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indeed have been anaerobic in nature at some point and indeed it
seems probable that anaerobic hydrocarbon degradation is the
prevailing mechanism for deep subsurface petroleum biodegradation, marking an important step in the understanding of reservoir
degradation conditions.
A

Methods
Total hydrocarbon fractions from crude oils were obtained by silica gel chromatography
using hexane as eluent and were analysed by gas chromatography and gas
chromatography-mass spectrometry (GC-MS) to provide hydrocarbon distribution
patterns that provided information on the extent of biodegradation that had been suffered
by the oil, as described by the scale of 0–10 proposed by ref. 25.
Acid fractions of crude oil samples were obtained using the method described in ref. 30.
Briefly, ,150 mg of oil was loaded onto a strong anion exchange (SAX) quaternary amine
solid phase extraction (SPE) column, and after removal of non-acid compounds, the
crude carboxylic acid isolate was eluted with diethyl ether containing 2% (v/v) formic acid.
This fraction was methylated with an ethereal solution of diazomethane, and cleaned up by
eluting through a silica SPE column with a mixture of n-hexane and dichloromethane. 1Adamantane carboxylic acid (Fluka) and 5b cholanic acid (Sigma) were used as extraction
efficiency standards and the methyl ester of 1-phenyl-1-cyclohexane carboxylic acid was
used as an internal standard. Reference standards were 2-naphthoic acid (Lancaster
Synthesis), 5,6,7,8-tetrahydro-2-naphthoic acid and decahydro-2-naphthoic acid. 5,6,7,8Tetrahydro-2-naphthoic acid and decahydro-2-naphthoic acid were not commercially
available and were therefore synthesized by the catalytic hydrogenation of 2-naphthoic
acid using molecular hydrogen and a palladium/graphite catalyst; the identities of these
compounds were confirmed by nuclear magnetic resonance spectroscopy (NMR) and by
comparison of the standards’ mass spectra with those in the literature.
GS-MS analysis of carboxylic acid methyl esters was performed in full scan mode on a
Hewlett Packard 6890 gas chromatograph linked to a HP 5973 MSD with some
confirmatory analyses carried out using a Varian 1200 GC-MS-MS system. 2-Naphthoic
acid, 5,6,7,8-tetrahydro-2-naphthoic acid and decahydro-2-naphthoic acids were
quantified by comparison of their peak areas in the respective m/z (mass-to-charge ratio)
155, 131 and 164 mass chromatograms with the peak area of the internal standard in the
m/z ¼ 159 mass chromatogram. Response factors of the analyte compounds were
assumed to be unity, while the response factors of the surrogate standards were calculated
and corrected for. Detection limits for naphthoic and reduced naphthoic acids were
0.01 p.p.m.
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Millions of votive mummies of mammals, birds and reptiles were
produced throughout ancient Egypt, with their popularity
increasing during the reign of Amenhotep III (1400 BC ) and
thereafter. The scale of production has been taken to indicate that
relatively little care and expense was involved in their preparation compared with human mummies1–3. The accepted view is
that animals were merely wrapped in coarse linen bandages
and/or dipped in ‘resin’ before death2–4. However, as with
human mummification there was a range of qualities of treatments, and visual inspection of animal mummies suggests that
the procedures used were often as complex as those used in
humans (for example, evisceration and elaborate bandaging).
Moreover, the ancient Egyptians treated animals with great
respect, regarding them both as domestic pets and representatives of the gods; for example, the cat symbolized the goddess
Bastet; the hawk, Horus; the ibis, Thoth, and so on. We report
here the results of chemical investigations of tissues and wrappings from Pharaonic cat, hawk and ibis mummies using
gas chromatography, gas chromatography–mass spectrometry,
thermal desorption–gas chromatography–mass spectrometry
and pyrolysis–gas chromatography–mass spectrometry5,6. The
analyses reveal the presence of highly complex mixtures of
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n-alkyl and cyclic biomarker components characteristic of fats,
oils, beeswax, sugar gum, petroleum bitumen, and coniferous,
Pistacia and possibly cedar resins. The mixture of balms is of
comparable complexity to those used to mummify humans from
the same period6–8.
One essential aspect of the mummification process was the
treatment of the corpse and associated viscera with various organic
embalming agents. Previous reports have shown that a variety of
natural products possessing a range of preservative properties were
applied during mummification, including beeswax6–8, animal fats
and plant oils6–8, plant resins6–9, petroleum bitumen7–9 and essential
oils10,11. Thus, a further criterion on which to assess the degree of
care and sophistication employed in the mummification of animal
mummies would be to determine the chemical composition of their
balms. The specimens investigated herein (Fig. 1) are representatives of the latest mummy-making era of Pharaonic Egypt (XXIII
dynasty (818–715 BC ) to the XXX dynasty (380–343 BC )). As in our
previous report on human mummies7, we focused on diagnostic
marker compounds that are resistant to degradation and can be
related to specific natural products comprising the original
embalming materials.
The embalming materials identified in the animal mummies
(Table 1) are either sugar gum (that is, polysaccharide-based plant
exudate, such as gum arabic) and/or lipid based. The fatty acid
compositions of their extracts are indicative of both animal (low

a

b

c

Figure 1 Photographs of animal mummies used in this investigation. a, Cat. b, Hawk.
c, Ibis. Images were obtained after taking milligram to sub-milligram samples of balms
and wrappings indicated in Table 1, showing that sampling for micro-scale analyses was
essentially non-destructive.

Table 1 Provenance and date of mummies, origin of balms and their chemical composition
Mummy
(museum number)

Date (yr BC )
(dynasties)

Provenance
Sample description†

Inferred components of
embalming ‘resin’‡

Relative abundance
(%)§

...................................................................................................................................................................................................................................................................................................................................................................

Hawk*
(52.55.46)

818–664
(XXIII–XXV)

Tarkhan

‘Resin’ on wrapping underneath jaw/mandible

Fat/oila
Wax (beeswax?)i,n

90
10

‘Resin’ on back, base of neck (head of spine)

Fat/oilb
Wax (beeswax?)

90
10

‘Resin’ on wrapping covering right breast

Fat/oilc
Wax (beeswax?)

90
10

...................................................................................................................................................................................................................................................................................................................................................................

Hawk*
(52.55.47)

818–664
(XXIII–XXV)

Tarkhan

‘Resin’-soaked linen above right eye

Fat/oild
Waxj,o

30
70

...................................................................................................................................................................................................................................................................................................................................................................

Cat*
(56.22.224)

664–343
(XXVI–XXX)

Beni Hassan

Blackened wrapping from base of mummy

Animal fate
Cedar resin (?)
Pistacia resin
Balsam/umbelliferae
Beeswaxk,p
Gum resin (myrrh?)

60
4
4
1
30
1

Detached ‘resin’-soaked wrapping (location 1)

Animal fatf
Cedar resin (?)
Balsam/umbelliferae
Beeswaxl,q
Gum resin (myrrh?)
Petroleum bitumen

61
5
1.5
31
1.5
Tracek

Detached ‘resin’-soaked wrapping (location 2)

Animal fatg
Cedar resin (?)
Pistacia resin
Balsam/umbelliferae
Beeswaxm,r
Gum resin (myrrh?)

64
2
0.2
0.5
33
0.5

Red material in right ear

A sugar gum
Plant oilh
Beeswax

95
5
0.5

...................................................................................................................................................................................................................................................................................................................................................................

Ibis*
(1969.112.42)

664–343
(XXVI–XXX)

Sakkara

‘Resin’-soaked wrapping, covering right breast

A sugar gum
Plant oil
Wax

100
Trace
Trace

‘Resin’-soaked wrapping, covering left breast

A sugar gum
Plant oil
Wax

100
Trace
Trace

...................................................................................................................................................................................................................................................................................................................................................................
* Liverpool Museum.
† The term ‘resin’ denotes physical appearance and does not presuppose any chemical composition or biological origin.
‡ Superscript letters (a–r) refer to the histograms in Fig. 2.
§ Percentage of relative abundance on the basis of absolute concentrations in lipid extract, determined by gas chromatography on the basis of internal standards added at the extraction stage (thermal
desorption was taken into account where appropriate). Compositions do not imply that they were the original formulations of the embalmers, owing to possible chemical changes over time.
k Diagnostic steranes and hopanes present in trace concentrations. Concentration of bitumen not determined owing to chemical complexity.
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abundance of C16:0 compared with C18:0) and plant (high abundance
of C16:0 compared with C18:0) acyl lipid origins (see Fig. 2a–h). The
ibis mummy treatment contains only trace amounts of fatty acids,
being largely sugar based, although the high C16:0 to C18:0 ratios for
the two samples seem to indicate a plant origin. In contrast, the
three samples of wrappings taken from the mummified cat have
C16:0 to C18:0 ratios of ,1.5, which taken together with the presence
of cholesterol derivatives and triacylglycerols (with a high abundance of the C18:0 fatty acyl moiety; Fig. 2) confirm an animal origin;
a contribution from endogenous body fats cannot be ruled out. Red
material that had been packed into the ears of the cat has a quite
different C16:0 to C18:0 ratio (3.7) indicating a possible plant origin.
The ratios of C16:0 and C18:0 in all the samples from the hawk
mummies are very similar (,1.5), which suggests an animal fat
origin. These samples all contained an unusually high abundance of
9,10-dihydroxyoctadecanoic acid, with the differing abundances
of the threo and erythro isomers possibly reflecting differing sources
or extents of stereomutation during the oxidation of the precursor
oleic acid12. As in the previous study of human mummies, the
results suggest that animal fats and plant oils were used as a less
costly base on which to apply more exotic ingredients7.
The presence of monosaccharides in the solvent extracts, and
abundant sugar markers (levoglucosan, furan and pyran derivatives)
in the thermal desorption–gas chromatography–mass spectrometry

analyses, indicate the presence of a hydrolyzed plant sugar gum in
the ibis mummy. Because both furanose and pyranose sugars were
present, their origin cannot be the cellulose-based wrappings.
Unfortunately, the low abundance of sugars in the extracts makes
their precise origin difficult to assign; however, the identification of
a sugar gum is consistent with a previous report of the use of a
“gum” to secure mummy wrappings13. Analogous sugar gum
markers were also detected in the red packing and wrappings of
the cat mummy.
Conifer resin was identified in the three impregnated wrappings
from the mummified cat. The normally abundant diterpenoids,
particularly dehydroabietic acid, are highly oxidized, such that
7-oxodehydroabietic acid is most abundant with lesser amounts
of 15-hydroxy-7-oxodehydroabietic acid (Fig. 3). Importantly, these
diterpenoids are accompanied by sesquiterpenoids indicating
that essential oil(s), such as cedar oil, was a component of the
balm. Although tetramethylhexahydrobenzocycloheptadiene is
characteristic of cedar resin and has been identified in a number
of Egyptian vessels10, the presence of this compound could not
be unambiguously confirmed. However, the mass spectra of later
eluting components of the neutral fraction exhibit Mþz 216 and 218,
consistent with oxidation products of the aforementioned hydrocarbon. The precursor benzocycloheptadiene would be susceptible
to autoxidation, and given the presence of the predominantly

Figure 2 Histograms showing the distributions of alkyl lipids in balms of animal mummies. Fatty acids characteristic of plant oils and animal fats (a–h), and n-alkanes (i–m) and wax
esters (n–r) present in balms containing beeswax as a significant component.
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oxidized diterpenoids in the extract, then the oxidized forms of
sesquiterpenoids would be expected to dominate.
The subject of mummification was written about extensively in
the early part of the twentieth century1,14, with the opinion that
‘cedar oil’ was in fact not true cedar, but a juniper. Unfortunately,
our results do not confirm or refute this assertion, but do emphasize
the problems of oxidation during either the preparation of balms
or the deterioration of these materials over time, hindering confident assignments of this intriguing component. Hence, the report
by classical author Diodorus Siculus on feline embalming15, “… it is
embalmed with cedria and the other substances which have
the virtue of preserving bodies…” remains tantalizingly to be
unambiguously confirmed.
However, triterpenoids were observed in two of the wrappings
from the cat mummy (Table 1 and Fig. 3) including moronic acid as
the dominant component, with lesser amounts of dammaranes,
along with nor-a-amyrone (3-oxo-28-nor-urs-12-ene) and nor-b-

amyrone (3-oxo-28-nor-olean-12-ene). The wrappings do not
contain the euphane markers, isomasticadienonic acid and masticadienonic acid, identified in previous studies7,8,16, but the presence
of the diagnostic and relatively stable moronic acid clearly indicates
that Pistacia resin17 was used in embalming the cat.
The use of beeswax, characterized chemically by n-alkanes (C25 to
C33; Fig. 2i–m), wax esters (C40 to C50; Fig. 2n–r) and hydroxy wax
esters (C42 to C54), is conclusively shown in the cat mummy. The
solvent soluble extracts comprise 30–33% w/w beeswax (Fig. 4). The
fourth sample from the wrappings of the cat mummy contains only
traces of C25 to C31 n-alkanes, with no detectable wax esters,
although the predominance of the C27 alkane indicates a probable
beeswax origin. The sample taken from the hawk (museum number
52.55.46) also contains a significant amount of wax (,10% w/w), the
wax ester distribution being similar to that of beeswax but with the
C40 homologue being greatly reduced in abundance. The presence of
n-alkanes (C25 to C31 with an odd-over-even predominance and

Figure 3 Reconstructed gas chromatography mass spectrometry (GC–MS) total ion
chromatogram (TIC) of the trimethylsilylated acid fraction of blackened wrapping from the
base of the mummy of the Late Pharaonic period cat. Peak identities (‘x’ indicates carbon
chain length): open triangles, Cx:o indicates saturated fatty acids; open squares, Cx
indicates a,q-dicarboxylic acids. C18:1 9-OH is 9-hydroxy-10-octadecenoic acid and

1 ¼ C18:0 9,10-di-OH (t þ e), which is 9,10-dihydroxyoctadecanoic acid (threo and
erythro isomers). Also shown are the structures of two diterpenoid, and two triterpenoid,
acids identified: 7-oxodehydroabietic acid; 15-hydroxy-7-oxodehydroabietic acid;
20,24-epoxy-25-hydroxy-3,4-seco-4(28)-dammaren-3-oic acid (two isomers); and
moronic acid. I.S. is the internal standard (n-heneicosanoic acid).

Figure 4 Reconstructed GC–MS TIC of the trimethylsilylated neutral fraction of blackened
wrapping from the base of the mummy of the Late Pharaonic period cat. Inset shows
thermal desorption–GC–MS (TD–GC–MS) of the same sample. Peak identities (‘x’
indicates carbon chain length): filled circles, Cx indicates n-alkanes; filled inverted
triangles, Cx indicates wax esters; open inverted triangles, Cx indicates hydroxy wax

esters; filled triangles, Cx indicates triacylglycerols; I.S. is the internal standard (ntetratriacontane). Also shown are the structures of two oxidized benzocycloheptenes
tentatively identified. The inset displays a reconstructed TIC of the TD–GC–MS of this
sample, showing the Pistacia sesquiterpenoid, caryophyllene, and the
benzocycloheptenes tentatively identified.
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maximizing at C27), the dominance of the C16:0 acyl group in the
wax esters and the saturated long-chain fatty acids in the C22:0 to
C28:0 carbon number range, with C24:0 predominating, all point to
the presence of beeswax, albeit in a degraded state7,8,18–20. A similarly
degraded beeswax was also seen in the other mummified hawk. The
two samples from the ibis mummy also contain alkanes and wax

esters indicative of a wax, but their low concentrations preclude a
firm conclusion regarding its origin.
The gas chromatogram of the neutral fraction of the ‘resin’coated bandage taken from the cat mummy displayed a notable
‘hump’ (Fig. 4), which is indicative of a thermally mature petroleum
product (that is, ‘true’ bitumen). The hydrocarbon fraction6 contained characteristic bitumen-derived triterpanes and steranes,
although their concentrations were about three orders of magnitude
lower than those of other lipids. The source of this bitumen,
determined using the ratios of the most characteristic bitumen
biomarkers, suggests that it most closely resembles that from Abu
Durba, Gulf of Suez, although a mixture with Dead Sea bitumen or
another source is possible (Fig. 5)21. Gebel Zeit, another source
thought to have been available to the Egyptians, has ratios markedly
different to those calculated for the cat and can therefore be
discounted as the source.
The identification of a range of natural sesqui-, di- and triterpenoids, wax esters, fatty acids and bitumen biomarkers demonstrate that commodities considered as exotic were used in animal
mummification1. The complexity of the mixtures is analogous to
those previously detected in human mummies6–9,22–24. The choice of
natural products employed suggests that the ancient Egyptians had
an appreciation of their preservative properties7. These findings
provide further evidence for animal mummies being prepared using
procedures as sophisticated as those employed in human
mummification.
A
Received 13 May; accepted 13 July 2004; doi:10.1038/nature02849.

c

Figure 5 GC–MS selected ion monitoring mass chromatograms and star diagrams.
a, b, Mass-to-charge ratio (m/z ) 191 (a) and 217 (b) GC–MS selected ion monitoring
mass chromatograms of saturated hydrocarbon fraction of ‘resin’-coated bandages taken
from the cat mummy. c, Star diagrams for reference petroleum bitumen and cat extract.
Indices are calculated on the basis of peak heights as decimal fractions: oleanane
index ¼ oleanane/(oleanane þ 17a,21b(H)-hopane); hopane C35
index ¼ 17a,21b(H)-29-pentakishomohopanes/(17a,21b(H)-29pentakishomohopanes þ 17a,21b(H)-29-trishomohopanes); neonorhopane
index ¼ 18a(H)-30-neonorhopane/(18a(H)-30-neonorhopane þ 17a(H),21b(H)-30neonorhopane); diasterane index ¼ 13b,17a-diacholestane 20S/(5a,14b,17bcholestane 20S þ 13b,17a-diacholestane 20S). Reference values taken from ref. 21.
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Humans differ from other primates in their significantly lengthened growth period. The persistence of a fetal pattern of brain
growth after birth is another important feature of human
development1. Here we present the results of an analysis of the
1.8-million-year-old Mojokerto child (Perning 1, Java), the only
well preserved skull of a Homo erectus infant, by computed
tomography. Comparison with a large series of extant humans
and chimpanzees indicates that this individual was about 1 yr

(0–1.5 yr) old at death and had an endocranial capacity at 72–84%
of an average adult H. erectus. This pattern of relative brain
growth resembles that of living apes, but differs from that seen in
extant humans. It implies that major differences in the development of cognitive capabilities existed between H. erectus and
anatomically modern humans.
Dental microstructure has been recently used2 to determine when
in the course of hominid evolution a modern human pattern of
dental maturation appeared. Representatives of H. erectus have been
shown to display a shorter period of dental development, suggesting
that a modern human growth pattern evolved more recently.
Another important aspect of human growth is ‘secondary altriciality’. In most primates, brain growth slows down rapidly after
birth1 whereas hominids have to solve the evolutionary challenge of
developing a large brain under substantial physiological, obstetrical
and locomotor constraints3. An adaptive solution has been reached
by giving birth to offspring with relatively small brains compared
with adult brain size. Whereas Macaca newborns display an endocranial volume equivalent to 70% of adult size1, the modern human
brain represents only 25% of its adult size at birth and continues to
grow at its fast fetal rate during the first year of life. At 1 yr of age the
human brain is 50% of its adult size and at 10 yr 95% of the adult
brain size is achieved. At birth, apes display an intermediate
condition, with an endocranial volume approximately 40% of
adult size in the common chimpanzee4, with 80% of the adult
volume being reached by the end of the first year.
Secondary altriciality has social consequences: modern human
children require many years of parental support. It also influences
the development of cognitive abilities. Most of human brain growth
takes place in an ‘enriched environment’, while the individual is
already interacting with the extra-maternal environment5–7. A
prolonged interaction between peripheral somatic areas and developing related sensori-motor cortical areas could be one condition
for the development of spoken language. When this important
adaptation of the genus Homo appeared during the course of

Figure 1 Superior view of the Mojokerto specimen (a) and three-dimensional
reconstructions from axial CT scans of the anterior part of the skull (b–d). The location of
the coronal cuts are indicated on a. The coronal cuts in b and c, located immediately
behind the bregma, display the gap between the two parietals reduced to one compact

table on both sides. The large depression located anteriorly to the bregma on the frontal
visible on d results from damage of the outer table. Three-dimensional reconstructions of
the skull were made with Voxel-man software (University of Hamburg)28. The photograph
in a is from the Senckenberg Museum.
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