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The impact of the climate drying during the Holocene within the Nile River Valley System (NRVS) has been the
focus of recent debate in the archaeological community. It is argued that the increased contribution of aeolian
material from the neighboring Sahara Desert during the last ~7,000 years has changed the isotope composi-
tions of bioavailable Sr relative to the geological background and thus hinders provenance investigations of
human remains within the NRVS. This study reports new trace element and strontium (Sr), neodymium (Nd),
and lead (Pb) isotope compositions for a combined total of 125 samples consisting of human tooth enamel and
various faunal samples from different time periods, and present-day botanical samples from 11 archaeological
sites along the NRVS. The new isotope data combined with published data do not support a time-dependent
increase in a Saharan aeolian bioavailable Sr component during the Holocene within the NRVS; in general, Sr
isotope compositions for human enamel samples match those of their corresponding faunal matrices, and these
define a similar range of isotope compositions over the various time periods. The Nd and Pb isotope composi-
tions for human tooth enamel reported here also support the limited contribution of Saharan aeolian dust
within the NVRS.
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Ancient Residential Mobility — Nile River
Valley System (NRVS)

The identification of residential mobility of past hu-
man groups via strontium isotope analysis (*Sr/**Sr
compositions) has been successfully used by research-
ers in long-term, multidimensional investigations of
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population composition and dynamics with a contex-
tual bioarchaeological approach in many regions (e.g.,
Buzon et al. 2016; Evans et al. 2006; Turner et al. 2009).
For example, the Nile River Valley System (NRVS)
has been viewed as a corridor or “interactive highway”
(Graves 2018) in northeast Africa; beginning in about
3000 B.C., people living in Nubia and Egypt regularly
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2 Impact of Holocene Climate Change on Bioavailable Strontium Within the Nile River Valley

interacted, traveling up and down the Nile as well as
the desert regions to the east and west. Buzon and col-
leagues (2016) investigated the population dynamics
and cultural transformations at the site of Tombos
(Fig. 1), the frontier zone of ancient Nubia and Egypt
during a period of rapid governmental transition from
Egyptian colony to independent Nubian Napatan state
(ca. 1400-650 B.C.).

Higher ¥Sr/*Sr values at Tombos have been associ-
ated with the presence of non-locals during the Egyp-
tian colonial period (Buzon et al. 2007). Recently, an
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alternative explanation has been suggested: The higher
values are due to greater quantities of acolian material
in the windblown dust being incorporated into farmed
alluvial deposits (Woodward et al. 2015). This study
evaluates the hypothesis that Sr isotope compositions
have been altered over time due to the processes associ-
ated with climate change during the Holocene through
trace element and Sr, Nd, and Pb isotope compositions
for 125 new samples of archaeological human and fau-
nal tooth enamel, and present-day plant samples grow-
ing on or near 11 archaeological sites along the NRVS.

oKhartoum

Figure 1. Modified Google Earth map showing the locations of the archaeological burial sites investigated
here (non-black font) within the Nile River Valley System (NRVS) in northeastern Africa (bottom right inset).
Sites labeled in black font represent those with Sr isotope compositions from literature data included in the
compilation illustrated in Fig. 7. The letter abbreviations correspond to the following burial sites: A= Askut;
AB=Abri; AF= Abu Fatima; AFD = Afad; AK = Al-Khiday; AW = Amara West; D = Dongola sites (El-Detti,
Selib Bahri, Selib 1); E-K=EIl-Kurru; G = Gournah; H=Hannek; KZ =Khozan; N=Nuri; Q=Qurneh;
S=Shellal; SH = Shendi/Meroe; SI = Sai Island; SQ=Saqqara; T =Tombos; TED =Tell el-Dab’a; W-H=Wadi
Halfa. Top right inset: Regional geological sketch map modified from Padoan and colleagues (2011). Lighter
shaded areas =Precambrian basement rocks of the Saharan Metacraton (SMC) and Arabian Nubian Shield
(ANS), darker shaded areas=Mesozoic sedimentary deposits (mainly sandstone), brick pattern =Paleogene
limestone deposits, and areas in white represent regions covered in unconsolidated alluvium deposits.

Locations of Cataracts numbers 2 to 6 are also shown.
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Strontium isotope Geochemistry and
its Bioavailability

On Earth, the ¥ Sr/®*Sr ratios of geological materials
are dependent on their age and mineralogical make-up,
which is a function of the geological composition of
their place of origin (Faure 1986). Areas that are char-
acterized by older bedrock with a higher proportion
of minerals containing high Rb/Sr ratios, such as micas
(e.g., biotite, muscovite, alkali feldspar), yield higher
¥Sr/*Sr ratios than those in regions that contain
younger rocks with lower Rb/Sr ratios (Faure 1986).
Over time, the parent nuclide ¥Rb decays to the stable
daughter isotope ¥Sr via beta decay (half-life of ~50
billion years; Faure and Mensing 2005). The ¥Sr/*Sr
signatures are then transferred into the hydrosphere
and biosphere through weathering. Animals record the
8Sr/%Sr compositions of their environment and diet,
and this signature is incorporated into their body tis-
sues, mainly skeletal hydroxyapatite, substituting for
Ca (Ericson 1985; Nelson et al. 1986). Tissues that grow
continuously, such as hair (Shin et al. 2022), teeth
(Lahtinen et al. 2021), bones (Tttken et al. 2011), and
tusks (Barbieri et al. 2008), may record temporal vari-
ations in the ¥Sr/%Sr ratios (Hillson 1996), which can
then be used to decipher migration patterns of individ-
uals or groups from ancient civilizations (Buzon et al.
2007; Buzon and Simonetti 2013; Buzon et al. 2016).

Although Sr found within bedrock is the ultimate
source of Sr to Earth surface systems, its *’Sr/*Sr sig-
nature can differ significantly from that of soils, sur-
face water, and organisms due to many features at the
local scale, such as variation in weathering rates for
different minerals, the local soil pH, animal behavior,
or possible input from aeolian sources (Bentley 2006;
Capo et al. 1998; Chadwick et al. 1999; Stewart et al.
1998). For provenance investigations, it is most appro-
priate to model the “biologically available Sr” as an
approximation of the Sr that is incorporated by organ-
isms (Frei and Frei 2011; Hodell et al. 2004; Price et al.
2002; Sillen et al. 1998).

Nile River Valley System (NRVS)—
Geological Background

The bedrock and alluvium deposits that are present
within and that surround the NRVS are varied and in-
clude the following predominant geologic regions:
volcanic Ethiopian Highlands, Precambrian basement
rocks of the Arabian Nubian Shield (ANS) and Saha-
ran Metacraton (SMC), and Phanerozoic sedimen-
tary cover (Fig.1). In northern Ethiopia and Yemen,
Oligocene-aged (~30 million years ago) volcanism re-
sulted in the emplacement of thick continental flood
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basaltic sequences that directly overlie Pan-African
basement rocks (Pik et al. 1999). Crystalline basement
rocks (between ~1000 and ~600 million years old)
present within the ANS are interpreted as newly formed
Neoproterozoic crust and represent dismembered
ophiolite (Abdel-Rahman 1993; Abdelsalam et al. 1998).
The ANS comprises metasedimentary rocks with ma-
rine protoliths, arc-related metavolcanic rocks and
(meta)intrusions of intermediate to granitoid compo-
sition (Bailo et al. 2003; Barth and Meinhold 1979;
Evuk et al. 2014 and references therein; Kiister et al.
2008). In contrast, units from the SMC represent older
cratonic crust that was deformed during the Neopro-
terozoic (between ~1000 and ~550 million years old)
and consist of polymetamorphic amphibolite from
magmatic arc environments (e.g., Kiister and Liégeois
2001). The rock types present within the SMC com-
prise mainly felsic medium- to high-grade polymeta-
morphic granitoids, including meta-granite and rare
meta-monzonite (Barth and Meinhold 1979; Kiister
et al. 2008; Evuk et al. 2014 and references therein).

Subsequent to the tectonically active and orogenic
periods associated with the SMC and ANS, much of
the region now occupied by the NRVS was character-
ized by prolonged intervals of erosion and continen-
tal sedimentation leading to widespread accumulation
of sandstones (e.g., Mesozoic Nubian sandstone for-
mation; Williams 2019). In the northern areas of the
NRVS, the regional geology is dominated by Cenozoic
sedimentary rock formations (Dakhla chalk, Esna
shale, and Theban limestone) deposited between 35
and 56 Ma ago (Fig. 1). Moreover, at Luxor (ancient
Thebes), the Theban limestone formation is ~300
meters thick and underlain by the Esna shale (60 me-
ters thick; Said 1962).

Given the varied geological background described
above, the total range of Sr and Nd isotope composi-
tions within a particular region may be significant;
however, the overall range of ¥Sr/*Sr and ¢, values,
respectively within the NVRS are as follows: Ethio-
pian basalts: 0.7030 to 0.7043 and +7 to —1 %o (Pik
et al. 1999); ANS-SMC Precambrian basement: 0.7032
to 0.7089 and +8 to —4 %o (Evuk et al. 2017); and Ce-
nozoic marine deposits: 0.7090 to 0.7092 (Reinhardt
et al. 1998). As shown and discussed later, these Sr and
Nd isotope compositions exhibit minimal overlap with
those for human enamel, faunal, and botanical sam-
ples from archaeological sites investigated here.

Temporal Variability of Bioavailable Sr, Pb,
Nd: Impact of Holocene Climate Change?

Previous investigations have not given much attention
to the supply of sediment from windblown or aeolian
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dust and the numerous wadis in Sudan and Egypt (ae-
olian source) to the NRVS between Khartoum and
the Mediterranean Sea (~2700 km in length; Fig. 1).
Paleo-dust records worldwide show that wind-borne
mineral aerosol or dust is strongly linked with climate
state (Maher et al. 2010). For example, previous inves-
tigations indicate that concentrations of dust in sedi-
ments and ice cores have varied greatly in association
with transitions from glacial to interglacial regimes;
during glacial stages, Earth was significantly dustier,
with dust fluxes two to five times greater than in
interglacial stages (Kohfeld and Harrison 2001). The
generation and transport of dust is itself extremely
sensitive to climate, with aridity being the most obvi-
ous link since the dominant sources of dust globally
are all located in arid or semiarid regions (Maher et al.
2010). Dust production is a highly complex process
that depends on many factors, such as atmospheric,
soil, and terrain properties (Goudie 2008). Conse-
quently, sediment detachment from the surface and
transport is mostly associated with strong winds; how-
ever, particle detachment is constrained by several
factors with soil moisture playing a vital role since it
affects particle cohesion along with cementation as a
function of salt content and soil structure (Maher et al.
2010). Therefore, dust emission is higher in arid or
semiarid areas, such as deserts with annual rainfall of
less than ~25 cm per year (Prospero et al. 2002; Wash-
ington et al. 2003), little or no vegetation cover, and
strong, long-fetch winds.

It is well established that the Sahara is the largest
source of mineral dust on Earth (Goudie 1983), in par-
ticular the Bodélé Depression, which is located in
Chad, southeastern Sahara (Goudie and Middleton
2001). This region is characterized by the accumula-
tion of dust and a predominance of fine material due
to the arid conditions and resulting from the sedimen-
tation of diatomites during the early phases of the
drying of the paleo-lake “Mega-Chad” (Washington
et al. 2003). Hence, the hypothesis was proposed that
dust from the neighboring Sahara has overprinted the
Sr isotope anthropological record in the NRVS, in par-
ticular during the drying climate of the Holocene pe-
riod. Woodward and colleagues (2015) published Sr
and Nd isotope data for dated floodplain deposits in
the Desert Nile with the goal of reconstructing long-
term shifts in the catchment sediment sources of the
Nile. Their results indicate that the sediment load of
the Nile has been dominated by input from the Ethi-
opian Highlands for much of the Holocene; however,
tributary wadis and aeolian sediments have had a ma-
jor impact on the valley floor sedimentation. Thus, it
is argued that global climate change throughout the
Holocene influenced Nile Valley drainage, and hence
impacted the temporal strontium isotope signatures
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and bioarchaeological approaches that assess popula-
tion mobility using this method. They contend that
aeolian wind-borne dust may have been ingested by
Egyptians and Nubians, which may have resulted in a
progressive increase in their #Sr/*Sr values. Moreover,
Woodward and colleagues (2015) suggested that the
extensive dental wear present in Nile Valley popula-
tions (Buzon and Bombak, 2010) corroborates their
hypothesis.

In a recent study by Schrader and colleagues (2019),
however, comparison of Sr isotope signatures for one
Upper Nubian region in the NRVS do not show
chronological strontium variability from the earlier
samples (Kerma-period Abu Fatima) to the later sam-
ples (New Kingdom Hannek and Tombos; see Table S2
for regional chronology). Based on the available data,
Schrader and colleagues (2019) concluded that the
Abu Fatima and Tombos Sr isotope signals overlap. If
an increasing contribution of aeolian sediments over
time did indeed occur, then one would expect to
find higher Sr isotope ratios in younger archaeologi-
cal samples. In contrast, Buzon and colleagues (2016)
found quite the opposite: ¥Sr/*Sr ratios in skeletal ma-
terial dating to the New Kingdom period (1500-1070
B.C.), including the multiple hypothesized migrants,
was higher (n=55, x =0.70780, 0.70712-0.70935, SD =
0.0005) than the later Third Intermediate/Napatan
Period (1070-650 B.C.; n=30, x=0.70749, 0.70661-
0.70789, SD =0.0003). For these reasons, the hypothesis
that the Sr isotope signatures of human remains from
the NRVS have been impacted by Holocene climate
change, in particular those that have been recorded
in the areas between the Second and Third Cataracts
within the last ~2,000 years, is somewhat doubtful.

Thus, this study investigates the climate change hy-
pothesis using a multi-pronged research approach:
(1) Report additional Sr isotope analyses of faunal and
soil samples and for remains of humans with well
characterized age of death; these are compared to their
present-day equivalents to develop a more detailed
temporal evolution/stratigraphy of the bioavailable Sr
isotope signature in the NRVS; and (2) determine trace
element and Nd, Pb, and Sr isotope signatures of bo-
tanical samples within different regions of the NRVS
in order to better assess the modern-day isotope sig-
nature of bioavailable Sr in this part of the globe. This
will allow us to better evaluate the possible impact of
aeolian/wind-borne contribution during the Holocene.

Plants incorporate the bioavailable Sr present in the
local soil for any given region, which is derived from
both geological weathering of local bedrock and atmo-
spheric input (Graustein and Armstrong 1983; Miller
et al. 1993; Probst et al. 2000; Vitousek et al. 1999; Whip-
key et al. 2000). Atmospheric sources predominate only
if the rate of aeolian deposition of bioavailable Sr is
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greater than that of bedrock weathering (Hodell
et al. 2004). The relative contribution of atmospheric
Sr versus that of local bedrock weathering increases
as the age of the rock increases, a feature that has been
well documented in volcanic soils of different ages and
the plants that grow on them in Hawaii (Chadwick
et al. 1999; Kennedy et al. 1998; Stewart et al. 1998;
Vitousek et al. 1999). This time-dependent process of
atmospheric bioavailable Sr accumulation may be eval-
uated by comparing ¥Sr/**Sr compositions in plants
with different root systems, which varies in response
to water availability and plant growth (Canadell et al.
1996). For example, a global survey of plant rooting
depths indicates that 44% of grass roots are concen-
trated in the top 10 cm of soil, compared with 21% in
shrubs (Jackson et al. 1996). Hence, it is generally as-
sumed that the contribution of bioavailable atmospheric
Sr gradually decreases with soil depth (Capo et al. 1998;
Vitousek et al. 1999). Lastly, (3) combine the new ¥ Sr/*¢Sr
isotope data with isotope compositions of Pb and Nd
for the samples investigated here; the latter two isotope
systems provide additional insights into provenance
(Evans et al. 2018; Plomp et al. 2019) and possible effects
of climate change within the NRVS.

Lead ingested by modern-day humans is predomi-
nantly from two sources: natural (soil-derived) and
anthropogenic (modern human industrial activities);
the latter is obviously not significant for this study.
Exposure to natural Pb from soil results in variable
abundances and isotope ratios in teeth that depend on
the local geology, but Pb levels are generally low (~0.5—
0.7 ppm; Montgomery et al. 2010; Millard et al. 2014).
As with Sr and Pb, Nd and its isotope ratios are trans-
ferred from rocks to the vegetation and bodies of wa-
ter, entering the human body through primarily diet
(Kamenov et al. 2018; Pietra et al. 1985; Plomp et al.
2017). Nd isotopes do not fractionate during their up-
take by the human body, and therefore reflect those of
the food, water, and dust consumed (Pye, 2004; Tiit-
ken et al. 2011). To date, previous studies investigating
the role of Nd in biological systems are scarce (Plomp
et al. 2019) due to the relatively low concentrations of
Nd present in human tissues (< 0.7 ppm), and dental
enamel (0.1 to 58.0 ppb; Kamenov et al. 2018; Plomp
et al. 2017), which may hinder its use in provenance
studies. As summarized by Plomp and colleagues
(2019), the low abundances of Nd in human tissues
may be attributed to (1) the scarcity of Nd in the food
chain (ppb range; Goldstein and Jacobsen 1987; Tyler
2004; Kulaksiz and Bau 2013), (2) the lack of physio-
logical or biological function of Nd in the human body
(Evans 1990), and (3) the incompatible nature of the
trivalent ion (Nd*') substitution for calcium (Ca?") in
the crystal lattice of human bone and teeth (Evans
1990; Plomp et al. 2017).
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Samples

Assessing the temporal variability of bioavailable Sr
for the NRVS includes available ¥Sr/*¢Sr compositions,
such as results for the 250 specimens reported in Bu-
zon and Simonetti (2013), which consist of both ar-
chaeological human (n=189) and faunal samples
(n=61). Tables 1 and 2 list all of the new trace element
and isotope results for specimens investigated here,
which include various modern-day plants (N=40,
Table 1), soil (N =3), faunal (N =27), foraging animals
such as sheep, goat, hare, pig, and human (N =55,
tooth enamel) samples; detailed descriptions for hu-
man enamel and faunal samples are listed in Supple-
mentary Information Table SI. Plant samples from
Tombos, Abri, and Wadi Halfa were collected by Mi-
chele Buzon, samples from El-Kurru were collected by
Naomi Miller, and Dongola plants were collected by
Iwona Kozieradzka-Ogunmakin. Plant identification
was completed by Naomi Miller and Maha Kordofani.
Abagail Breidenstein contributed human and fau-
nal enamel samples from the El-Kurru (with Geoft
Emberling) and Nuri (with Pearce Paul Creasman)
projects. El Detti (Polish Centre of Mediterranean
Archaeology, Mahmoud El-Tayeb), SRAP (Shendi,
National Corporation for Antiquities and Museums),
Selib 1, and Selib Bahri (Institute of Mediterranean
and Oriental Cultures, Polish Academy of Science,
Bogdan Zurawski) samples were contributed by Iwona
Kozieradzka-Ogunmakin. Tombos human and faunal
remains were contributed by Michele Buzon (with
Stuart Tyson Smith). Askut faunal remains were sam-
ples from the Fowler Museum at the University of Cal-
ifornia, Los Angeles (facilitated by Shayla Monroe
and Stuart Tyson Smith). The ages of archaeological
samples investigated here have been assigned based on
a chronology adapted from Smith (1998) and are listed
in Supplementary Information Table S2.

Modern botanical and enamel samples

In this study, we have adopted the plant rooting sys-
tem reported by Wong and colleagues (2021), which
identifies plants as having shallow (grass), medium
(bush or shrub), or deep root (tree) systems (Table 1);
the leaves of herbaceous plants, including grasses, were
preferentially sampled. All modern botanical samples
collected in the field were dried on site in order to
avoid sample degradation subsequent to collection and
prior to analysis.

Enamel samples investigated here were mechani-
cally cleaned and abraded as well as chemically purified
to reduce post-depositional contamination (Nielsen-
Marsh and Hedges 2000). The abundances of trace ele-
ments (Mg, V, Mn, Fe, Cu, Zn, Sr, Ba, Nd, Pb, and U)

10/03/23 2:43 PM



6 Impact of Holocene Climate Change on Bioavailable Strontium Within the Nile River Valley

Table 1. Descriptions of botanical samples investigated here.

Sample Root Category Location Identification

TOP-1 Deep Tombos Azadirachta indica A. Juss.

TOP-2 Deep Tombos Conocarpus erectus L.

TOP-3 Deep Tombos Phoenix dactylifera L.

TOP-4 Shallow Tombos Cymbopogon schoenanthus (L.) Spreng.
TOP-6 Medium Tombos Pulicaria undulata (L.) C.A. Mey. subsp. undulata
TOP-7 Shallow Tombos Trifolium dubium Sibth.

TOP-8 Medium Tombos Pulicaria undulata (L.) C.A. Mey.

TOP-9 Medium Tombos Aerva javanica (Burm.f.) Juss. ex Schult.
TOP-10 Medium Tombos Tamarix nilotica (Ehrenb.) Bunge

TOP-11 Medium Tombos Rhynchosia minima (L.) DC. var. minima
ABR-1 Deep Abri Eucalyptus microtheca F. Muell.

ABR-2 Deep Abri Azadirachta indica A. Juss.

ABR-3 Deep Abri Acacia senegal (L.) Willd. var. senegal

WH-1 Medium Wadi Halfa Fagonia cretica L.

WH-3 Medium Wadi Halfa Tamarix nilotica (Ehrenb.) Bunge

WH-4 Medium Wadi Halfa Pulicaria undulata (L.) C.A. Mey. subsp. undulata
WH-5 Shallow Wadi Halfa Echinochloa colona (L.) Link

WH-6 Shallow Wadi Halfa Sonchus oleraceus L.

WH-7 Deep Wadi Halfa Phoenix dactylifera L.

WH-8 Deep Wadi Halfa Citrus limon (L.) Burm.

WH-9 Medium Wadi Halfa Phragmites australis (Cav.) Trin. ex Steud. subsp. altissimus (Benth.) Clayton
WH-10 Deep Wadi Halfa Azadirachta indica A. Juss.

DON-1 Medium Dongola Ambrosia dumosa (A. Gray) WW. Payne
DON-2 Medium Dongola Aerva javanica (Burm.f.) Juss. ex Schult.
DON-3 Medium Dongola Calotropis procera (Aiton) W.T. Aiton.

KUP-1 Deep El-Kurru Balanites aegyptiaca (L.) Delile var. aegyptiaca
KUP-2 Deep El-Kurru Phoenix dactylifera L.

KUP-3 Deep El-Kurru Acacia ehrenbergiana Hayne

KUP-4 Deep El-Kurru Maerua crassifolia Forssk.

KUP-5 Deep El-Kurru Acacia nilotica (L.) Willd. ex Delile subsp.nilotica
KUP-6 Medium El-Kurru Fabaceae indet.

KUP-7 Medium El-Kurru Senecio

KUP-8 Medium El-Kurru Amaranthaceae

KUP-9 Medium El-Kurru Citrullus colocynthis (L.) Schrad.

KUP-10 Medium El-Kurru Chenopodium album L.

KUP-11 Shallow El-Kurru Poaceae

KUP-12 Deep El-Kurru Ziziphus spina-christi (L.) Desf.

KUP-13 Shallow El-Kurru Echinochloa colona (L.) Link

KUP-14 Shallow El-Kurru Setaria verticillata (L.) P. Beauv.

KUP-15 Shallow El-Kurru Cynodon dactylon (L.) Pers.

for the samples examined here were determined in
order to assess the degree of post-mortem diagenetic
alteration (Hedges and Millard 1995; Kohn et al.
1999). Moreover, the abundances of the trace elements
(C) obtained here (Table 2) are compared to their re-
spective established maximum threshold concen-
trations (MTC) for archaeological tooth enamel as
defined by Kamenov and colleagues (2018). Naturally,
using calculated MTC values, which equate to the ad-
dition of the maximum concentrations plus two times
the standard deviation for concentrations in modern
samples, evaluation of diagenetic alteration is not a
100% foolproof method, especially since MTC values
were established based on a single archaeological pop-
ulation (Kamenov et al. 2018). For example, a more
robust approach would entail using a combination of
both trace element abundances and Pb isotope ratios,
such as Simonetti and colleagues (2021) recently demon-
strated for tooth enamel from human remains at El-
Kurru, Sudan. In this study, a vast majority of samples
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yield C/MTC values for most elements <1 and are
thus deemed non-altered and equivalent to modern-
day tooth enamel (i.e., in vivo; Kamenov et al., 2018),
the exception being C/MTC values for V, Fe, and Nd
(Fig. 2). Samples of enamel characterized by C/MTC
values > 1.0 for Fe and Nd combined with anomalous
€, Values (ie., those that are distinct from either the
main group of remaining enamel and/or faunal sam-
ples from the same region are considered suspect and
therefore excluded from diachronic comparison). As
for the Pb isotope ratios (Table 3; Figs. 5 and 6), enamel
samples that plot along a mixing line involving radio-
genic Pb (derived from U-rich groundwater endmem-
ber) as demonstrated by Simonetti and colleagues
(2021) are also excluded from the diachronic compar-
ison. Thus, the following individual enamel samples
have also been excluded (five in total) for provenance
purposes: from the Dongola region (samples Seb-1,
-11, and Det-1) and from the Shendi region (samples
Sra-2, and -3).
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Table 2. Trace element concentrations (ppm) of samples in this study. The 26 level relative standard deviation (RSD% = standard deviation/average
concentration X 2 X 100) is a function of absolute elemental concentration, and thus varies between ~2.5 and ~6.0% for the more abundant elements
(Mg, Mn, Fe, Sr, Ba) and between ~15 and ~46% for Nd, Pb, and U (« 1 ppm). n.a.=not analyzed. H=human, V =botanical samples (vegetation),

F=faunal, S=soil; b.d.l.=below detection limit.

Sample Type  Date Mg \% Mn Fe Cu Zn Sr Ba Nd Pb U
El-Kurru

KUR-1 H Christian 2276 n.a. 3.53 286 n.a. n.a. 188 10.5 0.07 0.16 0.18
KUR-2 H Christian 2148 n.a. 21.5 436 n.a. n.a. 245 35.6 0.19 1.28 0.30
KUR-3 H Christian 2215 n.a. 34.3 400 n.a. n.a. 343 79.9 0.38 9.58 1.52
KUR-4 H Christian 2289 n.a. 2.52 302 n.a. n.a. 172 5.80 0.13 0.11 0.07
KUR-5 H Christian 973 n.a. 11.8 141 n.a. n.a. 106 18.7 0.06 0.23 0.20
KUR-6 H Christian 2627 n.a. 13.0 325 n.a. n.a. 221 16.5 0.09 0.71 0.16
KUR-7 H Christian 2942 n.a. 13.9 565 n.a. n.a. 398 52.1 0.35 0.85 0.21
KUR-8 H Christian 2513 n.a. 20.2 352 n.a. n.a. 188 194 1.15 0.33 0.08
KUR-9 H Christian 2605 n.a. 7.09 338 n.a. n.a. 256 36.1 0.18 0.43 0.42
KUR-10 H Christian 3181 n.a. 8.35 391 n.a. n.a. 236 26.8 0.28 0.97 0.32
KUR-11 H Christian 2629 n.a. 41.8 509 n.a. n.a. 225 15.0 0.50 62.0 0.34
KUR-12 H Christian 2675 n.a. 29.2 368 n.a. n.a. 291 80.9 0.38 22.5 1.30
KUR-13 H Christian 2507 n.a. 9.09 317 n.a. n.a. 115 9.94 0.90 3.17 0.12
KUR-14 H Christian 2485 n.a. 17.2 369 n.a. n.a. 425 73.0 0.22 0.63 0.47
KUR-15 H Christian 2695 n.a. 41.2 393 n.a. n.a. 286 25.4 0.76 0.29 0.35
KUR-16 H Christian 2537 n.a. 66.2 440 n.a. n.a. 290 81.9 0.32 2.89 1.40
KUR-17 H Christian 2621 n.a. 9.26 278 n.a. n.a. 181 14.3 0.10 2.60 0.11
KUR-18 H Christian 2256 n.a. 23.8 322 n.a. n.a. 169 334 0.31 7.73 0.71
KUP-1 \% P.D. 4614 0.58 54.3 267 8.87 30.0 96.8 8.60 0.20 0.14 0.27
KUP-2 \% P.D. 1614 0.38 21.2 141 1.44 22.2 23.8 4.35 0.12 0.09  0.10
KUP-3 \% P.D. 1467 1.53 28.9 649 5.12 30.9 96.3 5.30 0.47 0.49 0.03
KUP-4 \% P.D. 13868 3.92 113 1539 4.68 21.7 295 16.4 1.31 0.48 0.04
KUP-5 \% P.D. 1590 0.62 59.7 326 7.40 27.4 61.4 8.97 0.14 0.09 b.dl
KUP-6 \% P.D. 4964 1.12 196 647 8.87 35.7 235 24.3 0.43 0.18 0.10
KUP-7 \% P.D. 1754 1.46 31.4 571 4.20 36.0 38.8 6.56 0.38 0.15 b.d.l
KUP-8 \% P.D. 14936 2.10 67.8 817 5.59 18.2 37.6 5.71 0.52 0.23  b.d.l
KUP-9 \% P.D. 13844 1.24 103 490 6.10 89.3 342 48.5 0.39 0.21 0.01
KUP-10 \Y% P.D. 11363 1.62 111 630 13.5 32.7 61.1 11.1 0.40 0.17 0.53
KUP-11 \% P.D. 2319 1.92 168 705 5.05 36.5 43.1 27.8 0.44 0.29 0.01
KUP-12 \% P.D. 4310 2.56 443 1315 8.91 49.2 173 42.6 0.56 0.42 0.01
KUP-13 \% P.D. 5027 1.73 282 735 10.3 55.9 50.4 20.5 0.42 0.15 0.04
KUP-14 \% P.D. 7735 5.83 438 2130 9.74 32.9 934 18.0 1.23 0.51 0.07
KUP-15 A% P.D. 1950 1.18 64.6 410 7.64 339 30.4 34.8 0.31 0.18 b.d.L
Nuri

NUF-1 F Meriotic 41.0 0.26 8.67 134 0.38 b.d.L 62.5 33.0 0.04 0.02 0.003
NUE-2 F Meriotic 309 0.85 2.06 124 0.09 3.78 38.4 9.69 0.05 0.02 0.011
NUE-3 F Meriotic 24.4 0.23 14.7 146 0.06 b.d.L 3.52 3.80 0.03 0.02 0.003
NUF-4 F Meriotic 863 1.71 11.9 483 0.58 11.5 154 31.2 0.35 0.13 0.039
NUEF-5 F Meriotic 1686 0.43 2.47 173 0.13 13.6 162 12.3 0.05 0.03 0.005
NSO-1 S P.D. 13989 160 768 49820 39.3 138 419 600 27.3 10.6 1.77
Tombos & Hannek

TOM-196 H 3 Int. P. 4372 0.05 1.83 202 0.24 133 121 1.88 0.02 0.06 b.d.l
TOM-197 H 3 Int. P. 2753 0.12 3.55 247 0.23 178 177 2.06 0.05 0.03 0.01
TOM-198 H 3 Int. P. 4227 0.08 1.86 217 0.39 150 101 1.74 0.01 0.12 b.d.L
TOM-199 H 3 Int. P. 4571 0.10 15.3 225 0.24 157 153 3.94 0.03 0.06  b.d.l
TOM-200 H 3 Int. P. 2369 3.52 25.1 2071 1.64 142 115 6.37 1.06 0.30 0.03
TOM-201 H 3 Int. P. 2007 0.26 9.50 232 0.22 217 337 3.99 0.05 0.09 b.dl
TOM-202 H 3 Int. P. 3929 0.41 22.3 267 0.33 185 180 4.43 0.06 0.07  b.d.l
TOM-203 H 3 Int. P. 2463 0.02 1.72 261 0.20 176 168 1.13 0.14 0.08 b.d.l
HNK-1 F K? 1949 n.a. 194 578 n.a. n.a. 378 141 1.68 0.18 1.53
TOM-191 F N.K. 3733 n.a. 18.9 465 n.a. n.a. 229 64.8 0.19 0.10 0.010
TOM-192 F N.K. 7669 n.a. 23.8 325 n.a. n.a. 337 64.4 0.21 0.66 0.011
TOM-193 F N.K. 1816 n.a. 7.17 242 n.a. n.a. 440 81.3 0.77 0.24  0.214
TOM-194 F N.K. 3282 n.a. 778 317 n.a. n.a. 565 59.4 0.23 0.10 0.035
TOM-195 F N.K. 3936 n.a. 415 450 n.a. n.a. 852 86.7 0.45 0.50 0.211
TOP-1 \% P.D. 17223 9.92 167 3833 96.3 130 908 118 2.58 1.35 0.82
TOP-2 \% P.D. 28113 10.5 267 4106  38.5 185 105 22.0 2.41 1.21 0.69
TOP-3 A% P.D. 55724 4.89 394 2249  56.9 139 655 104 1.24 0.62 0.59
TOP-4 \% P.D. 6719 6.70 281 2829  50.2 205 79.8 24.4 1.68 0.57 0.14
TOP-6 \% P.D. 9128 3.06 194 1245 32.7 104 356 113 0.67 0.65 0.14
TOP-7 \% P.D. 9535 14.6 228 6001 41.2 115 357 115 16.4 0.74 0.75
TOP-8 A% P.D. 13497 7.71 191 2981 45.9 239 35 15.9 1.99 0.61 0.18
TOP-9 A% P.D. 15267 29.7 390 11279 73.6 163 236 118 7.19 1.64  0.40
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8 Impact of Holocene Climate Change on Bioavailable Strontium Within the Nile River Valley
Sample Type  Date Mg \% Mn Fe Cu Zn Sr Ba Nd Pb U
TOP-10 % P.D. 119523 949 858 3546 82.8 216 678 49.9 2.53 061 020
TOP-11 % P.D. 10677 538 155 2118 374 198 159 13.6 113 073 037
Dongola

DET-1 H L.P. 2445 0.55 86.1 272 046 194 209 12.7 021 016  0.005
SEL-1 H N.K 2389 4.28 40.2 241 032 158 321 51.9 036 040  0.012
SEL-2 H N.K 4561 0.14 9.97 233 021 141 253 868 002 176  0.004
SEL-3 H N.K 6892 0.10 3.53 203 040 158 167 185 004 175  0.002
SEL-4 H N.K 3247 1.24 8.80 296 027 239 356 823 015 038 0.013
SEL-5 H N.K 4367 0.07 3.72 244 031 207 432 10.2 0.02  2.66  0.002
SEL-6 H N.K 3871 041 19.3 262 0.09 170 507 808 007  LI2  0.004
SEL-7 H N.K 2948 0.95 12.1 245 016 241 258 434 029 014 0.022
SEL-8 H N.K 3666 3.75 8.45 325 004 250 410 14.3 033 210  0.027
SEL-9 H N.K 2770 9.35 14.8 250 042 199 464 452 013 271  0.018
SEL-10 H N.K 7132 0.38 20.1 376 025 287 325 586 0.04 638 0018
SEL-11 H N.K 3844 0.06 6.85 246 001 241 325 496 002 167 badl
SEL-12 H N.K 5103 0.22 13.2 208 025 145 188 12.2 0.03 885  0.002
SEL-13 H N.K 3164 047 9.70 199 024 151 361 18.3 0.06 020 0.003
SEL-14 H N.K 4916 0.29 20.5 209 148 237 171 392 0.08 041  0.004
SEB-1 H N.K 2972 0.04 2.68 136 024 106 204 132 001 040  0.0012
SEB-2 H N.K 4611 0.05 2.12 162 027 132 244 145 002 039  0.0009
SEB-3 H N.K 5430 0.12 4.08 165 057 126 187 233 003 040  0.0078
SEB-4 H N.K 4848 0.03 4.15 153 037 157 229 206 002 017  0.0004
SEB-5 H N.K 5495 0.05 2.89 151 031 143 102 177 003 046  0.0018
SEB-6 H N.K 4785 0.30 22.6 160 084 162 277 4.63 003 324  0.0025
DON-1 v P.D. 1195 1.44 19.8 659 2.40 6.27 50.3 491 059 022 0.050
DON-2 v P.D. 1120 2.22 29.1 974 3.54 3.80 26.7 17.2 076 023  0.060
DON-3 % P.D. 2118 1.24 52.2 558 1.56 9.16 50.7 6.04 047 014  0.030
Shendi

SRA-1 H Meriotic 3719 3.56 14.8 328 102 313 402 13.8 020 046  0.011
SRA-2 H Meriotic 2555 2.22 26.1 184 108 167 343 12.2 034 017  0.012
SRA-3 H Meriotic 2844 2.19 59.8 267 079 202 285 383 071 014  0.021
SRA-4 H Meriotic 3527 1.85 13.9 24 043 178 395 153 028 028  0.056
SRA-5 H Meriotic 2258 241 14.7 162 030 151 521 84.9 018 011  0.026
SRA-6 H Meriotic 3182 0.33 10.3 203 0.88 139 483 12.9 0.06  0.09  0.008
SRA-7 H Meriotic 2747 3.53 5.60 156 bdl 139 399 951 011 006 0013
SRA-8 H Meriotic 4064 0.88 19.9 281 1.86 278 710 14.1 012 080  0.004
Askut

ASK-15 F M.K 6706 na. 12.5 265  na. na. 306 754 005 020 bdl
ASK-16 F M.K 7893 na. 7.34 157 na. na. 315 84.6 001 012 bdl
ASK-17 F M.K 8680 na. 38.6 217 na. na. 291 97.7 006 009 bdl
ASK-18 F M.K 2904 na. 120 405  na. na. 597 815 013 017  0.02
ASK-19 F N.K 6378 na. 23.6 253 na. na. 445 90.2 006 014 bdl
ASK-20 F N.K 5988 na. 5.91 180 na. na. 316 108 0.04 010 0.04
ASK-21 F N.K 4820 na. 29.6 193 na. na. 380 72.1 0.06  0.08 0.1
ASK-22 F N.K 2417 na. 4.99 207 na. na. 322 11.0 0.04 008 bdl
ASK-23 F N.K 2631 na. 48.2 387 na. na. 569 78.8 029 015  0.03
ASK-24 F N.K 2473 na. 34.2 316 na. na. 392 60.4 028 013  bdl
ASK-25 F N.K. 2735 na. 12.1 198 na. na. 212 18.0 004 030 bdl
ASK-26 F N.K. 7031 na. 288 190 na. na. 852 513 022 099 015
ASK-27 F 2" Int. P, 6389 na. 10.9 212 na. na. 267 147 008 012 bdl
ASK-28 F 2" Int. P. 4741 na. 215 164  na. na. 518 106 0.02 034 001
ASK-29 F 2 Int. P, 3325 na. 9.91 237 na. na. 286 91.8 0.06 019  0.04
ASK-30 F M.K. 14659 na. 689 42689  na. na. 359 463 19.3 943 0.90
Abri

ABR-1 v P.D. 11032 386 282 1544 17.0 117 164 36.6 101 075  0.09
ABR-2 Y% P.D. 33429 7.37 297 3176 147 100 1005 146 229 268 023
ABR-3 v P.D. 14822 187 232 7233 138 218 1565 283 478 575 071
ABR-4 S P.D. 1364 262 86.1 6741 641 17.1 386 102 6.00 427 043
Wadi Halfa

WH-1 v P.D. 10735 12.6 210 5142 277 193 734 68.4 434 493 037
WH-3 % P.D. 38709 11.1 423 4381 673 333 1039 119 349 740 111
WH-4 v P.D. 10311 16.2 392 5973 816 365 204 49.1 538 453 044
WH-5 v P.D. 9305 8.08 492 3666 60.2 369 228 243 211 096 021
WH-6 v P.D. 10140 810 619 3212 539 267 202 62.3 256 230 0.23
WH-7 % P.D. 21003 414 79 1794 156 60.3 72.8 10.5 124 173 0.09
WH-8 % P.D. 16315 155 436 6131 452 116 1200 407 535 541 026
WH-9 % P.D. 8807 2.08 1259 1035 263 128 343 225 0.6l  0.83 0.7
WH-10 v P.D. 23502 16.5 371 6207 25.2 154 1882 185 556 652 0.37
WH-11 S P.D. 1737 64.6 523 26745 30.9 136 100 161 24.9 8.10 L7
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Figure 2. Log plot illustrating average concentrations (C) of trace
elements for tooth enamel investigated here from various burial sites
divided by Mean Threshold Concentration (MTC) values for each
element from Kamenov et al. (2018). Elements with C/MTC values > 1.0
(dashed line) are interpreted to have been affected (increased) by
postmortem alteration. Field outlined in gray represents range of trace
element concentrations (average values plus 1 sigma standard
deviation) for typical, non-altered fossilized tooth enamel sample
(from Kamenov et al. 2018).

Analytical Methods

Trace element geochemistry

Mechanically cleaned and cut enamel samples were
digested and processed at the University of Notre
Dame Midwest Isotope and Trace Element Research
Analytical Center (MITERAC) using established
methodologies summarized below. Samples of tooth
enamel were processed in two steps. In the first step,
between ~70 and ~300 mg of enamel was placed in a
15 mL Savillex” Teflon beaker and ~4 ml of concen-
trated 16N, ultrapure HNO, was added; this mixture
was then heated on a hotplate at 110° C for 24 hours.
After the heating, samples were removed from the hot-
plate and cooled for one hour. After rinsing the sam-
ple residues adhered to the sides of the beakers with
ultrapure water (18 MQ cm™), samples were placed
back on the hotplate to achieve complete dryness. In
the second cycle, all conditions were kept the same,
except the amount of ultrapure 16N HNO, acid was
decreased from 4 to 1 mL. After the last drying step,
5 mL of ultrapure 16N HNO, acid was added into
the beaker and the solution diluted with ultrapure
water until a final total volume of ~25 mL was achieved.
For botanicals, digestion and preparation of samples
was identical to that for enamel, with the exception
that ~1 ml aliquots of ultrapure concentrated (~10 M)
H,0, acid were periodically added to the 16N HNO,
while samples were on the hotplate to oxidize and to
eliminate the organic content. Sample volume aliquots
for trace element and Sr, Nd and Pb isotope analyses
were taken from the 25 mL solution.
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The trace element abundances (Table 2) for all
samples were determined using an Attom (Nu Instru-
ments Ltd., Wales, UK) high-resolution, inductively
coupled plasma mass spectrometer (HR-ICP-MS)
in medium mass resolution mode (M/AM = 3000).
Samples were processed using a wet plasma solution
mode introduction system that consists of a cyclonic
spray chamber (housed within a Peltier cooling de-
vice at 7 °C) and Meinhard nebulizer (aspiration
rate of 0.1 mL/min). Before each analytical session,
the Attom instrument was tuned and calibrated us-
ing a multi-elemental (Li, B, Na, Si, Sc, Co, Ga, Y, Rh,
In, Ba, Lu, T1, U) 1 ppb (ng g-1) standard solution.
The concentrations of the trace elements (Table 2)
were determined by an external calibration method,
which includes correction for matrix effects and in-
strumental drift. The multi-element standard solution
used for the calibration curve consists of a mixture
of high purity, certified (abundances) commercial
single element solutions. Given the use of ultrapure
reagents and sample processing in class 1000 cleanroom
laboratories, blank levels for all trace elements inves-
tigated here were monitored and are at the 10 to 100s
of picograms level, and are therefore insignificant (sev-
eral magnitude levels lower) compared to the total
amount of analyte processed for each element.

Sr isotope compositions

Separation and purification of Sr for subsequent Sr iso-
tope analysis involved ion exchange chromatography,
which employed columns containing 4.3 mL of 200-
400 mesh AG50W-X8 resin. Sample aliquots (contain-
ing ~300 ng total Sr) in 1 mL of ultrapure 2.5N HCI
were loaded onto the resin beds; this was followed by
several additional wash steps of ultrapure 2.5N HCl
acid, and the Sr was subsequently eluted with 10 mL
of ultrapure 2.5N HCI. After the ion exchange chem-
istry, Sr-bearing aliquots were dried, dissolved in 2%
HNO, solution (~2 mL) and aspirated into the ICP
torch using a desolvating nebulizing system (DSN-100
from Nu Instruments Ltd.). Strontium isotope mea-
surements were conducted using a NuPlasma IT MC-
ICP-MS (multi-collector inductively coupled plasma
mass spectrometer; Nu Instruments Ltd.) instrument
according to the protocol outlined in Balboni and col-
leagues (2016). Strontium isotope data were acquired
in static, multi-collection mode using five Faraday col-
lectors for a total of 400 s, consisting of 40 scans of
10 s integrations. The analytical protocol’s accuracy and
reproducibility were verified by analyzing the NIST
SRM 987 strontium isotope standard during two an-
alytical sessions, which yielded an average value of
0.710230 +0.000040 (20; n=32), in agreement with the
certified value of 0.71025 (Faure and Mensing 2005).
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Neodymium isotope compositions

For purification of neodymium (Nd), the rare earth el-
ements (REEs) were first separated during the Sr ion
exchange chemistry. Subsequently, Nd was isolated
from the remaining REEs on 9.7 cm columns contain-
ing 1.22 mL 50-100 mesh Eichrom Ln-Spec resin. The
resin was cleaned with ultrapure 6N HCl and condi-
tioned with 0.18N HCI while Nd was collected with
0.3N HCI. Purified Nd aliquots were dried down and
brought back into ~2 mL of 2% HNO, for analysis.
Neodymium isotope data were acquired in static,
multi-collector mode using seven Faraday collectors.
Instrumental mass bias was corrected for using the
16Nd/**Nd ratio (0.7219) while accuracy and repro-
ducibility were assessed via repeated measurements
of the JNd-1 standard, which yielded an average
Nd/**Nd of 0.512090 £ 0.000016 (20; n=19), in good
agreement with the accepted value (0.512115; Tanaka
et al. 2000).

Lead isotope compositions

The lead (Pb) separation method is adapted from
Manbhes et al. (1980) and a brief summary is provided
here (after Koeman et al. 2015). The Pb ion-exchange
microcolumns consist of approximately 20 uL of clean
AGI-X8 resin (75-150 mesh) placed into a polypropyl-
ene tube combined with a polystyrene frit. The resin
volume is cleaned using 5 mL each of ultrapure water
and 6N HC], and further conditioned with 0.15 mL of
ultrapure 0.8 N HBr. The sample solution was loaded
with 0.6 mL of 0.8 N HBr, washed twice with 0.15 mL
of 0.8 N HBr, and finally eluted with 0.7 mL of 6 N HCI
acid. After the eluted Pb is dried down, the ion-
exchange procedure is repeated with fresh resin in
order to further purify the Pb aliquot. Following the
last elution procedure, the Pb aliquot is dried down
and dissolved in 2% HNO, for solution mode MC-
ICP-MS analysis.

Pb isotope compositions of the sample solutions
were determined using the same procedure outlined
in Simonetti and colleagues (2004). After the purifi-
cation steps, the aliquot of Pb was spiked with a NIST
SRM 997 Thallium standard solution (2.5 ppb). Seven
Faraday cups on the Nu Plasma IT MC-ICPMS instru-
ment were employed to simultaneously measure the
Pb and Tl isotopes and **’Hg. The instrumental mass
bias (exponential law; 2®T1/**T1=2.3887) is deter-
mined by measuring the **T1/**T1, and ***Hg is mon-
itored to correct for the interference of 2**Hg on ***Pb.
Prior to the aspiration of the samples into the plasma,
ion signals for the gas and acid blanks (“on-peak-
zeros”) were recorded for 30 s to determine baseline
values. For each analysis, data acquisition involved
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two blocks of 25 scans (each scan has a 10 s integra-
tion time). A 25-ppb solution of the NIST SRM 981 Pb
standard (spiked with 6 ppb NIST SRM 997 Tl stan-
dard) was measured periodically during the analytical
session in order to validate the Pb isotope results. The
average Pb isotope ratios and associated 20 standard
deviations obtained on 27 measurements of the NIST
SRM 981 Pb isotope standard for the pertinent analyt-
ical sessions are as follows: 2°°Pb/?*Pb =16.937 + 0.004,
207Ph/294Pb =15.493 £ 0.003,2°8Pb/***Pb =36.703 £ 0.009,
208ph/206Ph =2.16705 = 0.00070, and 2Pb/**Pb =0.9147
2+0.00021, which overlap with the certified values
for this standard (Baker et al. 2004).

Results

Trace elements and radiogenic Sr, Nd, and
Pb isotope compositions

In relation to the Sr isotope compositions of the enamel
samples studied here, as reported in previous investi-
gations (Buzon et al. 2007; Simonetti et al. 2021), the
abundances of Sr for the majority of samples define a
range of values from ~100 to ~500 ppm (Table 2); these
yield C/MTC values that are <1 (Fig. 2) and are not
correlated with their corresponding *Sr/*Sr compo-
sitions (not shown). Given the significant number of
Sr and Nd isotope compositions being reported here
for various types of samples (enamel, faunal, botani-
cal, soil), the data have been subdivided and are illus-
trated based on geographic location. The data are
divided into two main geographic groups; one consists
of samples from the southern part of the NRVS, prox-
imal to the Fifth Cataract and include samples from
El-Kurru, Nuri and Shendi burial sites (Fig. 3); the sec-
ond group consists of samples from the middle region
of the NRVS between the Wadi Halfa and Dongola
regions (Fig. 4).

Figure 3 displays the present-day Sr and Nd isotope
compositions (equivalent &, values; defined in figure
caption) for various samples examined here from the
southern region of the NRVS on a typical Nd-Sr iso-
tope diagram. The Sr and Nd isotope compositions all
plot within the enriched quadrant of the diagram
(Fig. 3), and the salient results are as follows: (1) The
two main enamel groups from El-Kurru (as defined by
Simonetti et al. 2021) are characterized by similar ¢,
values (range from ~—2 to 0), and these mainly over-
lap the range of Sr-Nd isotope compositions for fau-
nal samples from nearby Nuri; (2) the Sr-Nd isotope
composition for modern-day soil from Nuri is less ra-
diogenic (i.e., higher Sr isotope ratios and lower &
values) compared to the older faunal samples for the
same site; (3) the Sr-Nd isotope ratios for botanical

10/03/23 2:43 PM



Simonetti et al.

2.0

+ ® @ EI-KUR enamel- high
10 ®EI-KUR enamel- low
) T Hy e DOShendi enamel
4 & E mNURI faunal
0.0 | .= L Y +NURI soil modern day
Kl *;4, 4 tr. @®EI-KUR vegetation
10 [® +
LY + +D ‘n,’
20 F . 0 © .
- \\. tl s e
5$-30 | N R
W .o.¥ -
40 “QD -
50 | - %
& T o
-0. o =, WS X
= >%xxx)g( x X
-7.0 F P ) o -" _
[m]
-8.0 a L
0.7050 0.7100 0.7150
87Sr/86Sr

Figure 3. Diagram plots ¥Sr/*Sr compositions against their correspond-
ing e, values for various sample types investigated here from burial

sites within the southern region of the NRVS. ¢, values are calculated
by taking present-day **Nd/**Nd ratios for samples studied here

(Table 3) and divided by the present-day chondritic uniform reservoir
(CHUR) =0.512638 (Faure and Mensing, 2005), then subtracting by one
and then multiplying by 10,000. For comparative purposes, also plotted
are: (X) =Samples of North African dust (Jung et al. 2004); (—) =Red Sea
Hills wadi mud (Fielding 2015); (+) = Holocene mud floodplain deposits
in the Northern Dongola Reach (Woodward et al. 2015).
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Figure 4. Diagram illustrates *’Sr/**Sr compositions against their
corresponding e, values for various sample types investigated here
from burial sites within the Tombos-Dongola regions of the NRVS.
Dashed brown line outlines overlapping range of Nd-Sr isotope
compositions for faunal samples from both Tombos and Askut regions.
Green dashed line delineates Nd-Sr compositions of present-day
botanical samples from Tombos. For comparative purposes, also plotted
are: (X) =Samples of North African dust (Jung et al. 2004); (-) =Red Sea
Hills wadi mud (Fielding 2015); (+) = Holocene mud floodplain deposits
in the Northern Dongola Reach (Woodward et al. 2015).

samples from El-Kurru are highly variable but are
mainly more radiogenic compared to the enamel sam-
ples from El-Kurru; and (4) most of the enamel sam-
ples from the Shendi region define a vertical array in
that they are characterized by relatively uniform Sr
isotope ratios and variable ¢, values.
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The Nd-Sr isotope diagram for samples from the
middle NRVS is shown in Figure 4, which illustrates
the following important results: (1) A majority of the
faunal samples from Askut and Tombos and plants
from the Dongola region indicate fairly consistent &
values (range from ~—1 to ~—3) and variable Sr iso-
tope compositions; (2) the two enamel samples from
Tombos overlap the Sr-Nd isotope field for the faunal
samples from this region; and (3) the enamel samples
from the Dongola region (Selib Bahri and Detti/Selib)
define vertical arrays that show significant overlap
with Sr-Nd isotope compositions for faunal and
modern-day botanical samples from Tombos; more-
over, the latter show complete overlap with the Sr-Nd
isotope compositions for faunal samples from Tombos
(Fig. 4), indicating that the Sr-Nd isotope composition
of the Tombos region has not changed over the last
~5000 years; and (4) in contrast, the samples of
modern-day plants from both the Abri and Wadi
Halfa regions are shifted to distinctly more radiogenic
Sr-Nd isotope compositions compared to proximal
faunal/matrix samples at Askut. Importantly, the Sr,
Nd, and Pb isotope data for the botanical samples in-
vestigated here do not correlate with the depth of their
root system.

For comparative purposes, the Sr-Nd isotope dia-
grams (Figs. 3 and 4) contain the fields outlined by
the Nd and Sr isotope compositions for Holocene al-
luvial deposits in the Northern Dongola Reach (Wood-
ward et al. 2015), North African dust (Jung et al.
2004) and Red Sea Hills wadi mud (Fielding 2015).
Woodward and colleagues (2015) argued that the
Nd-Sr isotope systematics of the Nile River mud de-
posits (+) were likely the result of bulk mixing involv-
ing three components: North African dust (x), wadi
mud from the Red Sea Hills (-), and the primitive,
mantle-like isotope signatures derived from Ethiopian
basalts (not shown; Kieffer et al. 2004; Pik et al. 1999,
2008). There is minimal overlap between the Nd-Sr
isotope signatures for enamel samples investigated
here and those recorded in the Nile River mud depos-
its and Red Sea Hills region. Of note, the Nd-Sr iso-
tope characteristics of botanical samples from Abri
and Wadi Halfa regions plot outside the mixing curves
outlined by Woodward and colleagues (2015; Fig. 4),
and therefore necessitate the presence of an additional
crustal component within the NRVS.

Lastly, in the Pb-Pb isotope diagrams (Figs. 5 and 6),
the Pb isotope data reported here are compared to
Pb isotope compositions obtained for surface sedi-
ments within the Bodélé Depression in southeastern
Chad within the central Sahara/Sahel region of North-
ern Africa (Abouchami et al. 2013); the latter is con-
sidered one of the largest sources of mineral dust on
Earth (Prospero et al. 2002). As can be clearly seen in
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Figure 5. 27Pb/**Pb vs. °Pb/**Pb (A) and 2**Pb/**Pb vs. 2°Pb/**Pb
(B) isotope plots illustrating Pb isotope ratios for enamel, faunal, and
present-day botanical samples investigated here from the different
regions of the NRVS. Shown for comparison are the Pb isotope
compositions for dust samples from the Bodélé Depression, Sahara
Desert (Abouchami et al. 2013). The dashed line with arrow defines the
groundwater-controlled, postmortem alteration trend based on enamel
samples from El-Kurru (as defined by Simonetti et al. 2021). Uncertain-
ties (20 level) associated with individual 2***Pb/>*”Pb and 2*’Pb/***Pb
ratios are within the size of the symbol.

Figures 5 and 6, there is essentially no overlap be-
tween the Pb isotope compositions for the surface sed-
iments from the Bodélé Depression and those for all
enamel samples investigated here.

Discussion

Evaluation of the climate change
impact hypothesis

Typical Saharan dust is composed primarily of sand
(quartz; ~60 to 80 wt% SiO; e.g., Abouchami et al.
2013; Chester et al. 1972; Middleton and Goudie 2001),
and quartz does not contain a significant amount of
trace element impurities due to its compact crystalline
(framework tetrahedral) structure. Moreover, Sr abun-
dances (~25 to 66 ppm) are particularly low in Saharan
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Figure 6. **Pb/>*"Pb vs. *Pb/**Pb isotope plots illustrating Pb isotope
ratios for enamel, faunal, and present-day botanical samples investi-
gated here from the southern regions (A) and Tombos-Dongola

(B) regions of the NRVS. Shown for comparison are the Pb isotope
compositions for dust samples from the Bodélé Depression, Sahara
Desert (Abouchami et al. 2013). The dashed line with arrow defines the
groundwater-controlled, post-mortem alteration trend based on
enamel samples from El-Kurru (as defined by Simonetti et al. 2021).
Uncertainties (20 level) associated with individual ***Pb/*”Pb and
27Pb/?¢Pb ratios are within the size of the symbol.

dust due to high solubility and removal of Sr (and Ca)
from the surface during weathering prior to sedi-
ments becoming airborne (Abouchami et al. 2013).
Therefore, the low Sr abundances of aeolian dust make
it very difficult (mass balance perspective) to change
the Sr isotope composition of the local bioavailable Sr.
Furthermore, incorporation of silicate-hosted Sr from
aeolian sources into the human body requires for it to
be exchanged and mixed with blood Sr (buffered by
bone Sr), and fixed into body tissues including tooth
enamel, along with contributions from other food stuff
(Weber et al. 2020). For example, Bataille and colleagues
(2018) have indicated that clay modal contents in soil
may have a strong impact on the local bioavailable Sr
isotope composition. Similarly, in laboratory-controlled
experiments, Weber and colleagues (2020) showed
that enamel of rodents fed kaolinite-enriched pellets
did record a shift towards higher, more radiogenic Sr
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isotope compositions. Additionally, tooth wear, also
known as attrition, which was cited by Woodward
and colleagues (2015) as evidence for the increasing
contribution of aeolian dust within the NRV, could
be attributed to grit emanating from grinding stones.
The typical Nile Valley diet included bread and beer
(Samuel 1993) processed from stone quern and mortar
implements (Ruffer 1920); as a result, grain contained
grit from the grinding stone, which accelerated dental
attrition (Zakrzewski et al. 2016). The grinding vessels
used were made of quartz and, as stated above, since
quartz contains negligible strontium, its ingestion
would not alter an individual’s strontium isotopic
composition.

The process of incorporating radiogenic, aeolian-
based strontium into plants, which is then trans-
ferred into bioavailable strontium for humans is not a
rapid process since it takes tens of thousands of years
for trees and plants to acquire the Sr isotope signature
of aeolian dust (e.g., Coble et al. 2015). Also, the Sr iso-
topic fingerprint of aeolian dust becomes a signifi-
cant factor only when carbonate sources are being
weathered (van der Hoven and Quade 2002). Since
aeolian dust within the NRVS consists mainly of
weathered silicate material, the amount of bioavailable
Sr for humans and plants is limited. Assuming there
was a climatic shift to more arid conditions over the
past ~1,500 years, the change in bioavailable Ca (and
Sr) for humans and plants (if present) would not be in-
stantaneous. Moreover, based on the van der Hoven
and Quade (2002) investigation, the resultant Sr iso-
tope composition of bioavailable Sr in the NRVS will
reflect a mixing of two components that may be as-
sessed by mass balance calculations. It would not
consist solely of a more distal aeolian source com-
pletely masking the pedogenic Sr from local sources.

A hypothesis that a drying climate has impacted the
isotope signatures of bioavailable Sr in the NRVS must
consequently result in increasing (higher) strontium
isotope values through time. The Sr isotope signature
for a particular time period may then be established
using both faunal (foraging animal, soil matrix) and
human samples. The archaeological human and con-
temporary archaeological faunal material originating
from the same location for a given time period should
record similar or identical Sr, Nd, and Pb isotope sig-
natures since both animals and humans have been ex-
posed to similar environmental conditions.

Implications of new radiogenic (Sr, Nd, and
Pb) isotope data

Although the remaining samples of enamel for each
burial site investigated here define a certain degree
of variability with regard to their e, values, their
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corresponding Sr isotope values are nonetheless rela-
tively consistent. For example, samples from the Shendi
region (with the exception of SRA-2 and -3 as explained
above), yield variable ¢, values that range between
—0.7 and —4.0, but are characterized by similar Sr
compositions (vary between 0.7077 and 0.7079) such
that they define vertical arrays in both the Nd-Sr iso-
tope diagrams (Figs. 3 and 4); similar vertical arrays
are also defined by enamel samples from the El-Kurru
and Dongola region burial sites investigated here
(Figs. 3 and 4). These features indicate that their ¥Sr/**Sr
ratios have remained buffered against any possible
postmortem alteration due to the relatively high con-
centrations of Sr (>100 ppm; Table 2). Interpretation
of the variable ¢, values for enamel samples ana-
lyzed here is complex and beyond the scope of this
investigation, in particular due to the factors cited
earlier and summarized in Plomp and colleagues
(2019), which include: (1) lack of bioavailable Nd in
food (ppb range; Goldstein and Jacobsen 1987; Kulak-
siz and Bau 2013; Tyler 2004), (2) absence of physio-
logical or biological function of Nd in the human
body (Evans 1990), and (3) incompatible substitution
of trivalent ion (Nd*") for calcium (Ca*!) in the hy-
droxyapatite crystal lattice of human bone and teeth
(Evans 1990; Plomp et al. 2017). Obviously, these fac-
tors do not apply to the €4 values for faunal, soil, and
botanical samples investigated here, and therefore
can be used to monitor possible temporal shifts in
the bioavailable Sr, Nd and Pb isotope compositions
within the NVRS.

If there is indeed a diachronic shift recorded in the
Sr isotope compositions for tooth enamel samples
from within the NRVS during the past ~7,000 years
resulting from an increased amount of wind-derived
dust from the neighboring Sahara, the Sr and Pb iso-
tope ratios should increase and ¢, values decrease as
time approached present day. For example, aeolian
dust from the Sahara is characterized by high *Sr/*Sr
ratios (>0.7140) and low ¢, values (<-5.0 to —13.0,
Figs. 3 and 4; Abouchami et al. 2013; Jung et al. 2004).
Ultimately, the isotopic compositions should verge to-
ward the signatures for present-day plants, based on
the assumption that the latter is sampling an increas-
ing amount of bioavailable Sr with a greater compo-
nent of Saharan aeolian dust.

The new Sr, Nd and Pb isotope data reported in this
study define several intriguing features. First, all sam-
ples, faunal, enamel, and present-day plants from the
Tombos burial site are characterized by similar and
overlapping Sr and Nd isotope compositions (Fig. 4).
This result suggests that the Sr-Nd isotope composi-
tion of the natural environment within the Tombos
region has remained static for the past ~3,500 years,
which is obviously not consistent with the aeolian dust
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impact hypothesis. Second, as stated earlier, it is gen-
erally assumed that the contribution of bioavailable
atmospheric Sr gradually decreases with soil depth
(Capo et al. 1998; Vitousek et al. 1999). However, the
Sr, Nd, and Pb isotope data for the botanical samples
investigated here (Table 2) do not correlate with regard
to the depth of their root system within a given burial
site or the NRVS as a whole; this feature also corrob-
orates the lack of significant contribution of atmo-
spheric Sr to the NRVS during the Holocene Epoch.
Third, the present-day sample of soil from the Nuri
burial site is less radiogenic (i.e., characterized by a
lower Sr isotope ratio and higher ¢, value) than the
older faunal samples from the same site (Fig. 3). This
contrasts with what would be expected if aeolian dust
from the Sahara has been accumulating over the past
~3,500 years in the NRVS, which is characterized by
much higher ¥Sr/*Sr ratios (> 0.7140 to ~0.7293, Figs.
3 and 4; Abouchami et al. 2013; Guinoiseau et al. 2022;
Jewel et al. 2021; Jung et al., 2004) than the geological
background within the NRVS.

An alternative explanation is that the radiogenic
contribution from aeolian Saharan dust has yet to be-
come a major component of the bioavailable Sr within
the NRVS; in other words, the process of elemental
bioavailability may take more than the ~7,000 years
of archaeological record covered in this study. Also
of importance, Saharan-Sahelian dusts are blown to
the west by the prevailing easterlies (opposite direc-
tion to NRVS), across the tropical Atlantic Ocean
toward North America, the Caribbean, and South
America, depending on the seasonal position of the
Inter-Tropical Convergence Zone (ITCZ; Guinoiseau
et al. 2022 and references therein). Hence, given this
combined evidence, it is clear that the Saharan aeo-
lian component has not contributed in any signifi-
cant manner to the bioavailable Sr record for the burial
sites within the NRVS examined here. As stated ear-
lier, soil development and renewal in relation to its
budget of bioavailable Sr is influenced by several con-
tributions, which include not only atmospheric sources
of Sr but also water (e.g., Nile River) and the local
geologic background.

Figure 7 illustrates literature Sr isotope composi-
tions compiled from published samples of enamel, a
variety of faunal, and present-day sediments/soil
within the NRVS, along with the new isotope data ob-
tained here (Table 3) that are plotted against their
corresponding reported ages; the latter range between
~7,000 years before present to present-day. If the aeo-
lian dust hypothesis (Woodward et al. 2015) is indeed
valid, then it can be assumed that the *Sr/*Sr signa-
tures of archaeological samples should increase with
decreasing age. However, this is clearly not the case for
the Sr isotope data displayed in Figure 7. In general,
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Figure 7. Time (years before present) versus ¥Sr/*Sr ratios for samples
investigated here (Table 3) and those from literature data for samples
located within the NVRS. Filled black circles=human enamel
samples; Filled brown (gray) diamonds = faunal samples. Published
literature data are taken from the following previous investigations:
Buzon and colleagues (2007); Buzon and Simonetti (2013); Dominy
and colleagues (2020); Gregoricka and Baker (2021); Herrick (2018);
Kozieradzka-Ogunmakin (2021); Maritan and colleagues (2021);
Osypinska and colleagues (2021); Retzmann and colleagues (2019);
Schrader and colleagues (2019); Simonetti and colleagues (2021);
Stantis and colleagues (2020); Stantis and colleagues (2021); Touzeau
and colleagues (2013). For the purposes of clarity, the age adopted for a
suite of samples from an individual burial site shown here is illustrated
as the midpoint of the age range reported for the time period.

87Sr/*Sr ratios for tooth enamel samples have remained
constant during the last ~7,000 years, and for each
group of samples of similar age, the Sr isotope signa-
tures for tooth enamel overlap with those for their cor-
responding faunal samples. Of particular interest,
the Sr isotope compositions for samples of present-day
plants also overlap with those for older enamel and
faunal samples. Thus, if there has been an increase in
wind-derived material originating from the neighbor-
ing Sahara, then this has not impacted the budget of
bioavailable Sr incorporated within tooth enamel and
faunal samples from the NRVS during the past ~7,000
years. As stated earlier, possible explanations for the
lack of impact may be attributed to a longer residence
time for aeolian silicate-hosted Sr to complete the
biogeochemical cycle from the atmosphere to soil to
finally being metabolized within living organisms
(Cobble et al. 2015; van der Hoven and Quade 2002).
Moreover, aeolian dust is characterized by much lower
Sr contents (Abouchami et al. 2013) compared to that
found in the local geological background, which buf-
fers the ¥Sr/**Sr ratios for the latter against input or
contamination from aeolian sources. Also of impor-
tance, data for enamel and faunal samples for each
time period shown in Figure 7 indicate that the degree
of Sr isotope variability has essentially remained
constant during the past ~7000 years. Once again,
increased contribution from aeolian sources would
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Table 3. Sr, Nd, and Pb isotope compositions for samples investigated in this study.

87Sr 143Nd 206Pb +/_ 207Pb +/_ ZOSPb ZOBPb 207Pb
Sample Sy +/—(1s) #Nd +/—(1s) € 204ph (1s) 204ph (1s) 204pp +/—(1s) Wphp  26ph
El-Kurru
KUR-1 0.707476 ~ 0.000005  0.51261 0.00001 -0.57 23.0812 0.0107 159343 0.0009 38.6091 0.0018  2.423 0.690
KUR-2 0.707718  0.000008  0.51253 0.00001 -2.13  19.5028 0.0007 15.7412 0.0003 38.5008  0.0008 2.446 0.807
KUR-3 0.707991  0.000007  0.51261 0.00001 -0.55 18.3083  0.0003 15.6433 0.0003 38.3838 0.0009 2.454 0.854
KUR-4 0.706935  0.000004  0.51258 0.00001 -1.10 56.3512  4.9200 18.0596 0.4330  37.9169 0.2550  2.100 0.318
KUR-5 0.707121  0.000006 n.a. 19.7986  0.0007 15.7567 0.0004 38.5027 0.0007 2.444 0.796
KUR-6 0.706682  0.000009  0.51261 0.00001 —-0.53  18.4959  0.0005 15.6725 0.0002 38.4772  0.0007 2.455 0.847
KUR-7 0.708306  0.000008  0.51255 0.00001 -1.72  19.0559  0.0017 15.7209 0.0002 38.4791 0.0007  2.448 0.825
KUR-8 0.708120  0.000008  0.51263 0.00001  —0.20  19.0009 0.0005 15.6931 0.0004 38.5302  0.0010 2.455 0.826
KUR-9 0.706698  0.000007  0.51262 0.00001 —-0.44 19.7477  0.0010 15.7468 0.0005 38.5164 0.0011 2.446 0.797
KUR-10 0.706962  0.000005  0.51262 0.00001 —-0.30 20.5030 0.0003 15.8063 0.0003 38.4829  0.0007 2.435 0.771
KUR-11 0.707684  0.000007 0.51264 0.00001 0.10 18.7151 0.0003 15.7043 0.0003  38.4809 0.0011 2.450 0.839
KUR-12 0.707720  0.000006  0.51261 0.00001 —-0.47 18.3382  0.0002 15.6877 0.0002 38.5385  0.0006 2.457 0.855
KUR-13 0.706877  0.000004  0.51261 0.00001 —-0.61 18.8118 0.0002  15.7023  0.0002  38.4596 0.0005 2.449 0.835
KUR-14 0.706783  0.000004  0.51261 0.00001 -0.60 19.0768  0.0004 15.7147 0.0003 38.5075  0.0009 2.450 0.824
KUR-15 0.706627  0.000003 0.51260 0.00001 -0.79 22.4638 0.0076 159869 0.0007 38.5312 0.0014 2410 0.712
KUR-16 0.706782  0.000004  0.51259 0.00001 -0.91 18.3687 0.0003 15.6921 0.0003 38.5612  0.0008 2.457 0.854
KUR-17 0.706787  0.000005 0.51261 0.00001 -0.63 18.5107 0.0004 15.6642 0.0003 38.4121 0.0009 2.452 0.846
KUR-18 0.706774  0.000003  0.51256 0.00001 -1.46 18.2916  0.0004 15.6761 0.0003  38.4431 0.0009 2.452 0.857
KUP-1 0.706947  0.000007  0.51242 0.00001 -4.16 28.0810 0.0010 16.4562 0.0005 38.4077  0.0010 2.334 0.633
KUP-2 0.707190  0.000004 0.51228 0.00001 -7.04 25.6611 0.0012  16.2561 0.0006 38.4363 0.0014 2.364 0.800
KUP-3 0.707497  0.000006  0.51243 0.00006 —-3.96 19.6328  0.0005 15.7099 0.0004 38.4674  0.0008 2.449 0.831
KUP-4 0.708044  0.000009 0.51244 0.00001 -3.86 18.8259  0.0003 15.6530 0.0003 38.4445 0.0008 2.456 0.771
KUP-5 0.706467  0.000008  0.51273 0.00001 1.78 20.4398 0.0010 15.7679 0.0007 38.4120  0.0018 2.436 0.797
KUP-6 0.714175 0.000008  0.51231 0.00001 -6.34 19.7014 0.0006 15.7066 0.0004 39.2386 0.0010 2.498 0.660
KUP-7 0.709385  0.000007  0.51238 0.00001 —5.11 24.3135  0.0003 16.0452 0.0002 38.7007  0.0005 2.412 0.801
KUP-8 0.707171 0.000005 0.51242 0.00001 —-4.16  19.5820 0.0004 15.6759 0.0003  38.3339 0.0008 2.445 0.828
KUP-9 0.707242  0.000007  0.51247 0.00003 -3.27 18.9086  0.0005 15.6565 0.0005 38.5434  0.0012 2.462 0.821
KUP-10 0.707099  0.000006  0.51227 0.00001 -7.11 19.0850  0.0005 15.6671 0.0004 38.6983 0.0011 2.470 0.731
KUP-11 0.707280  0.000004 0.51248 0.00001  -2.99 21.7744  0.0005 15.9227 0.0004 379303  0.0009 2.382 0.820
KUP-12 0.707071 0.000012  0.51249 0.00001 -2.93 19.1014 0.0004 15.6608 0.0003 38.2020 0.0007 2.439 0.742
KUP-13 0.706779  0.000023  0.51255 0.00001 -1.81  21.3956  0.0011  15.8742 0.0004 38.4230  0.0011  2.420 0.781
KUP-14 0.707804  0.000007 0.51264 0.00001 -0.04 20.1755 0.0008 15.7645 0.0006 38.4123 0.0014  2.437 0.786
KUP-15 0.710045  0.000004 0.51253 0.00001 —2.14  20.0452  0.0007 157655 0.0005 38.2956  0.0013  2.429 0.633
Nuri
NUF-1 0.706390  0.000003  0.51251 0.00002 -2.47 20.0216  0.0009 15.7785 0.0008  38.7221 0.0024  2.465 0.788
NUF-2 0.708388  0.000005 0.51248 0.00001 -3.17 19.5366  0.0009 15.7474 0.0007 38.6535 0.0018  2.465 0.806
NUEF-3 0.705197  0.000006  0.51260 0.00001 —0.82 19.1544 0.0022 15.6994 0.0021 38.8338  0.0049 2.465 0.820
NUF-4 0.706585  0.000006  0.51259 0.00001 —0.93 18.9943 0.0008 15.6813 0.0007 38.6477 0.0016  2.465 0.826
NUEF-5 0.707146  0.000004  0.51266 0.00001 0.34 18.4788  0.0008 15.6145 0.0006 38.2642  0.0017 2.465 0.845
NSO-1 0.706247  0.000003  0.51263 0.00001 -0.06 18.8504 0.0015 15.6784 0.0012 38.4354 0.0030 2.451 0.832
Tombos & Hannek
TOM-196 0.707468  0.000003
TOM-197 0.707629  0.000003
TOM-198 0.707338  0.000004
TOM-199 0.707413 0.000002
TOM-200 0.707522  0.000003 0.51246 0.000008 -3.44 19.1464  0.0010  15.6610 0.0008 38.9168 0.0020 2.485 0.818
TOM-201 0.707408  0.000003 0.51245 0.000009 —3.65 19.6331 0.0008 15.6537 0.0006 38.8605 0.0017  2.483 0.797
TOM-202 0.707320  0.000004 19.1079  0.0012  15.6688 0.0008  38.9102 0.0022 2.483 0.820
TOM-203 0.707572  0.000004
HNK-1 0.707913  0.000005 0.51256 0.00001 -1.54 23.0776  0.0011 16.0106 0.0006 38.8026  0.0015 2.424 0.694
TOM-191 0.706988  0.000004 0.51245 0.00001 -3.70 26.8228 0.0015 16.4489 0.0009  39.0100 0.0026 2.372  0.613
TOM-192  0.707215  0.000006  0.51257 0.00001 -1.32 174536  0.0006 15.4647 0.0009 36.9404 0.0035 2.389 0.886
TOM-193 0.709125  0.000007 0.51256 0.00001 -1.51 19.5392 0.0014 15.7619 0.0010 38.8836 0.0025 2467 0.807
TOM-194 0.708578  0.000007  0.51253 0.00001 —-2.11  19.4558  0.0043 15.6897 0.0009 38.9625  0.0019 2.483 0.806
TOM-195 0.707841  0.000006 0.51251 0.00001 -2.45 19.1138 0.0005 15.6203 0.0005  39.1833 0.0016  2.508 0.817
TOP-1 0.707094  0.000004 0.51246 0.00001  -3.39 21.9279  0.0008 159379 0.0005 38.3260  0.0013  2.405 0.727
TOP-2 0.707076  0.000005 0.51246 0.00001 -3.44 22.2404 0.0010 159498 0.0003 38.5417 0.0009 2416 0.717
TOP-3 0.706854  0.000006  0.51247 0.00001  -3.38 257976  0.0008 16.2747 0.0005 38.2563  0.0014  2.351 0.631
TOP-4 0.706935  0.000005 0.51253 0.00001 -2.12  20.9243 0.0008 15.8283 0.0004 38.4930 0.0011 2.432  0.756
TOP-6 0.707877  0.000006  0.51245 0.00001 -3.68 19.0261  0.0006 15.6662 0.0005 38.0838  0.0015 2.431 0.823
TOP-7 0.707085  0.000007  0.51258 0.00001 -1.19 19.7219 0.0005 15.6880 0.0005 38.9281 0.0016  2.481 0.795
TOP-8 0.707618  0.000007  0.51241 0.00001 —4.43 224560 0.0052 159207 0.0012 38.9655  0.0036  2.447 0.709
TOP-9 0.707547  0.000004 0.51248 0.00001 -3.07 19.9508 0.0007 15.6537 0.0009 38.7132 0.0039 2473 0.785
TOP-10 0.707403  0.000004  0.51253 0.00001  —2.07 19.7673  0.0009 15.6104 0.0009 38.1659 0.0037  2.445 0.790
TOP-11 0.708313  0.000007  0.51249 0.00001 -2.99 23.7966 0.0007 159258 0.0006 37.6869 0.0023  2.366 0.669
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87Sr 143Nd 206Pb +/_ 207Pb +/_ ZOSPb ZOSPb 207Pb
Sample %Sr +/—(1s) MINd +/—(1s) e 204Pb (1s) 204pb (1s) 24Pb +/—(1s) *"Pb  *Pb
Dongola
DET-1 0.707058  0.000004 0.51223  0.00005 —8.05 19.1645 0.0041 15.6841 0.0036 38.6090  0.0083 2.462 0.818
SEL-1 0.706857  0.000005 0.51252  0.00001 —2.24 18.4430 0.0010 156220 0.0009 382049  0.0021 2.446 0.847
SEL-2 0.706796  0.000004 0.51277  0.00003  2.52
SEL-3 0.706777 ~ 0.000007
SEL-4 0.706915  0.000004 0.51249  0.00002 —2.87 18.6480 0.0007 15.6362 0.0006 38.5473  0.0016  2.465 0.838
SEL-5 0.706874  0.000003 0.51273  0.00007 -1.75
SEL-6 0.706946  0.000003 0.51254  0.00002 -1.93 19.2809  0.0005 157165 0.0004 387712  0.0012 2467 0.815
SEL-7 0.707044  0.000004 0.51260  0.00001 —0.67 19.4456  0.0015 15.6803 0.0012 38.5600  0.0030 2459 0.806
SEL-8 0.706932  0.000004 0.51268  0.00002  0.82 18.6187  0.0021 15.6225 0.0018 38.2388  0.0041 2.448 0.839
SEL-9 0.706764  0.000006 18.6306  0.0002 15.5809 0.0002 38.3593  0.0004 2.462 0.836
SEL-10 0.707284  0.000008 0.51246  0.00005 —3.40
SEL-11 0.707334  0.000004 0.51276  0.00003  2.31
SEL-12 0.706877 ~ 0.000006  0.51245  0.00001 —-3.73
SEL-13 0.706759  0.000005 0.51259  0.00003 —0.95 18.5602 0.001  15.6542 0.001  38.5413  0.0018 2462 0.843
SEL-14 0.706633  0.000006 0.51246  0.00001 —3.41 191206  0.001 157006 0.001  38.5046  0.0014 2.452 0.821
SEB-1 0.707032  0.000006 051213  0.00010 -9.96 18.3889  0.0009 15.6276 0.0008 38.3942  0.0020  2.457 0.850
SEB-2 0.707056  0.000006 191729 0.0008 15.6793 0.0007 38.4547  0.0016 2.453 0.818
SEB-3 0.707308  0.000005 184357  0.0010  15.6321 0.0008 38.4788  0.0022 2.462 0.848
SEB-4 0707125 0.000004 051252 0.00007 —2.34
SEB-5 0.707054  0.000005 0.51236  0.00005 544 19.3435 0.0008 157164 0.0007 38.4470  0.0016 2.446 0.813
SEB-6 0.707068  0.000005 0.51240  0.00006 —4.64 18.3146  0.0008 15.6302 0.0008 38.4390  0.0020 2.459 0.853
DON-1 0707522  0.000003 0.51245  0.00001 —3.70 18.9126  0.0003 156374 0.0003 38.5467  0.0008 2.465 0.827
DON-2 0707618  0.000004 0.51245  0.00001 -3.63 193794 0.0009 156764 0.0008 38.8132  0.0018 2476 0.809
DON-3 0708309  0.000005 0.51248  0.00001 —3.08 191902 0.0003 156667 0.0003 38.7797  0.0007 2.475 0.816
Shendi
SRA-1 0.707852  0.000005 0.51247  0.00001 —3.37 187611  0.0014 15.6498 0.0011  38.6283  0.0027 2468 0.834
SRA-2 0.708585  0.000005 0.51227 ~ 0.00001 -7.19 19.5457 0.0017 15.6614 0.0014 38.4201  0.0034 2.453 0.801
SRA-3 0.709170  0.000009  0.51225  0.00001 —7.57 19.1328  0.0014 15.6583 0.0012 38.6710 ~ 0.0030 2.470 0.818
SRA-4 0.707908  0.000008 0.51244  0.00001  —3.94
SRA-5 0.707837  0.000003  0.51252  0.00001  —2.27
SRA-6 0.707784  0.000007 0.51249  0.00002 -2.91 18.7758  0.0011  15.6323 0.0010 38.5338  0.0024 2.465 0.833
SRA-7 0.707790  0.000005 0.51260  0.00002 —0.72
SRA-8 0.707704  0.000004 0.51256  0.00002 -1.60 18.6522  0.0008 15.6537 0.0007 38.6544  0.0019  2.469 0.839
Askut
ASK-15 0708787  0.000008 0.51254  0.00001 —1.94 182554  0.0007 15.6058 0.0006 38.1367  0.0014 2.444 0.855
ASK-16  0.707465  0.000004 19.5053  0.0015 15.6880 0.0007 387774  0.0020 2472 0.804
ASK-17 0707027  0.000007 051248  0.00001 —3.08 192550 0.0014 157001 0.0012 39.0670 ~ 0.0051  2.488 0.815
ASK-18 0706736 0.000003 0.51253  0.00001 -2.11 193757 0.0011 156536 0.0007 389920  0.0017 2.491 0.808
ASK-19 0709166  0.000009 0.51255  0.00001 -1.69 18.7436  0.0006 156461 0.0005 38.5875  0.0013  2.466 0.835
ASK-20 0706749  0.000004 0.51251  0.00001 -2.46 191766 0.0006 156812 0.0005 387074  0.0013 2.468 0.818
ASK-21 0706737  0.000006 0.51257  0.00002 —1.35 18.9056 0.0020 15.6610 0.0015 38.6198  0.0039 2.466 0.828
ASK-22 0707646  0.000004 051248  0.00001 -3.03 19.0460 0.0015 156825 0.0013 387469  0.0031 2471 0.823
ASK-23 0706743  0.000005 0.51258  0.00001 —1.09 18.8380  0.0013 15.6858 0.0010 38.7734  0.0061 2.472 0.833
ASK-24 0708245  0.000007 0.51254  0.00001 -1.89 18.9984 0.0015 15.6513 0.0010 38.6000  0.0022 2466 0.824
ASK-25 0709006  0.000010  0.51251  0.00001 -2.54 19.3744  0.0010 15.6670 0.0007 391115  0.0020 2.496 0.809
ASK-26 0706692  0.000004 0.51253  0.00001 —2.12 193405 0.0005 15.6691 0.0004 39.0740  0.0011 2.494 0.810
ASK-27 0707398  0.000003 0.51249  0.00001 —2.81 187765  0.0029 155397 0.0033 385106  0.0132 2478 0.828
ASK-28 0707221  0.000005 191169  0.0008 15.6429 0.0006 38.5833  0.0016 2467 0.818
ASK-29 0708287  0.000006 0.51247  0.00001 -3.33 18.9805 0.0067 15.6521 0.0010 387122  0.0023 2473 0.825
ASK-30 0706580  0.000005 0.51257  0.00001 -1.26 18.6738  0.0004 15.6290 0.0003 38.4083  0.0010 2458 0.837
Abri
ABR-1 0.707177  0.000005 0.51237  0.00001 -522 18.4623  0.0004 15.6317 0.0004 38.2031  0.0008 2.444 0.847
ABR-2 0707371 0.000007  0.51232  0.00001 —6.27 18.4810  0.0003 15.6491 0.0003 38.1596  0.0008 2.438 0.847
ABR-3 0707517 0.000020  0.51231  0.00001 —6.32 18.8454 0.0002 15.6621 0.0002 38.0855  0.0006 2.432 0.831
ABR-4 0.706891  0.000009 0.51237 ~ 0.00001 —526 18.6530  0.0003 15.6905 0.0002 38.3365  0.0006 2.443 0.841
Wadi Halfa
WH-1 0707678 ~ 0.000006 0.51225  0.00001 —7.56 18.5287  0.0003 15.6458 0.0003 38.1589  0.0007 2.439 0.844
WH-3 0.707806  0.000006  0.51226 ~ 0.00001 —7.45 19.6030  0.0003 15.7423 0.0002 38.0201  0.0006 2.415 0.803
WH-4 0.708056  0.000004 0.51224  0.00001 —7.85 18.5329  0.0003 15.6436 0.0002 38.2828  0.0005 2447 0.844
WH-5 0.707885  0.000006 19.6977  0.0004 157342  0.0003 382016  0.0007 2.428 0.799
WH-6 0.707484  0.000004 051221  0.00001 —8.38 18.5664 0.0003 15.6459 0.0003 38.1562  0.0007 2.439 0.843
WH-7 0.707924  0.000007  0.51227 ~ 0.00001 —719 18.2320  0.0004 15.6202 0.0003 38.0895  0.0008 2.438 0.857
WH-8 0.708265  0.000006 0.51221  0.00001 —8.32 18.1230  0.0002 156113 0.0002 38.1281  0.0005 2.442 0.861
WH-9 0.707512  0.000008  0.51229  0.00001 —6.82 18.3763  0.0005 15.6329 0.0004 38.0458  0.0012 2.434 0.851
WH-10 0708192  0.000008 0.51226  0.00001 -7.48 18.1733  0.0002 15.6169 0.0002 38.1024  0.0005 2.440 0.859
WH-11 0707339 0.000003  0.51251  0.00001 —2.53 19.4187  0.0003 15.6849 0.0002 38.7396  0.0006 2.470 0.808
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Figure 8. Time versus g, values for samples from the Dongola and
El-Kurru regions of the NRVS. The Nd isotope data for human tooth
enamel from these regions are not consistent with an expected trend
of decreasing e, values with decreasing time. In general, the data
illustrate increasing e, values towards present-day and complete
overlap the range of Nd isotope compositions for present-day plants
from the Dongola and El-Kurru regions. For the purposes of clarity, the
age adopted for a suite of samples from an individual burial site shown
here is illustrated as the midpoint based on the reported time period.

increase the variability of ¥Sr/**Sr signatures for bio-
available Sr over time; however, this is clearly not the
case based on the data depicted in Figure 7.

Figure 8 plots the €y values for enamel, faunal, and
botanical samples from the Dongola and El-Kurru re-
gions, and these data also provide support to the in-
terpretations based on the Sr isotope data (i.e., if
bioavailable Nd was impacted by increased aeolian
contribution with decreasing age, then e, values
should define negatively sloped trends in Figure 8).
Materials of crustal origin are characterized by nega-
tive e, values as shown in Figures 3 and 4 (e.g., wadi
riverine muds and Saharan dust). However, it is clear
that this is not the case, and one may argue that the
data shown in Figure 8 define the opposite trend of in-
creasing ¢, values with decreasing age. Lastly, the
same argument applies to the Pb isotope compositions
reported here (Table 3; Figs. 5 and 6) since essentially
none of the Pb isotope data, in particular for the tooth
enamel, overlap those for Saharan dust (Figs. 5 and 6).

Conclusion

While it is not disputed that there was an increased ae-
olian contribution from the neighboring Sahara Des-
ert as a result of drying climatic conditions during the
Holocene within the NRVS, the new trace element and
isotope data reported in this study clearly indicate that
it did not impact the isotope record as preserved
within human tooth enamel from archaeological sites
of interest. Based on the Sr isotope compositions for
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human tooth enamel, faunal, and present-day botan-
ical samples reported here, it is clear that these do not
exhibit a systematic increase with decreasing age, as
would be the expected temporal trend had the archae-
ological sites been impacted by increased contribution
of Saharan dust. Overall, the Sr isotope compositions
for human tooth enamel from the different time peri-
ods overlap those of their corresponding faunal sam-
ples, and in some instances that of much younger,
present-day botanical samples from the same site
(e.g., Tombos). Moreover, the Nd and Pb isotope data
both corroborate the interpretations based on the Sr
isotope ratios. The reasons for the lack of environmen-
tal impact may be several-fold: (1) The time required
for elements such as Sr originating from aeolian dust
to be incorporated within the ecological and hydro-
logical cycles may exceed that of the archaeological
record being investigated. In particular, if most of
the Sr is bound in silicate minerals, it may be either
more difficult to weather or metabolize compared to
carbonate-hosted Sr; and/or (2) from a mass balance
perspective, the relatively low abundances of Sr present
within aeolian dust renders it ineffective in impacting
the Sr isotopic composition of the local environment,
which is characterized in general by much higher
concentrations of Sr (e.g., soil sample NSO-1, Sr con-
tent=419 ppm; Table 2). Hence, it can be concluded
that Sr isotope compositions of non-altered archaeo-
logical human tooth enamel most likely reflect those
of their local environment and can be used for prove-
nance studies.
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Supplementary Information

Table S1. Description of enamel and faunal samples investigated in this study.

Impact of Holocene Climate Change on Bioavailable Strontium Within the Nile River Valley

Sample # Site Type Tooth Burial/Skeleton Info. DATE

KUR-1 El-Kurru Human P KU107 Christian

KUR-2 El-Kurru Human LM1 213 Christian

KUR-3 El-Kurru Human LP? 104 Christian

KUR-4 El-Kurru Human RP, 113 Christian

KUR-5 El-Kurru Human P 106 Christian

KUR-6 El-Kurru Human P, 109 Christian

KUR-7 El-Kurru Human P 205 Christian

KUR-8 El-Kurru Human P 203 Christian

KUR-9 El-Kurru Human LP! 206 Christian
KUR-10 El-Kurru Human RP, 204 Christian

KUR-11 El-Kurru Human RP, 270 Christian
KUR-12 El-Kurru Human Idm, 211 Christian

KUR-13 El-Kurru Human m! 202 Christian
KUR-14 El-Kurru Human RM, 110 Christian
KUR-15 El-Kurru Human RP 215 Christian

KUR-16 El-Kurru Human ldm, 212 Christian
KUR-17 El-Kurru Human LPM, 209 Christian

KUR-18 El-Kurru Human Idm1 214 Christian

NUE-1 Nuri Tooth faunal MD7:10-1 400 B.C.—240 A.D.
NUE-2 Nuri Tooth faunal MD7:10-2 400 B.C.—240 A.D.
NUE-3 Nuri Tooth faunal 503-5 400 B.C.—240 A.D.
NUF-4 Nuri Faunal tooth fill grave F20 400 B.C.—240 A.D.
NUEF-5 Nuri Tooth faunal, poss. Camel 505-24 400 B.C.—240 A.D.
NSO-1 Nuri Soil Soil Sample Present-day
HNK-1 Hannek sheep/goat bone 264/F362 New Kingdom
TOM-191 Tombos sus scrofa bone U20L1/F445 New Kingdom
TOM-192 Tombos sheep/goat bone U20L2/F476 New Kingdom
TOM-193 Tombos sheep/goat bone U20L3/F502 New Kingdom
TOM-194 Tombos leporid bone U47S1L14/F558 New Kingdom
TOM-195 Tombos faunal bone U4781L14/F559 New Kingdom
TOM-196 Tombos Human LP, U57PitB/BUrl 3rd Int. Period
TOM-197 Tombos Human RP* U57PitB/Iso. Cran. 3rd Int. Period
TOM-198 Tombos Human LP, U57PitB/ Bur2 3rd Int. Period
TOM-199 Tombos Human RP, US51L3/Burl 3rd Int. Period
TOM-200 Tombos Human RM, U50L4/Burl 3rd Int. Period
TOM-201 Tombos Human Lp? U52/Burl 3rd Int. Period
TOM-202 Tombos Human RP, U52/Bur2 3rd Int. Period
TOM-203 Tombos Human RP* U55L4 3rd Int. Period
DET-1 El-Detti Human RM2 T4 350-550 A.D.
SEL-1 Selib 1 Human RM! SK1 1100-1200 A.D.
SEL-2 Selib 1 Human LM, SK4 1100-1200 A.D.
SEL-3 Selib 1 Human RM?® SK6 1100-1200 A.D.
SEL-4 Selib 1 Human LM, G2/SK3 1100-1200 A.D.
SEL-5 Selib 1 Human LM® G3/SK8 1100-1200 A.D.
SEL-6 Selib 1 Human RM? G5/SK6 1100-1200 A.D.
SEL-7 Selib 1 Human LM3 GI11/SK2 1100-1200 A.D.
SEL-8 Selib 1 Human LM, G14/SK7 1100-1200 A.D.
SEL-9 Selib 1 Human LMm! G24/SK5 1100-1200 A.D.
SEL-10 Selib 1 Human premolar G_E/SK1 1100-1200 A.D.
SEL-11 Selib 1 Human LM? G_E/SK2 1100-1200 A.D.
SEL-12 Selib 1 Human RMI SK1/2012 1100-1200 A.D.
SEL-13 Selib 1 Human LM3 SK2/2012 1100-1200 A.D.
SEL-14 Selib 1 Human LM3 SK5/2012 1100-1200 A.D.
SEB-1 Selib Bahri Human LM, Gl1/A 1100-1200 A.D.
SEB-2 Selib Bahri Human RM, G1/B 1100-1200 A.D.
SEB-3 Selib Bahri Human LM, G1/C 1100-1200 A.D.
SEB-4 Selib Bahri Human RM? G1/D 1100-1200 A.D.
SEB-5 Selib Bahri Human RP! G1/E 1100-1200 A.D.
SEB-6 Selib Bahri Human LM, G4 1100-1200 A.D.
SRA-1 Shendi/SRAP Human RM, T.5 400 B.C.-240 A.D.
SRA-2 Shendi/SRAP Human LM, T.10 400 B.C.-240 A.D.
SRA-3 Shendi/SRAP Human RM? T.11 400 B.C.-240 A.D.
SRA-4 Shendi/SRAP Human molar T.12 400 B.C.-240 A.D.
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Sample # Site Type Tooth Burial/Skeleton Info. DATE

SRA-5 Shendi/SRAP Human LM, T.14 400 B.C.-240 A.D.
SRA-6 Shendi/SRAP Human RM’ T.17 400 B.C.-240 A.D.
SRA-7 Shendi/SRAP Human LM, T.21-B 400 B.C.-240 A.D.
SRA-8 Shendi/SRAP Human Molar Lower T.22 400 B.C.-240 A.D.
ASK-15 Askut sheep/goat tooth 814 Middle Kingdom
ASK-16 Askut sheep/goat tooth 945 Middle Kingdom
ASK-17 Askut sheep/goat tooth 1220 Middle Kingdom
ASK-18 Askut sheep/goat tooth 1224 Middle Kingdom
ASK-19 Askut sheep/goat tooth 821 New Kingdom
ASK-20 Askut sheep/goat tooth 892 New Kingdom
ASK-21 Askut sheep/goat tooth 853 New Kingdom
ASK-22 Askut sheep/goat tooth 1992 New Kingdom
ASK-23 Askut sheep/goat tooth 1187 New Kingdom
ASK-24 Askut sheep/goat tooth 1463 New Kingdom
ASK-25 Askut hippo tusk (dentine) 842 New Kingdom
ASK-26 Askut hippo tusk (dentine) 843 New Kingdom
ASK-27 Askut sheep/goat tooth 1775 2nd Int. Period
ASK-28 Askut sheep/goat tooth 1251 2nd Int. Period
ASK-29 Askut sheep/goat tooth 1246 2nd Int. Period
ASK-30 Askut Soil 1163 Middle Kingdom
ABR-4 Abri Soil Present-day
WH-11 Wadi Halfa Soil Present-day
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Table S2. Chronology adapted from Smith (1998).

Date B.C. Egypt (Dynasty) Lower Nubia Upper Nubia
3500-2600 Predynastic/Early Dynastic (1-3) A-Group Neolithic
2600-2150 Old Kingdom (4-6) uncertain Old Kerma
2150-2050 1st Intermediate Period (8-11) C-Group Old Kerma
2050-1650 Middle Kingdom (11-13) C-Group Middle Kerma
1650-1550 2nd Intermediate Period (14-17) C-Group Classic Kerma
1550-1050 New Kingdom (18-20) C-Group Recent Kerma
1050-750 3rd Intermediate Period (21-24) uncertain Pre-Napata
750-300 Late Period (25-30) Napata Napata

300 B.C.-400 A.D. Greco-Roman Meroitic Meriotic
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