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a b s t r a c t

Recent multidisciplinary investigations of sediment cores from the ancient marine bay of Alexandria
(Egypt) have documented local human activities during the Iron Age (circa 900e1000 B.C.) prior to
Alexander the Great’s arrival in 331 B.C. (Goiran, 2001; Véron et al., 2006; Stanley et al., 2007, 2010),
corroborating the existence of the so-called “Rakhotis” as evoked in previous archaeological literature
(Jondet, 1916; Weill, 1919; Chauveau, 1999; Baines, 2003). Lead (Pb) Isotopic Analyses (LIA) from Alex-
andria Bay indicate a possible anthropogenic imprint as early as circa 2300e2650 (�200) B.C. and, to a
lesser extent, 3500e3800 (�170) B.C. (Véron et al., 2006). Here we demonstrate that LIA in sediments
from the nearby Maryut Lagoon display isotopic anomalies resulting from the release of contaminant Pb
into the Lagoon during the Egyptian Early dynastic (at 2897 � 187 B.C) and Predynastic (at 3520 � 145
B.C.) periods that corroborate geochemical data from Alexandria Bay. Pb concentrations in Maryut
sediments show enrichments that mirror isotopic findings. The absence of contaminant Pb imprints
within the sediments from the nearby Nile Canopic branch confirms that isotopic anomalies found in
Alexandria Bay and Maryut Lagoon sediments are local and do not originate from long-distance transport
of contaminant Pb associated with Nile suspended material and/or wind-derived aerosols. LIA in Alex-
andria sediment cores correspond to commonly mined Pb and Cu (copper) ores from Turkey (Black Sea
region), Cyprus, Crete and the Oman Gulf. LIA substantiate the use of copper-based relics in the Alex-
andria region during the Pre and Early dynastic periods, and provide insights into metal trading within
the Eastern Mediterranean during the ChalcolithiceEarly Bronze Age transition, 6000 years ago.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction Véron et al., 2006; Stanley et al., 2007; Stanley and Bernhard,
In 331 B.C. Alexander the Great founded Alexandria ad Aegyp-
tum on the easternmargin of the Nile Delta. It rapidly grew into one
of the most densely populated and developed cities of the Medi-
terranean Basin (Fraser, 1972; Empereur, 1998; Yoyotte et al., 1998).
This growth led to the discharge of anthropogenically-derived Pb
into the marine bay with a significant peak in pollution at the
culmination of the Roman occupation (Goiran, 2001; Véron et al.,
2006). Multidisciplinary investigations (including archaeology,
stratigraphy, palaeoecology and geochemistry) of sediment se-
quences from Alexandria’s ancient harbours suggest the existence
of a pre-Alexander settlement during the Iron Age (Goiran, 2001;
RS 7330, Aix Marseille Uni-
.

All rights reserved.
2010), referred to by ancient authors as “Rhakotis” (e.g. Her-
odotus, Pliny and Strabo) (Jondet, 1916; Weill, 1919; Chauveau,
1999; Baines, 2003). Véron et al. (2006) have reported Pb
contamination traces in sediments from Alexandria Bay that could
indicate the occurrence of human settlements at 2300e2650
(�200) yrs B.C. and, to a lesser extent, 3500e3800 (�170) B.C. In-
creases in Pb concentration trace the foundation and subsequent
growth of Alexandria and are therefore a robust proxy to recon-
struct human settlements in the absence of clear archaeological
evidence (Véron et al., 2006; Stanley et al., 2007). Nonetheless,
uncertainties persist regarding the extension of the so-called
“Rhakotis” before its Hellenistic occupation due mainly to the
dense urban fabric and the complexity of the pre-Hellenistic
archaeological artifacts. Furthermore, the local origin of anthro-
pogenic Pb contamination has been questioned owing to possible
long-range transport by wind and fluvial processes. In order to (i)
confirm a clear local human origin and (ii) probe metal trade
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networks, we compared isotopic anomalies found in Holocene
sediments to Pb isotope source signatures from Pb and Cu ores
originating from the Eastern Mediterranean and Middle East
regions.

To investigate these questions and test the veracity of a pre-
Alexander settlement, we extended our analysis to sediment re-
cords from the Maryut Lagoon (core M12), a wetland system that
backs onto Alexandria and was formed during the early to mid-
Holocene (Flaux et al., 2011). To differentiate between local and
long-range transport of contaminant Pb, we also analysed a core
collected from the Canopic branch (core M57), a palaeo-branch of
the Nile, east of Alexandria (Fig. 1).

Among key anthropogenic markers Pb has proven to be an
efficient tracer of past and present human activities. Pb, along with
Cu, was amongst the first metals to be refined and used owing to its
low melting temperature, malleability and resistance to corrosion
(Nriagu, 1983). The oldest Pb artifacts are date back to 8000 years
ago in Anatolia and Pb has been extensively used since then in
plumbing, ship building, coinage, warfare, pigments, cosmetics,
jewellery, glazes, masonry, glass, writing tablets and tombs (see
references in Lucas and Harris, 1962; Nriagu, 1983). Its stable iso-
topes, 204Pb, 206Pb, 207Pb, 208Pb, of which the last three are end-
members of the uranium (U)-thorium (Th) decay chains, allow to
elucidate and discriminate the use of Pb-containing ores from
various geographical origins depending on the age and the initial
UeTh content of their primary geological reservoirs (Doe, 1970).
Ratios of Pb isotopes will vary according to the origin of ores used to
manufacture metal artifacts, either from Pb mining (Brill and
Wampler, 1967; Brill et al., 1973; Gale and Stos-Fertner, 1978;
Gale, 1979; Chamberlain and Gale, 1980; Stos-Gale and Gale, 1981,
1982, 2009; Gale and Stos-Gale, 1982a, 2000; Pernicka and
Fig. 1. Map of the sampling sites in the Alexandria region: Alexandria Bay (
Bachmann, 1983) or Cu mining (Gale and Stos-Gale, 1982b, 1986,
1999; Stos-Gale et al., 1986, 1997; Hauptmann, 1992; Stos-Gale and
Gale, 1994; Gale, 1999; Niederschlag et al., 2003; Begemann et al.,
2010). Consequently these isotopic imprints can be used to recon-
struct ancient human activities recorded in environmental archives
such as peatbogs (Shotyk et al., 1998; Dunlap et al., 1999; Cortizas
et al., 2002), marine and lacustrine sediments (Chow et al., 1973;
Shirahata et al., 1980; Renberg et al., 1994; Monna et al., 1999;
Brännvall et al., 2001; Le Roux et al., 2003; Véron et al., 2006;
Stanley et al., 2007; Thevenon et al., 2011).

2. Archaeological context

The Nile Delta has long been considered a hostile wetland for
human settlements and therefore very few surveys have been
conducted in this area. Archaeological research on the Nile Delta
has been hindered by recurrent flooding which has buried/eroded
archaeological evidences (Stanley and Warne, 1993; Butzer, 2002;
Flaux et al., 2013), and archaeological biases that have favoured
excavations in the more attractive central Nile valley. Nonetheless,
Montet (1942) and Vandier (1952) raised the question of complex
communities on the Nile Delta during the Egyptian Predynastic
period (circa 5500e3100 B.C.) after the discovery of the Predynastic
settlement of Merimde Beni-Salâme (ca 4900e4300 B.C.; Junker,
1929) on the southwestern art of the delta. Human settlements
were also evidenced in the Memphite region as early as 5400 B.C.
(Fayum culture, see references in Hendrickx, 1999; Midant-Reynes,
2003; Tristant, 2005, 2006). Further communities were discovered
at Buto in the northwestern delta and Maadi in the Memphite area
that developed at the end of theMerimde Beni-Salâme period, circa
3900 B.C. (Bovier-Lapierre,1926; Köhler,1998; Tristant andMidant-
core CII, CV), Maryut lagoon (M12) and the Nile Canopic branch (M57).
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Reynes, 2011). Numerous copper artefacts and architectural designs
found at these sites suggest relationships with the Levant and, in
particular, with the mining regions of the Sinai (see references in
Perrot, 1984; Rizkana and Seeher, 1989; Tristant, 2006). Evidence of
trade between Egypt and the Levant has been found in numerous
archaeological excavations from the eastern delta where more than
60 sites were investigated, leaving the western delta largely un-
explored (Schott et al., 1932; Saad, 1969; Redmount, 1986;
Chlodnicki et al., 1992; Van den Brink, 1993; Köhler, 1998;
Chlodnicki and Cialowicz, 2003; Midant-Reynes et al., 2003;
Tristant, 2005; Tristant and Midant-Reynes, 2011; Abdel-Motelib
et al., 2012). Artefacts found at Buto and Maddi during the 4th
millennium not only linked the so-called Lower Egypt cultures
(Faltings, 1998; Cialowicz, 2005; Tristant, 2005) to Palestine, but
also possibly to Mesopotamia and Anatolia (Margueron, 1991;
Miroschedji, 1991; Faltings et al., 2000; Bavay et al., 2004; Guyot,
2004; Tristant, 2005). At the end of the Predynastic period
(3600e2700 BC), we observe a full extension of Levantine trade and
the growing influence of the southern Naqadian culture (Rizkana
and Seeher, 1984; Abdel-Raziq et al., 2002; Meurice and Tristant,
2004; Tristant and Midant-Reynes, 2011).

Pb isotopic analyses of Holocene sediments may provide further
evidence for trade exchanges between the Egyptian communities
and the Levant region during the Pre and Early dynastic periods
from the poorly investigated western Nile Delta, and possibly raise
clues on interactions with other Mediterranean regions.

3. The study site

Here, we present the results of Pb concentration and its stable
isotopes from one of the cores (M12) that shows continuous sedi-
mentation for the past 6000 years. Palaeoecological and sedimen-
tological analyses suggest a typical lagoon environment with
intermittent marine inputs (Flaux et al., 2011, 2013). A clear
confinement between 7500 B.P. and 4800 B.P. with pronounced
Nile influence is followed by increasing marine inflows.

This marine influence is favoured by lower Nile floods due to an
increased aridification of the Nile Basin starting circa 5000 B.P.
(Bell, 1970; Woodward et al., 2007; Flaux et al., 2013; Marriner
et al., 2013). During this period, the source of dominant Nile sedi-
ment inputs shifted from the White Nile (Precambrian meta-
morphic basement from the Lake Victoria region) to the Blue Nile
(flood basalts of Tertiary age from the Ethiopian Highs) (Krom et al.,
2002) Further stratigraphic descriptions of the Maryut core M12
are presented in Flaux et al. (2011).
Table 1
Maryut Lagoon sediments (M12): 14C dates, Pb and Fe concentrations in the bulk fractio

Depth (cm) 14C corr.
(years BC)

Pb ppm Fe ppm EF 206Pb/204Pb bulk 206Pb/207Pb bu

385e420 1167 6.01 47,085 0.7 18.921 1.2076
420e455 1351 7.07 32,359 0.8 18.938 1.2080
455e490 1535 5.33 43,275 0.9 18.908 1.2063
490e525 1720 9.54 42,082 1.2 18.911 1.2067
525e560 1904 7.37 56,803 1.0 18.885 1.2051
560e595 2088 9.65 53,551 0.9 18.840 1.2028
600e630 2377 10.3 58,678 1.1 18.819 1.2013
630e665 2647 10.8 49,235 1.0 18.848 1.2028
665e700 2897 13.5 73,920 1.5 18.686 1.1932
700e735 3229 12.7 45,274 1.0 18.915 1.2062
735e770 3520 12.2 57,261 1.5 18.731 1.1957
805e840 4102 10.9 49,574 1.1 18.908 1.2058
840e875 4393 10.3 46,885 1.2 18.934 1.2066
910e945 4974 10.1 17,668 1.2 18.902 1.2048
990e995 5559 5.30 53,530 1.7 18.832 1.2020
995e1015 5675 10.6 47,085 1.1 18.851 1.2019
The age model is based on 15 radiocarbon dates, compiled from
cores taken in the northwestern Nile Delta area. Carbonate samples
comprise connected lagoon shells (Cerastoderma glaucum). Organic
samples include wood and organic-rich lenses taken within the
sediment sequence. All of these samples were taken at stratigraphic
boundaries, each of them being dated by two to six independent
radiocarbon measurements. The mean age �2s was used for cali-
bration. Details and reservoir ages used for calibration are provided
and discussed in Flaux et al. (2013). Sedimentation rates in cores
M12 were calculated based on the calibrated ages of stratigraphic
boundaries (Table 1).

A core (M57, Fig. 1) was also sampled in the Nile Canopic branch,
near Idku Lagoon, at the edge of the Canopic deltaic lobe. This Nile
channel was active for at least the past 6000 years (Chen et al.,
1992; Stanley and Warne, 1993; Stanley et al., 2004) and recorded
past Nile influences on the western delta. M57 is a 10 m core
comprising fluvial sands and lagoon mud as the main environ-
mental deposits separated by a 60 cm thick organic layer dated
circa 5000e6000 B.P. (Stanley et al., 1996). No accurate stratigraphy
could be obtained from this core due to the depositional context
and uncertainties in the age model that need to be resolved. Pb was
analysed between 150 and 850 cm depth (i.e. circa 3000e7000 B.P.)
in order to investigate Pb isotopic imprints during the Early Bronze
Age period and possible anthropogenic influences associated with
long-distance fluvial or aeolian transport to the Alexandria region.

4. Methods

Sediment from the Maryut Lagoon and the Nile Canopic branch
were dissolvedwith concentrated acids (HNO3, HCl, HF) at 130 �C to
extract total Pb from each sample (bulk Pb) in HEPA-filtered class
100 clean laboratories using acid-cleaned teflon ware at CEREGE
(Aix Marseille University) and GEOTOP (University of Quebec at
Montreal, Canada). Procedural Pb blanks were always below
0.2$10�9 g (Alleman et al., 2000; Poirier, 2006) and negligible as
compared to the amount of Pb extracted from sediment samples
(10e100$10�9 g). An exchangeable fraction of the sediments was
also leached using 0.5 MHNO3 in order to extract Pb that comprises
an exogenous fraction attached to mineral and organic particles (as
opposed to mineral Pb bound within silicates) and of some mineral
Pb extracted from weakly structured crustal constituents (see ref-
erences in Tessier et al., 1979; Shirahata et al., 1980; Trefry and
Metz, 1984). The exogenous fraction usually corresponds to
contaminant Pb that became attached to sediment particles when it
was released into the basin from human activities. Thus, leached
n, Pb isotopic ratios for the bulk and leached fractions.

lk 208Pb/206Pb bulk 206Pb/204Pb leach 206Pb/207Pb leach 208Pb/206Pb leach

2.0588 18.957 1.2094 2.0548
2.0588 18.970 1.2095 2.0558
2.0599 18.953 1.2088 2.0566
2.0595 18.937 1.2076 2.0577
2.0628 18.957 1.2094 2.0554
2.0637 18.955 1.2099 2.0544
2.0657 18.887 1.2053 2.0600
2.0649 18.951 1.2090 2.0563
2.0722 18.615 1.1890 2.0755
2.0608 18.959 1.2102 2.0530
2.0694 18.775 1.1979 2.0667
2.0616 18.924 1.2077 2.0568
2.0690 18.964 1.2089 2.0575
2.0648 18.975 1.2096 2.0564
2.0712 18.976 1.2095 2.0558
2.0666 19.032 1.2126 2.0532
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fractions of contaminated sediments provide valuable clues on the
isotopic signature of the ore fromwhich contaminant Pb is derived
owing to the absence of isotopic fractionation in surficial reservoirs
(Ault et al., 1970; Flegal and Smith, 1995) and the previously
described isotope specificity of each ore field. Pb and iron (Fe)
concentrations from bulk sediments were measured by Inductively
Coupled Plasma Mass Spectrometry (Thermo Scientific Xseries II
ICP-MS) at the Laboratoire des Mécanismes et des Transferts en
Géologie (LMTG, Paul Sabatier University, Toulouse, France) and are
presented in Table 1. The standard deviation for these concentra-
tions was below 3%. Enrichment factors (EF) were calculated as the
ratio of Pb/Fe in bulk samples as compared to the crustal back-
ground for each sediment core. It reveals possible Pb enrichment
within the sediment sequence with EF> 1. The EF can be used as an
index to establish if sediments are enriched with “non crustal” Pb,
but it cannot provide insights into anthropogenic sources owing to
natural mineralogical variations and the slight Pb contamination
generally encountered in these ancient deposits. Aliquots from total
acid digestion and leached fractions were purified on AG1X8
anionic exchange resins (Manhès et al., 1978) for subsequent stable
Pb isotopic analysis. Pb recovery from AG1X8 extraction was
generally higher than 92% (Alleman, 1997). Isotopic ratios
(206Pb/204Pb, 206Pb/207Pb, 208Pb/206Pb, Tables 1 and 2) were deter-
mined by Multi-Collector-Inductively Coupled Plasma Mass Spec-
trometry (MC-ICPMS, Belshaw et al., 1998) at GEOTOP on an
IsoProbe instrument using an Aridus desolvation membrane as the
introduction system. Data were normalized to multiple measure-
ments of the NBS-981 international standard low temperature
TIMS values from Doucelance and Manhès (2001) reported in
Thirlwall (2002), interspersed throughout each analytical session.
Long-term reproducibility assessment from internal standard
measurements was better than 0.03% for all Pb isotopic ratios.

Pb isotopic signature of contaminated bulk and leached sedi-
ment fractions can be used to trace the geographical origin(s) of
metal ores whose imprints are recorded in sediments (see refer-
ences in Shirahata et al., 1980; Véron et al., 2006). In the absence of
archaeological data, these geochemical signatures provide insights
into both human settlements and the provenance of Cu or Pb ores.
Several difficulties have arisen regarding the use of LIA for prove-
nance studies of ingots and artifacts that include: (1) the
Table 2
Pb isotopic ratios in sediments (bulk fraction) from the Nile Canopic branch (core
M57). (*) corresponds to a date determined from stratigraphic correlationwith other
local cores (Stanley et al., 2004; Flaux et al., 2011, 2013).

Depth (cm) 14C corr. years BC 206Pb/204Pb
total fract.

206Pb/207Pb
total fract.

208Pb/206Pb
total fract.

150 1030e1130 18.751 1.2000 2.0598
165 18.766 1.2000 2.0539
175 18.892 1.2080 2.0499
200 18.957 1.2120 2.0443
220 18.831 1.2030 2.0595
280 18.697 1.1960 2.0630
300 18.778 1.2000 2.0607
350 18.841 1.2040 2.0565
400 18.939 1.2100 2.0499
450 18.896 1.2070 2.0551
500 18.891 1.2060 2.0611
520 18.910 1.2070 2.0593
570 2800 � 200 18.887 1.2050 2.0586
590 18.872 1.2030 2.0656
600 3000e3400* 18.830 1.2010 2.0695
670 18.436 1.1780 2.0734
700 18.344 1.1750 2.0827
750 18.274 1.1710 2.0898
800 4800 � 200 18.325 1.1740 2.0726
850 18.318 1.1730 2.0827
heterogeneity of ore deposits; (2) isotopic fractionation during
smelting that can affect isotopic ratios; and, (3) re-smelting/
recycling of artifacts from diverse origins, and pooling of various
ores from different locations to produce ingots.

Geological heterogeneity rarely exceeds 0.2e0.3% for ores of
archaeological significance (Barnes et al., 1974; Stos-Gale and Gale,
2009). The definition of an ore field signature requires a large
amount of LIA due to possible overlapping of isotopic imprints that
occurs between geographically distant ore fields. It can only be
resolved by expanding the Pb isotope data set (Pernicka et al., 1990;
Gale et al., 1997; Stos-Gale et al., 1997; Gale, 1999; Baxter et al.,
2000). To this end, we have included a large range of LIA for each
potential ore source region to investigate the possible provenance
of contaminant Pb found in Alexandrian sediments (Figs. 4 and 5).

Isotopic fractionation is not suitable for LIA provenance studies
(Budd et al., 1995a; Pollard and Heron, 2008). This fractionation has
been predicted from thermodynamic models (Mulliken and
Harkins, 1922) that did not properly describe the smelting pro-
cesses. More realistic and experimental models dismiss this issue
and show that no measurable fractionation takes place during
smelting (Barnes et al., 1978; Pernicka and Bachmann, 1983; Gale
and Stos-Gale, 1996; Macfarlane, 1999; Baron et al., 2009; Stos-
Gale and Gale, 2009; Cui and Wu, 2011).

Although not common, there is some evidence for metal recy-
cling and pooling during the late Bronze Age (Gale and Stos-Gale,
1995; Pernicka, 1995; Sayre et al., 1995; Budd et al., 1995b; Stos-
Gale et al., 1997; Knapp, 2000; Gale, 2001). The examination of
isotopic mixing lines provides insightful clues on ore pooling (Gale,
2001). Indeed, whenmixed, ore signatures plot along a straight line
that connects end-members in isotope plots. In the case of
contaminant Pb accumulated in sediments, one of the end-
members is constrained by the natural background imprint. Mix-
ing between this background and the isotopic signature of Pb-
derived ores generates a line that allows ore signatures in each
sediment reservoir to be differentiated for given periods.
Fig. 2. Pb isotopic plot showing the geochemical background imprints (Saharan dust,
Blue and White Nile sediments, Alexandria Bay crustal sediments, cores CII and CV)
along with sediment isotope signatures from Maryut Lagoon (total bulk and leached
fractions) and the Canopic branch of the Nile (bulk total fraction). A1 is the mixing line
of peculiar non-crustal leached and bulk fractions from the Maryut sediment sequence.
The Canopic Branch sequence is shown below 670 cm and above 600 cm.
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Fig. 3. Profile of 206Pb/207Pb ratios vs. time (calculated 14C age corrected) in Maryut
Lagoon (M12) and Alexandria Bay (core CII). Maryut Lagoon leached (open squares)
and total bulk (closed squares) fractions are presented with bulk total fraction from
Alexandria Bay sediments (closed circles). The grey area corresponds to the commonly
observed crustal imprint in Alexandria Bay and bulk Maryut sediment sequences.

Fig. 5. Pb isotopic plot showing Cu ore imprints of significance to explain isotopic
anomalies observed in Maryut Lagoon (A1 mixing line) and Alexandria Bay (A2 mixing
line) bulk and leached sediment sequences. The “Oman” field relates to the south-
eastern Arabian Cu source imprints.
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5. Results and discussion

5.1. Geochemical imprints of early human activities

Lead concentrations in the Maryut Lagoon core M12 vary from
5.3 to 13.5 ppm (Table 1), with a mean of 9.5 � 2.5 ppm that is
consistent with non-contaminated crustal sediments (McLennan,
1995; Véron et al., 2006). A more detailed examination of this
profile reveals a shift around 2897 B.C. and 3520 B.C. with a mean
Fig. 4. Pb isotopic plot showing Pb ore imprints of significance to explain isotopic
anomalies observed in the Maryut Lagoon (A1 mixing line) and Alexandria Bay (A2
mixing line) bulk and leached sediment sequences.
concentration (12.8 � 0.53 ppm) that is statistically different (t-test
p < 0.001) from the mean Pb background concentration
(8.7 � 2.1 ppm). Calculated Enrichment Factors (EF) for these
samples also show a slight enrichment in these layers (1.5) in
contrast to the rest of the core (1.1 � 0.2) (Table 1). These enrich-
ments corroborate the possible occurrence of exogenous contami-
nant Pb that is difficult to assert on the basis of concentration alone
due to possible mineralogical variations.

A well-defined geochemical background is needed to substan-
tiate human activities from sediment records using Pb isotopic
imprints. In order to characterize this background for the Maryut
Lagoon, we have considered Pb isotope ratios of Holocene non-
contaminated sediments from Alexandria Bay (Véron et al., 2006)
along with imprints of Saharan dust (Hamelin et al., 1989;
Abouchami and Zabel, 2003; Grousset and Biscaye, 2005;
Kylander et al., 2010) and sediments of the nearby Nile Canopic
branch (Fig. 2). Alexandria Bay and Saharan dust signatures
generally overlap and comprise most of the Maryut bulk sediment
isotopic ratios measured between 385 and 1015 cm (circa 1200e
5700 B.C.) (mean 206Pb/207Pb ¼ 1.205 � 0.003, Table 1), except for
two data points that are significantly (t-test p < 0.0001) less
radiogenic (206Pb/207Pb¼ 1.193 and 1.195 at 2897 B.C. and 3520 B.C.
respectively; Table 1). The mean 206Pb/207Pb “background” ratio of
Alexandria Bay (1.203 � 0.002, Véron et al., 2006) is not signifi-
cantly different from that of the Maryut Lagoon (1.205 � 0.003),
suggesting similar crustal contributions. Conversely, almost none of
the leachings fromMaryut sediments belong to this “natural” field.
They are significantly more radiogenic with a mean 206Pb/207Pb
ratio of 1.209 � 0.001 when excluding two divergent values (1.189
and 1.198) that match the same isotopic deviations observed for
Maryut bulk analyses at 2897� 187 B.C. and 3520�145 B.C. (Fig. 2).

This discrepancy between leached and bulk fractions can be
explained by another “natural” source associated with the Blue Nile
sediment load which largely derives from young volcanic basalts
deposited on the Ethiopian plateau since the Oligocene (Mohr and
Zanettin, 1988; Pik et al., 1998). These magmatic outcrops are
characterized by higher 206Pb/207Pb isotopic imprint (more
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radiogenic) than the usual crustal signature (Marty et al., 1993; Pik
et al., 1999) (Fig. 2). Pb within this young volcanic matrix is also
more easily leached than from older, often metamorphic, crustal
rocks and is more easily extracted by our weak acid leaching pro-
cedure (Kurtz et al., 2000; Palumbo et al., 2000; Little and Lee,
2010). The Maryut’s leached fraction reflects this volcanic
imprint, also observed in the Canopic branch sediments in layers
above 600 cm (Fig. 2, Table 2).

The isotopic record below 670 cm in the Canopic core signifi-
cantly diverges from that of the Blue Nile and displays less radio-
genic isotopic signatures (Fig. 2, Table 2). This shift is consistent
with the influence of the other well-known headwater of the Nile,
the White Nile Basin, located within the Equatorial lake region of
East-Central Africa that is mostly formed of Precambrian meta-
morphic rocks (Williams et al., 2003; Woodward et al., 2007). This
ancient Nile craton is characterized by less radiogenic imprints
(Harms et al., 1990; Stern and Kröner, 1993) that are consistent with
the Canopic isotopic signatures below 670 cm (Fig. 2). This transient
change in the Canopic core corroborates strontium isotope records
observed in the Nile Delta circa 3000 B.C. (Stanley et al., 2003) and
is caused by changes in the provenance of sediment loads from the
While Nile to the Blue Nile headwaters.

Recent work has suggested that the Blue Nile contribution was
enhanced during the early and late Holocene linked to higher
spring insolation, while by contrast the White Nile contributed
more material between 8 and 4 ka at times of high autumn inso-
lation (Blanchet et al., 2013). Two 14C dates and stratigraphic cor-
relation (Stanley and Warne, 1993; Goodfriend and Stanley, 1996)
suggest this shift is recorded circa 3000e3400 B.C. in the Canopic
core (Table 2). Other chemical imprints document this variation in
sediment delivery during the same period in the Nile Delta
(Foucault and Stanley, 1989; Frihy and Komar, 1993; Krom et al.,
1999, 2002; Goiran, 2001; Stanley et al., 2003) that was caused
by changes in monsoon activity (Joussaume et al., 1999; Gasse,
2000; deMenocal et al., 2000) and subsequent modification in
sediment flux from the Nile headwaters (Adamson et al., 1980;
Ritchie et al., 1985; Conway and Hulme, 1996; Williams et al.,
2000; Woodward et al., 2007; Marriner et al., 2012a,b, 2013).

Variations in 206Pb/207Pb isotopic ratios for bulk and leached
sediment fractions of the Maryut Lagoon are reported in Fig. 3. The
previously explained difference in radiogenic character between
Maryut bulk and leached fractions is well attested. The leached and
bulk imprints at 2897 B.C. and 3520 B.C. are evident, outside the
mean crustal imprint from the Maryut’s bulk fraction (see shaded
area in Fig. 3; 1.205 � 0.003). These differences corroborate the
isotopic anomalies from Alexandria Bay at 2300e2650 (�200) B.C.
(mean 206Pb/207Pb ¼ 1.189 � 0.004) and 3500e3800 (�170) B.C.
(mean 206Pb/207Pb ¼ 1.198 � 0.001) (Véron et al., 2006; Fig. 3) that
are not well defined using concentration alone (Véron et al., 2006).

5.2. Origin of contaminant Pb

Isotopic anomalies from Alexandria Bay and Maryut Lagoon
sediments are compared to Pb isotopic imprints from Pb and Cu
ores from the literature (Figs. 4 and 5) (see references in: Barnes
et al., 1974; Chamberlain and Gale, 1980; Gale et al., 1981, 1985,
1988, 1997; Stos-Gale and Gale, 1981, 2006; Spooner and Gale,
1982; Pernicka et al., 1984, 1990; Stos-Gale et al., 1984, 1986, 1996,
1997; Gale and Stos-Gale, 1985a, 1985b, 1986; Seeliger et al., 1985;
Vavelidis et al., 1985;Wagner et al., 1985,1986, 2003; Hamelin et al.,
1988; Philip, 1991; Yener et al., 1991; Hauptmann, 1992; Sayre et al.,
1992, 2001; Hirao et al., 1995; Scaife, 1997; Gale, 1999; Philip et al.,
2003; Cattin, 2008; Begemann et al., 2010; Véron et al., 2012). Ore
sources from the western Mediterranean (including Sardinia and
Spain) are not shown since it does not fit any of the Pb imprints we
have measured in Alexandria sediments prior to the 2nd millen-
nium B.C. suggesting nometal exchange between these regions and
Alexandria during the Early Bronze Age.

While 206Pb/207Pb anomalies from Maryut Lagoon (at
2897 � 187 B.C. and 3520 � 154 B.C.) fit the corresponding
206Pb/207Pb deviations observed in Alexandria Bay at 2300e2650
(�200) B.C. and 3500e3800 (�170) B.C. (Fig. 3), isotopic anomalies
from both locations are characterized by two different mixing lines
(A1 and A2 for Maryut Lagoon and Alexandria Bay respectively) in a
208Pb/206Pb vs. 206Pb/207Pb plot (Figs. 4 and 5). Therefore we infer
different geographic origins for Pb accumulated in the marine and
lacustrine basins. Themixing line A1 has been established using the
bulk and leached isotopic anomalies observed at 2897 � 187 B.C.
and 3520�154 B.C. inMaryut Lagoon.When considering Cu and Pb
ore imprints, the most likely geographic sources are Cu ores from
Cyprus and, to a lesser extent, Cu and Pb ores from Turkey (the
Black Sea region and the Taurus Mountains) for A1 (Figs. 4 and 5).
The mixing line A2 has been defined using bulk and leached frac-
tionsmeasured at 2300e2650 (�200) B.C. in Alexandria Bay (Figs. 4
and 5). The Alexandria Bay’s imprint recorded at 3500e3800
(�170) B.C. may also belong to the mixing line A2. The least
radiogenic signature fromAlexandria Bay (206Pb/207Pb¼ 1.1835, see
mixing line A2 in Figs. 4 and 5) shows the highest bulk EF (¼5.3;
Véron et al., 2006) of all the data presented in this study, suggesting
that 88% of the Pb in this bulk fraction is exogenous. If we consider
the bulk 206Pb/207Pb ratio for this sample (¼1.185, Fig. 3; Véron
et al., 2006) and the Alexandria Bay mean crustal background
imprint (1.203 � 0.002), one can calculate an “anthropogenic
imprint” (A) as follows:

0:88ðAÞ þ 0:12ð1:203Þ ¼ 1:185

ðAÞ ¼ 1:1825

This calculated 206Pb/207Pb ratio (A ¼ 1.1825) is within 0.1% of
the measured leached 206Pb/207Pb ratio of 1.1835. These two values
agree since they are within the lowest isotopic variations that can
be generally discussed in sediments (Chow et al., 1973; Ferrand
et al., 1999; Miralles et al., 2006; Angelidis et al., 2011) and there-
fore constitute the lesser radiogenic end-member for anthropo-
genic ore imprints deposited in Alexandria during the Bronze Age.
This end-membermatches Pb ore signatures from Crete (Fig. 4) and
Cu ores from Crete and Turkey (southern Black Sea region) (Fig. 5).
The other leached fraction fits the same geographical Cu ore sour-
ces and the more peculiar Cu ore signature from Southeastern
Arabia in the Persian and Oman Gulfs (Fig. 5).
6. Conclusions

Are our geochemical findings from Alexandria consistent with
known smelting activities from Crete, Cyprus, Turkey and South-
eastern Arabia during the 4th and 3rd millennia B.C.? Do they
provide archaeological evidence that support trading between
these regions and the Nile Delta?

Our geochemical findings do not support the Levant as a source
for metal imports to Alexandria in contrast to previous archaeo-
logical findings from the eastern delta but rather suggest far-
reaching trade with Crete, Cyprus, Turkey and possibly the
Arabian peninsula, along the Oman and Persian Gulfs. Cu metal-
lurgy was clearly established during the 3rd millennium in (i)
Chrysokamino (Crete) during the Aegean Early Bronze Age (2900e
2000 B.C.) (Betancourt et al., 1999; Pryce et al., 2007), (ii) Ambeli-
kou, Enkomi, Kition, Apliki (Cyprus) during the Philia Culture
(around 2400 B.C.), (iii) the Taurus Mountains and the Black Sea
region (Muhly, 1973, 1976; Wertime, 1973; Seeliger et al., 1985;
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Wagner et al., 1986; Yener et al., 1989, 1991; Hirao et al., 1995), and
(iv) the Gulf of Oman, during the Hafit (3200e2600 B.C.) and Umm
an Nr (2600e2000 B.C.) cultural periods (Hastings et al., 1975;
Weisgerber, 1978, 1981; Hauptmann, 1985; Nissen, 1986;
Hauptmann et al., 1988; Weeks, 2003; Cleuziou and Tosi, 2007).
Metal trading existed between Crete, Laurion, the Aegean Cyclades
and Turkey during this period (Stech-Wheeler et al., 1975; Gale and
Stos-Gale, 1986; Stos-Gale et al., 1997; Gale, 1999; Web et al., 2006;
Stos-Gale and Gale, 2006, 2010). Large scale Cu extraction was
conducted in the Sultanate of Oman and the United Arab Emirates
in southeastern Arabia during the Bronze Age with established
metal export to Mesopotamia, Iran and possibly the Southern
Levant (Peake, 1928; Desch, 1929; Potts, 1990, 1993; Weeks, 1999,
2003; Prange, 2001; Begemann et al., 2010). In spite of isotopic
similarities between imprints of Alexandria sediment and south-
eastern Arabia Cu ores, imports from the Oman and Persian Gulf
regions to the Nile Delta seem quite unlikely considering the
proximity of other sources (such as Turkey and Cyprus) to Alex-
andria. Furthermore, Cu smelting is attested in Turkey (at Catal
Huyuk, Ergani, and the Taurus Mountains) and Cyprus prior to the
3rd millennium B.C. (Braidwood, 1967; Mellaart, 1967; Wertime,
1973; Rapp, 1983, 1988; Yener et al., 1989) suggesting that these
two regions were the most probable source for metal imports into
Alexandria during the eastern Mediterranean Early Bronze Age
period.

However no archaeological findings yet corroborate metal im-
ports from any of these source regions into the western Nile Delta.
Temporal changes in Pb concentrations and isotopic compositions
measured in sediments from Maryut Lagoon and Alexandria Bay
sediments constitute the first evidence of metal use on theWestern
margin of the Nile Delta during the Predynastic period at 3800e
3500 B.C., through to the Early dynastic and Old Egyptian Kingdom
at 2900e2300 B.C., suggesting human settlements and potential
Cu-ore trading in Alexandria more than 3000 years prior to the
arrival of Alexander the Great.

Acknowledgements

This study was funded by the French Agence Nationale de la
Recherche (Paleomed ANR 09-BLAN-0323-01), Imhotep (Egide
projects 20773VJ and 25688PG) and Artemis INSU. We acknowl-
edge the support of the OSU-Institut Pythéas at Aix-Marseille
University. We thank Yann Tristant and two anonymous re-
viewers for fruitful comments.

References

Abdel-Motelib, A., Bode, M., Hartmann, R., Hartung, U., Hauptmann, A., Pfeiffer, K.,
2012. Archaeometallurgical expeditions to the Sinai Peninsula and the Eastern
desert of Egypt (2006, 2008). Metalla 19 (1/2), 3e59.

Abdel-Raziq, M., Castel, G., Tallet, P., Ghica, V., 2002. Les Inscriptions d’Ayn Soukhna.
In: Mémoires Inst. Français Arch. Orientale, vol. 122 (Cairo, Egypt).

Abouchami, W., Zabel, M., 2003. Climate forcing of the Pb isotope record of
terrigenous input into the Equatorial Atlantic. Earth Planet. Sci. Lett. 213, 221e
234.

Adamson, D.A., Gasse, F., Street, F.A., Williams, M.A.J., 1980. Late Quaternary history
of the Nile. Nature 288, 50e55.

Alleman, L., 1997. Apports des isotopes stables du plomb au suivi des traces mét-
alliques en Méditerranée et Atlantique Nord (PhD). University Aix Marseille,
France, p. 260.

Alleman, L., Hamelin, B., Véron, A.J., Miquel, J.C., Heussner, S., 2000. Lead sources
and transfer in the coastal Mediterranean: evidence from stable lead isotopes in
marine particles. Deep-Sea Res. II 47, 2257e2279.

Angelidis, M.O., Radakovitch, O., Véron, A., Aloupi, M., Heussner, S., Price, B., 2011.
Pollutant metal and sapropel imprints in deep Mediterranean sediments. Ma-
rine Poll. Bull. 62, 1041e1052.

Ault, W.V., Senechal, R.G., Erlebach, W.E., 1970. Isotopic composition as a natural
tracer of lead in the environment. Environ. Sci. Tech. 4, 305e313.

Baines, J., 2003. Possible implications of the Egyptian name for Alexandria. J. Roman
Archeol. 16, 61e64.
Barnes, I.L., Shields, W.R., Murphy, T.J., Brill, R.H., 1974. Isotopic analysis of Laurion
lead ores. In: Beck, C.W. (Ed.), Archaeological Chemistry. American Chemical
Society, Washington, pp. 1e10.

Barnes, I.L., Gramlich, J.W., Diaz, M.G., Brill, R.H., 1978. The possible change of lead
isotope ratios in the manufacture of pigments: a fractionation experiment. In:
Carter, G.F. (Ed.), Archaeological Chemistry II, Advances in Chemistry Series, vol.
171. American Chemical Society, Washington, pp. 273e277.

Baron, S., Le-Carlier, C., Carignan, J., Ploquin, A., 2009. Archaeological reconstruction
of medieval lead production: implications for ancient metal provenance studies
and paleopollution tracing by Pb isotopes. Appl. Geochem. 24, 2093e2101.

Bavay, L., Faltings, D., Andre, L., de Putter, T., 2004. A Bladelet core from Tell el-
Fara’in e Buto and the origin of Obsidian in the Buto-Maadi culture of lower
Egypt. In: Hendrickx, S., Friedman, R., Cialowicz, K.M., Chlodnicki, M. (Eds.),
Egypt at Its Origins, Studies in Memory of Barbara Adams. Peters Publishers,
Louvain, pp. 607e619 (OLA, 138).

Baxter, M.J., Beardah, C.C., Westwood, S., 2000. Sample size and related issues in the
analysis of lead isotope data. J. Archaeol. Sci. 27, 973e980.

Begemann, F., Hauptmann, A., Schmitt-Strecker, S., Weisgerber, G., 2010. Lead
isotope and chemical signature of copper from Oman and its occurrence in
Mesopotamia and sites on the Arabian Gulf coast. Arab. Archaeol. Epigr. 21,
135e169.

Bell, B., 1970. The oldest records of the Nile floods. Geogr. J. 136, 569e573.
Belshaw, N.S., Freedman, P.A., O’Nions, R.K., Frank, M., Guo, Y., 1998. A new variable

dispersion double-focussing plasma mass spectrometer with performance
illustrated for Pb isotopes. Int. J. Mass Spectrom. Ion Process. 181, 51e58.

Betancourt, P., Muhly, J.D., Farrand, W.R., Stearns, C., Onyshkevych, L., Hafford, W.B.,
Doniert Evely, D., 1999. Research and excavation at Chrysokamino, Crete 1995e
1998. Hesperia 68 (3), 343e370.

Blanchet, C.L., Tjallingii, R., Frank, M., Lorenzen, J., Reitz, A., Brown, K., Feseker, T.,
Brückmann, W., 2013. High- and low-latitude forcing of the fluvial regime of the
Nile during the Holocene inferred from high-resolution analyses of laminated
sediments from the Nile deep-sea fan. Earth Planet. Sci. Lett. 364, 98e110.

Bovier-Lapierre, P., 1926. Stations préhistoriques des environs du Caire. In: Compte
rendu du congrès international de géographie, Le Caire, 1925, vol. 4. Société
royale de géographie d’Egypte, Le Caire, Egypt, pp. 298e308.

Braidwood, R.J., 1967. Prehistoric Man, seventh ed. Morrow, New York.
Brännvall, M.L., Bindler, R., Emteryd, O., Renberg, I., 2001. Four thousand years of

atmospheric lead pollution in northern Europe: a summary from Swedish lake
sediments. J. Paleolimnol 25, 421e435.

Brill, R.H., Wampler, J.M., 1967. Isotope studies of ancient lead. Am. J. Archaeol. 71,
63e77.

Brill, R.H., Shields, W.R., Wampler, J.M., 1973. New directions in lead isotope
research. In: Young, W.J. (Ed.), Application of Science in Examination of Works
of Art. Museum of Fine Arts, Boston, pp. 73e83.

Budd, P., Pollard, A.M., Scaife, B., Thomas, R.G., 1995a. The possible fractionation of
lead isotopes in ancient metallurgical processes. Archaeometry 37, 143e150.

Budd, P., Pollard, A.M., Scaiffe, B., Thomas, R.G., 1995b. Oxhide ingots, recycling and
Mediterranean metals trade. J. Med. Archaeol. 8 (1), 1e32.

Butzer, K.W., 2002. Geoarchaeological implications of recent research in the Nile
Delta. In: van Den Brink, E.C.M., Levy, T.E. (Eds.), Egypt and Levant In-
terrelations from the 4th through the Early 3rd Millennium BC, pp. 83e97
(London, New York).

Cattin, F., 2008. Modalité d’approvisionnement et modalités de consommation du
cuivre dans les Alpes au 3eme millénaire avant notre ère: apport des analyses
métalliques à la connaissance des peuplements du Néolithique final, du Cam-
paniforme et du Bronze ancien (Ph.D. thesis). University of Geneva, p. 458.

Chamberlain, V.E., Gale, N.H., 1980. The isotopic composition of lead in Greek
coins and galena from Greece and Turkey. In: Slater, E.A., Tate, J.O. (Eds.),
Proceedings of the 16th International Symposium on Archaeometry and
Archaeological Prospection. National Museum of Antiquities of Scotland,
Edinburgh, pp. 139e155.

Chauveau, M., 1999. Alexandrie Rhakôtis: le point de vue des Egyptiens. In:
Leclant, J. (Ed.), Alexandrie, une mégapole cosmopolite, pp. 1e10.

Chen, Z., Warne, A.G., Stanley, D.J., 1992. Late Quaternary evolution of the north-
western Nile Delta between the Rosetta promontory and Alexandria, Egypt.
J. Coast. Res. 8 (3), 527e561.

Chlodnicki, M., Fattovitch, R., Salvatori, S., 1992. The Italian Archaeological mission
of the C.S.R.L.-Venice to the Eastern Nile delta: a preliminary report of the
1987e1988 field seasons. CRIPEL 14, 45e62.

Chlodnicki, M., Cialowicz, K., 2003. Tell el-Farkha (Ghazala) 1998e2002. Archéo-Nil
13, 47e54.

Chow, T.J., Bruland, K.W., Berthine, K., Soutar, A., Koide, M., Goldberg, E.D., 1973.
Records in southern California coastal sediments. Science 181, 551e552.

Cialowicz, K.M., 2005. Les cultures de Basse Egypte. Dossiers d’Archéologie 307,
30e37.

Cleuziou, S., Tosi, M., 2007. In the Shadow of the Ancestors: the Prehistoric Foun-
dations of the Early Arabian Civilisations in Oman. Ministry of Heritage and
Culture, Muscat.

Conway, D., Hulme, M., 1996. The impacts of climate variability and future climate
change in the Nile Basin on water resources in Egypt. Water Resour. Dev. 12 (3),
277e296.

Cortizas, A.M., Gayoso, E.G.R., Weiss, D., 2002. Peat bog archives of atmospheric
metal deposition. Sci. Total Environ. 292, 1e5.

Cui, J., Wu, X., 2011. An experimental investigation on lead isotopic fractionation
during metallurgical processes. Archaeometry 53 (1), 205e214.

http://refhub.elsevier.com/S0277-3791(13)00379-X/sref1
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref1
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref1
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref1
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref2
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref2
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref3
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref3
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref3
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref4
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref4
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref4
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref5
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref5
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref5
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref6
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref6
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref6
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref6
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref199
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref199
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref199
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref199
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref7
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref7
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref7
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref8
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref8
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref8
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref9
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref9
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref9
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref9
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref10
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref10
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref10
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref10
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref10
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref11
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref11
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref11
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref11
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref12
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref12
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref12
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref12
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref12
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref12
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref12
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref13
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref13
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref13
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref14
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref14
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref14
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref14
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref14
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref15
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref15
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref16
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref16
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref16
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref16
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref17
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref17
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref17
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref17
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref18
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref18
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref18
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref18
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref18
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref19
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref19
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref19
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref19
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref20
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref21
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref21
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref21
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref21
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref22
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref22
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref22
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref23
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref23
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref23
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref23
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref24
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref24
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref24
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref25
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref25
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref25
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref26
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref26
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref26
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref26
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref26
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref27
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref27
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref27
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref27
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref28
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref28
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref28
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref28
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref28
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref28
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref29
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref29
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref29
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref30
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref30
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref30
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref30
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref31
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref31
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref31
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref31
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref31
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref32
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref32
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref32
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref32
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref33
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref33
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref33
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref200
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref200
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref200
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref34
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref34
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref34
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref35
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref35
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref35
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref35
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref36
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref36
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref36
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref37
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref37
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref37
AdG
Texte surligné 

AdG
Texte surligné 

AdG
Texte surligné 

AdG
Texte surligné 



A.J. Véron et al. / Quaternary Science Reviews 81 (2013) 138e147 145
deMenocal, P., Ortiz, J., Guilderson, T., Adkins, J., Sarnthein, M., Baker, L.,
Yarusinsky, M., 2000. Abrupt onset and termination of the African Humid
Period: rapid climate responses to gradual insolation forcing. Quat. Sci. Rev. 19,
347e361.

Desch, C.H., 1929. Sumerian copper. In: Report of the 96th Meeting of the British
Association for the Advancement of Science, p. 438.

Doe, R.B., 1970. Lead Isotopes. Springer Verlag, Berlin.
Doucelance, R., Manhès, G., 2001. Reevaluation of precise lead isotope measure-

ments by thermal ionization mass spectrometry: comparison with de-
terminations by plasma source mass spectrometry. Chem. Geol. 176, 361e377.

Dunlap, C.E., Steinnes, E., Flegal, A.R., 1999. Lead isotopes in two millennia of Eu-
ropean air. Earth Planet. Sci. Lett. 167, 81e88.

Empereur, J.Y., 1998. Alexandrie redécouverte. Fayard/Stock, Paris, p. 253.
Faltings, D., 1998. Recent excavations in Tell el-Fara’in/Buto: new finds and their

chronological implications. In: Eyre, C.J. (Ed.), Proceedings of the Seventh In-
ternational Congress of Egyptologists, pp. 365e375. Cambridge, 3e9 September
1995, Louvain (OLA, 82).

Faltings, D., Ballet, P., Förster, F., French, P., Ihde, C., Sahlmann, H., Thomalsky, J.,
Thumshirn, C., Wodzinska, A., 2000. Zweiter Vorbericht über die Arbeiten in
Buto von 1996 bis 1999. MDAIK 56, 131e179.

Ferrand, J.L., Hamelin, B., Monaco, A., 1999. Isotopic tracing of anthropogenic Pb
inventories and sedimentary fluxes in the Gulf of Lions (NW Mediterranean
sea). Cont Shelf Res. 19, 23e47.

Flaux, C., Morhange, C., Marriner, N., Rouchy, J.M., 2011. Maryut Lagoon (Nile Delta,
Egypt) hydrological and biosedimentary budget from 8000 to 3200 years cal.
B.P. Géomorphol. Relief Proces. Environ. 3, 261e278.

Flaux, C., Claude, C., Marriner, N., Morhange, C., 2013. A 7500-year strontium
isotope record from the northwestern Nile Delta (Maryut Lagoon, Egypt). Quat.
Sci. Rev. 78, 22e33.

Flegal, A.R., Smith, D.R., 1995. Measurements of environmental lead contamination
and human exposure. Rev. Environ. Contam. Toxicol. 143, 1e45.

Foucault, A., Stanley, D.J., 1989. Late Quaternary paleoclimatic oscillations in east
Africa recorded by heavy minerals in the Nile Delta. Nature 339, 44e46.

Fraser, P.M., 1972. Ptolemaic Alexandria, vol. 3. Oxford University Press, London,
p. 2136.

Frihy, O.E., Komar, P.D., 1993. Long-term shoreline changes and the concentra-
tion of heavy minerals in beach sands of the Nile Delta, Egypt. Mar. Geol.
115, 253e261.

Gale, N.H., 1979. Lead isotopes and archaic silver coins. Archaeo-Physika (B) 10,
194e208.

Gale, N.H., 1999. Lead isotope characterization of the ore deposits of Cyprus and
Sardinia and its application to the discovery of the sources of copper for Late
Bronze Age oxhide ingots. In: Young, S.M.M., Pollard, A.M., Budd, P., Ixer, R.A.
(Eds.), Metals in Antiquity, British Archaeological Reports, International Series,
vol. 792. Archaeopress, Oxford, pp. 110e121.

Gale, N.H., 2001. Archaeology, science-based archaeology and the Mediterranean
Bronze Age metals trade: a contribution to the debate. Eur. J. Archaeol. 4 (1),
113e130.

Gale, N.H., Stos-Fertner, Z., 1978. Lead isotope composition of Egyptian artifacts.
Mus. Appl. Sci. Cent. Archaeol. J. 19, 22.

Gale, N.H., Stos-Gale, Z.A., 1982a. Lead and silver in the ancient Aegean. Sci. Am. 244
(6), 76e192.

Gale, N.H., Stos-Gale, Z.A., 1982b. Bronze and copper sources in the Mediterranean:
a new approach. Science 216, 11e19.

Gale, N.H., Stos-Gale, Z.A., 1985a. The fingerprinting of metals by lead isotopes and
ancient iron production at Timna. Discuss. Egyptol. 1, 7e15.

Gale, N.H., Stos-Gale, Z.A., 1985b. Cyprus and the Bronze Age Metals Trade. In:
Proceedings of the Second International Congress of Cypriot Studies, Nicosia
1982, pp. 51e66.

Gale, N.H., Stos-Gale, Z.A., 1986. Oxhide ingots in Crete and Cyprus and the Bronze
Age metals trade. Annu. Br. Sch. Athens 81, 81e100.

Gale, N.H., Stos-Gale, Z.A., 1995. Comment on “oxhide ingots, recycling and the
Mediterranean metals trade”. J. Med. Archaeol. 8, 33e41.

Gale, N.H., Stos-Gale, Z.A., 1996. Lead isotope methodology: the possible
fractionation of lead isotope compositions during metallurgical processes.
In: Demirci, S., Ozer, A.M., Summers, G.D. (Eds.), Archaeometry 94-Pro-
ceedings of the 29th International Symposium on Archaeometry. Ankara,
pp. 287e299.

Gale, N.H., Stos-Gale, Z.A., 1999. Copper oxhide ingots and the Aegean metals trade.
New perspectives. In: Betancourt, P., Karageorghis, V., Laffineur, R.,
Niemeyer, W.D. (Eds.), Aegeum 20. Meletemata e Studies in Aegean Archae-
ology, pp. 267e278 (Presented to Malcolm H. Wiener. University of Liege &
University of Texas at Austin).

Gale, N.H., Stos-Gale, Z.A., 2000. Lead isotope analyses applied to provenance
studies. In: Ciliberto, E., Spoto, G. (Eds.), Modern Analytical Methods in Art and
Archaeology, Chemical Analyses Series, vol. 155 (17). John Wiley and Sons, Inc.,
New-York, pp. 503e584.

Gale, N.H., Spooner, E.T.C., Potts, P.J., 1981. The lead and strontium isotope
geochemistry of Metalliferous sediments associated with Upper Cretaceous
ophiolitic rocks in Cyprus, Syria, and the Sultanate of Oman. Can. J. Earth Sci. 18,
1290e1302.

Gale, N.H., Stos-Gale, Z.A., Gilmore, G.R., 1985. Alloy types and copper sources of
Anatolian copper alloy artefacts. Anatol. Stud. 35, 143e173.

Gale, N.H., Picard, O., Barrandon, J.N., 1988. The archaic Thasian silver coinage. Der
Anschnitt 6, 212e223.
Gale, N.H., Gale, Z.A., Maliotis, G., Annetts, N., 1997. Lead isotope data from the
isotrace Laboratory, Oxford: archaeometry data base 4, ores from Cyprus.
Archaeometry 39 (1), 237e246.

Gasse, F., 2000. Hydrological changes in the African tropics since the Last Glacial
Maximum. Quat. Sci. Rev. 19, 189e211.

Goiran, J.P., 2001. Recherches Géomorphologiques dans la région littorale d’Alex-
andrie en Egypte (Ph.D. thesis). University of Provence, Marseille, p. 262.

Goodfriend, G.A., Stanley, D.J., 1996. Reworking and discontinuities in Holocene
sedimentation in the Nile Delta: documentation from amino acid racemization
and stables isotopes in mollusks shells. Mar. Geol. 129, 271e283.

Grousset, F., Biscaye, P.E., 2005. Tracing dust sources and transport patterns using Sr,
Nd and Pb isotopes. Chem. Geol. 222 (3e4), 149e167.

Guyot, F., 2004. Structuration sociale et dynamisme des émulations interculturelles:
quelques considérations sur les contacts entre l’Egypte et la Mésopotamie au 4e
millénaire. Archéo- Nil 14, 81e100.

Hamelin, B., Dupre, B., Brevart, O., Allegre, C.J., 1988. Metallogenesis at Paleo-
spreading centers: lead isotopes in sulfides, rocks and sediments from the
Troodos ophiolite (Cyprus). Chem. Geol. 68, 229e238.

Hamelin, B., Grousset, F.E., Biscaye, P.E., Zindler, A., Prospero, J.M., 1989. Lead iso-
topes in trade wind aerosols at Barbados: the influence of European emissions
over the North Atlantic. J. Geophys. Res. 94 (C11), 16243e16250.

Harms, U., Schandelmeier, H., Darbyshire, D.P.F., 1990. Pan-African reworked early/
middle Proterozoic crust in NE Africa west of the Nile; Sr and Nd isotope evi-
dence. J. Geol. Soc. London 147, 859e872.

Hastings, A., Humphries, J.H., Meadow, R.H., 1975. Oman in the third millennium
BCE. J. Oman Stud. 1, 9e56.

Hauptmann, A., 1985. 5000 Jahre Kupfer in Oman. In: Die Entwicklung der Kup-
fermetallurgie vom 3. Jahrtausend bis zur Neuzeit, Band 1. Der Anschnitt, Bei-
heft, Bochum, p. 4.

Hauptmann, A., Weisgerber, G., Bachmann, H.-G., 1988. Early copper metallurgy in
Oman. In: Maddin, R. (Ed.), The Beginning of the Use of Metals and Alloys. MIT
Press, Cambridge, pp. 34e51.

Hauptmann, A., 1992. Early copper produced at Feinan, wadi Araba, Jordan: the
composition of Ores and Copper. Archaeomaterials 6, 1e33.

Hendrickx, S., 1999. La chronologie de la préhistoire tardive et des débuts de
l’histoire de l’Egypte. Archéo-Nil 9, 13e81.

Hirao, Y., Enomoto, J., Tachikawa, H., 1995. Lead isotope ratios of copper, zinc, and
lead minerals in Turkey in relation to the provenance study of artifacts. In:
Misaka, H.I.H. Prince Takahito (Ed.), Essays on Ancient Anatolia and Its Sur-
rounding Civilizations. Harrassowitz, Wiesbaden, pp. 99e114.

Jondet, G., 1916. Les ports submergés de l’ancienne île Pharos. In: Mémoires de
l’Institut Egyptien, Tome IX.

Joussaume, S., Taylor, K.E., Braconnot, P., Mitchell, J., Kutzbach, J.E., Harrison, S.P.,
Prentice, I.C., Broccoli, A.J., Abe-Ouchi, A., Bartlein, P.J., Bonfils, C., Dong, B.,
Guiot, J., Herterich, K., Hewitt, C.D., Jolly, D., Kim, J.W., Kislov, A., Kitoh, A.,
Loutre, M.F., Masson, V., McAvaney, B., McFarlane, N., De Noblet, N.,
Peltier, W.R., Peterschmitt, J.Y., Pollard, D., Rind, D., Royer, J.F.,
Schlesinger, M.E., Syktus, J., Thompson, S., Valdes, P., Vettorett, G., Webb, R.S.,
Wyputta, U., 1999. Monsoon changes for 6000 years ago: results of 18 sim-
ulations from the Paleoclimate Modeling Intercomparison Project (PMIP).
Geophys. Res. Lett. 26 (7), 859e862.

Junker, H., 1929. Vorläufiger Bericht über die Grabung der Akademie der Wissen-
schaften in Wien auf der neolithischen Siedlung von Merimde Benisalame
(Westdelta) vom 1.bis 30.März 1929. In: Anzeiger der Akademie der Wissen-
schaften in Wien, Philosophisch-historische Klasse, vol. 16-18, pp. 156e250.

Knapp, A.B., 2000. Archaeology, science-based archaeology and the Mediterranean
Bronze Age metals trade 2000. Eur. J. Archaeol. 3 (1), 31e56.

Köhler, E.C., 1998. Tell el Faraîn - Buto III. Die Keramik von der späten Naqada-
Kultur bis zum frühen Alten Reich (Schichten III bis V I ), vol. 94. Archäologische
Veröffent lichungen, Mayence, p. 147.

Krom, M.D., Cliff, R.A., Eijsink, L.M., Herut, B., Chester, R., 1999. The characterization
of Saharan dusts and Nile particulate matter in surface sediments from the
Levantine Basin using Sr isotopes. Mar. Geol. 155, 319e330.

Krom, M.D., Stanley, J.D., Cliff, R.A., Woodward, J.C., 2002. River Nile sediment
fluctuations over the past 7000 years and their key role in sapropel develop-
ment. Geology 30 (1), 71e74.

Kurtz, A.C., Derry, L.A., Chadwick, O.A., Alfano, M.J., 2000. Refractory element
mobility in volcanic soils. Geology 28 (8), 683e686.

Kylander, M.E., Klaminder, J., Bindler, R., Weiss, D.J., 2010. Natural lead isotope
variations in the atmosphere. Earth Planet. Sci. Lett. 290, 44e53.

Le Roux, G., Veron, A., Morhange, C., 2003. Geochemical evidences of early
anthropogenic activity in harbour sediments from Sidon. Archaeol. Hist. Leban.
18, 115e119.

Little, M.G., Lee, C.T.A., 2010. Sequential extraction of labile elements and chemical
characterization of a basaltic soil from Mt. Meru, Tanzania. J. Afr. Earth Sci. 57
(5), 444e454.

Lucas, A., Harris, J.R., 1962. Ancient Egyptian Materials and Industries. Arnol E.,
London.

Macfarlane, A., 1999. The lead isotope method for tracing the sources of metal in
archaeological artifacts: strengths, weaknesses and applications in the
Western Hemisphere. In: Young, S.M.M., Pollard, M., Budd, P., Ixer, R.A. (Eds.),
Metals in Antiquity, Bar International Series, vol. 792. Archaeopress, Oxford,
pp. 310e316.

McLennan, S.M., 1995. Sediments and soils: chemistry and abundances. In: Amer-
ican Geophysical Union (Ed.), Reference Shelf 3 Online, pp. 8e19.

http://refhub.elsevier.com/S0277-3791(13)00379-X/sref38
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref38
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref38
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref38
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref38
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref39
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref39
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref40
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref41
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref41
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref41
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref41
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref42
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref42
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref42
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref43
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref44
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref44
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref44
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref44
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref44
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref44
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref45
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref45
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref45
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref45
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref46
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref46
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref46
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref46
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref47
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref47
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref47
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref47
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref48
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref48
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref48
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref48
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref49
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref49
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref49
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref50
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref50
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref50
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref51
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref51
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref52
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref52
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref52
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref52
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref53
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref53
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref53
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref54
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref54
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref54
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref54
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref54
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref54
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref55
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref55
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref55
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref55
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref56
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref56
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref57
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref57
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref57
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref58
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref58
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref58
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref59
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref59
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref59
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref60
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref60
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref60
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref60
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref61
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref61
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref61
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref62
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref62
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref62
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref63
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref63
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref63
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref63
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref63
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref63
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref64
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref64
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref64
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref64
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref64
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref64
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref64
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref65
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref65
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref65
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref65
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref65
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref66
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref66
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref66
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref66
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref66
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref67
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref67
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref67
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref68
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref68
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref68
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref69
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref69
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref69
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref69
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref70
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref70
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref70
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref71
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref71
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref72
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref72
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref72
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref72
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref73
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref73
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref73
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref73
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref74
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref74
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref74
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref74
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref75
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref75
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref75
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref75
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref76
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref76
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref76
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref76
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref77
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref77
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref77
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref77
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref78
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref78
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref78
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref79
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref79
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref79
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref80
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref80
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref80
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref80
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref81
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref81
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref81
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref82
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref82
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref82
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref83
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref83
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref83
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref83
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref83
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref84
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref84
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref85
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref85
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref85
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref85
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref85
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref85
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref85
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref85
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref85
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref85
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref86
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref86
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref86
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref86
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref86
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref87
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref87
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref87
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref88
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref88
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref88
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref89
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref89
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref89
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref89
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref90
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref90
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref90
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref90
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref91
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref91
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref91
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref92
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref92
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref92
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref93
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref93
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref93
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref93
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref94
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref94
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref94
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref94
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref95
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref95
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref96
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref96
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref96
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref96
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref96
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref96
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref97
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref97
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref97


A.J. Véron et al. / Quaternary Science Reviews 81 (2013) 138e147146
Manhès, G., Minster, J.F., Allegre, C.J., 1978. Comparative uraniumethoriumelead
and rubidiumestrontium study of the Saint Severin amphoterite: consequences
for early solar system chronology. Earth Planet. Sci. Lett. 39, 14e24.

Margueron, J.-C., 1991. Information: de l’Uruk dans le delta du Nil? Orient Express
1, 10.

Marriner, N., Flaux, C., Morhange, C., Kaniewski, D., 2012a. The Nile Delta’s sinking
past: quantifiable links with Holocene compaction and climate-driven changes
in sediment supply? Geology 40, 1083e1086.

Marriner, N., Flaux, C., Kaniewski, D., Morhange, C., Leduc, G., Moron, V.,
Chen, Z., Gasse, F., Empereur, J.-Y., Stanley, J.-D., 2012b. ITCZ and ENSO-like
pacing of Nile Delta hydro-geomorphology during the Holocene. Quat. Sci.
Rev. 45, 73e84.

Marriner, N., Flaux, C., Morhange, C., Stanley, J.-D., 2013. Tracking Nile Delta
vulnerability to Holocene changes. PLoS One 8 (7), 1e7.

Marty, B., Appora, I., Barrat, J.A., Deniel, C., Vellutini, P., Vidal, P.H., 1993. He, Ar, Sr,
Nd and Pb isotopes in volcanic rocks from Afar: evidence for a primitive mantle
component and constraints on magmatic sources. Geochem. J. 27, 219e228.

Mellaart, J., 1967. Çatalhöyük, a Neolithic Town in Anatolia. Thames and Hudson,
London, pp. 217e218.

Meurice, C., Tristant, Y., 2004. Jean Clédat et le site de Béda: données nouvelles
sur une découverte protodynastique dans le Sinaï septentrional. BIFAO 104,
457e475.

Midant-Reynes, B., 2003. Aux origines de l’Egypte e Du Néolithique à l’émergence
de l’Etat. Fayard, Paris, p. 441.

Midant-Reynes, B., Briois, F., Buchez, N., Crubezy, E., De Dapper, M., Duschesne, S.,
Fabry, B., Hochstrasser-Petit, C., Staniaszek, L., Tristant, Y., 2003. Kôm el- Khil-
gan: un nouveau site dans le Delta. Archéo-Nil 13, 55e64.

Miralles, J., Veron, A.J., Radakovitch, O., Deschamps, P., Tremblay, T., Hamelin, B.,
2006. Atmospheric lead fallout over the last century recorded in Gulf of Lions
sediments (Mediterranean Sea). Mar Poll. Bull. 52, 1364e1371.

de Miroschedji, P., 1991. Complément d’information sur “l’Uruk dans le delta du
Nil”. Orient Express 2, 17.

Mohr, P., Zanettin, B., 1988. The Ethiopian flood basalt province. In: Macdougall, J.D.
(Ed.), Continental Flood Basalts. Kluwer Academic, Dordrecht, pp. 63e110.

Mulliken, R.S., Harkins, W.D., 1922. The separation of isotopes. Theory of resolution
of isotopic mixtures by diffusion and similar processes. Experimental separa-
tion of mercury by evaporation in a vacuum. J. Am. Chem. Soc. 44, 37e65.

Monna, F., Dominik, J., Loizeau, J.-L., Pardos, M., Arpagaus, P., 1999. Origin and
evolution of Pb in sediments of lake Geneva (Switzerland e France). Estab-
lishing a stable Pb record. Environ. Sci. Tech. 33, 2850e2857.

Montet, P., 1942. Tanis. Douze années de fouilles dans une capitale oubliée du Delta
égyptien. Payot, Paris, p. 235.

Muhly, J.D., 1973. Copper and Tin: the Distribution of Mineral Resources and the
Nature of Metal Trade in the Bronze Age. In: Transactions of the Connecticut
Academy of Arts, vol. 43. Archon Books, Hamden, Connecticut.

Muhly, J.D., 1976. Supplement to Copper and Tin: the Distribution of Mineral Re-
sources and the Nature of Metal Trade in the Bronze Age. In: Transactions of the
Connecticut Academy of Arts, vol. 46. Archon Books, Hamden, Connecticut.

Niederschlag, E., Pernicka, E., Seifert, Th., Bartelheim, M., 2003. Determination of
lead isotope ratios by multiple collector ICPeMS: a case study of Early Bronze
Age artefacts and their possible relation with ore deposits of the Erzgebirge.
Archaeometry 45, 61e100.

Nissen, H., 1986. The occurrence of Dilmun in the oldest texts of Mesopotamia. In:
Shaikha, H.A.K., Rice, M. (Eds.), Khalifa, Bahrain through the Ages. The
Archaeology. Kegan Paul International, London, pp. 335e339.

Nriagu, J.O., 1983. Lead and Lead Poisoning in Antiquity, p. 434. New-York.
Palumbo, B., Angelone, M., Bellanca, A., Dazzi, C., Hauser, S., Neri, R., Wilson, J., 2000.

Influence of inheritance and pedogenesis on heavy metal distribution in soils of
Sicily, Italy. Geoderma 95, 247e266.

Peake, H., 1928. The copper mountain of Magan. Antiquity 2, 452e457.
Pernicka, E., 1995. Crisis or Catharsis in lead isotope analysis? J. Med. Archaeol. 8,

59e64.
Pernicka, E., Bachmann, H.G., 1983. Archäometallurgische Untersuchungen zur

antiken Silbergewinnung in Laurion: III Das Verhalten einiger Spurenelemente
beimAbtreiben des Bleis. Erzmetall 36 (12), 592e597.

Pernicka, E., Seeliger, T.C., Wagner, G.A., Begemann, F., Schmitt-Stecker, S., Eibner, C.,
Oztunali, O., Baranyi, I., 1984. Archaometallurgische untersuchungen in Nord-
westanatolien Jahrbuch des Romisch. Ger. Zent. Mainz 31, 533e599.

Pernicka, E., Begemann, F., Schmitt-Strecker, S., Grimanis, A.P., 1990. The composi-
tion and provenance of metal artefacts from Poliochni on Lemnos. Oxf. J.
Archaeol. 9, 63e298.

Perrot, J., 1984. Structures d’habitat, mode de vie et environnement. Les villages des
pasteurs de Beersheva, dans le sud d’Israël au IVe millénaire avant l’ère chré-
tienne. Paléorient 10, 75e96.

Philip, G., 1991. Tin, arsenic, lead: alloying practices in SyriaePalestine around 2000
B.C. Levant 23, 93e104.

Philip, G., Clogg, P.W., Dungworth, D., 2003. Copper metallurgy in the Jordan Valley
from the third to the first millennia BC: chemical, metallographic and lead
isotope analyses of artefacts from Pella. Levant 33, 71e100.

Pik, R., Deniel, C., Coulon, C., Yirgu, G., Hoffmann, C., Ayalew, D., 1998. The north-
western Ethiopian Plateau flood basalts: classification and spatial distribution
of magma types. J. Volc. Geotherm. Res. 81, 91e111.

Pik, R., Deniel, C., Coulon, C., Yirgu, G., Marty, B., 1999. Isotopic and trace element
signatures of Ethiopian basalts: evidence for plumeelithospheric interactions.
Geochim. Cosmochim. Acta 63, 2263e2279.
Poirier, A., 2006. Re-Os and Pb isotope systematics in reduced Fjord sediments from
Saanich Inlet (Western Canada). Earth Planet. Sci. Lett. 249, 119e131.

Pollard, A.M., Heron, C., 2008. Archaeological Chemistry, second ed. Royal Society of
Chemistry, London, pp. 321e327.

Potts, D.T., 1990. The Arabian Gulf in Antiquity, vol. 1. Clarendon Press, Oxford.
Potts, D.T., 1993. Four seasons of excavation at Tell Abraq (1989e1993). PSAS 23,

117e126.
Prange, M., 2001. 5000 Jahre Kupfer im Oman; Band 2: Vergleichende Untersu-

chungen zur Charakterisierung des omanischen Kupfers mittels chemischer
und isotopischer Analysenmethoden. Metalla 8, 1e126.

Pryce, T.O., Bassiakos, Y., Catapotis, M., Doonan, R.C., 2007. De Caerimoniae tech-
nological choices in copper-smelting furnace design at Early Bronze Age
Chrysokamino, Crete. Archaeometry 3 (49), 543e557.

Rapp Jr., G., 1983. Native copper and the beginning of smelting: chemical studies. In:
Muhly, J.D., Maddin, R., Karageorghis, V. (Eds.), Early Metallurgy in Cyprus,
4000-500 B.C. Pierides Foundation, Cyprus, pp. 33e40.

Rapp Jr., G., 1988. On the origins of copper and bronze alloying. In: Maddin, R. (Ed.),
The Beginning of the Use of Metals and Alloys 2. Massachusetts Institute of
Technology Press, pp. 21e27.

Redmount, C.A., 1986. Wadi Tumilat survey. NARCE 133, 19e23.
Renberg, I., Wik-Persson, M., Emteryd, O., 1994. Pre-industrial atmospheric lead

contamination detected in Swedish lake sediments. Nature 368, 323e326.
Rizkana, I., Seeher, J., 1989. Maadi III. The Non-lithic Small Finds and the Structural

Remains of the Predynastic Settlement, vol. 80. Archäologische Veröffen-
tlichungen, Mayence, p. 141.

Rizkana, I., Seeher, J., 1984. New light on the relation of Maadi to the Upper Egyptian
cultural sequence. MDAIK 40, 237e252.

Ritchie, J.C., Eyles, C.H., Haynes, C.V., 1985. Sediment and pollen evidence for
an early to mid Holocene humid period in the eastern Sahara. Nature 314,
352e355.

Saad, Z.Y., 1969. The Excavations at Helwan: Art and Civilization in the First and
Second Egyptian Dynasties. University of Oklahoma, Norman, p. 207.

Sayre, E.V., Yener, K.A., Joel, E.C., Barnes, I.L., 1992. Statistical evaluation of the
presently accumulated lead isotope data from Anatolia and surrounding re-
gions. Archeometry 34, 73e105.

Sayre, E.V., Yener, K.A., Joel, E.C., 1995. Comment on “oxhide ingots, recycling and
the Mediterranean metals trade”. J. Med. Archaeol. 8, 45e53.

Sayre, E.V., Joel, E.C., Blackman, M.J., Yener, K.A., Ozbal, O., 2001. Stable lead isotope
studies of Black Sea Anatolian ore sources and related Bronze Age and Phrygian
artefacts from nearby archaeological sites. Appendix: new Central Taurus ores
data. Archaeometry 43 (1), 77e115.

Scaife, B., 1997. In: Database of Lead Isotope Ratios for Ores Collected from Around
the Mediterranean, Papers Published between 1987 and 1997. http://www.
brettscaife.net/lead/data/index.html.

Schott, S., Neuffer, E., Bittel, K., 1932. Bericht über die zweite vom Deutsch en
Instituts für ägyptische Altertumskun denach dem Ostdelta-Rand und in das
Wâdi Tumilât untern ommene Erkundungs fahrt. MDAIK 2, 39e54.

Seeliger, T.C., Pernicka, E., Wagner, G.A., Begemann, F., Schmitt-Strecker, S.,
Eibner, C., Oztunali, O., Baranyi, I., 1985. Archaometallurgische untersuchun-
gen in nord- und ostanatolien. Jahrb. Romisch-Ger. Zentralmus. Mainz 32,
597e659.

Shirahata, H., Elias, R.W., Patterson, C.C., 1980. Chronological variations in concen-
trations and isotopic compositions of anthropogenic atmospheric lead in sed-
iments of a remote subalpine pond. Geochim. Cosmochim. Acta 49, 149e162.

Shotyk, W., Weiss, D., Appleby, P.G., Cheburkin, A.K., Frei, R., Gloor, M., Kramers, J.D.,
Reese, S., van der Knaap, W.O., 1998. History of atmospheric lead deposition
since 12,370 14C yr BP recorded in a peat bog profile, Jura Mountains,
Switzerland. Science 281, 1635e1640.

Spooner, E.T.C., Gale, N.H., 1982. Pb isotopic composition of ophiolitic volcanogenic
sulphide deposits, Troodos Complex, Cyprus. Nature 296, 239e242.

Stanley, D.J., Warne, A.G., 1993. Nile Delta: recent geological evolution and human
impact. Science 260, 630e634.

Stanley, J.D., Bernhard, C.E., 2010. Alexandria’s eastern Harbor, Egypt: Pollen,
microscopic charcoal, and the transition from natural to human-modified basin.
J. Coast. Res. 26 (1), 67e79.

Stanley, J.-D., McRea, J.E., Waldron, J.C., 1996. Nile Delta Drill Core and Sample
Database for 1985e1994: Mediterranean Basin (MEDIBA) Program. In: Smith-
sonian Contributions to the Marine Sciences, vol. 37. Smithsonian Institution
Press, Washington, DC, p. 428.

Stanley, J.D., Krom, M.D., Cliff, R.A., Woodward, J.C., 2003. Short Contribution: Nile
flow failure at the End of the Old Kingdom, Egypt: strontium isotopic and
petrologic evidence. Geoarchaeology 18 (3), 395e402.

Stanley, D.J., Warne, A.G., Schnepp, G., 2004. Geoarchaeological interpretation of the
Canopic, largest of the relict Nile Delta distributaries, Egypt. J. Coast. Res. 20 (3),
920e930.

Stanley, J.D., Carlson, R.W., Van Beek, G., Jorstad, T.F., Landau, E.A., 2007. Alexandria,
Egypt, before Alexander the Great: a multidisciplinary approach yields rich
discoveries. GSA Today 17 (8), 4e10.

Stech-Wheeler, T., Maddin, R., Muhly, J.D., 1975. Ingot and the bronze age copper
trade in the Mediterranean: a progress report. Expedition (Philadelphia) 17,
31e39.

Stern, R.J., Kröner, A., 1993. Late Precambrian crustal evolution in NE Sudan: isotopic
and geochronologic constraints. J. Geol. 101 (5), 555e574.

Stos-Gale, Z.A., Gale, N.H., 1981. Sources of galena, lead and silver in Predynastic
Egypt. In: Actes du XX Symposium d’Archeometrie. Bulletin de Liaison du

http://refhub.elsevier.com/S0277-3791(13)00379-X/sref98
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref98
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref98
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref98
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref98
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref98
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref98
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref99
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref99
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref100
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref100
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref100
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref100
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref101
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref101
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref101
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref101
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref101
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref102
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref102
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref102
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref103
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref103
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref103
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref103
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref104
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref104
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref104
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref105
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref105
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref105
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref105
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref106
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref106
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref106
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref107
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref107
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref107
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref107
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref108
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref108
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref108
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref108
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref109
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref109
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref110
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref110
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref110
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref111
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref111
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref111
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref111
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref112
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref112
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref112
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref112
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref112
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref113
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref113
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref114
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref114
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref114
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref115
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref115
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref115
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref116
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref116
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref116
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref116
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref116
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref116
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref117
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref117
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref117
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref117
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref118
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref119
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref119
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref119
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref119
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref120
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref120
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref121
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref121
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref121
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref122
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref122
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref122
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref122
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref123
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref123
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref123
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref123
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref124
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref124
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref124
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref124
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref125
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref125
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref125
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref125
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref126
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref126
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref126
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref126
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref127
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref127
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref127
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref127
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref128
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref128
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref128
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref128
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref129
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref129
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref129
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref129
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref129
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref130
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref130
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref130
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref131
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref131
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref131
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref132
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref133
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref133
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref133
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref133
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref134
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref134
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref134
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref134
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref135
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref135
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref135
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref135
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref136
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref136
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref136
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref136
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref137
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref137
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref137
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref137
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref138
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref138
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref139
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref139
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref139
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref140
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref140
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref140
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref141
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref141
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref141
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref142
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref142
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref142
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref142
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref143
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref143
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref144
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref144
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref144
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref144
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref145
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref145
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref145
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref146
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref146
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref146
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref146
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref146
http://www.brettscaife.net/lead/data/index.html
http://www.brettscaife.net/lead/data/index.html
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref148
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref148
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref148
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref148
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref149
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref149
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref149
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref149
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref149
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref150
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref150
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref150
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref150
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref151
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref151
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref151
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref151
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref151
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref152
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref152
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref152
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref153
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref153
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref153
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref154
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref154
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref154
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref154
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref155
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref155
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref155
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref155
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref155
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref156
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref156
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref156
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref156
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref157
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref157
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref157
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref157
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref158
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref158
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref158
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref158
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref159
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref159
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref159
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref159
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref160
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref160
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref160
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref161
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref161


A.J. Véron et al. / Quaternary Science Reviews 81 (2013) 138e147 147
Groupe des Methodes Physiques et Chimiques de L’Archeologie, vol. 3,
pp. 285e295.

Stos-Gale, Z.A., Gale, N.H., 1982. Sources of Mycenaean silver and lead. J. Field
Archaeol. 9, 467e485.

Stos-Gale, Z.A., Gale, N.H., 1994. The origin of metals excavated on Cyprus. In:
Knapp, B., Cherry, J. (Eds.), Provenance Studies and Bronze Age Cyprus: Pro-
duction Exchange and Politico-economic Change, vol. 3. Prehistory Press,
Madison, pp. 92e122 and 210e216.

Stos-Gale, Z.A., Gale, N.H., 2006. Lead isotope and chemical analyses of Slags from
Chrysokamino. In: Betancourt, P.P. (Ed.), The Chrysokamino Metallurgy Work-
shop and Its Territory, Hesperia, Supplement 36. The American School of
Classical Studies at Athens, pp. 298e319.

Stos-Gale, Z.A., Gale, N.H., 2009. Metal provenancing using isotopes and the Oxford
archaeological lead isotope database (OXALID). Archaeol. Anthropol. Sci. 1 (3),
195e213.

Stos-Gale, Z.A., Gale, N.H., 2010. Bronze Age metal artefacts found on Cyprus e
metal from Anatolia and the Western Mediterranean. Trajos Prehist. 67 (2),
389e403.

Stos-Gale, Z.A., Gale, N.H., Gilmore, G.R., 1984. Early Bronze Age Trojan metal
sources and Anatolians in the Cyclades. Oxf. J. Archaeol. 3, 23e37.

Stos-Gale, Z.A., Gale, N.H., Zwicker, U., 1986. The copper trade in the south east
Mediterranean region: preliminary scientific evidence. In: Report Depart. An-
tiquities, Cyprus (Nicosia), pp. 122e144.

Stos-Gale, Z.A., Gale, N.H., Annetts, N., 1996. Lead isotope data from the isotrace
Laboratory, Oxford: archaeometry data base 3, ores from the Aegean, part 1.
Archaeometry 38, 381e390.

Stos-Gale, Z.A., Maliotis, G., Gale, N.H., Annetts, N., 1997. Lead isotope characteristics
of the Cyprus copper ore deposits applied to provenance studies of copper
oxhide ingots. Archaeometry 39 (1), 83e124.

Tessier, A., Campbell, P.G.C., Bisson, M., 1979. Sequential extraction procedure for
the speciation of particulate trace metals. Anal. Chem. 51, 844e851.

Thevenon, F., Graham, N.D., Chiaradia, M., Arpagaus, P., Wildi, W., Poté, J., 2011. Local
to regional scale industrial heavy metal pollution recorded in sediments of large
freshwater lakes in central Europe (lakes Geneva and Lucerne) over the last
centuries. Sci. Total Environ. 412-413, 239e247.

Thirlwall, M.F., 2002. Multicollector ICP-MS analysis of Pb isotopes using
207Pb-204Pb double spike demonstrates up to 400 ppm/amu systematic errors
in Tl-normalization
. Chem. Geol. 184 (3), 255e279.

Trefry, J.H., Metz, S., 1984. Selective leaching of trace metals from sediments as a
function of pH. Anal. Chem. 56, 745e749.

Tristant, Y., 2005. Le delta du Nil avant les pharaons. Entre originalités locales et
influences étrangères. Archéo-Nil 15, 75e102.

Tristant, Y., 2006. L’occupation humaine dans le delta du Nil au 5e et 4e millénaires.
Approche géo-archéologique à partir de la région de Samara (delta oriental)
(PhD). Ecole des Hautes Etudes en Sciences Sociales, France, p. 253.

Tristant, Y., Midant-Reynes, B., 2011. The Predynastic cultures of the Nile Delta. In:
Teeter, E. (Ed.), Before the Pyramids: the Origins of Egyptian Civilization. The
Oriental Institute of the University of Chicago, Chicago, pp. 45e54.

Van den Brink, E.C.M., 1993. Settlement patterns in the northeastern Nile Delta
during the fourth second Millennia B.C. In: Krzyzaniak, L., Kobusiewitcz, M.,
Alexander, J. (Eds.), Environmental Change and Human Culture in the Nile
Basin and the Northern Africa until the Second Millenium B.C, Proceedings of
the International Symposium, Dymaczewo, 5-10 September 1988, Poznan,
pp. 279e304.
Vandier, J., 1952. In: Picard, A., Picard, J. et Cie (Eds.), Les époques de formation, I.
Manuel d’archéologie égyptienne, Paris, p. 609.

Vavelidis, M., Bassiakos, I., Begemann, F., Patriarcheas, K., Pernicka, E., Schmitt-
Strecker, S., Wagner, G.A., 1985. In: Wagner, G.A., Weisgerber, G. (Eds.), Geologie
und Erzvorkommen, Silber, Blei und Gold auf Sifnos. Deutsches Bergbau-
Museum, Bochum, pp. 59e80.

Véron, A.J., Goiran, J.P., Morhange, C., Marriner, N., Empereur, J.Y., 2006. Pollutant
lead reveals the pre-Hellenistic occupation and ancient growth of Alexandria,
Egypt. Geophys. Res. Lett. 33, 1e4.

Véron, A.J., Le Roux, G., Poirier, A., Braque, D., 2012. Origin of copper used in bronze
artifacts fromMiddle Bronze Age burials in Sidon: a synthesis from lead isotope
imprint and chemical analyses. Archaeol. Hist. Leban. 34-35, 68e78.

Wagner, G.A., Pernicka, E., Seeliger, T.C., Oztunali, O., Baranyi, I., Begemann, F.,
Schmitt-Strecker, S., 1985. Geologische untersuchungen zur fruhen metallurgie
in NW-Anatolien. Bull. Miner. Explor. Inst. Turk. 100-101, 45e81.

Wagner, G.A., Pernicka, E., Seeliger, T.C., Lorenz, I.B., Begemann, F., Schmitt-
Strecker, S., Enber, C., Oztanuli, O., 1986. Geochemische und isotopische char-
akteristika früher rohstoffquellen für kupfer, blei, silber und gold in der Türkei.
Jahrb. Römisch-Ger. Zentralmus. Mainz 33, 723e752.

Wagner, G.A., Wagner, I., Oztunali, O., Schmitt-Strecker, S., Begemann, F., 2003.
Archäometallurgischer bericht über Feldforschung in Anatolien und bleiisoto-
pische studien. In: Stöllner, T., Steffens, G., Cierny, J. (Eds.), Erzen und schlacken,
Man and Mining. Der Anschnitt, Beiherft, Bochum, pp. 475e494.

Web, J.M., Frankel, D., Stos-Gale, Z.A., Gale, N.H., 2006. Early Bronze Age metal trade
in the eastern Mediterranean: new compositional and lead isotope evidence
from Cyprus. Oxf. J. Archaeol. 25 (3), 261e288.

Weeks, L.R., 1999. Lead isotope analyses from Tell Abraq, United Arab Emirates: new
data regarding the “tin problem” in Western Asia. Antiquity 73, 49e64.

Weeks, L.R., 2003. Prehistoric metallurgy in the U.A.E.: Bronze AgeeIron Age
transitions. In: Potts, D.T. (Ed.), Proceedings of the First Archaeological Con-
ference on the U.A.E. Trident Press, Galway, pp. 115e121.

Weisgerber, G., 1978. Evidence of ancient mining sites in Oman: a preliminary
report. J. Oman Stud. 4, 15e28.

Weisgerber, G., 1981. Makan and Meluhha: third millennium BC copper production
in Oman and the evidence of contact with the Indus Valley. In: Allchin, B. (Ed.),
South Asian Archaeology. Cambridge University Press, Cambridge, pp. 196e201.

Weill, R., 1919. Les ports antéhelléniques de la côte d’Alexandrie et l’Empire Crétois.
Bull. de l’Inst. Franç. d’Archéol. Orient. Tome XVI.

Wertime, T.E., 1973. The beginnings of metallurgy: a new look. Science 182 (4115),
875e887.

Williams, M.A.J., Adamson, D., Cock, B., McEvedy, R., 2000. Late Quaternary envi-
ronments in the White Nile region, Sudan. Glob. Planet. Change 26, 305e316.

Williams, M.A.J., Adamson, D., Prescott, J.R., Williams, F.M., 2003. New light on the
age of the White Nile. Geology 31, 1001e1004.

Woodward, J.C., Macklin, M.G., Krom, M.D., Williams, M.A.J., 2007. The Nile: evo-
lution, Quaternary river environments and material fluxes. In: Gupta, A. (Ed.),
Large Rivers: Geomorphology and Management, pp. 261e292.

Yener, K.A., Ozbal, H., Minzoni-Deroche, A., Askoy, B., 1989. Bolkardag: archae-
ometallurgy surveys in the Taurus mountains, Turkey. Nat. Geograph. Res. 5 (3),
477e494.

Yener, K.A., Sayre, E.V., Joel, E.C., Ozbal, H., Barnes, I.L., Brill, R.H., 1991. Stable lead
isotope studies of Central Taurus ore sources and related artifacts from eastern
Mediterranean Chalcolithic and Bronze Age sites. J. Archaeol. Sci. 18, 541e577.

Yoyotte, J., Charvet, P., Gompertz, S., 1998. Strabon: le voyage en Egypte, un regard
romain. Nil, Paris, p. 313.

http://refhub.elsevier.com/S0277-3791(13)00379-X/sref161
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref161
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref161
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref162
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref162
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref162
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref163
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref163
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref163
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref163
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref163
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref163
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref164
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref164
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref164
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref164
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref164
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref165
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref165
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref165
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref165
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref166
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref166
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref166
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref166
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref167
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref167
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref167
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref168
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref168
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref168
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref168
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref169
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref169
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref169
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref169
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref170
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref170
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref170
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref170
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref171
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref171
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref171
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref172
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref172
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref172
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref172
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref172
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref173
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref173
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref173
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref173
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref173
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref173
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref173
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref174
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref174
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref174
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref175
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref175
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref175
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref176
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref176
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref176
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref177
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref177
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref177
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref177
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref178
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref178
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref178
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref178
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref178
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref178
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref178
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref179
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref179
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref180
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref180
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref180
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref180
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref180
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref181
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref181
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref181
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref181
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref182
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref182
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref182
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref182
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref183
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref183
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref183
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref183
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref184
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref184
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref184
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref184
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref184
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref185
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref185
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref185
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref185
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref185
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref186
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref186
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref186
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref186
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref187
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref187
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref187
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref188
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref188
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref188
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref188
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref188
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref189
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref189
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref189
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref190
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref190
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref190
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref190
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref191
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref191
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref192
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref192
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref192
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref193
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref193
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref193
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref194
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref194
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref194
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref195
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref195
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref195
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref195
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref196
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref196
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref196
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref196
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref197
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref197
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref197
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref197
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref198
http://refhub.elsevier.com/S0277-3791(13)00379-X/sref198



