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ABSTRACT

Basalt vessels are rare, but ubiquitous items in elite Predynastic (4000-3100 BCE) and First Dynasty (3100-2800 BCE)
Egyptian burials. Where the bedrock sources can be identified, these artefacts can be used to study trade and social interaction
between communities before the advent of writing. Seven Egyptian, post-Jurassic (unaltered), alkali and tholeiitic basalt units,
representing all likely sources, were multiply sampled, and augite, plagioclase, pigeonite (tholeiites), and olivine analyzed (~1000
electron-microprobe analyses) in each sample. Flows can be distinguished using combinations of major and minor constituents
from individual minerals (e.g., Al,O3 versus SiO; in plagioclase or augite, and FeO versus SiO; in olivine). However, plots of the
composition of coexisting minerals (e.g., CaO/(CaO + NayO + K;0)piagioclase versus CaO/(CaO + MgO + FeO)aygiie or MgO/
(MgO + FeO)O]ivine; KZO/FeoPlagioc]ase versus MnO/TiOzAugne, or KQO/(CaO + Na20 + Kzo)p]agioc]ase versus SIOQ/TIOZ O]ivine) and
multidimensional scaling applied to augite and plagioclase indicate that multi-mineral discrimination of units is more effective
than single-mineral discrimination. Discriminant analysis (multivariate analysis of variance) shows that units can be efficiently
distinguished using multi-mineral data, although single minerals also provide effective discrimination. Furthermore, the
combination of TiO,, FeO and CaO in augite, and SiO,, Al,03 and Na,O in plagioclase, discriminates between Egyptian alkaline
and tholeiitic basalts as well as do the whole-rock data. Approximately 2700 electron-microprobe analyses of minerals in
microsamples (1 mg) from 117 Egyptian basalt vessels indicate, unequivocally, that the bedrock source of every vessel is the
Haddadin lava flow in northern Egypt. During the Predynastic period, the trade in basalt vessels was probably controlled from
Maadi, the settlement closest to the Haddadin flow and richest in recycled “factory seconds”.
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SOMMAIRE

Les vaisseaux de basalte sont rares mais assez répandus dans les sites d’enterrement de 1’élite égyptienne a 1’ere Prédynastique
(4000-3100 avant I’ere chrétienne) et de la Premiere Dynastie (3100-2800 avant 1’¢re chrétienne). Dans les cas ou la source du
basalte peut étre identifiée, ces artefacts peuvent servir a étudier les tracés d’échanges commerciales et les interactions sociales
entre communautés avant I’introduction des documents écrits. Sept unités basaltiques post-Jurassiques non altérées, comprenant
basaltes alcalins et tholéiitiques, et représentant toutes les sources possibles de ces vaisseaux, ont été échantillonnées afin d’en
étudier I’augite, le plagioclase, la pigeonite (tholéiites), et I’olivine (~1000 analyses a la microsonde électronique des minéraux
dans chaque échantillon). On parvient a distinguer les coulées en utilisant une combinaison des constituents majeurs et mineurs
des minéraux individuels, par exemple Al,O3 versus SiO; dans le plagioclase ou 1’augite, et FeO versus SiO, dans I’olivine).
Toutefois, les groupements de données sur la composition de minéraux coexistants, par exemple CaO/(CaO + Na,O +
K20)pragioclase versus CaO/(CaO + MgO + FeO)augire 0u MgO/(MgO + FeO)otivine, K2O/FeOpiagioctase versus MnO/TiO; augite, OU
K>0/(CaO + NayO + KsO)piagioctase versus SiO2/TiOx oiivine, €valués par normalisation multidimensionnelle telle qu’appliquée a
I’augite et au plagioclase, indiquent qu’une discrimination des unités fondée sur plusieurs minéraux est plus révélatrice qu’une
discrimination fondée sur un seul minéral. D’apres une analyse multivariable de la variance, on peut effectivement distinguer les
unités de basalte en utilisant les données sur plusieurs minéraux, quoique les minéraux considérés seuls donnent aussi de bons
résultats. De plus, une combinaison de TiO,, FeO et CaO dans 1’augite, et de SiO,, Al,03 et Na,O dans le plagioclase, sert a
distinguer entre basalts égyptiens alcalins et tholéiitiques aussi bien que les compositions globales des roches. Environ 2700
analyses a la microsonde électronique de micro-échantillons (1 mg) de 117 vaisseaux égyptiens faits de basalte montre sans
équivoque que c’est le basalte de la coulée de Haddadin, dans le nord de I’Egypte, qui serait la source dans chaque cas. Au cours
de I’ere Prédynastique, le commerce des vaisseaux de basalte était probablement sous le controle de Maadi, le centre habité le

plus pres de la coulée de Haddadin et le plus riche en pieces de second choix recyclées.

(Traduit par la Rédaction)

Mots-clés: géochimie des minéraux, discrimination des basaltes, archéologie, Egypte, artefacts, ére Prédynastique, vaisseaux de

basalte.

INTRODUCTION

Rock materials are ubiquitous in archeological
artefacts. In some cases, petrological descriptions of
these materials can be used to identify their geological
sources. Locating the source provides trade and cultural
information. For many rock types (e.g., basalts), simple
petrographic descriptions provide useful (Lucas 1930,
Williams 1983, Porat & Seeher 1988) but non-defini-
tive information about source. On the other hand,
geochemical data on whole rocks and constituent min-
erals have much to offer archeologists (Mallory-
Greenough et al. 2000). For example, with geochemical
discrimination based on whole-rock major-element and
trace-element geochemistry, it is possible to place the
rocks in a geological context (Irvine & Baragar 1971,
Pearce & Cann 1973, Winchester & Floyd 1977, Pearce
1996). Depending on grain size, these methods may re-
quire significant amounts of sample (100 g to >10 kg)
in order to obtain representative samples. With outcrops
as sample sources, this has not been a major issue. In
archeology, of course, priceless artefacts cannot be pul-
verized, and sample size and sampling technique be-
come crucial.

Our experiments indicate that mineral compositions
shows much promise as indicators of the geological
source of rocks and artefacts. Mineral compositions
have rarely been used in tectonic reconstructions and
studies of archeological provenance. Examples of how
minerals can be used for this type of study are provided
by Le Bas (1962), Nisbet & Pearce (1977), and Leterrier

et al. (1982), who emphasized the utility of augite, and
Maynard (1984), who focused on detrital plagioclase.
In this study, we confirm the applicability of augite to
studies of provenance in archeology and demonstrate
that other minerals, in particular plagioclase and pigeo-
nite, also are useful. In fact, we show that a combina-
tion of chemical information on plagioclase and augite
provides discriminating capacity that may equal or
rival whole-rock geochemistry. From an archeological
perspective, the important aspect of these methods is that
minuscule (1 mg) samples are required, and analyses are
relatively inexpensive if a comparison database exists.

In this study, we use results of ~3700 electron-mi-
croprobe analyses of minerals to determine the bedrock
source of 118 basalt “vessels” from ancient Egypt.
These artefacts, found primarily in the graves of the elite
members of society, are old, rare and valuable. Vessel
manufacture began 800 years prior to the development
of writing, peaked 200 years after the first known in-
scriptions, and continued for 400 years after Khufu built
the great pyramid (Aston 1994, p. 85). The vessels ex-
amined here are from the earlier periods, the Predynastic
(4000-3200 BCE) and Early Dynastic (Dynasty 0-1,
3200-2800 BCE; von der Way 1993, p. 83, 133), with
the youngest predating the Great Pyramid by ~300
years. During this 1200-year period, when civilization
first arose, about 600 vessels were manufactured
(Mallory 2000, p. 22-87). They are important because
they provide valuable information on trade patterns,
social, and cultural practices during a time when there
are few written records, or none at all.
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FiG. 1.
locality names. Regions or flows are underlined. The Al-Fayoum region encompasses the Gebel Qatrani basalt outcrops and
the area to the immediate south. Outcrop locations after Said (1962), Said & Martin (1964), El Hinnawi & Maksoud (1972),

Awadallah (1980), Franz et al. (1987), Hubbard et al. (198

We present as an Appendix a selection of vessels that
represent different sites, shapes and time periods. It was
the damaged or fragmentary condition of these artefacts
that permitted sampling. All were sampled for this

project.

7), and Meneisy (1990).

PrEVIOUS PETROLOGICAL AND
GEOCHEMICAL STUDIES ON THE VESSELS

The first scientific attempt to identify the geological
source of the basalt used in Egyptian stone vessels is
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originated.

that of Lucas (1930). Using petrography, he concluded
that the most likely source was Al-Fayoum, an area to
the southwest of Cairo defined by the Gebel Qatrani
basalt outcrops (Figs. 1, 2), as this was, in his opinion,
where basalt paving stones were quarried during the Old
Kingdom. Aston (1994) studied the various stones used
to manufacture vessels from Predynastic to Roman
times. She compared the petrography of basalt outcrops

to the west of Cairo (Fig. 1) and basalt vessels, but did
not include other potential sources from east of Cairo,
middle Egypt, or southern Egypt (Aston 1994, p. 18-
21). The bedrock samples examined by Aston proved
to be very uniform in mineralogy and texture, and, thus,
she could not determine a specific flow or flows as the
source for the basalt vessels (Aston 1994, p. 20). A
recent survey of stone vessels from Abydos (Fig. 2)
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contains petrographic descriptions of two basalt vessels,
but the author did not attempt to establish their source
(Schelstraete 1998, p. 47-48).

There are few published geochemical studies of
Egyptian stone vessels. The most extensive to date is
that of Schelstraete (1998), who surveyed the rock types
used in the vessels found by Petrie during his excava-
tions of the First Dynasty royal tombs at Abydos (Petrie
1900, 1901a, b, 1937). Although whole-rock X-ray fluo-
rescence data were obtained for two basalt vessels
(Schelstraete 1998, p. 72-74), no comparison between
potential sources and the vessel data was made. In a
more recent study, Greenough et al. (2001) compared
whole-rock data from seven basalt vessels (excavated
by Petrie at Abydos) to potential bedrock sources, and
concluded that they were manufactured from the
Haddadin basalt, which outcrops approximately 500 km
north of Abydos and runs from Abu Zabaal (~50 km
north of Cairo) to Al-Fayoum (~100 km southwest of
Cairo; Figs. 1, 2). No other whole-rock data for basalt
vessels have been published.

In a preliminary study, Mallory-Greenough et al.
(1999) examined ten Predynastic (Nagada I and Naqada
II) stone vessels from the collection of the Royal Ontario
Museum (ROM1 to ROM10). Most of these vessels had
been purchased from collectors, and information regard-
ing their archeological origin may not be accurate. How-
ever, two of them were taken from the royal tombs at
Abydos. All of the artefacts were intact, and it was not
possible to use whole-rock analytical techniques to de-
termine the source of the basalt. Instead, microsamples
were removed from the bottom of the vessels or from
damaged surfaces, and grain mounts were prepared.
Augite and plagioclase in the vessels and potential bed-
rock sources were analyzed with an electron micro-
probe, and the data on minerals from the artefacts
compared to those from the bedrock samples. One ves-
sel (ROM 1) proved to be lamprophyric in composition,
but the other nine (ROM2 to ROM10) were manufac-
tured from basalt with chemical compositions of the
constituent minerals matching those of the Haddadin
basalt. This finding agrees with the whole-rock results,
and suggests that on the basis of the composition of
augite and plagioclase, the raw material or finished ba-
salt vessels were transported from the Cairo area
(Haddadin basalt flows) south to Qena and Abydos.

SAMPLING STRATEGY

Predynastic basalt vessels in the Royal Ontario Mu-
seum are made of fine-grained, undeformed and unal-
tered basalt (Mallory-Greenough et al. 1999). As the
older volcanic rocks in Egypt tend to be regionally meta-
morphosed (Ressetar & Monrad 1983), the most likely
sources of these fresh rocks are flows that are Late Cre-
taceous to Tertiary (Early Miocene) in age. Therefore,
the rocks selected for comparison with the vessels are
unaltered Tertiary subalkaline basalts from northern
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(e.g., Haddadin Basalt) and central Egypt, and Late Cre-
taceous alkaline basalts from southern Egypt (Fig. 1).

Our suite of bedrock samples represents all known
unaltered flows or flow units in Egypt, regardless of
whether or not they are considered to contain ancient
quarries. All quarry sites compiled by Klemm & Klemm
(1993) were sampled; their list is considered the most
comprehensive survey. Although they were aware of the
alkali basalts we sampled in southern Egypt, these rocks
are not included in their work, nor were they considered
potential sources by Lucas (1930), de Putter &
Karlshausen (1992, p. 51-54), or Aston (1994, p. 19-
20). Modern operations at quarries at Abu Zabaal and
Tell el Haddadin (also called Tell el Zalat, at Abu
Roash) may have destroyed evidence of earlier activity.
Thus these sites could have been utilized in the past.
The only confirmed ancient quarry is located at Al-
Fayoum (Gebel Qatrani), but Old Kingdom workings
have removed any traces of earlier Predynastic use
(Harrell & Bown 1995). A comprehensive archeologi-
cal survey of the other possible basalt sources, in which
the potential ancient quarry sites are examined in detail,
has not been conducted.

SAMPLE DESCRIPTIONS
Samples of bedrock basalt

Egyptian basalts can be divided into four petrologi-
cal groups (Cairo, Bahariya, Middle Egypt, Southern
Egypt) based on age, chemical composition, field rela-
tionships, and mineralogy. Further division on the basis
of alkalinity (alkali basalt or tholeiite) yields five re-
gions: subalkaline basalts are represented by Cairo—Suez
Road, Haddadin, Bahariya, and Middle Egypt, and al-
kaline basalts by Southern Egypt. The Middle Egyptian
samples (ZA, ZA2, MN, MN2) are probably from the
same flow or flow sequence [paleomagnetic data:
Wassif (1986), geochemistry: El Hinnawi & Maksoud
(1972), Aly et al. (1983, p. 92)]. The Bahariya Oasis is
represented by three samples, two from Gebel El Heluf
or El Hufhuf (H4, H4B) and one from Gebel Mayesra
(BAH1). Cairo-area basalts are divided into eastern and
western flows based on age, paleomagnetism and pe-
trology (Lotfy et al. 1995). The area west of Cairo con-
tains the Haddadin basalt sequence, which runs from
Abu Zabaal to the north of Cairo southward to Al-
Fayoum and the western desert (Fig. 1). Multiple
samples from various localities along the Haddadin flow
were taken, including Abu Zabaal (ABZ1), Abu Roash
(ARF1), Tell el Haddadin (HAD2, K32/2, HD1, HD2),
Sixth of October City (60CT1, 60CT2, 60CT3), and
the ancient quarry at Gebel Qatrani (GQ). The Haddadin
basalt sites approximately 10 km northeast of Maadi at
Gebel Ahmar, Gebel el Saliman, and Gebel el Urfa were
not sampled, as they are in a military area. Two sites to
the east of Cairo (Cairo—Suez Road basalts) were



1030

sampled, Gebel Angabia (CSR1, CSR2, CSR4) and
Gebel Gaffar (CSRS5).

Alkali basalts were sampled in southern Egypt at
Gebel el Asr, Lake Nasser, and Wadi Natash. Several
basalt exposures occur as dikes near Gebel el Asr (Franz
et al. 1987, Huth & Franz 1988). To the west of Lake
Nasser are various basalt outcrops (P5, P8, P10; Franz
et al. 1987) that are visible from the Aswan — Abu
Simbel road. Three flow units, lower (WNL1, WNLS5,
WNL7), middle (WNM1, WNM2, WNM3) and upper
(WNU2, WNU7, WNUS), and an eastern field (WN16)
comprise the Wadi Natash basalts (Hubbard 1977,
Crawford et al. 1984, Hubbard et al. 1987).

All samples of subalkaline basalt contain augite, pla-
gioclase, pigeonite, olivine, and Fe-Ti oxides. Olivine
is especially rare (< 1%) in the Haddadin and vessel
samples. Pigeonite, though present, is not abundant in
the northern samples. The alkaline southern basalts bear
augite, plagioclase, Fe-Ti oxides, and olivine. Plagio-
clase in one Lake Nasser sample (P8) is altered. Matrix
grain-sizes range from 0.1 mm (Cairo—Suez Road
samples) to 0.6 mm (Abu Roash). Large (~1 cm) pla-
gioclase phenocrysts are typical of the Haddadin basalts.
Samples tend to be subophitic and microporphyritic (i.e.,
contain augite, olivine or plagioclase micropheno-
crysts). Altered intersertal glass and olivine are present
in the Abu Roash sample as green and brown (respec-
tively) clay minerals.

Samples of basalt vessels

Vessels were selected for sampling on the basis of
three criteria: published descriptions and photographs,
provenance (archeological source of artefact is well
documented), and accessibility (the likelihood that sam-
pling would be permitted). For statistical purposes, an
attempt was made to include as many different and
widespread sites, vessel forms, and time periods as pos-
sible. Vessels of unusual form were included as well,
even if their archeological context was not known. The
important Predynastic sites of Abydos, Naqada, and
Hierakonpolis (Fig. 2) were represented by multiple
samples. Subsequently, vessels were eliminated from
consideration either owing to their pristine condition (no
surfaces suitable for sampling) or added if the vessel
was not included in the original list, but met the criteria.
As many of the museums visited do not have published
catalogues, a number of artefacts were found after the
initial list of samples had been created. The final set of
samples contains one hundred and seventeen basalt ves-
sels dating from the Badarian Period to the end of the
First Dynasty, and covering sites from Kafr Ghattati
north of Giza to Hierakonpolis in the south (Fig. 2). All
major types of form or shape are represented by at least
two samples, with the sample set representing 20% of
the 598 Predynastic and First Dynasty basalt vessels
known to exist (Mallory 2000, p. 22-87). Eight of the
one hundred twenty-five vessels sampled, upon analy-
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sis, proved to be manufactured from stones other than
basalt (Mallory 2000, p. 167-169). Samples were ob-
tained from the Ashmolean Museum, Oxford (‘ASH’
samples), British Museum, London (BM), Brooklyn
Museum (BRK), Fitzwilliam Museum, Cambridge,
U.K. (FIT), Museum of Fine Arts, Boston (MFA), Petrie
Museum of Archaeology, London (PET), Royal Muse-
ums of Art and History, Brussels (RMB), and Royal
Ontario Museum, Toronto (ROM).

ANALYTICAL AND SAMPLING METHODS

All 35 samples of bedrock were prepared as thick
(0.3 mm) sections and analyzed for augite (total analy-
ses ~500), plagioclase (~350), pigeonite (~35) and oliv-
ine (~112). For each sample, typically fifteen analyses
of augite and plagioclase were made. We used the JEOL
733 electron microprobe at Dalhousie University. It is
equipped with four wavelength-dispersion spectrom-
eters and an Oxford Link eXL energy-dispersion sys-
tem. The constituents SiO,, TiO,, Al,O3, Cr,03, FeO,
MnO, MgO, CaO, Na,0, K;0, La,03, SrO, BaO, and
NiO were detected using the energy-dispersion system
with a resolution of 137 eV at 5.9 keV. The beam size
was approximately 1 wm, with an accelerating voltage
of 15 keV and a beam current of 15 nA. Spectrum ac-
quisition lasted 40 seconds. All raw data were corrected
by Oxford Link’s ZAF matrix-correction program. In-
strument calibration, performed on cobalt metal, was
+0.5% at one standard deviation. The mineral standards
KK (amphibole) and KCpx (clinopyroxene) indicated a
precision and an accuracy of better than 2% for con-
stituents with concentrations >1 wt.%. The typical de-
tection-limit was ~0.1 wt.%. The trace elements La, Sr,
Ba, and Ni are present at a level below detection except
for Ni in olivine. All augite, pigeonite, plagioclase, and
olivine compositions have analytical totals between 98.5
and 101.5 wt.%. Similarly, samples for which cation
totals were greater than +0.5% of the ideal total number
were eliminated.

The value and importance of the vessels necessitated
a microsampling technique. Thus a fine-tipped vibrat-
ing tool (vibrograver) was used to remove silt-sized to
fine-grained sand-sized mineral particles from as many
unfinished or broken surfaces on each vessel as possible.
Each artefact sample (~1 mg) was prepared as thick (0.3
mm) grain mounts in epoxy, and augite (~1400 analy-
ses), plagioclase (~1200), and, where possible, pigeo-
nite (~90), and olivine (6 analyses), were analyzed using
the Dalhousie microprobe (methods as above). Vessels
ROM 1 to ROM 10 were analyzed at the University of
Toronto using a Cameca SX50 electron microprobe,
with three wavelength-dispersion spectrometers. Beam
diameter (1 wm), operating conditions (15 keV and 30
nA), methods of calibration, and precision and accuracy
are similar to those for the Dalhousie instrument. Aver-
age compositions of augite, plagioclase, pigeonite, and
olivine in the bedrock samples and stone vessels appear
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in Tables 1, 2 and 3, respectively. Complete sets of min- DATA PRESENTATION
eral data are compiled as Appendices 2 (basalt bedrock),
3 (basalt vessels), and 4 (non-basalt vessels) in Mallory Differences in composition can be seen in the aver-

(2000), and are available from the first author. age data for augite, pigeonite, and plagioclase in each
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TABLE 1. AVERAGE COMPOSITIONS OF MINERALS IN BEDROCK SAMPLES, EGYPTIAN BASALTS

Augite Plagioclase

Sample N SiO, TiO, ALO, FeO MnO MgO CaO Na,0 Total Sample N Si0, ALO; FeO CaO Na0O XK,0 Total
Bahariya (T) Bahariya
H4 7 51.35 135 1.88 862 0.17 154220.81 055 100.15 H4 2 53.56 2801 060 1130 462 030 9839
H4B 14 5124 1.19 199 811 0.07 1566 20.35 043 9504 H4B 12 55.14 2744 064 970 558 039 9889
BAHI1 18 5227 1.03 207 7.80 0.09 16.10 20.47 0.47 10030 BAHI 15 56.08 2753 070 975 S5.61 0.42 100.09
Cairo—Suez Road (T) Cairo—Suez Road
CSR1 10 50.70 1.03 1.97 13.13 036 1470 17.61 0.48 9998 CSR1 6 5241 2904 091 1251 425 020 9932
CSR2 19 5114 0.85 143 1457 0451393 17.30 0.33 100.00 CSR2 22 5286 2959 090 1261 420 0.23 100.39
CSR4 18 51.03 1.17 227 11.51 0.1515.78 17.65 0.33 99.89 CSR4 19 5310 29.31 0.83 12,13 430 027 9994
CSR5 14 5040 1.19 2,68 10.51 0.17 1522 18,51 0.37 99.05 CSR5 19 51.69 29.69 089 1281 3.87 0.18 99.13
Haddadin (T) Haddadin
ABZ1 22 51.21 1.01 1.7811.34 024 15531822 0.32 99.65 ABZ1 20 53.06 2922 079 1185 445 029 99.66
ARF1 14 4999 142 204 1338 03413951795 051 99.58 ARF1 5 5529 2699 059 1021 523 034 98.65
K32/2 11 5074 1.10 2.08 10.98 0.31 15.45 18.69 0.45 99.80 K32/2 3 5455 2762 073 1074 504 036 99.04
HAD2 7 5082 096 1511289 0.34 1437 1832 043 9964 HAD2 4 5597 2663 089 955 557 041 99.02
HDI1 11 51.54 1.13 1.72 1236 031 15.09 17.96 0.34 100.45 HD1 9 5373 2877 085 11.65 4.66 032 99.98
HD2 9 5169 102 1601232 0.3115.2317.83 0.28 10028 HD2 9 5428 2873 075 11.50 472 0.30 100.28
60CT1 9 5145 103 1501394 0361428 17.56 0.34 100.46 60CT1 8 5495 2866 081 1119 5.02 0.36 100.99
60CT2 9 5131 118 1761264 0311459 18.18 0.34 100.31 60CT2 10 5395 2928 087 1191 471 030 101.02
60CT3 13 5143 1.07 1.6111.61 02615011856 0.34 99.89 60CT3 14 53.62 2882 0.80 11.82 4.67 027 100.00
GQ 25 5075 1.00 1.8012.96 021 14881797 030 99.87 GQ 13 53.04 2853 0.90 11.62 477 034 99.20
Middle Egypt (T) Middle Egypt
ZA 9 4923 1.85 2.8013.07 033 1442 1740 044 99.54 ZA 4 51.14 2950 098 1349 3.78 0.10 9899
ZA2 14 50.57 1.41 2991199 0.20 14.45 18.47 0.40 100.48 ZA2 17 52,54 2996 0.83 13.08 396 0.13 100.50
MN 9 4955 141 3.1810.62 0.21 15.2518.64 0.49 9935 MN 2 5222 29.15 077 1268 4.08 0.16 99.06
MN2 19 50.73 1.33 2521279 0331514 17.05 0.35 100.24 MN2 22 52.48 2987 0.86 13.05 4.04 0.15 10045
Wadi Natash (A) Wadi Natash
WNI6 17 4929 1.88 3.1210.18 0.13 1459 20.10 049 99.78 WN16 9 5423 2788 096 1052 532 045 9936
WNL1 10 4835 249 512 848 0.16 13.49 21.69 0.58 100.36 WNLI1 8 53.18 2952 094 1198 449 028 100.50
WNLS5 12 4913 227 347 9.07 00713922151 0.60 100.04 WNLS 10 53.19 2873 0.80 11.46 490 029 9937
WNL7 9 4942 1.80 2971002 0.17 13.64 21.05 0.59 99.66 WNL7 8 5294 2876 075 1145 477 032 9899
WNM1 8 4753 246 522 814 bd 13.1422.03 063 99.15 WNM1 5 5202 2873 1.04 1146 446 042 98.13
WNM2 10 4941 1.93 504 762 0.1013.7321.89 0.66 100.11 WNM2 10 5230 30.10 0.64 12.68 4.18 024 100.14
WNM3 12 4780 249 4.12 932 007 13.14 2159 0.66 99.19 WNM3 § 52.12 29.02 080 11.82 4.55 031 98.62
WNU2 10 4743 197 623 680 bd 13.6721.62 067 9850 WNU2 5 5226 29.03 081 11.56 461 035 9862
WNU7 14 4820 238 420 913 bd 13382166 0.58 9953 WNU7 10 52.13 2936 080 1217 446 026 99.18
WNUS8 5 4830 260 4.18 920 0.1313.1321.56 0.78 9988 WNUS8 5 5294 2912 089 11.54 480 032 9961
Gebel el Asr (A) Gebel el Asr
P15 16 4795 238 476 881 0.0613.6521.20 058 9939 P15 10 50.68 30.16 078 13.19 3.81 034 98.96
Lake Nasser (A) LakeNasser
PS 14 47.10 3.45 565 864 00612822157 0.68 9997 P5 12 53.68 29.08 097 1149 465 047 10034
P8 15 4816 2.60 435 923 007 13.0321.88 0.64 9996 P8 no unaltered plagioclase present
P10 15 4898 200 331 875 bd. 13832179 060 99.26 P10 6 53.16 2828 088 11.03 5.07 034 98.76

Pigeonite

Cairo—Suez Road

CSR1 6 5096 052 0.522421 0.78 17.67 459 032 99.57
CSR2 17 51.51 0.46 0552426 0731747 472 0.12 99.82
CSR4 1 50.84 0.50 0402651 0751573 496 bd. 99.69
CSR5 7 5128 061 0862150 0601879 540 bd 99.04
Haddadin

ABZ1 2 5034 0.55 04626.70 0.76 1547 4.84 bd 99.12
HAD2 2 5042 043 0422591 0671539 499 034 9857
60CT3 1 51.12 059 0522538 0.62 1470 6.84 bd. 9977
Middle Egypt

ZA2 1 53.07 0.67 1092180 0.66 19.53 445 b.d. 10127

MN 1 5129 051 0652444 0521774 4.65 032 100.12
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Olivine Olivine
Sample N Si0, FeO MnO MgO CaO  Total  Sample N Si0, FeO MnO MgO CaO  Total
Bahariya Middle Egypt
H4 6 3701 2834 036 3426 032 100.29 MN 6 36.09 3211 048 3089 0.26 99.83
H4B 3 3633 31.74 029 3141 032 100.09 MN2 7 36.62 3298 0.50 30.54 0.25 100.89
BAH1 6 3652 3215 043 3075 029 100.14
Wadi Natash
Cairo—-Suez Road WN16 6 3717 27.82 047 3535 027 101.08
CSR1 4 3513 3969 068 2502 024 10076  WNLI 6 3896 2126 037 4021 030 10110
CSR2 3 3578 3740 070 26.63 0.26 100.77 WNL3 2 3695 29.78 043 3422 038 101.76
CSR4 3 3477 4230 0.67 2293 037 101.04 WNL7 1 3646 29.96 0.50 3373 0.36 101.01
WNM1 1 3712 2720 044 3614 036 101.26
Haddadin WNM2 4 38.64 2225 032 39.59 0.30 101.10
ABZ1 2 3373 4558 068 19.37 0.27 99.63 WNM3 2 3651 31.61 049 3264 0.39 101.64
K32/2 7 3391 4288 0.70 21.38 0.28 99.15 WNU2 3 39.23  16.08 0.10 45.56 0.18 101.15
HAD2 3 3383 4477 081 1991 023 99.55 WNU7 2 37.03  29.67 046 3436 0.26 101.78
HD1 2 34.07 45.04 0.61 1998 0.22 99.92 WNU8 2 36.76 2874 0.67 3481 0.23 101.21
HD2 2 3396 4770 0.74 1843 023 101.06
60CT1 2 3506 3927 0.60 2494 0.28 100.15 Gebel el Asr
60CT2 2 3425 4659 081 1947 025 101.37 P15 4 3738 2780 042 3581 031 101.72
60CT3 2 33.95 4540 0.74 1933 0.30 99.72
GQ 6 3382 46.52 0.68 20.00 0.22 101.24 Take Nasser
P5 4 3865 23.50 0.46 38.67 0.36 101.64
P8 4 36.59 32.52 039 3267 031 101.48
P10 5 3723 2737 040 36.15 0.30 101.45

Raw data, calculation procedures, and standard deviations are given in Appendix 2, Mallory (2000). Compositions are reported as wt.%
oxides. N: number of analyses. b.d.: below detection limit. A: alkali basalt, T: tholeiite.

TABLE 2. AVERAGE COMPOSITIONS OF MINERALS IN ALL BASALT VESSELS

Mineral N Si0, TiO, ALO; FeO MnO MgO CaO Na0 K,0
Augite average 117 51.14 101 161 1254 026 1495 1791 031

st. dev. 026 007 016 144 007 055 066 0.05
Plagioclase  average 117 53.33 2899 077 11.65 4.60 50.29
st. dev. 0.65 048 0.07 050 031 037
Pigeonite average 53 5069 045 049 2668 0.69 1550 507 0.08

st. dev. 043 013 015 155 008 103 097 0.07
Olivine average 7 33.98 4552 076 1984 0.27

st. dev. 0.43 1.56 0.10 132 0.07

N: number of vessels, st. dev.: standard deviation. ¥ The concentration of potassium was not
measured in plagioclase for samples ROM2 to ROM10. It was thus measured in 108 vessels rather

than 117.

bedrock sample (Table 1) and, in particular, among bed-
rock units. For example, the average amount of Mn in
the Bahariyan augite (0.07-0.17 wt.% MnO) is lower
than in Haddadin augite (0.24-0.36 wt.% MnO).
Figure 3a shows that average compositions of aug-
ite in the bedrock, plotted as Al,O3 versus SiO,, encom-
pass a wide range of compositions that cross both the
alkaline and tholeiitic fields (Le Bas 1962). Average
SiO; and Al,O5 values for augite in the 117 vessels
(summary of ~1400 analyses; averages in Table 3) en-

compass a very small range of subalkaline compositions
(Fig. 3b) that overlap with augite from Haddadin, Cairo—
Suez and Middle Egypt suites (Fig. 3a). As it is difficult
to see relationships and similarities when hundreds of
data points are plotted on a diagram, averages (Tables
1, 2) have been used for clarity in Figure 3c, d, e, and f.
As in augite, SiO, and Al,O3 are negatively correlated
in plagioclase (Fig. 3c), but there is no obvious correla-
tion in pigeonite (Fig. 3d). Perhaps this reflects the small
range of compositions shown by northern subalkaline
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TABLE 3. AVERAGE MINERAL COMPOSITIONS FOR INDIVIDUAL BASALT VESSEL SAMPLES

Augite

Sample N Si0, TiO, ALO, FeO MnO MgO Ca0O Na,0 Total Sample N $i0, TiO, ALO, FeO MnO MgO CaO Na,0 Total
ASH1 13 51.06 096 148 13.12 030 1455 17.75 034 99.56 PETIS 15 50.99 097 141 13.83 029 1454 17.21 035 99.59
ASH2 10 5111 111 1.74 1149 0.28 15.26 1834 034 9967 PETi6 17 51.07 1.06 1.66 1230 020 15.04 18.05 034 9972
ASH3 1 51.18 1.03 1.45 1361 036 14.55 17.43 042 100.03 PET17 12 51.00 099 159 1341 030 1453 1742 023 9947
ASH4 3 50.88 071 124 1654 043 13.74 1602 040 99.96 PETI8 12 5145 1.01 1.59 1188 025 1526 1830 0.34 100.08
ASHS 10 51.14 1.01 1.65 12.18 042 15.01 17.97 033 99.71 RMB1 8 5148 098 1.53 1246 0.24 15.02 1812 0.29 100.12
ASH6 15 5092 098 144 1438 029 14.28 1699 032 99.60 RMB2 6 51.29 1.07 1.67 11.60 023 15.25 1848 033 9992
ASH7 11 5146 099 173 1090 021 1545 1877 029 99.30 RMB4 14 5136 1.00 1.63 11.52 022 1530 18.44 028 99.75
ASHS 9 51.18 0.98 1.51 1244 030 1499 18.03 034 99.77 RMBS 3 5072 091 129 1524 043 1400 1649 039 9947
ASH9 10 50.89 1.10 1.59 1225 0.19 1497 1797 020 99.16 RMB6 9 51.59 1.09 165 1237 0.20 15.22 18.10 0.33 100.55
ASH10 18 51.28 1.03 1.57 1227 0.26 15.04 18.04 033 99.82 RMB7 10 51.33 096 1.58 11.57 0.28 15.28 18.33 0.31 99.64
ASH11 10 5075 1.08 156 13.25 0.28 1440 17.76 031 9939 RMBS 12 51.29 1.06 158 11.86 022 15.15 1826 027 99.69
ASH12 16 51.07 105 156 12.87 025 14.72 17.86 034 9972 RMB9 12 5134 1.03 163 11.81 021 1522 1840 031 99.95
ASHI3 10 51.04 095 148 1393 030 14.83 17.04 033 99.90 RMBI10 9 50.73 091 142 1687 046 13.16 1628 0.29 100.12
BM1 10 51.24 1.01 1.69 1187 028 1523 1822 029 99.83 RMBI1 10 50.99 094 140 1342 0.28 14.53 17.67 034 99.57
BM2 7 5090 095 1.19 1532 037 13.65 16.13 035 98.86 RMBI2 12 51.02 1.10 163 1230 0.14 1513 1791 028 99.51
BM3 11 51.55 094 188 957 0.12 1631 1857 025 99.19 RMBI3 11 51.17 094 143 1493 0.28 1471 17.24 0.27 10097
BM4 11 5123 1.04 176 1130 023 1525 1854 034 99.69 RMB14 22 51.12 1.03 162 12.81 0.24 1501 17.66 035 99.84
BMS 12 50.75 1.09 1.63 1248 036 14.68 17.78 030 99.07 RMBI15 15 50.85 1.11 157 1344 032 1460 17.58 038 9985
BRKI1 11 5135 1.11 187 1064 0.11 1576 1843 034 99.61 RMBIl6 12 51.19 1.08 1.74 1121 0.20 1548 1848 029 9967
BRK2 13 5109 1.09 1.68 1241 0.25 1507 17.95 033 99.87 RMBI17 17 51.40 1.08 1.69 1062 0.19 15.64 1868 031 9961
BRK3 10 5126 1.03 167 1191 024 1527 1830 032 100.00 RMBI8 6 50.80 1.03 155 1421 0.39 1431 17.21 024 99.74
BRK4 12 50.96 1.06 166 13.11 030 1437 17.89 033 99.68 RMB19 16 51.34 1.03 163 12.06 0.24 1515 1823 030 9998
BRKS 8 50.76 0.85 125 1558 040 13.65 16.65 036 99.50 RMB20 12 50.89 1.05 1.61 12.70 0.30 14.80 1791 036 99.62
BRK6 16 51.23 1.04 161 1203 026 1516 1817 035 9985 RMB21 18 5148 1.10 167 1086 0.23 1567 18.69 030 100.00
BRK7 11 5135 104 165 11.81 023 1528 1830 0.34 100.00 RMB22 12 51.30 1.06 180 1128 0.17 1539 1849 033 9982
BRKS8 19 5140 1.06 1.80 11.11 020 15.67 1829 031 99.34 RMB23 18 5126 101 157 1204 0.23 1528 1797 035 99.71
FIT1 10 50.94 1.00 149 1345 027 1430 1770 029 9944 RMB24 18 5121 1.01 163 1249 025 1493 1807 032 9991
FIT2 16 51.23 1.06 163 12.16 025 1501 1824 034 9992 RMB25 11 50.78 094 148 1351 033 1471 1724 034 9933
FIT3 12 51.01 1.02 231 1030 0.14 1579 1844 030 9931 RMB26 11 5091 093 137 1472 036 14.07 1724 035 9995
FIT4 9 51.10 1.05 1.68 1244 0.18 1488 1798 033 99.64 RMB28 12 5092 096 150 1343 038 1445 1761 031 99.56
MFAL 11 5142 1.03 176 1037 0.16 1560 1897 035 99.66 RMB29 11 51.57 093 182 935 0.16 1624 1905 026 9938
MFA2 8 5093 0.97 139 1313 025 1468 1749 023 99.07 RMB30 11 5093 1.09 1.66 1204 020 15.05 18.06 034 9937
MFA3 15 5131 097 161 1259 026 1488 1800 031 9993 RMB31 3 50.56 099 1.56 13.08 0.19 1466 17.62 0.23 98.89
MFA4 14 5087 098 176 1292 026 1481 17.57 036 99.53 RMB32 11 50.63 0.98 1.57 1289 033 14.65 17.67 0.35 99.07
MFAS 17 51.14 1.07 161 1220 024 1507 18.00 024 99.57 RMB33 6 50.64 1.08 171 1192 027 1493 1807 033 9895
MFA6 23 5122 1.02 166 11.61 0.17 1521 1845 032 99.66 RMB34 12 50.83 1.03 158 1247 033 1490 1775 0.28 99.17
MFA7 12 5097 1.14 1.68 11.14 0.18 1539 1849 0.28 99.27 RMB35 10 50.64 1.00 1.56 13.04 027 1461 1737 035 98.384
MFAS8 11 50.89 1.05 1.65 1290 0.26 1477 17.60 032 99.44 RMB36 10 5111 1.02 147 1279 0.19 1472 1795 0.37 99.62
MFA9 18 50.96 095 158 13.69 031 1446 17.41 033 99.69 RMB37 12 51.11 1.00 140 1447 035 1451 17.01 032 100.17
MFALIO0 12 51.03 096 152 1248 0.28 1491 17.99 032 9949 RMB39 11 51.65 1.01 181 1069 0.19 1580 18.72 0.32 100.19
MFAI2 15 50.99 097 147 13.71 028 14.62 17.29 031 99.64 RMB40 6 51.13 097 148 1436 038 14.81 1689 0.31 100.33
MFAL3 17 51.17 1.00 164 12.14 031 1523 17.96 030 99.75 ROM2 16 51.27 099 1.68 12.75 032 14.71 18.18 0.23 100.13
MFAl14 17 51.19 1.04 1.68 11.94 024 1536 1798 032 9975 ROM3 4 5135 106 1.73 1194 031 1516 1815 022 9992
MFAI1S 15 51.04 1.04 161 1222 023 1497 1819 032 99.62 ROM4 9 51.62 099 182 1069 026 1562 19.08 0.23 100.31
MFAl6 10 5123 099 168 11.81 0.22 1524 18.19 033 99.69 ROMS 7 5163 098 166 1177 032 15.19 1849 0.22 100.26
MFA17 9 50.87 1.08 148 13.89 028 1436 17.25 034 99.55 ROM6 14 5126 098 175 1222 032 1493 1836 0.23 100.05
MFA18 13 51.09 109 167 12.05 022 1510 17.96 032 99.50 ROM7 11 51.30 1.02 1.71 1273 033 14.87 18.17 0.24 10037
MFAI9 16 5124 097 160 1276 024 1521 17.37 030 99.69 ROM8 11 5123 093 149 1511 040 14.00 16.87 0.24 100.27
PET1 8 51.00 115 1.73 11.56 0.09 15.00 1836 032 99.21 ROMS 10 5142 1.05 1.79 1209 031 14.87 1855 022 10030
PET2 6 5093 0.79 107 17.64 043 13.92 1494 009 9981 ROM10 17 5134 1.00 174 13.04 033 1471 1799 023 10038
PET3 17 51.17 098 155 1291 0.28 14.66 1791 029 99.75 ROMI1 11 5110 1.09 176 1042 025 1542 1895 0.40 99.39
PETS 4 5068 0.83 1.10 1649 043 13.19 1647 028 99.47 ROM12 10 5161 093 187 1142 0.18 1565 1817 031 100.14
PET7 16 50.84 1.00 150 1334 026 14.54 17.53 035 9936 ROMI13 10 5141 1.04 162 1264 0.26 14.99 18.08 0.34 100.38
PETS 10 51.17 1.02 158 1235 024 1502 17.99 030 99.67 ROM15 12 5142 1.09 164 1156 0.20 1548 1833 034 100.06
PET9 15 5124 098 1.71 1140 0.19 1532 1842 036 99.62 ROM16 11 51.69 093 1.63 11.79 023 1542 1827 0.31 100.27
PETI1 17 51.13 110 168 12.10 023 15.14 1810 031 99.79 ROM17 9 5159 095 166 1076 026 1572 18.74 027 9995
PET12 8 5083 099 1.80 11.42 026 1525 1806 026 98.87 ROM18 11 51.34 1.04 167 12.00 0.30 15.08 18.37 0.32 100.12
PET13 15 51.70 0.89 1.77 11.01 0.21 16.01 18.03 022 99.84 ROM19 12 5120 1.16 1.68 1290 0.28 14.69 18.03 0.30 100.24
PET14 18 5142 103 181 10.74 0.18 1556 1882 0.26 99.82

basalts (see also FeO-SiO; plot for pigeonite, Fig. 3e).
Pigeonite compositions can apparently distinguish
Cairo—Suez basalts from Haddadin samples (Fig. 3e).
However, the negative correlation shown between FeO
and SiO; in olivine, due to stoichiometry, that separates
the various groups of Egyptian lava according to alka-
linity, is impressive (Fig. 3f).

Using unaveraged data complicates the comparison
of coexisiting (i.e., same rock sample) augite, plagio-
clase, pigeonite, and olivine compositions because it is
not obvious how to pair analytical data. Therefore, for
each sample, averages of data from each mineral have
been paired instead. Figure 4a shows that Si/Al in pla-
gioclase and augite are correlated (r* = 0.47; P = 0.004;
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TABLE 3 (continued). AVERAGE MINERAL COMPOSITIONS FOR INDIVIDUAL BASALT VESSEL SAMPLES

Plagioclase

Sample N Si0, ALO; FeO CaO Na,0 K,0 Total Sample N Si0, ALO; FeO Ca0 Na0O K,0 Total
ASH]1 8 53.61 2897 075 1148 4.77 0.30 99.88 PET14 17 53.26 2910 074 11.73 4.56 027 99.66
ASH2 5 52,59 29.46 060 1232 4.33 0.20 99.50 PET15 11 5298 29.45 077 1201 4.46 025 99.92
ASH3 11 5587 27.01 0.65 9.80 5.81 043 9957 PET16 12 52.61 29.46 078 1216 429 024 9954
ASH4 7 5462 27.66 053 1137 532 034 9984 PET17 7 5262 2924 076 12.00 434 025 9921
ASHS 7 5290 29.05 061 11.90 4.49 028 9923 PET18 12 52.97 2948 0.77 1205 4.31 025 99.83
ASH6 9 5430 28.53 087 1098 485 031 99.84 RMBI1 8 5408 28.8S 096 11.35 495 0.32 100.51
ASH7 10 5295 2940 0.77 11.99 4.51 024 99.86 RMB2 9 5277 29.21 099 1223 436 025 9981
ASHS 7 51.79 29.80 080 1262 4.08 023 9932 RMB4 11 53.41 28.84 0.78 1139 4.75 0.31 9948
ASH9 13 5276 2823 076 11.82 452 026 9835 RMBS [ 52,97 2899 1.04 1170 4.58 027 99.55
ASHIO 12 5345 28.96 074 1155 4.73 028 99.71 RMB6 11 53.19 29.32 076 12,01 4.54 0.25 100.07
ASH11 8 5272 29.10 085 11.97 4.45 025 9934 RMB7 8 5324 28.74 074 11.50 4.60 029 99.11
ASH12 13 53.59 2891 070 11.43 4.77 030 99.70 RMBS8 8 54.05 2853 082 1103 4.92 032 9967
ASHI3 5 5401 2841 081 1098 4.89 031 9941 RMB9 12 53.25 2896 085 11.60 4.67 030 99.63
BM1 10 53.79 28.84 071 11.35 4.81 031 99.81 RMB10 10 54.35 28.46 0.82 1093 5.06 037 99.99
BM2 10 52.93 2931 078 11.88 4.49 027 99.66 RMB11 4 5378 28.88 080 1139 4.73 028 9986
BM3 9 52.63 29.18 072 1200 4.40 026 99.19 RMBI12 10 53.08 29.02 075 1180 4.60 029 99.54
BM4 8 54.13 2862 075 1113 497 031 9991 RMBI3 15 5344 2920 074 1173 467 029 100.07
BMS5 10 52.66 2890 0.73 1179 4.52 0.27 98.87 RMB14 19 53.78 28381 0.78 11.41 4.78 030 99.86
BRK1 14 5281 2939 077 1208 439 025 99.69 RMBI15 17 5375 2866 078 1131 484 031 9965
BRK2 13 5345 28.88 083 11.53 4.71 032 99.72 RMB16 11 53.17  29.02 081 1169 4.67 026 99.62
BRK3 10 52.14 2987 081 1251 4.18 024 99.75 RMB17 17 53.03  29.20 079 1188 4.52 0.26 99.50
BRK4 10 5298 2927 077 1197 4.44 025 99.68 RMB18 8 53.05 29.28 077 1195 452 025 99.82
BRKS 7 52.94  29.09 075 11.74 4.54 029 99.35 RMB19 16 53.90 28.78 077 11.30 4.88 031 9994
BRK6 14 53.84 2878 09 11.37 4.82 0.30 100.01 RMB20 11 52.81 2923 081 11.88 4.51 0.27 99.51
BRK7 9 5495 2815 071 1043 528 037 9989 RMB21 18 5315 2928 075 1188 456 027 99.89
BRK38 17 5311 2917 082 11.75 4.54 030 99.69 RMB22 12 5328 29.13 076 11.75 4.56 028 99.76
FIT1 10 5350 29.12 081 1162 4.66 028 99.99 RMB23 17 52.65 2931 074 12.03 4.42 026 99.41
FIT2 14 5335 29.04 070 11.60 4,56 029 99.54 RMB24 16 52.83 2935 077 12.03 4.44 0.26 99.68
FIT3 9 52.54 29.59 0.65 1233 4.29 022 99.62 RMB25 8 52.69 2924 077 11.84 4.43 0.24 9921
FIT4 10 5469 28.12 0.77 10.59 5.23 036 99.76 RMB26 10 5392 2871 074 11.21 4.88 030 99.76
MFA1 15 53.95 28.53 074 11.07 4.94 031 99.54 RMB28 9 §3.77 2843 077 11.04 487 032 99.20
MFA2 10 53.59 2848 0.74 1120 4.80 032 99.13 RMB29 10 53.00 29.14 081 11.71 4.50 029 99435
MFA3 11 5546 27.77 077 10.11 5.50 0.43 100.04 RMB30 12 53.37 28.63 076 1131 4.81 032 99.20
MFA4 11 53.06 29.16 072 1174 4.51 026 99.45 RMB31 5§ 53.46 28.63 078 11.23 4.79 0.29 99.18
MFAS 18 53.75 2847 079 11.03 4.92 033 99.29 RMB32 10 53.36 2841 085 11.26 4.78 028 98.94
MFA6 25 54.01 2856 081 10.99 4,95 033 99.65 RMB33 9 53.63 2797 079 1094 488 033 98.54
MFA7 10 53.60 28.48 0.86 11.09 4.85 032 99.20 RMB34 9 53.48 28.49 081 11.19 4.85 031 99.13
MFA8 14 5292 2915 079 11.86 4.52 027 9951 RMB35 10 52.78 2894 0.74 11.72 4.52 026 98.96
MFA9S 17 53.42 2884 077 1148 4.68 031 99.50 RMB36 9 53.35 2898 0.77 11.60 4.70 0.26 99.66
MFAIG 13 54.04 2830 0.77 1086 5.02 032 9931 RMB37 10 53.02 2935 0.73 1195 4.47 027 99.79
MFA1Z 13 5424 2825 075 10.89 5.04 0.34 99.51 RMB39 10 52,56 29.63 076 1231 4.29 025 99.80
MFA13 17 52.64 2931 082 12.06 437 025 9945 RMB40 9 53.39 2911 073 1180 4.64 028 99.95
MFA14 17 52.85 2930 075 1191 4.42 027 99.50 ROM2 15 53.94 2899 075 11.68 424 NA. 99.60
MFAILS 16 53.05 2898 086 11.78 4.53 0.26 99.46 ROM3 1 53.04 3019 0.70  12.69 385 N.A 10047
MFAlé 10 5430 28.28 078 1081 5.04 0.36 99.57 ROM4 12 5446 28.68 073 1124 446 NA 99.57
MFA17 12 5328 2873 084 1148 463 029 9925 ROMS 8 5354 2924 105 1201 403 NA 9987
MFA18 12 5298 29.12 0.69 11.81 4.54 026 99.40 ROM6 9 5334 29.56 073 1222 4.01 NA 9986
MFA19 16 5253 2943 077 12.18 433 025 99.49 ROM7 9 5349 29.70 0.79 1226 4.11 NA 10035
PET1 10 5247 2934 077 1217 4.30 026 99.31 ROMS 9 54.00 2930 072 1199 411 NA. 100.12
PET2 9 52.84 29.15 067 1190 443 025 99.24 ROM9 8 5349 29.60 073 1225 403 N.A 100.10
PET3 12 5297 29.19 077 1185 4.54 028 99.60 ROM10 12 5417 2912 081 11.62 435 N.A. 100.07
PET5 4 5350 28.65 070 1121 478 032 99.16 ROM11 10 53.05 2881 076 11.50 467 027 99.06
PET7 14 52.89 29.10 073 11.80 4.53 029 9934 ROMI2 10 5270 29.80 070 1244 423 0.22 100.09
PET8 6 5296 28.90 084 11.59 451 030 99.10 ROM13 9 5334 2931 0.78 11.88 4.55 029 100.15
PET9 13 52.69 29.19 0.86 11.95 4.44 0.24 99.37 ROMIS 9 53.40 2925 072 1183 4.60 0.26 100.06
PETI1 15 5259 2943 083 1212 4.36 025 9958 ROMI16 8 52.75 2997 077 12.50 4.28 022 10049
PET12 13 52.73 28091 079 11.66 4.51 028 98.88 ROM17 8 5399 29.00 073 1142 4.77 0.30 100.21
PET13 16 5251 29.67 081 1230 428 025 9982 ROM18 5 5279 2961 0.79 1230 4.41 0.24 100.14

ROM19 ¢ 53.85 28.82 074 1127 4.89 030 99.87

ratios derived from Tables 1 and 2). In Figure 4b,
weight-percent plots of the anorthite component of pla-
gioclase and the wollastonite component of augite il-
lustrate that CaO/(CaO + MgO + FeO") in augite is lower
in Haddadin, Cairo—Suez and Middle Egypt flows than
in Bahariya and southern Egypt (Wadi Natash, Lake
Nasser Gebel et Asr), and that CaO/(CaO + Na,O +

K»0) in plagioclase is lower in Haddadin samples than
in Cairo—Suez and Middle Egypt samples. Thus, most
major groups of rocks are separated on this diagram;
the average of all vessels plots with the Haddadin aver-
ages. Ratios of some trace components in augite (MnO/
TiOy; Si0,/Ti0,) and plagioclase (K,O/FeO; K,0/(K,0
+ Na,O + CaO) also separate groups and show that the
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TABLE 3. AVERAGE MINERAL COMPOSITIONS FOR INDIVIDUAL BASALT VESSEL SAMPLES

Pigeonite

Sample N Si0, TiO, ALO; FeO MnO MgO CaO0 Na,0 Total Sample N S8i0, TiO, ALO, FeO MnO MgO CaO Na,0 Total

ASH1 2 5057 044 038 27.04 069 1478 570 0.18 99.78 PETS 1 50.77 0.50 0.49 2563 0.68 1530 696 b.d. 10033
ASH2 4 5075 047 043 2629 059 1626 450 bd. 9929  PETI5 1 50.94 0.56 051 26,55 090 1530 526 bd. 100.02
ASH4 5 51.12 054 0.57 25.09 0.67 1655 529 0.10 99.93  RMB2 1 5148 0.54 051 2602 0.65 1673 486 bd. 100.79
ASHS 1 50.85 036 041 27.83 0.64 1483 437 bd. 9929 RMBS 4 5071 0.58 0.33 2669 0.68 1539 540 bd. 99.98
ASH6 1 51.09 0.54 059 2616 0.76 1561 589 bd. 100.64 RMB6 1 5120 039 048 2634 072 1654 4.18 bd. 9985
ASH9 2 50.38 0.54 058 2499 0.79 1543 626 bd. 9897 RMBI6 1 5124 045 056 2621 081 1550 586 b.d. 100.63
ASHI0 1 50.27 0.50 046 2813 0.73 1516 4.16 bd. 9941 RMB18 2 5049 042 048 2643 0.62 1556 507 bd 99.07
ASH12 5 50.35 051 049 27.00 068 1539 511 bd. 9953 RMB25 1 50.75 038 0.51 2667 0.59 15.78 5.12 b.d. 99.80
BM1 1 51.00 0.55 0.70 24.86 057 1644 559 bd. 9971 RMB26 1 4974 bd bd 3181 083 1256 375 bd 98.69
BM2 2 50.06 0.67 058 2680 078 13.19 7.06 bd. 99.14 RMB29 1 5034 052 0.78 2475 0.68 1509 743 bd. 99.59
BMS 1 50.43 041 041 2605 062 1509 5.69 030 99.00 RMB30 1 5047 0.54 0.66 2549 0.70 1663 4.63 029 9941
BRKS 2 50.58 045 033 2794 068 1551 436 bd 9985 RMB32 1 5049 049 050 26.69 0.57 1586 4.09 bd. 98.69
BRK6 1 50.62 0.61 049 2705 074 1547 508 bd 100.06 RMB33 2 5028 040 043 2676 061 1586 459 035 9928
FIT1 1 5043 038 047 2720 0.71 1576 431 bd. 99.26 RMB36 2 50.74 039 051 27.65 0.71 1552 4.69 bd. 10021
FIT4 1 51.19 038 052 2570 0.66 17.09 438 bd. 99.92 RMB40 2 51.18 0.44 041 2657 062 1654 462 bd. 10038
MFA2 1 5030 051 070 25.66 0.79 1624 4.69 bd. 9889  ROM2 i 4993 045 068 3003 069 12.84 467 0.10 9939
MFA3 2 50.94 047 041 2673 078 1475 584 0.18 100.10 ROM4 3 51.27 0.57 0.78 2385 0.58 1594 691 009 99.99
MFA4 1 5042 053 056 2649 069 1507 511 bd 9887 ROM6 1 5068 042 055 2835 0.74 1445 524 009 100.54
MFAS 2 50.65 0.42 047 2669 068 1638 438 bd 9967 ROMS 1 5093 066 022 3169 073 1298 371 0.07 100.98
MFAS8 2 50.43 051 0.8523.96 059 1508 733 bd 9875 ROM?9 1 51.83 037 050 2553 0.64 17.02 431 0.06 100.26
MFA9 1 49.79 049 044 2920 075 13.10 6.00 bd. 9977 ROMI1 1 50.17 047 046 2668 061 1536 499 bd. 98.74
MFAlIO 2 50.51 0.52 053 2526 062 1576 584 bd. 99.04 ROM12 1 50.60 0.53 045 2725 0.75 1580 505 bd 10042
PETI 6 50.60 0.50 0.53 25.80 0.74 15.15 6.12 0.13 99.57 ROM13 2 51.20 036 040 2640 070 1577 463 0.18 99.64
PET2 1 51.03 bd bd 2823 073 1637 250 bd. 9886 ROMi6 | 51.53 0.53 049 2545 0.81 1643 4.69 0.32 10025
PETS 1 5031 bd. 031 2797 057 1543 398 bd. 9857 ROMI8 1 50.74 035 049 2671 082 16.18 479 bd. 100.08
PET7 2 50.72 0.53 0.33 26.19 068 1584 480 bd. 99.09 ROM19 1 5075 046 039 2673 078 1639 4.10 bd.  99.60

Olivine

Sample N Sio, FeO MnO MgO Ca0 Total Sample N Sio, FeO MnO MgO Ca0 Total
RMBS 1 33.30 47.39 0.89 18.35 029 100.22 RMBS 1 33.30 47.39 0.89 18.35 029 100.22
ROMI1 1 34.15 42.96 0.59 21.55 027 99.52 ROMI1 1 34.15 42.96 0.59 21.55 027 99.52
ROM18 1 33.79 46.91 0.76 18.48 0.36 100.30 ROM18 1 33.79 46.91 0.76 18.48 0.36 100.30

Pigeonite was not analyzed in all samples. Raw data, calculation procedures, and standard deviations are given in Appendix 3 of Mallory
(2000). Compositions are reported as wt.% oxides. N: number of analyses, N.A.: not analyzed, b.d.: below detection limit. Sample
identification is as follows: Ashmolean Museum (ASH), British Museum (BM), Brooklyn Museum (BRK), Fitzwilliam Museum (FIT),
Museum of Fine Arts, Boston (MFA), Petrie Museum of Archaeology (PET), Royal Museums of Art and History, Brussels (RMB), and

Royal Ontario Museum (ROM).

vessel compositions plot with Haddadin averages
(Figs. 4c, d).

COMPARING THE BASALT VESSELS
TO THE BEDROCK SAMPLES

Variations in mineral composition in Egyptian basalts

By definition, only subalkaline basalts contain a low-
Ca pyroxene. Orthopyroxene was not observed in any
of the Egyptian basalt or vessel samples. However, pi-
geonite, though difficult to identify optically (it only
occurs as small interstitial grains or as a thin rim on aug-
ite) was identified using the electron microprobe in
Haddadin, Cairo—Suez and Middle Egypt basalts and in

about half of the vessels. Pigeonite was not identified in
any of the Bahariya or southern Egypt samples of ba-
salt. This is consistent with the basalts from southern
Egypt and Bahariya suites being alkaline. The corollary
is that the bedrock source(s) for vessels probably is(are)
in northern Egypt.

Based on Al,O3 versus SiO; relationships in augite
(Le Bas 1962), Egyptian basalts are variably alkaline,
with southern Egypt basalts (W, L, and A) being most
strongly alkaline, the Haddadin (H) flow and Bahariya
Oasis (B), subalkaline, and Middle Egypt (M) and
Cairo—Suez (C), transitional (Fig. 3a). Average compo-
sitions of augite in the vessels clearly indicate that these
are subalkaline (Fig. 3b).
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FiG. 4. Average values of ratios of constituents in augite plotted against those in
plagioclase. a) SiO,/Al,O3 in plagioclase shows a statistically significant positive
correlation with SiO,/Al,03 in augite (correlation coefficient = 0.47 with P = 0.004). b)
CaO/(CaO + MgO + FeO) of augite versus CaO/(CaO + NaO + K,0) of plagioclase. ¢)
The ratio MnO/TiO, in augite plotted against K;O/FeO of plagioclase. d) The SiO,/
TiO; value of augite versus K,O/(CaO + Na,O + K;0) of plagioclase. ) The SiO,/FeO
value in olivine versus the SiO,/Al,05 value in augite. f) The value of CaO/(CaO +
Na,O + K,0) of plagioclase plotted against MgO/(MgO + FeO) of olivine. For the
vessels, the single datapoint represents the average of all 117 averages for the vessels.
All ratios calculated from wt.% data, with total Fe as FeO. Symbols as in Figure 3. See
text for discussion.

Two parameters that can be used to describe plagio-
clase [anorthite content = CaQ/(CaO + Na,O + K,0),
constituents in wt.%] and augite [wollastonite content =
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CaO/(CaO + MgO + FeO), constituents in wt.%] com-
positions illustrate the utility of comparing mineral com-
positions (Fig. 4b). The alkaline, southern Egypt basalts,
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and the Bahariya rocks have higher wollastonite con-
tents than subalkaline basalts in northern and Middle
Egypt. Further, the higher anorthite content of Middle
Egypt and Cairo—Suez plagioclase separates these rocks
from the Haddadin flow.

Ratios in Figure 4d combine major and trace com-
ponents in plagioclase and augite. The ratio SiO,/TiO,
(Wt.%) in augite has long been known to indicate alka-
linity (Le Bas 1962, Nisbet & Pearce 1977), and appar-
ently serves in this case to separate Middle Egypt from
Cairo—Suez basalts, both of which have low K,O/(CaO
+ Na,O + K,0) (wt.%) values. Figures 4e and 4f dem-
onstrate that olivine compositions, like plagioclase and
augite compositions, correlate with alkalinity and can
also distinguish Egyptian basalt units.

As a generalization, northern basalts plot differently
from southern basalts on Figures 3 and 4, but the
Bahariya samples are clearly anomalous. In terms of
Si0,/Al,03 and SiO,/TiO, in augite, the rocks seem
subalkaline, but CaO/(CaO + MgO + FeO), and MnO/
TiO, values, together with a lack of pigeonite, indicate
alkaline characteristics. Published data (Awadallah
1980) suggest anomalous whole-rock major- and trace-
element characteristics (e.g., very low Ti, V, and Zr, low
MgO, but high Ni and Cr) for these rocks relative to
most continental tholeiites and alkali basalts. Therefore,
the disparate compositions of the minerals are difficult
to interpret.

The whole-rock composition of a basalt affects the
sequence of mineral precipitation (e.g., Philpotts 1990,
p. 275-289). It follows that two magmas precipitating

2 I T T
1 -
I\Md Nb Vessels
p v c
9 CH
[}
g 0O i
E
a H
B

- W g HH-' .

s, ] 1 |

-2 -1 0 1 2

Dimension 1

FiGg. 5. Multidimensional scaling diagram utilizing average
augite and plagioclase values for the bedrock (Table 1) and
vessel (Table 2) samples. Symbols as in Figure 3. The
position of average vessel composition is indicated by the
arrow.
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the same minerals but in a different sequence will
preserve distinct compositions of minerals. This fact
provides another rationalization for the ability of min-
eral-mineral plots (Fig. 4) to distinguish igneous units.

A multidimensional scaling diagram (Fig. 5)
provides a final argument for the power of mineral com-
positions in distinguishing basaltic rocks. Multidimen-
sional scaling (MDS) is an exploratory statistical
technique capable of summarizing variability in a popu-
lation, in this case chemical variation in minerals among
samples, in a small number of dimensions (Borg &
Groenen 1997, Wilkinson et al. 1992, p. 109-131). We
have found it helpful in identifying patterns in large
whole-rock, soil, pottery and agricultural-fluid
geochemical datasets (Mallory-Greenough et al. 1998,
Greenough & Owen 1998, Greenough et al. 1996). In
this case, samples plotting close together on the MDS
plot (Fig. 5) are most similar in terms of their overall
augite and plagioclase compositions. Each bedrock
sample was represented in the dataset by its average
plagioclase and augite compositions (Table 1). Each
chemical parameter (e.g., CaO in augite) was z-scored
(normalized) to put all elements on the same scale. A
matrix of Pearson correlation coefficients, which mea-
sure how distant data are from each other, was calcu-
lated from the input data (e.g., augite and plagioclase
z-scored oxides in sample m were plotted against those
in sample n, and then sample o, efc., and correlation
coefficients calculated). Conceptually, this matrix was
resolved into approximate or average distances between
samples, which were then plotted on a two-dimensional
diagram. Specifically, calculations for the linear, multi-
dimensional scaling in two dimensions (Fig. 5) used a
Kruskal loss function, yielded a straight-line Shepard
diagram, and were performed in SYSTAT software
(Wilkinson et al. 1992) with scaling in two dimensions
(Fig. 5). Stress, which is the badness-of-fit between
measured distances (the correlation coefficients) and the
approximated distances between samples (Fig. 5), di-
minished smoothly from 0.102 to 0.091 over five itera-
tions. Readers of all backgrounds interested in a useful
description of MDS procedures, calculations and appli-
cations should consult Borg & Groenen (1997).

The MDS diagram summarily shows that natural
patterns in the mineral data distinguish each of the vari-
ous rock units and that the vessels are indistinguishable
from the Haddadin flow (Fig. 5). The alkaline basalts
from southern Egypt plot on the left, whereas the tholei-
ites and the vessels plot on the right. Individual flows
tend to be distinctive, and form smaller groupings. For
clarity, the vessels are summarized in one data point,
which represents the center of the small field in which
the artefacts would plot.

Fingerprinting Egyptian basalts

Discriminant analysis mathematically summarizes
variability in datasets and can identify the elements most
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useful for distinguishing groups (Tabachnick & Fidell
2001, p. 456-516). It creates arbitrary mathematical
functions that separate data based on known groups. The
bedrock samples were grouped by region (North,
Middle, South) and flow or unit (Bahariya, Cairo—Suez
Road, Haddadin, or Cairo—Suez Road, Haddadin,
Middle Egypt). Grouping by region allows any vessels
manufactured from Middle Egyptian basalts to be iden-
tified, and grouping by flow will identify the specific

TABLE 4. EQUATIONS FOR CALCULATION OF FUNCTION SCORES

REGIONAL DISCRIMINATION-COEFFICIENTS!

Augite Plagioclase
Function 1 Function2  Function 1 Function 2
Si0, 0.330 0.283 1.745 0.431
TiO, 0.037 1.099
ALO, -0.154 1.157 ~1.899 -0.326
FeO -0.263 0.649 -0.491 -2.107
MnO 1.039 0.968
MgO 0.083 1111
Ca0 -0.899 0.009 1.874 —0.909
Na,0 -1.131 1.774 -2.784 -2.237
K;0 ~7.616 1.438
Constant 3.369 -43.503 —44.642 8.785
FLOW DISCRIMINATION-COEFFICIENTS?
Augite Plagioclase Pigeonite
Function 1 2 1 2 1 2
§i0, 0.542 0.619 0.986 0.255  1.206 1.491
TiO, -0.241 -2.293 0.687 7.019
AlLO, -1.127 1.054 -1.236 -1.725  1.097 2.085
FeO -0.931 -1.603  1.990 0247 0.208 0.368
MnO -2.668 -1.455 1352 -7.657
MgO -1.576 ~2.390 0.996 -0.714
Ca0 -0.038 -2.250 2.095 4313 -0.021 -0.622
Na,0 2.280 2.046 -2287 3774 1955 5.228
K,0 2.821 12.771
Constant 9.814 64.607 -33.474 -35.650 -86.385 —69.965
FLOW ALKALINITY
DISCRIMINATION- DISCRIMINATION-
COEFFICIENTS® COEFFICIENTS*

Function 1 Function 2 Function 1 Function 2
Augite Si0, —0.405 1.725
Augite TIO,  0.066 0.272 1.540 1.507
Augite FeO 0.230 0.789
Augite CaO 2.349 0.689 1.984 0.047
Plag. Si0, ~1.231 —0.894
Plag. ALO, 1.347 0816
Plag. CaO 3.813 -2.363
Plag. N2,0 7.066 —4.083 5.289 2350
Plag K,0  13.432 9.475
Constant  —-107.090 —56.420 —41.464 1.473

Function scores are calculated by multiplying the wt.% of each element oxide by its
coefficient, summing the products, and adding the constant (e.g., plagioclase Regional
Function 2 = (0.431*8i0,) + (~0.326*AL0;) + (-2.107*Fe0) + (~0.909*Ca0) +
(~2.237*Na,0) + (1.438*K,0) + 8.785. Notes:1: coefficients for Figure 6, 2:
coefficients for Figure 7, 3: coefficients for Figure 8, and 4: coefficients for Figure 9.
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basalt in Northern Egypt. Augite and plagioclase are
abundant in all basalts and are, therefore, the two main
minerals selected for comparison with the basalt vessels.

Clearly, the major elements in augite [(Ca,Mg,Fe?*,
Al),(Si,Al),O¢] can help discriminate between regions
and flows (Mallory-Greenough er al. 1999). As well,
univariant F-statistics give probabilities for how corre-
lated an element is with region or flow, and tend to rank
the major elements higher than the minor elements. F-
statistics ranked the constituents based on region (in
descending order of probability, CaO, TiO,, SiO,,
Al,O3, Na,O, MgO, MnO, FeO) and by flow (in de-
scending order, CaO, FeO, MnO, SiO,, Na,O, MgO,
Al,O3, TiO,). Therefore, these eight constituents were
chosen for discriminant analysis of augite based on re-
gion and flow. Only two minor constituents (FeO, K,0)
in plagioclase [(Na,Ca)(AlSi)sOg] were measured for
this study. This fact and the restrictive nature of the crys-
tal structure of plagioclase dictated that the major con-
stituents Si0,, Al,O3, CaO, and Na,O be used for
discrimination as well. Surprisingly, FeO was ranked
lowest for correlation with both flow and region accord-
ing to univariant F-statistics (region, K,O, CaO, Na,O,
Si0,, AL,O3, FeO; flow, Na,O, CaO, SiO,, K,0, Al,Os,
FeO). For pigeonite [(Mg,Fe?*,Ca)(Mg,Fe>*)Si,Og], like
augite, the constituents SiO,, TiO,, Al,03, FeO, MnO,
MgO, CaO, and Na,O were chosen. According to
SYSTAT’s univariate F-statistics, constituents selected
for each mineral individually show highly significant
correlations with the categorical variables, flow and re-
gion (P < 0.0001). Thus not surprisingly, the multivari-
ate test statistics such as Wilks’s Lambda, Pillai Trace,
Hotelling-Lawley Trace, and Theta indicate that the
element combinations chosen are also highly correlated
(P <0.0001) with region and flow (Tabachnick & Fidell
2001, p. 481).

Using unaveraged mineral compositions, the bed-
rock samples were correctly classified by region (North,
Middle, South) using the discriminant functions 87% of
the time for augite and 78% for plagioclase. Classifica-
tion of northern flows (Bahariya, Cairo—Suez Road,
Haddadin) was correct for 78% of augite, and 76% of
plagioclase cases. Overlap, where it occurs, tends to be
between Middle Egyptian and Cairo—Suez Road
samples. Pigeonite was used to distinguish between
Middle Egyptian, Cairo-Suez Road, and Haddadin
basalts, and had a success rate in classification of 92%.
Function scores for the mineral compositions, which are
derived from the discriminant functions (Table 4) are
plotted in Figures 6a, 6b, 7a, 7c, and 7e. Fields separat-
ing regions or flows were added manually and were
based on the distribution of unaveraged data. For clar-
ity, averaged data (Table 1, 3) are plotted in Figures 6
and 7. These useful diagrams summarize the degree of
chemical variability of the minerals in Egyptian basalts
and can be used to identify the source of the vessels.

The mineral data from the basalt vessels were aver-
aged, and the average augite and plagioclase composi-
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F1G. 6. Discrimination diagrams with which to discriminate among occurrences of basalt
bedrock: a) regional, using augite, b) regional, plagioclase, c) vessels plotted on Figure
6a, and d) vessels plotted on Figure 6b. Fields were added on the basis of dominant
region or flow using bedrock unaveraged individual compositions (Appendix 2, Mallory
2000). Average bedrock (Table 1) and vessel (Table 3) compositions are plotted for
clarity. Function scores were calculated with the equations given in Table 4. Symbols as

in Figure 3.

tions from the vessels (Table 3) were used with the dis-
criminant functions (Table 4) to calculate function
scores. When plotted on the regional diagrams derived
from the bedrock samples, a Northern source is indi-
cated (Figs. 6¢, d). Using the Northern discriminant
equations and plots, the Haddadin basalt is the most
likely source for the basalt used in the vessels (Figs. 7b,
d). The discriminant diagram using pigeonite (Fig. 7e),
although based on fewer samples, also supports the
Haddadin basalt as the source (Fig. 7f). Averages plot-
ting outside the Northern or Haddadin fields belong to
different vessel samples on each diagram, reflecting the
statistical probability of variability and chemical varia-
tion within each region or flow.

Average compositions of augite and plagioclase for
the bedrock samples were combined, and the constitu-
ents SiO,, TiO,, and CaO in augite and CaO, Na,O,
and K,O in plagioclase used for discriminant analysis.
Groups for separation were Bahariya, Cairo—Suez,

Haddadin, Middle Egypt, and Southern Egypt. These
were separated with 100% efficiency. It was not pos-
sible to distinguish Wadi Natash, Lake Nasser and Gebel
el Asr basalts from one another on this diagram (Fig. 8).
The average of vessel averages was plotted, and as ex-
pected falls within the Haddadin field. It is important to
note that even though mineral compositions for
Haddadin and Cairo—Suez Road samples and the basalt
vessels do overlap somewhat, the results of a study us-
ing the whole-rock composition of the same set of bed-
rock samples and a select few vessels eliminated the
Cairo—Suez Road as a possible source for the artefacts
(Greenough er al. 2001).

About half of the samples in the bedrock dataset are
clearly tholeiitic (pigeonite-bearing), and the rest are
alkaline basalts from southern Egypt. Bahariya is quite
different from these two groups, and may be transitional
in nature. Discriminant analysis based on alkalinity is
extremely efficient at separating the basalts into three
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were calculated with the equations given in Table 4. Symbols as in Figure 3.

groups (subalkaline, transitional, and alkaline; Fig. 9)
using TiO,, FeO and CaO in augite, and SiO,, Al,O3,
and NayO in plagioclase. The discriminant functions
derived from Egyptian basalts were used to calculate
scores for cursory examples of coexisting (same sample)

augite and plagioclase in MORB, continental and ocean-
island tholeiites and an ocean-island alkali basalt
(Fig. 9). The mineral-based alkalinity diagram correctly
classified all of the “unknowns”, suggesting that this ap-
proach to magma classification may have more wide-
spread application.
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ARCHEOLOGICAL IMPLICATIONS

There is no correlation between vessel provenance,
age, or shape, and the source of the basalt used in their
manufacture. The basalt in every vessel sampled and
analyzed came from the same northern source, and most
probably originated somewhere along the Haddadin
basalt flow near modern Cairo. For the Predynastic Pe-
riod, the site of Maadi (now a suburb of modern Cairo,
see Fig. 1) may be the location of the vessel manufac-
turing industry. The site of this village is located about
15 km from an outcrop of Haddadin basalt (Mallory
2000, p. 96), and numerous repaired and reworked “fac-
tory seconds” were found in the settlement (Rizkana &
Seeher 1988, p. 70). It is entirely possible that the
knowledge and technical skills needed to manufacture
basalt vessels were initially limited to this one site.
Maadi was ideally situated at the apex of the Nile delta
to control trade between Upper and Lower Egypt, and
is considered one of the more important Predynastic
trading centers (Hoffman 1990, p. 200-214). It is not
surprising to discover that occupants of Maadi may have
controlled the basalt vessel trade, and that the Upper
(southern) Egyptian kings destroyed the settlement in
their expansion northward.

A location for basalt vessel workshops has not been
identified for the First Dynasty, and the raw material
may have been shipped a considerable distance up-
stream to Hierakonpolis, where one group of stone ves-
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Fic. 8. Discrimination diagrams with which to discriminate

among occurrences of basalt bedrock using combined
average data on augite and plagioclase. Symbols as in
Figure 3. Function scores were calculated using the data in
Table 1, and the function coefficients in Table 4. Note
divisions among groups can be tied to magma alkalinity.
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sel craftsmen was located (Quibell & Green 1902, p.
17, pl. 68). Further excavation may reveal workshops at
sites closer to the source. The widespread distribution
of the artefacts and long life of the industry suggest that
trade in these items was important locally and nation-
ally long before Egypt was united, and for a consider-
able time after.

CONCLUSIONS

1. Results of electron-microprobe analyses confirm
that augite is useful for distinguishing basalt units, but
plagioclase, olivine and pigeonite may be just as help-
ful.

2. Major elements are as useful as trace elements in
identifying bedrock units.

3. Although single-mineral discrimination diagrams
efficiently distinguish Egyptian basalt units, diagrams
based on mineral combinations appear more effective
than single-mineral diagrams.
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K
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Function 1

Fi6. 9. Discrimination diagrams with which to discriminate
among occurrences of basalt bedrock on the basis of
alkalinity. Symbols: A: alkaline Egyptian basalts (Table 1),
B: Bahariya (Table 1), E: Eastern North American
Mesozoic basalts [Caraquet dyke, average of four
compositions of augite and seven of plagioclase;
Greenough & Papezik (1986); North Mountain basalt,
upper unit: Papezik et al. (1988)], G: Gough Island [sample
ALRG61G; Le Roex (1985)], K: Kilauea [averages of
samples EK4677, EK877, EK677, Easton & Garcia (1980);
samples 2, 3, Ho & Garcia (1988)], M: MORB [East Pacific
Rise, 02-01; Hekinian & Walker (1987)], R: Réunion
Island [BO1942 and FI1956; Albarede & Tamagnan
(1988)], T: tholeiitic Egyptian basalts (Table 1), V: vessels
(Table 2). Function scores were generated using the data
on Egyptian basalts (Table 1) and the function coefficients
in Table 4.



THE SOURCE OF BASALT VESSELS IN EGYPTIAN ARCHEOLOGICAL SITES

4. A tholeiite — alkali basalt discrimination diagram
constructed using the Egyptian basalt data and using a
combination of plagioclase and augite data indicates that
multi-mineral discrimination diagrams may be as effec-
tive as whole-rock diagrams for petrological discrimi-
nation.

5. A major advantage of mineral discrimination for
archeology is that microsamples (0.001 g) provide
enough material to definitively identify the bedrock
source of valuable artefacts.

6. Mineral fingerprinting indicates that the 117
Predynastic Egyptian basalt vessels examined here were
all produced from the Haddadin basalt in northern
Egypt. Tradition has played an important role in the
selection and use of stone in ancient Egypt, and may
help explain why the Haddadin Basalt was used to
manufacture artefacts for more than 1200 years. The
discrimination diagrams summarize chemical variabil-
ity in post-Jurassic Egyptian basalts and will allow fu-
ture identifications of the source of basaltic Egyptian
artefacts without collecting a bedrock database for com-
parison.

7. Maadi, the settlement closest to the Haddadin
flow and richest in recycled “factory seconds”, prob-
ably controlled the vessel trade or workshops during the
Predynastic period. These findings provide evidence
that northern Egypt played an important role in the trade,
economic and technological development of early
(Predynastic) Egypt.
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F1G. Al. This is the preserved upper part of a First Dynasty
beaker (accession number E4839; RMB2) excavated at
Abydos early in the 20" century by W.M.F. Petrie.
Reproduced courtesy of the Royal Museums of Art and
History, Brussels, Belgium.

FiG. A2. A unique, unprovenanced Predynastic vessel
(accession number E2326; RMB34) with inlaid ivory eyes
placed beside the jar’s handle to create an owl’s face. This
jar is 34.8 cm tall. Reproduced courtesy of the Royal
Museums of Art and History, Brussels, Belgium.



1046 THE CANADIAN MINERALOGIST

FiG. A3. Two Predynastic tubular-handled vessels from Gerzeh found by E. Wainwright in
1910. The jar on the left (accession number E3373; RMB4) was found in an intact
tomb, whereas the other’s (accession number E3372; RMBS5) had been robbed in
antiquity. Vessel heights are 11.1 cm (left) and 5.4 cm (right). Reproduced courtesy of
the Royal Museums of Art and History, Brussels, Belgium.

F1G. A4. Discovered in the looted First Dynasty of King Djer at Abydos by W.M.F. Petrie,
this bowl (accession number EA458; RMB20) has been reconstructed from fragments.
It is approximately 6.3 cm high and 14.4 cm wide at the rim. Reproduced courtesy of
the Royal Museums of Art and History, Brussels, Belgium.



