N
N

N

HAL

open science

Identification, quantification and sourcing of fossil
hydrocarbons in ancient Egyptian mummies by V and Ni
trace elements

Océane Anduze, Didier Gourier, Laurent Binet, Alex Malergue, Vincent Grossi,

Agnes Lattuati-Derieux

» To cite this version:

Océane Anduze, Didier Gourier, Laurent Binet, Alex Malergue, Vincent Grossi, et al.. Identification, quantifi-
cation and sourcing of fossil hydrocarbons in ancient Egyptian mummies by V and Ni trace elements. Journal

of Analytical Atomic Spectrometry, 2025, 40 (2), pp.487-497. (10.1039/d4ja00442f). <hal-05400369)

HAL Id: hal-05400369
https://hal.science/hal-05400369v1

Submitted on 5 Dec 2025

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Au‘to'flizition
HAL Authorization


https://hal.science/hal-05400369v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

10

15

20

25

30

Identification, quantification and sourcing of fossil hydrocarbon in
ancient Egyptian mummies by V and Ni trace elements

Océane Anduze,*® Didier Gourier*®" Laurent Binet,*® Alex Malergue,® Vincent Grossi,? Agnés

Lattuati-Derieux,>?

& Chimie-ParisTech, PSL University, CNRS, Institut de Recherche de Chimie-Paris (IRCP), F-
75005 Paris, France

b Centre de Recherche et de Restauration des Musées de France (C2RMF), Palais du Louvre,
F-75001 Paris, France

€ Université Cote d’Azur, CNRS, CEPAM, F-06000 Nice, France

d Aix Marseille Université, Université de Toulon, CNRS, IRD, Mediterranean Institute of
Oceanography (MI10), F-13288 Marseille, France

*didier.gourier@chimieparistech.psl.eu

Egyptian mummies are often covered with a black embalming matter, which are made of
complex mixtures of natural organic substances such as vegetable resins, beeswax, animal fats,
gums, vegetable oils, as well as bitumen. In this work, we used Proton-induced X-ray emission
(PIXE) and Electron Paramagnetic Resonance (EPR) to investigate the potential of certain
transition metals, in particular V and Ni, as probes for detecting the presence of bitumen and
tracing its origin and alteration in these black embalming matters. PIXE analysis showed that
all the mummies studied in this work (birds, ram, crocodile, human), which span a period of
about 1000 years and come from different sites in Egypt, have a nearly constant Ni/V ratio close
to that of bitumen from the Dead Sea, suggesting a well-defined source of bitumen supply. The
same conclusion was reached by EPR analysis of vanadyl porphyrins and carbonaceous
radicals. The presence of an excess of radicals in the black matter from several mummies
indicates that they probably contain some carbonized organic matter in addition to bitumen.
This combined PIXE-EPR methodology is quantitative and sensitive since a few % of bitumen
can be non-destructively detected in a mummy sample weighing only a few mg. The
combination of these two techniques can provide new information on the thermal history

(preparation recipes) and redox history (natural degradation) of these black matters.
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Introduction

Mummies are among the most fascinating witnesses to the ancient Egyptians' beliefs about life
after death. Their absolute need to preserve the body of the deceased from decay led the
Egyptians to develop sophisticated mummification techniques. When the practice of
embalming reached its most advanced level, during the New Kingdom, the mummification
ritual was defined according to codified processes, comprising numerous steps.!> Towards the
end of the mummification ritual, when the body was drained and the thorax and abdominal
cavities emptied of their organs, they were filled with tissues soaked in black matter, or simply
with pure black matter.* Finally, the whole mummy was smeared with black matter before
being wrapped in linen strips. Mummification was not just for humans, as millions of
mummified mammals, birds and crocodiles have been buried in necropolises. They attest to the
development of a cult of sacral animals, from the New Kingdom onwards and particularly
during the Ptolemaic and Roman periods. The high demand for certain animal mummies, such
as bird mummies for votive use, sold to people to accompany their prayers to the gods,’ led to
what can be described as industrial production.®

The embalming matter of Egyptian mummies result from a complex mixture of natural organic
substances of various origins such as vegetable resins, beeswax, animal fats, gums, vegetable
oils, pitches as well as bitumen.”!* Characterizing their composition is a major analytical
challenge, as these amorphous organic materials are very heterogeneous and chemically
degradable. Indeed, each individual substance of these natural matters is itself a complex blend
of tens or hundreds of molecules belonging to a large range of chemical families. They are
subject to various alteration processes linked to their manufacture (heating) and natural ageing
(weathering, photooxidation, hydrolysis, biodegradation), and may present traces of ancient or
recent (restoration, conservation, storage) contaminations. Last but not least, they are available
only in very small quantities because they come from heritage objects or heritage human
remains. In this context, the analytical molecular techniques using gas chromatography coupled
with single quadrupole mass spectrometry (GC-MS), or Fourier transform infrared
spectroscopy (FTIR), which have proved their relevance in archacometry for determining the
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composition of complex organic archaeological materials, are well adapted for analyzing

the black matters of mummies, each type of substance being characterized by some
biomarkers.*!72°
Among all substances of animal and plant origins making up the black matters of mummies,

bitumen has a special place because this fossil hydrocarbon material is more difficult to detect



70

75

80

85

90

95

100

and its use is rather recent, from the end of the New Kingdom (1250-1050 BC).!” Bitumen is a
geomaterial formed through a long geological process, that begins with the deposition on the
sea floor of degraded biomolecular matter. After a long sequence of chemical transformations
over millions of years, activated by the increase in temperature and pressure during burial, a
part of this organic matter is transformed into oil and bitumen, which can either rise to the
surface in free form, like the floating blocks of solid bitumen in the Dead Sea, or be trapped in
rocks (oil sands, oil shale, etc.).2!>* The presence of bitumen in embalming matter of mummies
and other funerary objects has been demonstrated since the 90s by GC-MS analyses.”!>!°
Among molecular markers of bitumen, steranes and hopanes are genuine molecular fossils,
derived respectively from eukaryotic sterols and bacterial hopanoids in prokaryotic cells.?
However, GC-MS requires preliminary extraction and fractionation steps, ruling out direct and
non-destructive detection of bitumen. For this reason, the first protocols for molecular analysis
of mummy black matters by GC-MS did not always take all these precautions into account,
leading to a long-running controversy on the presence of bitumen in this material, pitting those
who questioned its presence against those who claimed it.”!”-?"-33 Due to the relative complexity
of these multi-step analytical procedures, the qualitative identification of bitumen in black
matters by GC-MS can be difficult to achieve, especially when it is in low proportion. To
overcome this difficulty, '*C analysis can be used to estimate the amount of bitumen present in
black matters. As the age of this fossil hydrocarbon material is measured in tens (or hundreds)
of millions of years, its radiogenic C isotope (half-life 5730 years) has long since disappeared.
Thus, even a very small quantity of bitumen in the embalming matters of mummies affects their
14C dating."”

In addition to the well-known sterane and hopane molecular biomarkers, bitumen is also
characterized by its enrichment in certain transition metals which are present only at very low
level in the sea and the environment. 2?2343 Molybdenum (Mo) is the most abundant transition
element in the ocean (~ 105 nmol/L), and serves as a paleoenvironmental proxy in organic
sediments of marine origin.***%37 Vanadium (V) and nickel (Ni) are less abundant in the ocean
(~ 39 nmol/L and ~ 9 nmol/L, respectively).?2 However, organic sediments are enriched in these
elements in the form of vanadyl porphyrins and nickel porphyrins (noted VO-P and Ni-P,
respectively) trapped in asphaltenes, the most stable component of bitumen. These metal
complexes can be considered as specific markers of bitumen,*>* due to their absence in the
other biological components of the black matter, and are relatively resistant towards
biodegradation.’* Although V and Ni concentrations in bitumen may be affected by

environmental weathering or biodegradation processes, the Ni/V ratio tends to remain constant
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due to the similarity of the two metal complexes. For these reasons, both the presence of V, Ni
and Mo enrichment and a specific Ni/V ratio should constitute reliable proxies for detecting the
presence of bitumen in a complex bioorganic mixture such as embalming matter of mummies.
Furthermore, nickel is in the Ni'! state over a wide range of pH and redox potential £k, while V
can be present in VY, VIV and V'!! states depending on £/ and pH conditions (Fie—S4).4%4! The
determination of vanadium redox states in native bitumen and embalming matter can thus
provide information on the environmental evolution of mummies (weathering, bio alteration
...). Even if these metal elements are in low concentrations (tens to hundreds of pg.g™!) in the
black matter of mummies, they can be detected and quantified in a non-destructive way by X-
ray emission spectroscopy. Moreover, a particularity of VO-P complexes is that they are
paramagnetic (the V'V state possesses an electron spin S = 1/2), so that they give a very
characteristic signal in Electron Paramagnetic Resonance (EPR) spectroscopy.**** Recently,
EPR spectroscopy was used for a rapid and non-destructive detection of small amounts of
bitumen in black matter of Egyptian mummies, when GC-MS had difficulty in detecting it.**
The drawback is that only the V!V state can be routinely detected by EPR. Nevertheless, the
quantification of total vanadium (VY+VV+V!) by X-ray emission and of VIV (in VO-P) by
EPR should enable to partially trace the redox history of the mummies' bitumen.

In this work, we used Proton-Induced-X-ray Emission spectroscopy (PIXE) and EPR to analyze
an homogeneous corpus of 14 mummies of birds, and another less homogeneous corpus made
of human and animal mummies in which VO-P and carbonaceous radicals (hereafter referred
to as C°) were first identified by EPR.** Metal contents (V, Ni and Mo) were determined by
PIXE, while vanadyl ions VO** characteristic of bitumen and C° radicals, present in all fossil

43,46

hydrocarbon materials,"* were quantified by EPR.

Materials and methods

Samples description and asphaltene isolation
A first corpus of samples, hereafter referred to as corpus A, consists of wrapping and feather
fragments from 14 votive mummified birds in variable states of conservation. These fragments
come from 7 birds of prey and 7 ibises from the Musée des Confluences (Lyon, France) and
dating from the Third Intermediate period (~1077 BC to ~664 BC) to the Greco-Roman period
(~310 BC to 476 AD).5*7#¥ Representative photographs of a mummified bird of prey and some
samples studied by EPR and PIXE are shown in Fig.1. All the samples are described in Table

S1 and their characteristics are reported in Table 1. A weighed sample taken from each
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mummified bird was studied directly by EPR and PIXE without any preparation, and another
sample was processed to extract the asphaltene component of bitumen which was analyzed by
EPR. In this case, the samples were extracted with 4 mL of a 1:3 v/v methanol/dichloromethane
mixture using ultrasonication conducted in an ultrasonic bath for 5 minutes. This step was
repeated once. To achieve a complete extraction, the samples were then re-extracted with a 3:1
v/v dichloromethane/acetone mixture using ultrasonication conducted in an ultrasonic bath for
5 minutes. This step was also repeated once. The four extracts were gathered to provide the
total organic extract. After evaporation under N> of the solvents, the total extract was dissolved
in 500 pL of dichloromethane and 20 mL of heptane was then added slowly while maintaining
magnetic stirring for 30 minutes. The sample was left overnight for decantation and then
centrifuged (2 minutes, 3200 rpm) to separate the asphaltene precipitate from the solubilized
extract. This latter was collected using a Pasteur pipette and the asphaltene precipitate was air-

dried and collected for EPR analysis.
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Fig. 1: (a) Photograph of a mummified bird of prey (sample 2 Asio flammeus, Ref:
90002516); (b) representative samples of feathers and wrapping covered with black matter
(left) and their corresponding precipitates (right); from top to bottom: sample 2, sample 9
(ibis) (Ref: 90001245) and sample 11 (ibis) (Ref: 90010022); © Vincent Grossi and Alex
Malergue. The bird mummies come from the Musée des Confluences, Lyon, France.

—

A second corpus of samples, hereafter referred to as corpus B (Table S2) was also analysed
by PIXE and EPR in order to compare them with the birds of corpus A. These samples were
previously analysed by different EPR methods,*#> and were taken from one human mummy
(Hum2), a flow of black matter from the mummy's body covering the bottom of a coffin

(Huml), two rams (Anl-3), a crocodile (An5), and fragments of a floating block of solid



bitumen from the Dead Sea (DS samples), which was the major source of bitumen in ancient

160 Egypt funerary practices,334%%
Table 1: Characteristics of bird mummies from the collection of the Musée des Confluences
(Lyon, France) analyzed by PIXE and EPR spectroscopy; The genera A4sio, Tyto, Micronisus,
165 buteo and Circus are birds of prey; the genera Plegadis and Threskiornis are two types of ibis.
“Ind.” means “indeterminate”.
Sample Reference Type of bird Site Period Dating
1 90002515  Asio otus Kom Ombo Ind. Ind.
2 90002516  Asio flammeus Kom Ombo Roman period 30-40 AD
3 90002517  Tyto alba Giza Roman period 60 AD
4 90002518  Tyto alba Giza Roman period 58-68 AD
5 90010017  Threskiornis aethiopicus Saqqarah Late to Ptolem.  398-208 BC
6 90010018  Plegadis falcinellus Saqqgarah 3 Int. period 831 BC
7 90002795  Micronisus gabar Giza Roman period 94 AD
8 90002801  Buteo vulpinus Giza Roman period 17-117 AD
9 90001245  Ibis ind Kom Ombo Ind. Ind.
10 90010028  Threskiornis melanocephala Kom Ombo Ind. Ind.
11 90010022 Ibis ind Roda Late period 534 BC
12 90010027  Ibis ind Roda Late to Ptolem.  517-341 BC
13 90010023  Ibis ind Roda Late to Ptolem.  405-200 BC
14 90010066  Circus pigargus Roda Ptolemaic 166 BC
Micro-PIXE measurements
170  Elemental measurements were carried out using Particle Induced X-ray Emission (PIXE)®! at
the Accelerator Grand Louvre for Elemental Analysis (AGLAE) of the C2RMF located in the
Palais du Louvre, Paris. A 3 MeV proton micro-beam with a 5 nA intensity and a 50 pm
diameter was used with four 50-mm? SDD-EDX detectors (Ketek AXAS-A). Three detectors
were placed with an angle of 50° relative to the beam axis and screened with a 100 pm Mylar
175 filter to collect X-rays from trace elements (Z > 20). An additional detector placed at 45°,

without absorber and fitted with a magnetic deflector under a 1 L/min He flow, was used to

record X-rays of light elements (10 <Z <29), notably required for the trace elements calibration
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(Fig.S1a). The simultaneous combination of three detectors with the same absorber is
equivalent to a high solid angle super detector, increasing significantly the detection limit for
trace elements without increasing irradiation doses (Fig.S1).%? The hybrid scanning system
included a fast vertical magnetic deflection of the beam as a 40x500 wm? brush across a 100-
nm thick Si3N4 exit window, scanning the target surface as it was slowly mechanically
translated. The samples, made up of organic matter, are probed to a depth of several tens of pum,
which corresponds to both the penetration depth of the protons and the escape depth of the X-
ray photons.

The data were obtained during two experimental measurement campaigns. Visually flat,
roughly homogenous and black matter-rich areas were selected from photographs obtained with
a binocular microscope on both sides of each sample studied. During the first campaign focused
on the analysis of corpus B, large rectangular areas ranging from 2000x2000 pum? to 25003000
um? were scanned with a pixel size of 25x25 pm? and a beam intensity ranging from 6 to 10
nA. During the second campaign, the raw samples from corpus A were scanned and new
mappings were realized on selected samples from corpus B. The larger number of samples
analyzed in the same limited time meant that the acquisition time per sample had to be reduced,
so the rectangular areas were reduced to 1000x1000 pm?. In addition, as part of a non-
destructive approach, the irradiation dose was reduced as it proved sufficient for our analyses
(beam intensity between 1 and 2 nA). The asphaltene precipitates from corpus A, in powder
form, could not be analyzed by PIXE.

The small size of the samples was a difficulty (Tables S1 and S2), as AGLAE is designed to
analyze medium-sized (a few centimeters) to large (a few meters) heritage objects. However,
the spatial resolution of 25 um enabled us to map a minimum area of 500500 pm?, on samples
smaller than 1 mm. To analyze such small samples, we had to place them on a support topped
by a plastiline cylinder covered with plastic film, so as to raise their surface vertically to the
height of the AGLAE microbeam while avoiding any contamination of the samples (Fig. S1b).
The AGLAE's camera was used to pinpoint the areas selected for analysis.

The collected PIXE spectra were extracted and processed by combining GUPIX, PyMca,>
TrauPIXE and AGLAEmap softwares, the latter two having been developed at New AGLAE.>

Details of the PIXE data treatment processing are described in SI section 2.1.

EPR measurements
EPR spectra were recorded at room temperature with a Bruker Elexsys E500 spectrometer

operating at X-band (microwave frequency ~ 9.4 GHz) equipped with a Bruker SHQE

7
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resonator. The external magnetic field was modulated at 100 kHz for lock-in-detection, with a
modulation amplitude of 0.2 mT for corpus A samples and 0.5 mT for corpus B samples. All
spectra were recorded with a microwave power of 2 mW. All the samples (about 10-20 mg)
were weighed and inserted without grinding into Suprasil EPR tubes for measurements, in order
to preserve the integrity of the samples for subsequent analysis. Empty tubes spectra were
recorded for background removal from experimental spectra. Spectra were simulated with the
EasySpin toolbox for Matlab (version 5.2.28)°°> and with the spin Hamiltonian parameters
measured on the experimental spectra.** The mass concentrations of C° and VO-P paramagnetic
species were measured by comparing the experimental spectra with standard samples
containing a known number of electron spins. We used a DPPH (diphenyl-picril-hydrazyl)
standard containing (3.7+0.4)x10'° spins to measure the C° concentration, and a VOTPP
(vanadyl tetraphenyl porphyrin) standard solution to measure VO-P concentration. All details

of the procedures for measuring the EPR intensity and concentration are given in SI section 3.4.

Results and discussion

Quantification and sourcing of bitumen by PIXE analysis of V, Ni and Mo trace elements.
Three examples of PIXE spectra are shown in Fig. 2, corresponding to a fragment of Dead Sea
bitumen (DS sample), a fragment of black matter covering the bottom of a human coffin
(sample Huml1, see Table S2), and a fragment of a bird-of-prey feather covered with black
matter (sample 3, see Table S1). The experimental and simulated PIXE spectra of all the
samples are shown in Figs. S2 and S3. To take into account the great chemical complexity of
black matter and its biological supports, PIXE spectra were simulated taking into account 44
chemical elements from Na to U, but only the Sk, Tik, Vk, Crk, Nik and Mor transitions are
indicated in Fig. 2. It can be seen that vanadium transitions overlap with those of other transition
metals (see also Table S4). More precisely, Vka transitions (4.94 keV) overlap with Tikp
transitions (4.93 keV), and Vs transitions (5.43 keV) overlap with Crka transitions (5.41 keV).
However, Tika (4.51 keV) and Crkp (5.95 keV) transitions are well separated from other
elements, enabling independent measurement of Ti, V and Cr concentrations with good
accuracy. Nika (7.4 keV) and Nikp (8.26 keV) transitions are isolated from transitions of other
elements in DS bitumen, enabling accurate determination of Ni concentration. The
determination of the Mo concentration is affected by a significant error because the Mora
transition (2.29 keV) partially overlaps with the intense Ska transition at 2.31 keV (Skp occurs

at 2.46 keV), as bitumen is always enriched in sulfur. Concentrations of Vanadium, nickel and



245 molybdenum (in ng.g™!') are shown in Table 2 and Fig.3a. Concentrations of other elements are
reported in Table S5. All concentrations were measured in visually homogeneous areas selected
from PIXE mappings of samples from corpuses A and B. In two cases (An2 and Hum?2), two

mappings were performed on the same sample.
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Fig. 2: three examples of PIXE spectra (grey line) with the Gaussian fit obtained with PyMCA
(red points); the transitions of the bitumen marker elements S, V, Ni and Mo (blue) and Ti and
Cr (green) are indicated.
255 Two observations can be made from this PIXE analysis. The first is that the presence of

Ni and V enrichment indicates the presence of bitumen in all the samples, even in small
quantities, and when GC-MS fails to detect it.** The second is that Ni and V concentrations
appear to be linearly correlated (Fig. 3a). With the exception of sample 4 from corpus A, whose
very low V and Ni contents are close to the sensitivity limit of the technique, all other data

260 points correspond to Ni:V ratios of between 1:2 and 1:4, with an average value of 1:3 (red line)
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obtained by linear regression of corpuses A and B data. These Ni/V< 0.5 values indicate a
marine origin of their source sediments (Ni/V between 1 and 10 indicate a lacustrine or
terrestrial origin).’® In principle, such a linear relationship between Ni and V contents should
not be expected, unless the bitumens used for mummification have the same geological origin.
Indeed, Ni and V do have not the same redox properties. During the settling of the dead
biological matter to the sea floor, V¥ and Ni" ions present in the water form coordination
complexes with humic and fulvic acids and other organic molecules until they reach the redox
front near the water-sediment interface.?*>>® However, nickel remains in the Ni" state as it
traverses the redox front, while soluble V" is reduced to insoluble V'V (see Fig. S4). This means
that Ni enrichment can be considered primarily as a marker of biomass productivity, while V
enrichment is a marker of both biomass productivity and redox conditions at the sea floor. As a
consequence, bitumen formed from organic sediments should have variable Ni and V contents
with variable Ni:V ratios if these sediments were deposited in different aquatic environments

(i.e. different redox conditions and biomass productivity).
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Fig. 3: Ni and V concentrations in (a) embalming matter of mummies of corpus A (red circles),
corpus B (black circles) and in Dead Sea bitumen (black square); (b) embalming matter of
human mummies from Pushkin and Spurlock museums (blue triangles) and asphalt/oil samples
from the Middle East (brown diamonds). The blue lines are guides for the eyes, and correspond
to different Ni:V ratios.

This variability in the Ni:V ratio as a function of the bitumen/oil source is illustrated in
Fig.3b (data in Table S3), which represent the V and Ni contents of oil and bitumen from
different sites in the Middle East,’*® It appears that they contain less V than the Dead Sea
bitumen, and that their Ni contents are widely dispersed, resulting in a range of Ni:V ratios.
Thus, the fact that Ni:V in the embalming matter of mummies of corpuses A and B is close to

that of Dead Sea bitumen is a strong indication that their bitumen comes from the Dead Sea.
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Figure 3b and Table S3 also show the V and Ni content of embalming matter from human
mummies from the Pushkin Museum in Moscow, Russia, and the Spurlock Museum in Urbana,
USA.*>*%% In the case of the Pushkin Museum mummies, the authors concluded that the bitumen

originated from the Dead Sea.*”

Table 2: Vanadium, nickel and molybdenum contents measured in nearly homogeneous areas
selected from PIXE mappings of corpus A and B samples. Two mappings could be made on
sample An2 and Hum2. Values in brackets for Mo have an error greater than 25%; in some
cases, values are not mentioned when the error was 100% or when they could not be measured
(nm = not measured).

Concentration (ug.g+)

\ Ni Mo
Dead sea DS(1) 888 + 31 215+ 12 62+5
bitumen DS DS(2) 953+31 318+17 98+21
1 2912 16+1 (11£7)
3 114+ 4 52+ 2 30+6
4 (8+4) 9x1 nm
6 33+2 9+1 nm
Corpus A 8 854 41+£2 (14 £5)
10 40+ 2 19+1 (8x4)
11 219+8 76+3 (15+4)
12 324 19+1 (14 £5)
14 7614 37+2 (18 £5)
Anl 86+3 42 +2 (12 + 6)
An2 (1) 133+5 64 + 3 (34+9)
An2 (2) 25+ 2 13+1 (7 £5)
Corpus B An3 281+6 74 +2 19+2
An5 162 +8 854 43+7
Hum1l 56 +3 22+1 (6£3)
Humz2 (1) 40+ 3 18+1 (3x2)
Hum?2 (2) 34+4 19+2 nm

Assuming a Dead Sea origin for the bitumen in all the mummies of corpus A and B, its
quantification in the black matter can be estimated by comparing their V and Ni contents with
those of the DS samples. Considering that the V content of the DS bitumen is = 1,000 ug.g™,
and that the V content of the black matter of mummies ranges from 25 to 300 pg.g™! for corpuses
A and B, we can estimate that they contain between 3% and 30% bitumen. Using the same
reasoning for the human mummies from the Pushkin and Spurlock museums, we can estimate
that their black matter contains between 3% and 7% bitumen. These results are in line with *C
analyses of 39 human mummies by Clark et al.'”, which showed that their embalming matter

contains between 0 to 45% bitumen.

11
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Molybdenum was more difficult to quantify by PIXE at trace levels, and the data are affected
by large error bars (Table 2). Although Mo content was not measurable in some of our samples,
the values obtained on samples from corpuses A and B, and those from published data for the

59,60

Pushkin and Spurlock museums mummies, are also consistent with a Dead Sea origin for

the bitumen (see SI section S2.3).

EPR analysis of vanadyl complexes and organic radicals. A typical EPR spectrum of a
bitumen sample from the Dead Sea (DS sample) is shown in Fig.4 (black line). It contains the
two classic paramagnetic signatures of oil and bitumen: (i) an intense line with no apparent
structure, representing polyaromatic hydrocarbon radicals labelled C° (~ 0.2x10'® spin.g™),
characterized by a nearly free-electron g-value g = 2.0037+0.0001, and the classic spectrum of
VO-P vanadyl porphyrin complexes (~ 3x10'® spin.g!) with two series of eight hyperfine

transitions, many of which are difficult to detect (see Fig.S5 for the theoretical spectrum of VO-

P). The EPR parameters deduced from the simulated spectrum are J, = 1.959+0.002, J | =

1.980+0.002, A, = 157(x3)x10 cm™ and A = 54(x2)x10* cm™ for VO-P complexes.*

Such an EPR spectrum with two types of paramagnetic molecules is typical of all petroleum
asphaltenes from marine sediment kerogen.*’ In addition to these markers of bitumen, most
samples of corpuses A and B showed a baseline distortion (Figs.4, S6 and S7), due to a very
broad and unresolved ferromagnetic resonance signal revealing the presence of ferromagnetic

iron oxide microparticles.**

0
C > VO-P co

— vo-P(m=-1/2) | /
S _ i i \/_./\ ‘
5 - Bird 10 | J \
= 1 ™~ ] /&5
f— Bird 11 asphalten"y(x10) : : ‘ ]
%) i [ iES B LSS
c 1 I 340 350
O I ]
2 LN\ AN
£ Dead Sea asphalt DS d
@ |
a
w 1

1 1

] ]

1 ]

1 1

[ -

280 300 320 340 360 380 400

Magnetic field (mT)

Fig. 4: EPR spectrum of a fragment of floating bitumen block from the Dead Sea (DS), in
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Although much less intense, this characteristic spectrum was obtained in all the samples
taken from the mummified birds of corpus A. An example is shown in Fig.4 for a fragment of
black matter sampled on an ibis mummy from Roda (sample 11, see Fig.1 and Table S1). This
EPR signature undoubtedly reveals the presence of bitumen. This type of EPR signal was
observed for all the mummies of corpus A, and was more intense for the precipitate samples
obtained after solvent extraction than for the raw samples (Fig.S6), showing that C° and VO-P
species are mainly trapped in the asphaltene component of bitumen. In two cases (samples 4
and 5), even the sharp m; = -1/2 hf line of VOP was too weak to be easily detected (see Fig.S6),
suggesting that bitumen is absent from these samples. However, their asphaltene precipitates
clearly showed the presence of both C° and VO-P signals, indicating a small amount of bitumen

in these black matters. The same EPR signatures of bitumen were also observed in all samples
from corpus B,* as shown in Fig. S7. VO-P (Nyop) and C° ( Nco ) concentrations in embalming

matter are generally higher in samples from corpus B than in those of corpus A (Table S.6 and
Fig.5a), with Nyop values ranging from ~ 0.25x10'8 spin.g™! to ~ 2.8x10'® spin.g™! in corpus B,
whereas they do not exceed ~ 0.5%10'® spin.g! in corpus A. This difference in bitumen content,
also observed with PIXE measurements of V and Ni concentrations, may be explained by the
need to save bitumen, a precious substance at the time, for bird mummies which were prepared
in very large quantities.® Although C° radicals are in lower concentrations than VO-P, they can
be easily detected as their EPR signal consists of a unique sharp transition, so that C°

concentrations as low as ~ 10'° spin.g™! can be measured.

The thermal history of embalming matters. The concentrations (N) of C° and VO-P in all
samples from corpuses A and B are plotted in Fig.5a, which represents Nco versus Nvop for

raw samples (corpuses A and B) and for asphaltene precipitates (corpus A only). Two
observations can be made from this diagram. Firstly, the fact that the precipitates are globally
enriched in C° and VO-P compared with the raw samples confirms that these two types of
paramagnetic molecules are predominantly located in the black matters, and more specifically

in the asphaltene component of bitumen (Fig.5b is a zoom of Fig.5a for corpus A). Secondly,
there is an apparent linear correlation between Nco and Nvop for most samples, including

asphaltene precipitates, except for sample 1 from corpus A, and samples An2/An3, An4 and

Huml from corpus B (Fig.5a). With the exception of these samples, most of the experimental
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points are very close to the line connecting the origin (absence of bitumen) and the value for
pure Dead Sea bitumen (DS).

Such a linear correlation would not be expected for bitumen of different geological
origins, as the concentrations of radicals C° and VO-P are controlled by independent
physicochemical parameters. Indeed, VO-Ps are abundant in oil and bitumen when the original

t.°! This is because

organic sediments have been deposited in an anoxic marine environmen
vanadium VV, always present in trace amounts (~ 39 nmol/L) as soluble vanadates (mainly
V4012* and V207* ions) in normally oxygenated marine water, is reduced to insoluble V!V in
the form of vanadyl VO*' ions in the presence of abundant organic matter near the
water/sediment interface.?! During early diagenesis, these VO** ions are stabilized in organic-
rich sediments by the substitution of Mg?* and Fe?" ions of porphyrin biomolecules (chlorophyll
and hems), giving the stable VO-P complexes detected by EPR in oil and bitumen.?**>* The
enrichment in vanadium of fossil organic matter compared to seawater is the possible
consequence of a pumping effect produced by the concentration gradient of soluble VV near the
water-sediment interface. Thus, the VO-P content of the source rock of bitumen is high (several
hundreds of ug.g™') when the water reservoir is large (marine environment) and is much lower,
or even absent, when the organic sediments have been deposited in a lacustrine or terrestrial

t56

environment.”® The VO-P enrichment of bitumen reflects not only its marine origin, but also

the acido-basic conditions (pH) and redox potential (E/) of the source rock’s depositional
environment (see Fig.S4).2%38:40:56

Unlike VO-P, the C° polyaromatic hydrocarbon radicals are ubiquitous in all organic
material, whether of biological or abiotic origin, transformed over geological time (tens of
millions to billions of years)*® or submitted to high temperatures (i.e up to 300 to 700°C).5%%3

64-66

They are present in coals,®*% in carbonaceous shales and cherts,*®%" i

in petroleum o0il,®® and
even in 4.5 Ga-old carbonaceous chondrites, the most primitive objects of the solar system.®-"
As they possess an odd number of carbons, and thus a single electron in a highly delocalized
molecular w-orbital, they give a characteristic EPR signal consisting of a single symmetrical

line with no apparent structure and almost free-electron magnetic behavior.*>:62:6471
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405
Consequently, there are no genetic relationships between Nco , which depends on 7, P
and time ¢ during burial, and Nvop which depends mainly on pH and Eh and other parameters
of the depositional environment. Therefore, bitumen samples from different marine
environments (pH and Eh) and with different P-7-¢ histories during burial are not expected to
410 show any correlation between their C° and VO-P concentrations. A linear relation (Eq.1) is

expected for mummy black matter only in the specific case where it contains variable amounts
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of bitumen from the same geological setting (i.e all parameters pH, Eh, T, P and t are

identical):**

Ngo =K Nyop + NZ™ (1)
where N gtoher represents radicals in other heated or carbonized organic materials. The
demonstration of Eq.1 is given in SI section 3.5. In the case of pure natural bitumen, we must

have N C"E“”= 0. The constant & in Eq.1 is characteristic of the source rock and geological setting

of bitumen, i.e kps= 8.6x107% in the case of Dead Sea bitumen (broken red line in Fig.5a). With
the exception of sample 1, the bird mummies from corpus A follow approximately the same
linear behavior (Fig.5b). Similarly, samples Hum2, Anl and An5 from corpus B fit well with
the characteristic line of Dead Sea bitumen (Fig.5a).

It appears that sample 1 from corpus A and samples An2/3 (the same ram mummy), An4
(crocodile mummy) and Hum1 (black matter from a human mummy) from corpus B deviate
significantly from the characteristic line of Dead Sea bitumen (Fig.5a). This could suggest that
the bitumen sources used for the embalming matter of these mummies are not from the Dead
Sea. However, this hypothesis is at odds with the V, Ni and Ni/V values measured by PIXE,

which indicate a Dead Sea origin for the bitumen of all these mummies. The most likely reason
for the deviation of Nco and Nvop values from the Dead Sea line could be heating of some

components of the black matter before its application on the mummy, creating additional C°
carbon radicals. The excess radicals produced by these heated organic matters are represented

by the broken green lines in Fig.5a. According to Eq.1, the number of additional radicals is

other

estimated by the vertical offset of the data points from the red line, N o ~0.6% 10" spin.g™! for

An2, An3 and An4, and Ng;“e’z 107 spin.g™! for Hum1.

Indeed, many EPR measurements on heat-treated biological materials (leaves,
cyanobacteria, etc.) have shown that an intense C° signal appears as early as a 15-min treatment
at 400°C.%*’2 By virtue of Arrhenius' law, which governs chemical reactions, the same
concentration of radicals would be obtained by a short-term treatment #, at a high temperature

T, and a longer treatment ¢, at a lower temperature 75:

t .ex —i =1 .ex —£ 2
a’ p kTa b p ka ()
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On this basis, we can propose working hypotheses to explain the positive deviations
from the Dead Sea line of several black matters in the C°%/\VO-P diagram in Fig.5a. Three scenari
can be envisaged from Eq.1: (i) If the bitumen has been strongly heated at high temperature

before being mixed with the other organic substances of black matters, k is expected to increase

without changing Ncoﬁher; (i) If a thermally treated organic material has been added to the

other

mixture (bitumen + other organic substances), we expect an increase in NC0

without a change

in k ; (i) If all the black matters have been heated at high temperature before being applied to

other

amummy, bothkand N oo are expected to increase. Although there are only two experimental

points for the anomalous sample 1 in corpus A, it could correspond to the first scenario because
NZ2"™"=0 and the value k = 71x107 is almost 10 times higher than for Dead Sea bitumen (kos =

8.6x102). The data points for samples An2, An3 and An4, which appear almost aligned parallel

to the characteristic line for Dead Sea bitumen (same slope k), would then have an intercept
Ngﬁher =~ 0.6x10'7 spin.g™*, which corresponds to the second scenario (ii). All three situations

remain possible for sample Hum 1, which is isolated from the other data in Fig. 5a. However,
we can reasonably hypothesize that the black matters of Hum1, An2, An3 and An4 from corpus

B contain some thermally treated organic matter in addition to Dead Sea bitumen.

The redox history of embalming matters. Potential-pH diagrams of the vanadium-oxygen
and nickel-oxygen-sulfur systems at oceanic concentrations (Fig. S4) show that at a slightly
alkaline pH (that of the present-day ocean is around 8), the redox stability domain of VO** (VY
state) is narrow, favoring the formation of V' species at a potential below -0.2 V and vanadate
anions (VV state) above -0.1 V.**! Consequently, the redox conditions of marine organic
sediments are compatible with the presence of the stable vanadium states V!, VIV and VV states,
while nickel is found only in the Ni state (grey areas in Fig. S4). PIXE spectroscopy enables
the quantification of vanadium and nickel, but cannot distinguish between the V¥, V!V and V'!!
states. EPR spectroscopy is specific to paramagnetic molecules, which is the case for VO?" ions
of VO-P complexes (V'V state, d' configuration, S=1/2). It has been shown that the one-electron
reduction and oxidation of VO-P takes place not on the metal, but on the porphyrin ring, i.e.
through the formation of P~ and P** porphyrin radicals with spin S = 1/2.7>7* As the VO** ion
also has a spin S = 1/2, the latter interacts with the radical spin to form a singlet (S = 0) or triplet
(S =1) diradical. The singlet diradical is EPR-silent, and the triplet diradical has a large zero-
field splitting (ZFS), so that only the m; = 0 state is populated, and is also EPR-silent. Indeed,
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it has been shown that the one-electron reduction or oxidation of VO-P causes the vanadyl EPR
signal to disappear.’*

Figure 6 and Table S7 show the comparison between the V!V concentration (in the form
of VO*") measured by EPR, and the total vanadium concentration V& = Vi+yVyyV
measured by PIXE. The red line in the diagram represents the limiting situation where all
vanadium atoms are in the V!V state of VO-P, corresponding to (VIV/V®°a)...x = 1, and the blue
area is the forbidden domain corresponding to VIV/V'@ > 1. Assuming that all vanadium atoms
are in the form of VO?" ions in VO-P complexes, we would expect all experimental points to
lie on this line. However, it is clear that the experimental point for Dead Sea bitumen (DS) in
Fig. 6 is considerably offset from the red line, indicating that about 74% of the vanadium is
EPR-silent. This apparent deficit in paramagnetic V!V relative to V°? may be explained by
considering that vanadyl porphyrin complexes are present both as neutral VO-P (EPR active,
26%) and as EPR-silent VO-P~ anions (74%). Although these anions are relatively unstable and
reactive,’” they could be stabilized and protected in the reducing network of the asphaltene
component of bitumen in the form of (VO-P)X" ion pairs, X" being a compensating cation as
K" for example, as this element is present in bitumen (see Table S5).

Assuming that the bitumen in the mummies' embalming matter originates from the Dead
Sea, as the present PIXE and EPR analyses tend to show, we would expect the VIV/V®°4@! ratio
to be conserved in absence of redox reactions. In this case, the experimental points for the
studied mummies should be located close to the line connecting DS to the origin, characterized
by (VIV/V®ahhs = 0.26 £ 0.01 (interrupted line in Fig.6). This trend was indeed observed for
several samples (3, 8, 14, An3 and An5), but two samples from corpus A have very low V'V/vtoul
value (0.01 for sample 6, and 0.07 for sample 11), and four samples (12, Anl, An2 and Hum1)
are closer to the maximum possible value (V'V/V©°@l),..« = 1 defined by the red line, with sample
Huml clearly in the forbidden domain (VIV/V'@ = 2.2). The case of Huml is discussed in
section S.6 of the SI. We propose that the scattering of several experimental points in the
diagram of Fig. 6 is due to a change in the redox state of VO-P in the black matter, resulting
from environmental weathering and/or bio-alteration during the long burial history of these
mummies, which can vary from one mummy to another depending on the environmental

conditions of the burial site.
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VIV=yal "and the colored area represents the forbidden domain V'V>V'*@ The broken line
links the origin to the Dead Sea bitumen data. The corresponding V'V and V'@ contents are
shown in Table S7.

In this model, the presence of points far above or far below the DS line may be explained
by a simple oxidation effect on the embalming matter. We hypothesized above that VO-P
complexes in DS bitumen could be present in two forms: neutral VO-P (EPR-active) and VO-
P~ anions (EPR-silent). If alteration has resulted in the oxidation of VO-P~ anions to neutral VO-
P, this is equivalent to converting an EPR-silent species into EPR-active one, and thus
increasing the EPR intensity of V!V signal with respect to the DS line. This mechanism may
explain the presence of experimental points close to the limit value (VIV/V©ah), .. = 1.
Alternatively, the one-electron oxidation of neutral VO-P occurs on the porphyrin ring, giving
an EPR-silent VO-P" cation.’* If alteration has produced the oxidation of neutral VO-P to VO-
P* cation, this is equivalent to converting an EPR-active species into EPR-silent one, and thus
decreasing the intensity of the EPR signal with respect to the DS line. These two opposing
effects of oxidation on VO-P complexes could explain the dispersion of experimental points
below and above the characteristic DS line (VIV/V°@)pg ~ 0.26. Compared to the native DS
bitumen, this model implies that severe oxidation of black matter would result in an apparent
deficit of vanadyl (i.e V'V/V°@ < (VIV)vtothyq) while more moderate oxidation would result
in an apparent excess of vanadyl (i.e V'V/V©& > (VIV/v©@) o) This working hypothesis need
to be tested by probing the oxidation states of vanadium, for example by synchrotron X-ray

76,77

absorption spectroscopy (XAS), or by the newly developed wavelength dispersive X-ray

fluorescence (WDXRF), which has the advantage of being a non-synchrotron technique.”®
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Conclusion and perspective

We used PIXE and EPR analyses to investigate the potential of certain transition metals, in
particular V, Ni and secondarily Mo, as indicators of the presence of bitumen and to trace its
origin and alteration in embalming matter of Egyptian mummies. Transition metal elements are
much more stable than degradable organic molecules, and V has several stable oxidation states,
among which the paramagnetic V!V state can be detected by EPR, providing information on the
redox conditions prevailing throughout the material’s history, from its origin to its degradation
in mummies by weathering and/or bio-alteration.

This PIXE analysis showed that the embalming matter of all mummies studied in this work,
which span a period of around 1000 years and come from different sites in Egypt, contain
bitumen with a nearly constant Ni:V ratio. This constant metal ratio suggests a common source
of bitumen supply, which is likely the Dead Sea. The same conclusion was deduced from the
EPR of vanadyl porphyrins VO-P and carbon radicals C°, with a concentration ratio C/VO-P
for bird mummies close to that measured for DS bitumen, which also indicates the same source
(Dead Sea) for the bitumen used for these mummies. The presence of excess carbon radicals in
the embalming matter of several mummies indicates that, in addition to bitumen and other
biological substances, they may contain thermally-treated, or carbonized, organic matter. The
relatively low bitumen content of the embalming matter of birds compared with other human
and animal mummies suggests that these massive bird mummifications were practiced on a
quasi-industrial scale in ancient Egypt, with a precise source of bitumen supply, and probably
a fabrication recipe specific to this type of mummy.

This combined EPR-PIXE methodology is both quantitative and sensitive, since a few % of
bitumen can be non-destructively detected in a sample weighing just a few mg. The combination
of these two techniques also provides information on the thermal history (preparation recipes)
and redox history (degradation) of these black matters.

In principle, EPR can be used on-site (in museums), as lightweight, low-volume, air-cooled
EPR spectrometers are commercially available, requiring only a power supply. Together with
X-ray fluorescence spectroscopy (XRF), which is also a mobile technique, EPR can therefore

be used as a rapid method for detecting the presence of dead carbon prior to '“C dating.
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