatures? 

3. Can 87Sr/86Sr data supported by carbon isotope (δ13C) analysis be applied to 

archaeological material deposited 400-200 BCE and 200-400 CE from semi-arid 

Meroe to determine the charcoal’s provenance(s) and possible temporal change? 
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4. How can this information be combined with other historic and paleoclimatic records 

to form a better understanding of the local past environment? 
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Methods 

 

Field Collection  

Field data was collected from two sites in Sudan: Meroe, and al-Ghazali. 

 

Meroe 

Charcoal samples from Meroe were excavated on-site by the University College London 

Research in Sudan archaeological team. The principal investigator, Dr. Jane Humphris, 

selected and mailed subsample assemblages from two loci, MIS 3 and MIS 6, to the author at 

the University of Arizona.  

 

Al-Ghazali 

Modern wood for experimental charcoal production with was not able to be collected at 

Meroe due to the restrictive nature of travel between Sudanese states. Instead, modern wood 

was collected by the author at al-Ghazali, Northern State, Sudan in January 2018. Al-Ghazali 

is located at 36Q 387153 2039414, near the ancient city Napata.179 This site was selected as 

an appropriate parallel for the Meroe archaeological material due to its accessibility and 

characteristic location in a desert oasis, which was predicted to present with an 87Sr/86Sr ratio 

unique from that of the Meroe area.  

 

The site is situated far from the Nile, lying roughly 15 kilometers in the desert margins 

within the Wadi Abu Dom.180 Though the site today lies in vast desert, vestiges of its past 

local oasis brought from seasonal runoff are still seen in the remains of a paleochannel 

(Figure 8). Al-Ghazali was constructed near substantial outcrops of ferruginous sandstone 
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(Figure 6), providing a likely source of ore for iron smelting activity, the remains of which 

can be found on the margins of the site.181 In addition, a small quantity of acacia trees dot 

the area, representing a small amount of what the vegetation which may have been present in 

wetter times (Figure 9). As al-Ghazali’s remote location (its only neighbors being the site 

keeper and his family) has rendered the landscape unaffected by modern industrialization, it 

was identified as a suitable site from which to collect modern material against which to 

compare the Meroe charcoal. Though input of aeolian sands from farther afield may have 

altered the 87Sr/86Sr values over time thus making the isotopic values incomparable, the 

strontium isotope ratios found in the trees should experience little (if any) external 

contamination.182 Even the dispersed nature of the acacia trees provides a possible parallel of 

the kinds of fuel Meroitic smelters may have procured on the desert margins. Further, the 

close locality of both iron ore and volcanic outcrops (on top of which the church was built) 

give the site a unique geological characteristic that can be paralleled at Meroe.183 

 

Permissions to sample trees from an archaeological site and export the samples for analysis 

were granted by the General Director of the National Corporation for Antiquities and 

Museums, Dr. Al-Hassan Ahmed Mohamed. Two Acacia sp. trees (GZL 1 and GZL 2) were 

selected based on visual species identification via the leaves and flowers, based on 

characteristics of Vachellia nilotica (formerly Acacia nilotica). Branches were selected based on 

accessibility from the ground as well as having a minimum diameter of 2 cm. Branches were 

cut off and trimmed of excess material using a small hand saw. 
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Figure 8. Paleochannel at al-Ghazali, Sudan. Possible channel sills bordered with red for clarity. 

 

 

 

Figure 9. Acacia at al-Ghazali. Photographed in the most vegetation-dense area on site. 
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Laboratory Methods 

In order to determine the feasibility of applying 87Sr/86Sr analysis to archaeological charcoal, 

several experimental methods were tested to find a suitable protocol for creating wood 

charcoal in a controlled environment. Wood samples were carbonized in two groups, 

approximating conditions of iron smelting fuel, and domestic hearths. Following this, 

strontium isotope and carbon isotope (δ13C) analyses were then conducted on untreated 

GZL samples, both experimental charcoal varieties, and archaeological charcoal samples. 

 

Experimental Charcoal Production 

To approximate charcoal used as fuel, subsamples from both GZL 1 and GZL 2 were 

heated to 900°C, to approximate temperatures inside smelting furnaces. 184  Using the 

facilities of the University of Arizona Accelerated Mass Spectrometer laboratory, a 

subsample of two trees from al-Ghazali (GZL 1 and GZL 2) were carbonized in a Barnstead 

Thermolyte 47900 muffler furnace. Each sample was carbonized one at a time. Fragments 

totaling approximately 600mg in mass were placed in a 9mm quartz tube (Figure 10). Each 

tube was placed in the top vent of the furnace, which was insulated with quartz wool. The 

tubes were adjusted to a depth such that the wood material inside was in the approximate 

center of the furnace, without the tube touching the furnace bottom. The tubes were capped 

with a compression valve under vacuum such that pyrolytic material and other volatiles 

could escape the tube without allowing oxygen in to prevent combustion and ensure 

carbonization (Figure 10). The compression valve’s tube was fed into the adjacent fume 
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hood’s vent to further these measures and ensure that no pyrolytic material escaped into the 

lab. Samples were heated in the furnace for 3-4 hours. 

 

Figure 10. a) Acacia fragments in tube for charcoal production, b) setup for heating in the furnace 

 

As one aim of this study was to test how 87Sr/86Sr ratios may be affected by different types 

of fire (iron production vs domestic use) burning at different temperatures, I designed a 

series of experiments to determine the best approximation of a domestic hearth. The chosen 

method required tightly wrapping GZL wood fragments several times in Reynolds Wrap 

Heavy Duty household aluminum foil (made from 99.85% non-Sr elemental metals with a 

thickness of 0.94 mil, approaching gas impermeability185), and placed inside a clean 15.25oz 

can capped with an 18.5oz can such that the charcoal was shielded on all sides. This 

apparatus was nestled within a pile of Kingsford charcoal within a backyard bowl-style fire 

basin, which was lit with a household lighter (Figure 11). This fire was monitored for a total 
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of two hours. Though the temperature was not kept constant due to natural fluctuations, the 

temperature of the can was assessed every half hour using a handheld infra-red thermometer 

(Etekcity Lasergrip 800) and recorded (Table 1). As the thermometer was only able to record 

the surface temperature of the outer can, the recorded values do not represent the actual fire 

temperatures, but rather their minimum values. After two hours, no additional kindling was 

added, and the fire was left to cool. After one hour of cooling, the can’s temperature was 

measured, the can was removed from the heating area, and the remaining coals were 

drenched in water to prevent further combustion. The can was left in the pit for 13 hours 

(overnight) to cool completely and prevent combustion upon its opening. After complete 

cooling, the material inside the foil was recovered.  

 

 

Figure 11. Charcoal production in the "hearth" simulation. Wood is placed within two cans, and heated in the 
bowl-style fire pit. 
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Table 1. Hearth temperature during charcoal production. 

 

The resulting charcoal fragments were observed under a Meiji EMZ-8TR light microscope at 

various magnifications for confirmation of complete carbonization. The fragments were also 

photographed under magnification for future assistance in identification of unknown acacia 

species (Figure 12). 
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Figure 12. Experimental materials: a) untreated V. nilotica; b) V. nilotica carbonized in the hearth 
simulation; and c) V. nilotica carbonized under laboratory conditions. For the untreated wood used in 
the laboratory, see Figure 10. 
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87Sr/86Sr Analysis 

Archaeological samples from Meroe were selected for Sr analysis based on two criteria: 

excavation contexts (e.g. stratified in area, in furnace dumps, in iron slag, etc.) and condition 

of the sample. To incorporate a temporal component to this study, 10 samples were chosen 

from metallurgical contexts during two contrasting periods—MIS 3, used during Meroe’s 

apex (400-200 BCE) and MIS 6, used during the city’s decline (200-400 CE). Additionally, 

samples were preferentially chosen for Sr analysis from samples in too poor a condition to 

be assessed under a light microscope. Analyzing additional samples to form a larger dataset 

was not possible due to the expensive nature of 87Sr/86Sr analyses. 

 

100mg was separated from each selected sample and sent to the University of Arizona’s 

Arizona Laboratory for Emerging Contaminants for analysis. The samples were processed 

on a VG Sector 54 multicollector thermal ionization mass spectrometer (TIMS) in dynamic 

collection mode.  Sample preparation from Benson et al (2010) was used prior to 87Sr/86Sr 

analysis to eliminate trace metal contaminants that may have accrued in the charcoal during 

the carbonization process. The samples were run in 4 batches over the course of one year, 

though using the same laboratory equipment. Remaining fragments large enough to be 

assessed under light microscope were compared visually, especially for the purposes of 

detecting any physical change to the wood structure during carbonization. 

 

Carbon Isotope Analysis 

Carbon isotope (δ13C) analyses were conducted on both experimental and archaeological 

charcoal in the same manner as the samples processed for 87Sr/86Sr analysis. When possible, 
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the same samples were used for both analyses. The necessity of analyzing the experimental 

charcoal arises from the known variability of δ13C within species, and to assess possible 

effects of carbonization on carbon isotopes.186 Experimental charcoal fragments from each 

sample were chose based on mass value, totaling 1mg. Like the strontium isotope analysis, 

archaeological samples for δ13C analysis were also selected based on archaeological context. 

In addition to the metallurgical material from Meroe, non-metallurgical charcoal filling the 

gap (ca. 300 – 100 BCE) was included in the carbon isotope analyses to create a more 

continuous chronological sequence. Fragments of uncontaminated areas measuring 100mg 

were manually removed each sample. Roughly 1mg portions was removed from each of 

these fragments and analyzed in the Environmental Isotopes Lab at the University of 

Arizona. Carbon content, as well as δ13C, were measured on a continuous-flow gas-ratio 

mass spectrometer (Finnigan Delta PlusXL). Samples were combusted using an elemental 

analyzer (Costech) coupled to the mass spectrometer. Standardization is based on acetanalide 

for elemental concentration, NBS-22 and USGS-24 for δ13C. Precision is better than ± 0.06 

for δ13C, based on repeated internal standards. 

  

                                                           
186 Leavitt 2010 
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Results  

 

Experimental Charcoal Analysis 

The GZL 1 group produced 87Sr/86Sr ratios from 0.71715 – 0.71740 (Figure 13). The GZL 2 

group produced 87Sr/86Sr ratios from 0.71678 – 0.71692. 87Sr/86Sr analysis of the GZL 1 and 

GZL 2 groups determined that the untreated wood and samples heated in the lab at 900°C 

produced ratios within the ±0.0002 instrumental error range ( 

Table 2). Samples heated in a hearth environment produced 87Sr/86Sr values increased by 

0.25 in the GZL 1 group, and 0.15 in the GZL 2 group. 

 

 

 

Figure 13. Results from Sr isotope analysis on untreated V. nilotica, charcoal produced near 400 degrees 
Celsius, and charcoal produced under laboratory conditions at high heat. Material from two trees (GZL 1 and 
GZL 2) are represented here. Error bars are representative of instrumental error. (n=6) 
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Sample ID Context 87Sr/86Sr 

GZL 1 Wood 0.71719 

GZL 1H ~400°C (hearth) 0.71740 

GZL 1L 900°C (lab) 0.71715 

GZL 2 Wood 0.71678 

GZL 2H ~400°C (hearth) 0.71692 

GZL 2L 900°C (lab) 0.71678 
 

Table 2. Experimental charcoal strontium isotope results. Samples with suffix “H” represent charcoal created 
in a simulated hearth. Samples with suffix “L” represent charcoal produced in a laboratory setting. 

 

Carbon isotope (δ13C) analyses on the GZL 1 group produced values from -28.2±0.06؉ 

(VPDB) to -28.4±0.06؉ (VPDB) ( 

Table 3). Analyses of the GZL 2 group produced δ13C values from -26.4±0.06؉ (VPDB) to -

27.9±0.06 (VPDB)؉. The GZL 2 group present with differences outside of the ±0.06 

instrumental error range. Samples heated in a hearth environment produced lower δ13C 

values than the untreated wood and the laboratory-created charcoal (Figure 14. Results from 

carbon isotope (δ13C) analysis on untreated V. nilotica, charcoal produced near 400 degrees Celsius, and charcoal 

produced under laboratory conditions at high heat. Material from two trees (GZL 1 and GZL 2) are represented here. 

Error bars represent instrumental error.). 
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Figure 14. Results from carbon isotope (δ13C) analysis on untreated V. nilotica, charcoal produced near 400 degrees Celsius, 
and charcoal produced under laboratory conditions at high heat. Material from two trees (GZL 1 and GZL 2) are 
represented here. Error bars represent instrumental error. (n=6) 

 

 

Sample ID Context δ13C (؉ VPDB) 

GZL 1 Wood -28.2 

GZL 1H ~400°C (hearth) -28.4 

GZL 1L 900°C (lab) -28.2 

GZL 2 Wood -26.4 

GZL 2H ~400°C (hearth) -27.9 

GZL 2L 900°C (lab) -27.0 
 

Table 3. Carbon isotope (δ13C ) results for experimental charcoal. Samples with suffix “H” represent charcoal created 
in a simulated hearth. Samples with suffix “L” represent charcoal produced in a laboratory setting. 

 

 

 

Archaeometallurgical Charcoal:87Sr/86Sr    
87Sr/86Sr ratios for the entire data set range from 0.70724 – 0.70785, with a mean of 0.70738, 

where σ = 0.00019 ( 
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Table 4). 87Sr/86Sr ratios for the early metallurgy (MIS 3) group range from 0.70724 – 0.70737, 

with a mean of 0.70731, where σ = 0.00004. Comparatively, the late metallurgy (MIS 6) have 

a smaller range, from 0.70724 – 0.70742, with a mean of 0.70728, where σ = 0.0001. A one-

way analysis of variance (ANOVA) test where p ≤ 0.05 determined that the early metallurgy 

and late metallurgy 87Sr/86Sr values were not statistically significant, with a p-value of 0.8513. 

( 

Figure 15). 
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Figure 15. Strontium isotope analysis on early-period and late-period iron smelting contexts at Meroe, Sudan. 
Error bars are representative of instrumental error. (n=10) 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

Table 4. Strontium isotope results for archaeological material from Meroe, Sudan. MIS 3 (400 - 200 BCE) and 
MIS 6 (200 - 400 CE) represent different iron smelting periods. 

 

 

 

 

Archaeological Charcoal: δ13C  

The δ13C (VPDB) values for all archaeological charcoal fragments ranges from -26.9±0.06؉ 

to -24.6±0.06؉ (Table 5). The early metallurgical material ranges from -26.9±0.06؉ to -

24.9±0.06؉, with a mean of -25.98±0.06؉ where σ=1.0035 (Figure 16). The intermediate non-

metallurgical ranges from -26.3±0.06؉ to -25.5±0.06؉ with a mean of -25.9667±0.06؉ where 

σ=0.4163.  The late metallurgical material ranges from -26.9±0.06؉ to -24.6±0.06؉, with an 

Sample ID Context 87Sr/86Sr 

MIS 3-11-16 Superpositioned rubble 0.70724 

MIS 3-3-16 Metallurgy: OS 0.70735 

MIS 3-5-16 Metallurgy: OS017 0.70731 

MIS 3-8-16 Metallurgy: OS004 0.70727 

MIS 3-10-16 Metallurgy: OS021 0.70737 

   

MIS 6-3-14 Slag heap: OS6276 0.70742 

MIS 6-3-14 Slag heap: OS6180B 0.70724 

MIS 6-1-14 Workshop FW224 0.70724 

MIS 6-1-14 Workshop FW240 0.70725 

MIS 6-1-14 Workshop FW233 0.70725 
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average of -25.72±0.06؉ where σ=0.9257. These values are typical, as δ13C values in woody 

tissue are usually around -30؉ (VPDB).187 A one-way ANOVA test (p < 0.05) was performed 

on these data, indicating that the difference between the three groups is statistically 

insignificant, with a p-value of 0.880908.  

 

 

 

 

 
Figure 16. δ13C (VPDB) values from three contexts at Meroe: early metallurgy, building timber, and late 
metallurgy. See Table 4 for exact values. Error bars are representative of instrumental error. (n=13) 

 

 

 

                                                           
187 McCarroll & Loader, 2004 
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Sample ID Context δ13C ‰ 

MIS 3-9-16 Metallurgy: OS009B -26.8 

MIS 3-4-16 Metallurgy: OS015B -24.9 

MIS 3-7-16 Metallurgy: OS019 -24.9 

MIS 3-3-16 Metallurgy: OS033B -26.9 

MIS 3-3-16 Metallurgy: OS034 -26.4 

MIS 3-2-14 Temple: pit fill, OS030 -25.5 

MIS 3-2-14 Temple: pit fill, OS031 -26.3 

MIS 3-2-14 Temple: pit fill, OS032 -26.1 

MIS 6-1-14 Workshop FW224B -24.6 

MIS 6-3-14 Slag heap: OS6276 -25.5 

MIS 6-1-14 Workshop FW233A -25.2 

MIS 6-1-14 Workshop FW233B -26.9 

MIS 6-1-14 Workshop FW240B -26.4 

Table 5. δ13C (VPDB) values for archaeological material from Meroe. The materials include 
archaeometallurgical material from MIS 3 and MIS 6, as well as possible building material from MIS 3 
post-dating iron production. 
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Discussion 

Analyses on both experimentally-produced and archaeological charcoal gave rise to a series 

of interesting implications. Methodological, environmental, and archaeological hypotheses 

are discussed below. 

 

 
87Sr/86Sr Stability during Acacia Charcoal Production 

The 87Sr/86Sr ratios derived from experimental charcoal remain relatively stable between 

untreated wood, experimental hearth charcoal, and laboratory-created charcoal. This is 

especially apparent when comparing the untreated wood to the laboratory-created material. 

For example, the difference in ratios between GZL 1 and GZL 1L is 0.0004, which is within 

the margin of error for the TIMS analysis. Further, the analogous GZL 2 and GZL 2L 

presented identical 87Sr/86Sr ratios. Despite the small sample size (n = 6), these preliminary 

results suggest that temperatures achievable by ancient peoples may not impact 87Sr/86Sr 

values.  

 

However, the samples created in the simulated hearth environment, GZL 1H and GZL 2H, 

produced 87Sr/86Sr ratios greater than their untreated wood counterparts by 0.0021 and 

0.0014, respectively. These differences fall outside of the range prescribed for instrumental 

error, suggesting that these increased values are genuine, rather than artifacts of instrumental 

analysis. The increased 87Sr/86Sr ratios for GZL 1H and GZL 2H suggest that the 

environment in which the wood was heated impacted the 87Sr/86Sr ratios present in the 

wood before carbonization. This realization introduces the possibility that a range of burning 

environments, such as those found in ceramic kilns, domestic fires, iron production 
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contexts, or destruction sequences may artificially increase or decrease 87Sr/86Sr ratios for the 

woody material found therein.  

 

Future study may have the potential to further hone the technique and better understand 

87Sr/86Sr variation based on burning environment. Nonetheless, the confirmed stability of 

87Sr/86Sr ratios derived from the experimental charcoal material creates a powerful, new 

method of analysis for woody material. Based on the 87Sr/86Sr ratios obtained from this 

study, it is clear that pyrolysis and carbonization of woody material alone:  

• Do not eliminate Sr from carbonized material  

• Do not preferentially remove one strontium isotope from the plant’s cellular 

structure, enabling the 87Sr/86Sr ratios in carbonized wood to be treated as valid. 

 

Carbon Isotope (δ13C) Stability during Acacia Charcoal Production   

Much like the Sr isotope data, the (δ13C) values show little variation during the charcoal 

formation process. GZL 1 group charcoal especially shows a linear consistency in the δ13C 

values across each treatment, with δ13C values from GZL 1 and GZL 1L both being -

28.2±0.06؉, and GZL 1H decreasing by only 0.02؉. GZL 2 group charcoal displays more 

variance, though with a similar pattern. As with the 87Sr/86Sr analysis, results from GZL 1H 

and GZL 2H deviate from the untreated wood and laboratory-produced charcoal (this time 

decreasing), suggesting again impacts from an uncontrolled burn environment.  

 

The small sample size of this study prohibits the results from being applicable across other 

species or regions. Carbon isotope (δ13C) variation during carbonization is still poorly-
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understood, and requires additional study across species.188,189 Further, as δ13C values may 

vary between growth rings (in species that produce annual rings) or growth regions as 

described in the literature review, bulk sampling as conducted here may present biases 

depending on the exact charcoal fragment analyzed. Despite this, the range of values for the 

entire data set is -26.3؉ (VPDB) to -28.5؉ (VPDB), with a difference of only 2.2؉. Given 

that the within-tree variability of carbon isotope values may be as much as 1 – 3؉, the 

experimental data suggests that the archaeological data may be treated as acceptable for this 

study on Vachellia nilotica.190 Based on the analyses conducted for this study, the stability of 

carbon isotope (δ13C) values across V. nilotica charcoal samples suggests that  

• δ13C values do not seem significantly altered during charcoal formation. 

 

 

 

Archaeological Charcoal: 87Sr/86Sr Analysis 

Based on the statistical insignificance (σ = 0.00019) between archaeometallurgical charcoal 

from MIS 3 (early metallurgy group) and MIS 6 (late metallurgy group), woody material from 

both groups likely came from the same location, or a location where widely similar climate 

patterns and geologies prevailed. Lack of variation in carbon isotope (δ13C) data (see below) 

supports this hypothesis, suggesting no major difference in aridity between 400 BCE – 400 

CE. Determining the shared, exact origin of the fragments from both groups is not possible, 

due to a lack of extant 87Sr/86Sr data from the Meroe region, as travel to the site to collect 

both modern wood and sediment samples for compatible was not accomplishable (see 

“Methods”).  

                                                           
188 Poole et al 2002 
189 Jones et al 1993 
190 Leavitt 2010 
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However, published 87Sr/86Sr data on the Nile system as a whole can help narrow the Meroe 

charcoal’s origin to a regional level. The frequency of strontium isotope analyses on Nile 

sediments is increasing, creating a larger dataset for future studies. Though 87Sr/86Sr data at 

several points along the Upper Nile offer a preliminary examination into the location of the 

charcoal from Meroe,191 Woodward et al. (2015) provides the most appropriate comparison 

for the Meroe dataset, as it offers contemporaneous material—this is critical, as aelion sand 

input into Nile sediment has increased over time since the end of the African Humid 

Period.192  

 

 

Figure 17. Upper Nile Valley 87Sr/86Sr values at various locations, including: White Nile, Blue Nile, Atbara, and 
Egyptian Nile (Padoan et al 2011); Dongola (Woodward et al 2015); and Meroe (this study). Error bars for all 
material are representative of this study’s instrumental error for efficient comparison. Note that only the 
Dongola Reach material is contemporaneous with the Meroe data. Meroe data has an n-value of 10; n-values 
for other sets may be found in their respective publications. 

                                                           
191 Padoan et al 2011 
192 Woodward et al 2015 
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Meroe lies on the stretch of the Nile north the confluence of the Blue and White Niles near 

Khartoum, before the Atbara tributary joins the river (Figure 3). When the Meroe 87Sr/86Sr 

dataset is compared against 87Sr/86Sr data from various regions in the Upper Nile, the 

prevalent hypothesis in past research193,194 suggesting that the smelting fuel originated locally 

can be supported. 87Sr/86Sr from Meroe fall between those of the Blue Nile (0.7050 – 0.7054) 

and White Nile (0.7103 – 0.7113), somewhat equidistant between the 87Sr/86Sr ratios for the 

Atbara (0.7040 – 0.7046) and the White Nile.195 ( 

Figure 17) These relationships suggest that the Meroe material grew in a watershed with a 

combined input of the White Nile and the Blue Nile. Further, the 87Sr/86Sr analysis on the 

Meroe material supports a contribution of White Nile discharge larger than measured 

today.196  

 

It is possible that the Meroe material may have grown downstream of the adjoining of the 

Atbara’s waters with the Nile, in territory perhaps under Meroe’s control. However, more 

comprehensive study of the strontium geochemistry along this stretch of river must be 

completed to fully understand the Meroe material. Contemporaneous sample sites would 

also benefit this effort, ensuring that modern aeolian sediment increase would not skew the 

87Sr/86Sr values. Using only the data measured in this study and available published records, 

87Sr/86Sr analysis of all Meroitic charcoal described indicates that: 

                                                           
193 Wolf 2015 
194 Humphris & Eichhorn, forthcoming 
195 Padoan et al 2011 
196 Woodward et al 2015 
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• Metallurgical contexts deposited at Meroe from 400 – 200 BCE and 200 – 400 CE 

contain charcoal that likely came from the same region. 

• The origin of metallurgical material may have extended north of the Atbara 

confluence, but most probably no further north than the confluence of the Blue and 

White Niles. 

 

 

Archaeological Charcoal: Carbon Isotope (δ13C) Analysis 

Carbon isotope (δ13C) data can reveal variations in local aridity and amount of carbon 

dioxide (CO2) in the atmosphere.197 In the case of plant matter, δ13C values can broaden 

understanding of aridity in a given region. With favorable moisture conditions, 

photosynthesis preferentially uptakes the lighter isotope of carbon.198 However, during a 

particularly dry season, plant stomata open less frequently and the δ13C values in the tissue 

increase (Leavitt, 2010). Archaeologists studying past peoples’ relationship with their 

environment increasingly apply δ13C analysis (along with that of δ18O) to better understand 

past climates in their region of interest.199 This method can be applied to 

archaeometallurgical charcoal at Meroe. 

 

 

The results of the one-way ANOVA test indicate that the variability in δ13C values between 

the three temporal groups is not statistically significant. A change in aridity is not supported 

during these three moments in time—change between the two dates is impossible to see from 

these temporally discontinuous data. The well-documented Ethiopian coast monsoon 

                                                           
197 Sharp 2006 
198 Leavitt 2010 
199 Pollard et al 2007 
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complicates this issue. Growth of this acacia species occurs in tandem with periods of heavy 

rainfall.200 However, the fragmentary nature of the sample set leaves the growth seasons 

represented unknown. Given the tight range of δ13C values, it is possible that this cyclic 

seasonality of the Ethiopian monsoon was not appropriately captured. Broadening the data 

set to include a longer period of time and a larger number of samples would be beneficial in 

building an environmental record more representative of the full possible range of δ13C 

values. 

 

 

Interestingly, the δ13C variability within the samples from the intermediate non-metallurgical 

context are very low. Variability of δ13C values depends primarily on the species, but on 

average ranges from 1-3؉(VPDB) within a single tree.201 Given that the range of variability 

for these samples is at most 2؉, that the samples were excavated in very close proximity, and 

what can be seen of their anatomical features, it seems very likely that these charcoal timber 

fragments may have come from the same tree. Further investigation into maximizing this 

kind of “tree-matching” as an application of carbon isotope analysis may have future 

promise in archaeological contexts. Other samples in the dataset also have very similar (or in 

some cases, identical) δ13C values, but these samples were excavated in separate, discrete 

areas, making a common source tree less likely.  

 

As there are not yet equivalent carbon isotope data or paleoclimate records for the study 

period and region, data from this study can only be interpreted in relationship to itself. 

                                                           
200 Khan 1970 
201 Leavitt 2010 
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Further, methodological concerns regarding bulk sampling (as detailed above) may have 

biased the results depending on the part of the tree represented in the charcoal. However, 

the δ13C values derived from the metallurgical charcoal at Meroe supports the conclusions 

that:  

• δ13C values between metallurgical charcoal deposited from 400 – 200 BCE, non-

metallurgical material deposited from 300 – 100 BCE, and metallurgical charcoal 

deposited from 200 – 400 CE do not vary significantly. 

• Aridity during the above periods at Meroe did not significantly change. 

 

 

 

Implications for Ancient Meroe 

 

Wood Fuel Procurement 

The lack of climate variability at Meroe from 400 BCE – 200 CE as suggested by the δ13C 

values, combined with the likely uniform region of origin (likely local to Meroe or its 

northern environs), suggests that the quantity of acacia being felled for charcoal was coming 

from one area whose microenvironmental conditions were relatively homogenous. A 

modern study in ecology determined that Vechellia nilotica best thrive in dry forests that are 

disturbed by human activity.202 However, their adaptive capacity is great: V. nilotica can thrive 

on annual rainfall values ranging from < 230 mm/year to > 1500 mm/year.203 Ecological 

study of V. nilotica trees reveals that young saplings may take up to 12 years to reach 

maturation under stressed conditions, while the mature tree may live to 25-60 years of age.204 

These specific values vary depending on the growth environment of the specific tree—for 

                                                           
202 Khurana & Singh 2004 
203 Kriticos et al 2003 
204 Kriticos et al 1999 
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example, trees growing on the river edge would likely reach maturity more quickly, in as little 

as 5 – 7 years.205,206  

 

Whether the people of ancient Meroe were employing forest management techniques for 

their acacia stands is also unknown. Coppicing, the act of trimming a tree down to a live 

stump, results in the growth of several quickly-growing saplings emanating from the same 

root system.207 It is possible that the acacia from ancient Meroe were products of coppicing 

to produce a greater yield, as in other acacia forest systems.208 However, as the charcoal from 

Meroe has not yet been assessed for discernible presence of growth rings and V. nilotica life 

cycle data in undisturbed ecologies are relatively unknown, determining the validity of this 

hypothesis is difficult at present.  

 

 

A Reduction or Cessation of Iron Production 

Moving beyond the forest and towards the furnaces, human behaviors and their impacts for 

the city of Meroe have been revealed by dating of charcoal on site with a high stratigraphic 

resolution. Radiocarbon dating of the slag heaps at Meroe reveal a gap or reduction in iron 

smelting activity for approximately 200 years. Humphris and Scheibner209 were able to 

reconstruct the chronology of iron smelting at Meroe and a nearby iron smelting site (Figure 

18). Interestingly, there are two distinct groups of smelting episodes, with a gap of no 

                                                           
205 Khan 1970 
206 Kriticos et al 1999 
207 Levesque et al 2011 
208 Iles 2016 
209 Humphris and Scheibner 2017 
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additional slag deposition for approximately 200 years.210 Following this pause in production, 

iron smelting deposition events at Meroe continue only for roughly an additional 200 years 

at MIS 6 and another substantial slag heap on the north side of the site (Jane Humphris, 

personal communication). Humphris and Scheibner posit that a period of lessened military 

exploits may have been a factor in this cessation or reduction of iron smelting, especially 

given the wealthy nature of Meroe during this time.211  While the absence of data should not 

be construed as its nonexistence, it will be worth noting in future research whether this gap 

remains. 

                                                           
210 Earlier radiocarbon dates (Shinnie and Bradley 1980) suggest that there was smelting/smithing activity 
occurring in the first few centuries CE. However, the sampling strategy for these dates is somewhat 
unreliable (Jane Humphris, personal communication) and not considered here. 
211 Humphris and Scheibner 2017 
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Figure 18. Radiocarbon dates from Meroe and Hamadab, from Humphris & Schreiber 2017. Both MIS 3 and 
MIS 6 are notated on the top, horizontal axis. 

 

 

Study of the technical ceramics212 used at Meroe may support the existence of this pause in 

intensive iron production. The study notes that the standardization of raw materials for 

bricks, furnace materials, and tuyères remained relatively constant during Napatan and early 

Meroitic times—more or less contemporaneous to the features at MIS 3.213 However, late 

                                                           
212 Functional ceramic forms used in the production of iron, such as furnace components, tuyères 
(blowpipes), and bricks. 
213 Ting & Humphris 2017 
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and Post-Meroitic technical ceramic production efforts are much less organized, with a 

greater degree in variability of raw materials. The deviation following the gap in the 

radiocarbon record indicates some manner of change at Meroe; Ting & Humphris posit 

change in administrative control over the iron smelting activities. It is also possible that this 

shift in organization came about as an artifact of a cease or reduction in iron production of 

over 200 years.  

 

If there truly was a halt or reduction in smelting at Meroe, as discussed previously, 

exhaustion of the easily-accessible acacia populations along the Nile may have been a 

contributing factor. Prior to the pause, evidence for iron production at Meroe has been 

dated from 800 BCE – 200 BCE. Six hundred years of consistent resource pillaging (with an 

additional level of intensity from approximately 400 BCE – 200 CE) would have necessitated 

a substantial period for sufficient regrowth to occur. Given the intentional selectivity214 of V. 

nilotica as the prime fuel for iron smelting and the long wait for tree maturity, a downscaling 

of wood collection may have been necessary to allow sufficient regrowth of the acacia stands 

such that their harvest would be ample enough to yield sizable fuel amounts for smelting. 

 

 

Environmental Considerations 

If anthropogenic exhaustion of the woody resources around Meroe did not occur, 

environmental instability may have caused sufficient disruption in the environment to slow 

the regrowth of in V. nilotica in the areas immediately surrounding the city, without depleting 

key agricultural crops serviced by irrigation. Several studies seem to support this possible 

paleoclimatic shift in regions in the Nile valley, as well as the Mediterranean and Near East. 

                                                           
214  Humprhis & Eichhorn, forthcoming 
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Though the shifts vary in direction and duration throughout geographic space, there seems 

to be an agreement that the period from 200 BCE – 200 CE was a time of quickly changing 

or oscillating climate.215  

 

Because of current gaps in data, confident interpretations of climate disruption around 

Meroe are difficult to obtain. Despite this dearth of information, climate data from different 

hydrological zones of the Nile may offer a punctuated image of ancient environmental 

conditions at Meroe. A sediment core taken at the White Nile’s source, Lake Victoria, reveals 

an increase in δ18O values from 3000 – 2000 cal BP, suggesting evaporation events and 

lowered lake levels concurrent with the start of Meroitic iron smelting around 800 BCE until 

the first century CE.216 Terrestrial leaf wax quantities in the same study reveal a decrease in 

plant matter entering the lake during the same time period, indicating less terrestrial growth. 

Further, study of strontium isotope variation in the Mediterranean Nile fan suggests that, 

between 3000 – 2000 cal BP, discharge from the White Nile decreased at a rapid rate, while 

Blue Nile discharge slowly increased.217 This change in river flux, especially if the Blue Nile 

did not increase its discharge to meet the disparity brought by White Nile reduction, may 

have decreased the Nile’s water levels near Meroe. In turn, this may have resulted in a 

smaller crop of quickly-growing, river-fed acacia.  

 

                                                           
215 Marston 2017 
216 Cockerton et al 2015 
217 Box et al 2011 
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Terrestrial records also offer supporting paleoclimate data. Speleothem records from the 

Mediterranean confirm a sustained drier period from ca. 600 – 1 BCE, with an increase of 

moisture occurring beginning around 100 CE.218 Paleoclimate records based in Ethiopia also 

suggest that the land’s stability faltered from ca. 1500 – 500 BCE in the region, with tree-to-

shrub ratios decreasing severely from ca. 1000 – 300 BCE, and only beginning to increase 

again near 100 CE—a very similar story to that found in the Mediterranean.219 However, 

other factors beyond Nile discharge may instead have been a cause for reduced acacia 

growth. For example, V. nilotica individuals whose limiting growth factor is moisture 

availability are less likely to flower and fruit during the spring.220 Minor fluctuations in local 

temperature, if present, could have instigated a decreased growth rate in the nearby acacia 

stands, limiting wood harvest.  

 

These studies may support a drier or warmer climate at ancient Meroe between 1000 – 1 

BCE. While impacts of a possible warm period have not yet been assessed through an 

archaeological lens, the amount and high quality of material culture during this time in the 

Meroitic kingdom does not suggest unease in the elite members of this society.221 Perhaps 

the effects of a warm/dry period were not sever enough to impact faster-growing crops with 

available water from the Nile floodplain, but rather only the plants dependent on seasonal 

wadi flow or higher-than-normal floods. If this were the case, such a scenario would address 

the relative sociopolitical wealth of the city at this time, while also explaining the decrease or 

                                                           
218 Psomiadis et al 2018 
219 Lanckriet et al 2017 
220 Khan 1970 
221 Shinnie and Bradley 1980 
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halt of acacia harvesting for the purpose of fueling iron furnaces. Further study on the 

paleoclimate surrounding Meroe is imperative if this story is to unfold.  
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Conclusions 

 

Given the ubiquity of charcoal found at archaeological sites around the world, applying 

novel analytical techniques to anthracological study only increases the benefit of this 

powerful environmental, temporal, and anthropological multiproxy. Exploring 87Sr/86Sr 

analysis using charcoal creates a new opportunity for one such technique to be added to the 

anthracologist’s toolkit. Further, utilizing 87Sr/86Sr as an investigative method has the 

potential to unlock information on interactions between ancient peoples and their 

landscapes. 

 

Experimental charcoal production using modern V. nilotica wood collected at al-Ghazali, 

Sudan determined that 87Sr/86Sr values do not increase or decrease outside of the mechanical 

error of ±0.0002 for charcoal made in a laboratory environment under 900°C heat.  This 

study is the first to explore 87Sr/86Sr applicability to charcoal, and its results are significant 

across disciplines: heat alone does not alter 87Sr/86Sr ratios found in wood. The preliminary 

success of this method opens the door to future development of strontium isotope studies 

using charcoal, a material apparent in a variety of analytical contexts. 

 

Charcoal made in an experimental, hearth setting yielded 87Sr/86Sr values slightly higher than 

that of the original wood by 0.00014 – 0.00021. These data demonstrate that, though slightly 

biased due to external contamination, charcoal produced in uncontrolled environments can 

deliver approximate 87Sr/86Sr information. However, their similar increase indicates the 
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capability of direct burning conditions to alter 87Sr/86Sr found in wood—a hurdle that must 

be overcome to harness this technique to the fullest.  

 

Using this 87Sr/86Sr geoprovenance technique, archaeometallurgical charcoal of two discrete 

periods from Meroe, Sudan can be potentially assigned to a growth region near Meroe no 

further south than the confluence of the Blue Nile and White Nile, perhaps reaching as far 

north as the Atbara-Nile confluence. Carbon isotope (δ13C) analysis suggests that the local 

growing conditions of trees made into these charcoal samples were not significantly 

different. Radiocarbon chronologies from the site suggest there was a reduction or cessation 

of iron smelting activity near Meroe from ca. 200 BCE – 200 CE. Interestingly, regional 

environmental records suggest that the Nile Valley may have been warmer or drier during 

the same time. Climatic conditions may have limited the growth of V. nilotica at the center of 

Meroe’s acacia stands, resulting in the apparent gap in smelting activity. 

 

Future Work 

A benefit to paleoenvironmental studies in Sudan must begin by widening the chronology of 

information towards the present day, to include development of cultures and increased 

human population sizes after the African Humid Period. Further development of a long, 

cross-regional paleoclimate record for Sudan is a key target for future investigations into 

long-term human ecology throughout the region. Increased sampling for 87Sr/86Sr 

geoprovenance analysis with the intent to form a more comprehensive comparative dataset 

for this Upper Nile Valley region will prove to be a useful tool. On a more practical scale, 

collecting wood samples from Meroe and its environs to create a larger, site-specific 
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spatially-resolved 87Sr/86Sr ratio network will improve the quality of this study. Further, 

assessment of 87Sr/86Sr ratio change at Meroe across time through sediment cores will help 

to facilitate a better understanding of local fluctuations in strontium isotope data.  

 

Additionally, study of the physical properties of the Meroe charcoal may also address some 

of the gaps in the environmental record. Metrics typically used in reconstructing paleoforests 

may help shed light on this question. For example, the branch and stem diameters of the 

material could be used to assess patterns in method of wood fuel harvesting. Ethnographic 

evidence from central Africa indicates that branches are selected first under conditions of 

sufficient forest growth, while larger-diameter stumps are preferred during times of forest 

depletion.222 Searching for other markers of tree age at felling, such as sapwood, may also 

add to this study. The fact remains that there is still very much to learn about the process of 

iron production at ancient Meroe—information critical in understanding the human 

intersection with the environment. Continued study by the UCL Qatar team (as well as a 

continued pursuance of this project) may bring some of this knowledge to light. 

 

Beyond site-specific data, the confirmation of 87Sr/86Sr geoprovenance as a valid technique 

to utilize during charcoal analysis may have a significant impact across fields. Most related to 

this work is the possibility of assessing fuel procurement strategies or import connections 

with archaeological materials. However, paleoclimatologists, ecologists, or 

dendrochronologists may find niche uses of this methodology to assign their charcoal to a 

geological space. Limitations to 87Sr/86Sr isotope studies are significant, encompassing the 

                                                           
222 Gelabert et al 2011 
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need for appropriate comparative material and the generally-high cost of analysis. As more 

study on the impact of different burn environments as trans-disciplinary collaborations 

increase, charcoal may begin to reach its highest potential as a lens for many questions—

87Sr/86Sr   provenance now among them.  
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