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ABSTRACT 

At various points in human history, tattooing has been ubiquitous on almost every 

continent on Earth, used for reasons of aestheticism, religious beliefs or for social 

purposes. To study the art of tattooing with respect to a particular culture, one must 

always be critical to any references to the practice (written, pictorial or artefactual) due 

to issues of translation and misinterpretation. Complete verification may only come with 

the discovery of actual tattooed human remains. In combination with artefactual and 

anthropological evidence, these remains not only provide physical proof of the practice 

in a culture’s ancestry but also possess the ability to link various other forms of physical 

evidence, which on their own would remain speculative. 

By its very nature, tattooing may only exist while the bearer is alive. Once the owner 

dies, the skin, along with the tattoo, decomposes (under normal decomposition 

conditions) and is lost forever. However, tattoos may survive if the dermal layers of the 

skin are preserved, either by natural or artificial means. The processes of 

mummification in various civilisations have provided us with a rare opportunity to 

study the art and processes of tattooing in antiquity. Existing tattooed mummified 

remains have been found in: Egypt; Siberia; Eastern Central Asia; Greenland; Alaska 

and St. Lawrence Islands; Central Andes (Peru and Chile); Philippines; New Zealand 

and Italy. 

Existing literature regarding the analysis of tattooing inks and pigments once deposited 

into the skin is very limited. Comparatively, the industrial organic pigments used to 

colour the majority of modern tattooing inks sold today have not been officially 

approved by any regulating body and as such, manufacturers are not required to disclose 

the chemical ingredients of their products. Chemical identification of these tattoo 

pigments post-procedure will aid medical practitioners in the event of complications or 

for the purposes of tattoo removal. Forensically, tattoos are often one of the 

distinguishing features used in the identification of victims of crime or accidents. 

Experiments were carried out using an animal model (Sus scrofa) for the tattooing. 

Given the theoretically large but ultimately limited range of substances available to both 

ancient and modern tattooists, the premise of the experiment involved surveying the 

literature regarding possible tattooing pigments and either obtaining or reproducing a 

careful selection of these in the laboratory. These pigments were then tattooed onto the 
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animal model and after allowing for the essential healing period, the tattooed areas were 

excised, with those tattooed with traditional pigments subjected to various simulated 

mummification environments.  

Analysing organic substances imbedded in a complex biological matrix such as human 

or animal skin is a challenge. The task is further complicated if the skin is either 

naturally or anthropogenically mummified, introducing new variables in sampling and 

processing. Standard tissue processing methods could not be employed as the various 

processing media and associated chemicals may convolute results, especially when 

sensitive techniques such as Energy Dispersive X-Ray Spectroscopy and micro-Raman 

spectroscopy are employed. Furthermore, the sample sizes afforded in reality would be 

minute and extremely precious, as such; the tissue processing steps undertaken would 

have to accommodate various methods of chemical analysis. Snap-freezing and cryo-

microtomy was employed and tissue sections were mounted onto appropriate supports 

suitably chosen for the respective analytical techniques.  

The study proposes the establishment of an adaptable experimental methodology to 

analyse both inorganic and organic tattooing pigments in mummified remains in situ. 

This method was developed for the purpose of convincing conservators and curators to 

re-examine their existing collections and for archaeologists to approach new discoveries 

of tattooed mummified material in a new light. The same methodology has also been 

demonstrated to be successful in the identification of commercially available modern 

tattoo inks coloured with organic pigments, post-procedure, within the skin. This may 

serve as a preliminary tool prior to engaging in laser removal therapy to assess the risks 

of producing potentially hazardous compounds. Likewise, the pigments responsible for 

causing adverse reactions in some patients may be quickly identified to hasten any 

corresponding treatment. 
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1 History of Ancient Tattooing 

1.1 Introduction 

Tattooing as an art-form has experienced many phases throughout its existence in 

human history. Its bodily permanence has been employed for many reasons, be they 

aesthetic, social identification, boldly proclaiming spiritual or personal beliefs, a form of 

punishment or even as a secret communication system.1 Since its inception, tattooing 

has polarised people’s opinions regarding its place in their respective societies. Some 

cultures held tattooing in such high regard that it was reserved only for nobility or the 

high ranking.2 In cultures such as the Polynesians, M ori3 and the Eskimo/Inuit4, the 

tattoo was an essential part of the transition into adulthood. On the other hand, some 

who have stumbled upon the practice through travels saw it as a barbaric act, either 

through blind association with the native ‘primitive’ culture, or through historical 

prejudice in that the practice was once used to mark slaves with the names of their 

owner.1 Passages in the Old Testament also discourage its practice: "Do not cut your 

bodies for the dead or put tattoo marks on yourselves. I am the LORD.” (Leviticus 

19:28).5 In its aesthetic form, tattooing may almost be likened to the ever changing 

trends of style and fashion, undergoing various cycles of popularity, disrepute and 

resurgence. 

 

We shall perhaps, never learn the true reasoning behind the first ‘tattoo’. As with many 

of Man’s discoveries, tattooing may have come into fruition through ‘natural’ or 

‘traumatic’ events whereby a substance may have been accidentally introduced into an 

open wound, resulting in that substance being permanently affixed under the skin after 

the wound had healed. One would imagine this new artistic discovery going through 

many phases of experimentation, with a multitude of different designs, pigments and 

delivery systems trialled and tested. As the art of tattooing progressed through the ages, 

tattooing knowledge and expertise would have been refined and improved to the point 

where certain pigments would be favoured over others, how they were prepared and the 

tools used to deliver these pigments into the skin. With better knowledge came better 

proficiency and more elaborate designs would have been possible. The idea of bearing a 

mark which lasted the life of the host would have immediately appealed to those who 

wished to commit to such permanence. There is also strong evidence of tattooing being 

practiced for therapeutic purposes with the discovery of mummified remains exhibiting 

tattooing over specific regions of the body showing signs of degenerative joint disorders 
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or areas prone to such disorders (see sections 1.3.2 – 1.3.4 below). Therapeutic tattooing 

is still being practiced in places such as Togo (West Africa) as a traditional alternative 

to western medicine. 

 

As an ancient form of art, tattooing has been practiced by many different civilisations 

over many millennia. When attempting to study ancient anthropology, we may be left 

with artefacts and, in the rarest of instances, recorded literature, to provide us with an 

insight into past civilisations and their traditions. Any attempt to interpret the practice of 

tattooing in literature, however, is fraught with issues of translation. The word ‘tattoo’, 

as we know it, was introduced to the English Language by Captain James Cook upon 

his return to England in 17691, 4 from the South Seas.6 The original word was written as 

tatau, the Tahitian word for a ‘pattern punctured on the skin’, but spoken in the 

European speech as “tattow”. This derivation is mirrored in many of the pacific islands 

e.g. in Tongan, tatatau and in Rarotongan, tatatatau, all meaning “to tattoo”.6 However, 

besides the general definition of “puncturing marks onto the skin”, the word tau also 

lends itself to mean “to count”, “trade”, “barter” or “numerically calculate”6 in M ori, 

Samoan, Tahitian, Tongan etc. More confusion arises with many civilisations often 

using a single word to define marking the body through painting, tattooing, 

scarification, branding, and their various combinations. The same problems are faced 

when attempting to interpret pictorial or sculptural artefacts. Examples may be drawn 

from the ancient Egyptian civilisation, where small female figurines were found 

decorated with simple geometric patterns. These designs were not construed to signify 

anything beyond decoration until the discovery of tattooed female mummies from the 

11th Dynasty7 (2160 - 1994 B.C.) which revealed the patterns on the figurines to be 

representations of tattooing. 

 

There have been few physical artefacts discovered providing us with unequivocal 

evidence of tattooing. Archaeological finds characterised as ‘tattooing tools’ were 

usually deductions based on the construction of the implements or direct comparisons 

with existing traditional tattooing tools. Concerning the pigments or inks used in ancient 

tattooing, no artefactual evidence has been found, e.g. containers or vessels containing 

unused pigment. A few theories could be presented to explain this lack of physical 

evidence: For those civilisations who practiced tattooing as part of their spiritual and 

religious beliefs, perhaps the strongest argument would be that the actual preparation of 

the pigments would be equally (or more) significant than the practice of tattooing itself. 
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Consequently, the tattoo pigments would be ceremonially prepared by certain 

individuals on demand, with subsequent surplus discarded. As a result, no excess 

pigment would remain to be discovered by future archaeologists. Another proposed 

theory is based on the concept of sterile practices. Depending on the skill of the 

tattooist, the intimate physiological nature of tattooing calls for much of the work to be 

carried out in and around open wounds. Although no comparisons may be made 

between ancient practices and the strictly regulated tattoo studios of today, one would 

imagine that ancient tattoo artists at least understood the basic risks involved with skin 

penetration procedures and would endeavour to reduce the chance of infection through 

various precautions, one of which would include using freshly created inks as opposed 

to using older/surplus material. The use of freshly made inks and pigments is especially 

significant if the solution or medium used to evenly disperse the solid pigment is of a 

perishable nature, for example animal fats, vegetable/fruit extracts or water. 

 

Unlike ancient pottery or stone carvings, tattooing proves to be a far more difficult 

subject to study because the canvas on which tattooing is created is the human skin. 

Unlike sculptures carved into rock or ancient paintings drawn upon a cave wall, the 

biological system of the human body will see it perish through decomposition and 

cellular autolysis post-mortem, leaving behind skeletal remains. If an individual had 

been tattooed during his or her lifetime, the tattoo, along with its bearer, will perish with 

the skin. However, there are instances whereby the body (or parts of the body) become 

mummified, either through natural or artificial means. The permanence of the tattoo is 

uniquely preserved when mummification occurs. The body art that once decorated its 

owner through life will now accompany him or her past death, perhaps for millennia if 

properly conserved. The lack of surplus or pre-prepared material leaves scientists with 

only one type of vessel in which to analyse, tattooed mummified skin. 

 

This soft-tissue preservation provides us with a crucial opportunity to learn more about 

this decaying ancient art-form because to this day, the chemical composition of these 

tattooing pigments have not been established. Almost all of the available literature 

regarding tattooed mummified remains has provided mere educated guesses concerning 

the identity of the pigments. These speculations are often based on available 

anthropological information drawn from surviving members of a particular culture or 

other parallel civilisations 4, 8-10. Although such hypotheses are valid methods for 

identifying these pigments, one fault lies in ever changing trends and the availability of 
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finite material. For example, certain pigments favoured at any point in time may not 

necessarily mean that those same pigments will be used conscientiously and 

consistently through the ages. A certain pigment may fall out of favour or simply 

become unavailable; therefore another will be chosen to take its place. When confronted 

with mummified remains exhibiting black or blue-black coloured tattoos, as such, a 

relatively secure assumption to make is that the pigment is ‘probably soot’2, 4, 11 or 

carbon based. Black or dark pigments, however, may be concocted from many different 

materials; for example, metallic oxides such as magnetite (Fe3O4) or pyrolusite (MnO2) 

and carbon itself may be sourced in a variety of ways, either through the pyrolysis or 

charring of animal/vegetable matter or from natural ground deposits. To this day, only a 

handful of researchers 4, 12-14 have investigated the tattoos on mummified remains 

histologically and of those, only Polosmak and van der Velden et al. have actually 

analysed the tattoo(s) for its chemical composition. 

 

Mummified ancient remains are recognised as rare commodities, which makes those 

found with tattooing significantly more precious. It is perhaps this rarity which has 

resulted in the lack of literature detailing the chemical composition of the pigments used 

in ancient tattooing. A sample of tattooed skin would be a great deal more valuable than 

an ordinary skin sample as you are in effect, sampling a piece of artwork. The concepts 

and connotations behind the practice of tattooing in antiquity provide an immense field 

for interpretation. With the aid of available anthropological data (from past and present), 

the focus of this project will be on the chemical composition of possible pigments used 

for tattooing, specifically, to design an experimental methodology that may be used to 

analyse these pigments in mummified remains in situ. The method will be developed for 

the purpose of convincing conservators and curators to re-examine their existing 

collections and for archaeologists to approach new discoveries of tattooed mummified 

material in a new light. 

1.2 Ancient Tattooing 
 

1.2.1 Pigments 

For some cultures, much emphasis was placed on the choice and preparation of the 

pigments used in their tattooing, while other cultures simply used material that was 

easiest to procure. However, the amount of effort undertaken in producing the pigment 

does not necessarily translate to the tattooing procedure being any more or less 
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important to that respective culture. The tattooing pigments of antiquity might have 

been discovered through chance, such as a situation where soot or charcoal from a fire 

was rubbed into an open wound, only to find that once healed, the black pigment 

became permanently affixed under the skin.  

 

The terminology regarding material used in tattooing to permanently mark or colour the 

bearer’s skin will now be established for the remainder of the thesis. When speaking of 

pigments, these may either be organic or inorganically based and for the most part, 

practically insoluble in the medium in which they are suspended as they do not 

chemically interact with the substrate.15, 16 When referred to on their own, the term 

‘pigments’ deals with the solid raw ingredient, not yet combined with the carrier or 

substrate (see 1.2.3). Inversely, dyes are substances that undergo chemical interactions 

with the solvents in which they are dispersed and in doing so, lose their crystal or 

particulate structure.15, 16 Finally, inks refer to the complete mixture containing the 

pigment(s) suspended in a carrier or medium and to the solution containing dye(s) 

dissolved in a solvent. It has to be stated that pigments would be used in preference to 

dyes in tattooing. For the permanent ‘tattoo’ to exist, only inert solid pigment particles 

may remain ‘fixed’ into position at various levels of the dermis. Dyes cannot be used as 

they will dissipate into the extracellular fluid (interstitial fluid, blood plasma), 

eventually being metabolized, absorbed and excreted by the body. Dye molecules are 

also more susceptible to photochemical breakdown than pigments, subsequently losing 

their original hue. The term tattoo dye is often misused to refer to the ink used in the 

tattooing process. 

 

The literature is scattered with brief mentions of pigments used in traditional tattooing 

practised by the existing native tribes of today. These observations are usually first hand 

accounts made by observers and may or may not reflect the actual pigments used by 

their ancestors, as the choice of pigments often changed due to availability or 

preference. Conceivably, any finely divided material could have been used as a 

tattooing pigment, although the darker the pigment, the better the contrast once 

implanted under the skin (assuming the bearer had relatively light skin). For some 

cultures, the pigments used in tattooing could be borrowed directly from those 

employed in their traditional artworks whereas others would have created pigments 

purely for the practice of tattooing. The following is an historical (by no means 

exhaustive) overview of traditional tattooing pigments from available literature. 
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The native Ainu people from the various regions of Japan (Hokkaid , Sakhalin and 

Kuril Islands) obtained their black tattooing pigment by collecting the soot deposited on 

the bottom of a kettle or pot, which was hung above a fire fuelled by birch bark. 

However, other reports state that the ash of the birch bark is rubbed into the wounds 

instead of the collected soot.17 In Burma, lamp black is the favoured pigment, acquired 

by the burning of sessamum oil (Shway Yoe aka Sir James George Scott, 1882).18 Sir 

James also reported the Burmese making an ink for a tattoo charm consisting of 

vermillion (assumedly mercuric sulphide, HgS) mixed with a ‘magic drug’ consisting of 

the skin of the trout, spotted house lizard and certain herbs.19 A pigment used by the 

Kanuri women of the Nigerian state of Borno consists of a mixture of charcoal and the 

seeds of Acacia nilotica var. tomentosa tree.20 In the 1870s, Norwegian naturalist and 

explorer Carl Alfred Bock observed the Dayak people of Borneo prepare their tattoo 

pigments from vegetable dyes21, however, the Iban tribes of today obtain their pigments 

from scraping the soot from a metal dish heated by a kerosene lamp, which they then 

mix with a sugar cane extract.22 On a National Geographic feature on Borneo’s 

traditional tattooing, it was reported that the tattoo pigments were either made of soot or 

powdered charcoal, substances believed to repel malevolent spirits. Individual factions 

of the Dayak people mixed other materials into their pigments such as crushed 

meteorites or animal bone shards in the belief that it gave their tattoos more power23, 

however, the extent of this practice is not known beyond the author’s report.  The 

modern Greenland Inuits primarily use soot in their tattoos, collected in a way similar to 

the modern Iban tribes. Some other pigments they employed were graphite, ashes, juice 

extracts from particular types of seaweed, and gunpowder.4 The earliest written 

commentary on the tattooing practices of the Inuits of Greenland was written by a 

Danish priest, Claus Christopherssøn Lyschander. A passage in his book, Den 

grønlandske Chronica (The Greenland Chronicle – 1608), reads,  

 

‘They cut their faces and rub upon them both blue and yellow: and thus they mean to 

honour and adorn His creation.’
4 

 

The ‘blue’ of which Lyschander spoke of may have been referring to either an actual 

blue pigment or the apparent colouring of the soot or charcoal after being implanted 

under the skin (Refer to Chapter 2.1.2 for an explanation of apparent colour), however, 

the identity of the ‘yellow’ pigment remains a mystery as the modern Inuits only tattoo 

with dark coloured materials. 
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One substance, which has raised much controversy in terms of its possible use in 

tattooing and/or body painting, is Woad (Isatis tinctoria). Originally from Northern 

Europe, the leaves of the woad plant have been used to extract the blue alkaloid dye 

indigo since the Bronze Age (2500 – 800 B.C.).16 The argument regarding the use of 

woad came into fruition via the words of Gaius Julius Caesar in mid 1st century B.C. In 

Volume 14 of Caesar’s account Commentarii de Bello Gallico (regarding his nine year 

involvement in the Gallic War), a phrase reads, ‘Omnes vero se Britanni vitro inficiunt, 

quod caeruleum efficit colorem, atque hoc horridiores sunt in pugna aspectu.’, which 

translates to: ‘All the Britons dye themselves with vitrum, which produces a blue colour, 

and makes their appearance in battle more terrible.’.24 Caesar’s use of the word 

‘vitrum’, however, has been consistently mistranslated or interpreted as woad, even 

though the Latin translation of the word gives ‘glass’ or ‘crystal’.24 Such a misnomer is 

not uncommon when interpreting the words of classical authors, in which the various 

body arts (scarification, tattooing, painting etc.) are often mistaken for each other. Carr24 

and Pyatt et al.25 have provided a list of quotes from classical authors who refer to the 

practice of tattooing or body painting among the ancient Britons. Most of the translated 

quotes provide solid differentiation between tattooing and body painting, while others 

tend to suffer from vagueness and over-dramatisation common of written observations 

in that era. According to the “The Encyclopaedia of Ancient Myths and Culture” (Page 

367)26, archaeologists have actually discovered tattooed mummified material in 

Scotland, believed to have originated from the Picts. However, the reference is vague 

and uncited. 

 

The astringent Woad possesses antibacterial properties24 and as such, provides a motive 

for the ancient Britons to have used it, at the very least, as a dressing on wounds. This 

opens the door to the possibility of accidental tattooing, in that rubbing the plant 

material into a wound may have left a seemingly ‘permanent’ mark, post-healing. 

Furthermore, Carr24 proposes the theory of full body immersion in woad vats or 

cauldrons as a means to quickly dye an entire body in the blue woad extract, 

subsequently, any cuts or abrasions on the bearer (be they accidental or intentionally 

inflicted) would quickly and painfully absorb the dye. The extraction of Indigo from 

woad involves a degree of fermentation and treatment with ammonia (readily available 

in the form of urine), producing low yields (Plowright27 reported a very low yield of 2.4 

grams of impure indigo from 500 grams of woad plant material). The pure indigo 

extract is an insoluble crystalline powder that, if ground to a fine enough consistency, 
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may have been a possible tattooing pigment. Carr24 experimented with indigo as a body 

paint by combining it with various binding agents. This experiment could be extended 

to investigate the viability of indigo as a tattooing pigment, as it is yet to be formally 

reported in the literature. In 1831, American anthropologist Henry Field observed the 

gypsy tribes of Northern India prepare a tattoo pigment made from indigo (possibly 

Indigofera tinctoria) or vermillion.18 Another pigment used by the tribes was derived 

from Eclipta elba; the leaf of this common weed was rubbed into pre-punctured holes in 

the skin, leaving a “deep bluish black” colour.18 The permanence of using the Northern 

Indian tattooing was not elaborated upon. The Mundurucú tribes of South America used 

the juice of the Genipa genus of fruits as inks.28 As a convenient example of how 

astringent plant materials behave as tattooing inks, one may look to the Hawaiians, 

where a traditional sign of mourning for funeral goers mean having their tongues 

tattooed with pigments derived from citric fruits. These ‘tattoos’ caused blisters to 

appear, followed by the desired staining effect, which only lasted approximately one 

month before dissipating.18 

 

The traditional art of Japanese tattooing, Irezumi, boasted a colour palette unparalleled 

by any other civilisation that has practiced tattooing in history. The pigments used were 

similar to those employed for their polychrome woodblock prints, main colours of 

which included: sumi ink, a black soot collected from stone temple lanterns fuelled by 

sesame oil; blue or indigo was obtained by recycling pre-dyed indigo rags in boiling 

water; red was obtained from two sources, safflower extract (presumably Carthamin) or 

a red (iron) ochre; yellow was seki  (stone yellow), otherwise known as arsenic 

sulphide (As2S3). Various shades of brown, violet, green and gray were created by 

mixing the main colours above. White lead carbonate was also used sparingly as a tattoo 

pigment 17. Vermillion and madder (presumably alizarin or a laked pigment) was also 

reported to have been used by the Japanese 19. 

 

As previously mentioned, different cultures will go to various lengths regarding the time 

and effort spent on preparing their tattooing pigments. Perhaps the most elaborate and 

time-consuming procedure belongs to the M ori peoples of New Zealand. The M ori 

possessed more than one method of obtaining their tattooing pigments, and their chosen 

materials varied according to individual tribal preferences and availability of certain 

resources. Higher quality pigments that produced the unique blue-black coloured tattoos 

were reserved for the facial moko (traditional tattooing in the M ori tongue) rather than 
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the lower body tattoos. Tregear29, Robley3 and Colenso30 describe one way in which the 

pigments for facial moko was obtained (M ori terms are italicised and underlined): 

 

“It begins with two men ceremoniously and carefully selected for the task, for the 

period of which, both men will be under the traditional M ori law of taboo (tapu), a 

form of internal self-exile. A rua-ngarehu (small kiln or furnace) was carved out of the 

side of a hill while the substances to be burnt are prepared; these included combinations 

of resin obtained from the kauri (kapia) tree Agathis australis, the resinous veins from 

white ‘pine’ tree Dacrycarpus dacrydioides (kahikatea) or wood from the koromiko 

shrub (Veronica salicifolia). A trap is needed to catch the soot (awe) produced from the 

burnt resins and this is in the form of a fine-meshed net (korari). The net is constructed 

from finely split (wharanui) flax leaves, which are beaten and thrashed as to produce a 

rough consistency for better trapping the soot. Fat is sometimes smeared onto the korari 

to improve its trapping ability. The korari is securely fastened to the chimney of the 

furnace, which is further obstructed with thick mats to prevent the resinous smoke from 

escaping. The procedure is carried out on a calm, windless night to maximise soot 

adhesion to the flax mesh. The accumulated soot is then mixed with a bird fat and given 

to a pre-fasted M ori dog to consume. The dog is kept restrained so as it may not eat 

any other food besides the soot/fax mix and has passed it completely through its 

digestive system. The soot-rich faecal matter is collected and kneaded with a bird oil 

extract and a small amount of water before being left to dry and harden. The resultant 

pigment (Narahu or Kapara) is then kept securely in either a large shell, hollowed out 

pumice or soft stone and buried securely in a chosen location for future use.” 

 

As the above suggests, the M ori are perhaps one of the few (if not only) cultures who 

intentionally created an excess or surplus amount of tattoo pigment at the one time for 

use at a later stage. Another notable tattoo pigment sometimes employed by the M ori 

for use on non-facial moko came from awheto hotete,3, 29 a ‘vegetable caterpillar’. The 

‘vegetable’ appendage does not denote the caterpillars’ diet or habitat but rather the 

parasitic fungus (Cordiceps robertsii)29, 31 that invades its body, eventually achieving 

complete and fatal host possession. There is debate as to exactly which species of moth 

the caterpillar is in a larval state of, some suggestions have been Hepialus virescens 

(puriri ghost moth) and Porina mairi (porina moth), as both are susceptible to attack 

from the fungi.31 One theory as to how the fungus begins its infection is that while 

burrowing through soil, a spore from the fungus lodges into a fold on the caterpillar’s 
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body. Here, it slowly grows and enters the larval body, where it eventually kills the 

creature through displacement of the interior organs with its hyphal system. The outer 

shell of the caterpillar however, is usually preserved; save for a protruding stem 

(approximately six to ten inches high) that erupts from the body, carrying pockets of 

spores for delivery.3, 31 At this stage, some may argue that the creature is no longer a 

caterpillar and that the classification shifts to the fungus. Following this 

‘metamorphosis’, the entire specimen is collected by the M ori, burnt and finely 

powdered to produce the pigment. Other pigments known to have been used in moko 

was charcoal and gunpowder (through European introduction).3 

 

In the Cordillera region on the Philippine island of Luzon, many of the ethnic groups of 

the Igorot people have practiced tattooing for many centuries, with some groups 

recorded as practicing headhunters.32 The tattoo pigment of choice (as observed by 

American anthropologist Albert E. Jenks) for the Central Mountain Provincial Igorots 

(Bontoc) was soot32 collected from the bottom of ollas or clay pots. The soot served two 

purposes; a) to mark the pattern which was to be tattooed (after mixing it with water to 

form an ink), and b) as the actual tattoo pigment. However, Jenks32 also noticed an 

individual with two different shades of tattooing; one was distinctly green (a throat 

tattoo) while the tattooing on the rest of his body was the common blue-black shade. 

This may indicate that the tribes used different pigments for different areas of the body 

(similar to the M ori) or that the colour difference may have come from the different 

thickness of skin on the neck and subsequent refraction caused from surrounding blood 

and tissue. 

 

The 6th Century Byzantine physician Aëtius (of Amida) Amidenus included one of the 

few recorded formulations of a tattooing ink in one of his medical encyclopaedias: 

 

“They use this sort of ink: Egyptian acacia wood, esp. the bark, one pound; two ounces 

of burnt bronze; two ounces of oak-gall, one ounce of copper sulphate; having ground it 

up and sifted it, first grind up the bronze with vinegar, then adding in the rest so that it 

is smooth, pour in two parts of water and one part of leek juice, combine and use, 

pricking the pattern with needles and wiping away the blood and smearing it first with 

leek juice, and then with the compound.” 
†
 

                                                
† Kindly translated by Dr Neil O'Sullivan, Chair of Classics & Ancient History at The University of 
Western Australia. 
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It may be argued that the ‘new age’ of pigments arrived with the advent of multi-

coloured pigments. Incorporating different colours into tattoo designs was in stark 

contrast to the monochromatic designs that had been practiced for many millennia. The 

Japanese were peerless in their use of coloured tattoo pigments, with artwork from the 

Edo period (post AD 1750) depicting both men and women sporting colourful 

tattooing.17 Although the Western World had previously returned with the art of 

tattooing from various Pacific Island nations, it was Japanese form of polychromatic 

tattooing that would ultimately lead to the popular explosion to follow. 

 

Be it a solid pigment or liquid dye, one consideration is the remote possibility that 

remnants of the material used to construct the tattooing tool(s) may have accompanied 

the pigment into the skin. The same possibility holds for the carrier medium (explained 

below), especially if it contains an insoluble precipitate that may also be delivered into 

the dermis, contributing to the overall tattoo. 

1.2.2 Tools 

A myriad of materials were used in the construction of tattooing instruments. 

Depending on the method of tattooing and choice of pigment delivery, these tools were 

chosen for their ability to be sharpened to a point or a sharpened edge. 

 

Some examples include obsidian (volcanic glass); animal/fish teeth, bones and barbs; 

bird claws, beaks and bones; plant thorns (e.g. Balanites aegyptiaca used by the Kanuri 

women of Borno State, Nigeria)20; sharpened bamboo; sea and tortoise shells etc.18 

Perhaps the earliest claim of tattooing instruments were uncovered in several Upper 

Palaeolithic (10,000 B.C. to 38,000 B.C.) archaeological sites in Europe. These 

implements consisted of sharp bone needles that may have been dipped into the holes 

carved into clay/red ochre disks.33 Although this theory holds some merit given the 

similarity between it and other tattooing instruments, it has yet to be substantiated. 

 

There are essentially three methods in which a pigment may be delivered into the skin; 

‘gouging’, ‘tapping’ and ‘sewing’. All methods require a sharp implement to pierce the 

epidermis and deposit the pigment into the underlying dermal layer (Figure 1.1)19. 
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 Figure 1.1. Tattooing instruments: A) Tool and B) striker from Sarawak, Borneo; C) Weighted tattooing 
tool from Burma; D) Lead weight portion of Burmese tattooing instrument; E) Expanded compound 
tattooing needles (provenance unknown); F) Mounted tattooing needles on shaft, Japan. 

‘Gouging’ 

The first method involves dipping or immersing the sharp point into a prepared 

pigment, followed by the piercing of the skin with this pigment-soaked tip. The tattooist 

may use either a gouging or tapping action. The gouging action calls for the tool to be 

shaped somewhat like a small spear, where the device may be a single sharpened lance 

or a tip made of a different material to be secured parallel to the handle. The pigment 

will be worked into the skin at various angles. In some Buddhist monasteries in 

Thailand, the tool of choice for monks is a long metal rod, either sharpened on its own 
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or affixed with another sharp material18. The people of Nagaland, North-Eastern India, 

used tattoos to indicate social status and previously, to signify successful headhunting. 

The tattooing tools used were made from sharp plant thorns inserted into the end of a 

wooden spatula-shaped holder bound with plant fibre, examples of these are held at the 

Pitt Rivers Museum, Oxford (Inventory # 1936.4.14). The Japanese tattooing tools 

consist of needles attached to a shaft of wood, bone, ivory, bone or bamboo using wire 

or thread. Shaft dimensions are usually ca. 2 cm in width and no more than 20 cm in 

length. The number of needles depends on the purpose of the instrument, with fine 

contour line- work (sujibori) requiring no more than two or three needles while shading 

(bokashi) is achieved with shafts strapped with anywhere between 20 to 30 needles.17 

 

The method of tattooing employed by the tattooist (Mr. Marc Pinto) for the experiments 

in this project was similar to the traditional Japanese method of tattooing (irezumi). A 

detailed description of irezumi is given below: 

 

“When the tattoo master sets to work, he places the left hand on the body, wedging the 

handle of the ink brush between the ring finger conjointly with the little and middle 

finger. In his right hand, he holds the shaft with the needle points, guiding the handle to 

the skin surface with the index finger for better precision. The thumb of the left hand 

acts as a support, while it also serves, together with the left index, to stretch the skin 

taut for easy penetration of the needles.” (van Gulik, Pg. 98)17 

 

Concerning the shading or shadowing of tattoo designs, there are essentially two 

methods of needle control. The first (and less favoured) method has the needles entering 

the skin at a 90 degree angle (tsuki-hari), which is used for areas requiring even 

colouring. Tsuki-hari inflicts the most pain as the depth needle penetration is uneven, 

often drawing blood. The technique of diagonally piercing the skin at a particular angle 

is called hane-bari. This method is less painful as the depths of penetration are more 

acutely managed but requires more skill and experience on the part of the tattooist. An 

experienced tattooist may achieve a puncture rate of between 90 to 120 strokes a 

minute.17 
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‘Tapping’ 

The tapping action on the other hand will require two pieces of equipment. As the name 

suggests, one implement will be used to deliver the pigments while the other will be 

used to drive the first implement into the skin using a tapping motion. The construction 

of the pigment-carrying implement differs from the spear-like tool of the gouging 

method in that the sharp needle or tip is secured at 90 degrees or perpendicularly to the 

handle. The accompanying tapping tool is usually a nondescript stick or cylinder, which 

may or may not be made from the same material as the pigment-carrying tool. The 

Polynesian cultures are perhaps the most famous employer for the latter method; their 

multi-toothed, combed instruments are still used to this day. In Samoa, the traditional 

hand-made tools are made by the tattoo expert, who are known as tufuga tatatau.34 The 

tools comprised of the pigment delivery system or ‘au, and a short wooden rod or 

mallet, known as the sausau. The ‘au is made up of three separate components: Firstly a 

small bone comb is carved from small sections of a boar’s tusk or some other material. 

The tusk is carved with a row of very small sharp teeth35 which will be dipped into a 

pigment and used to perforate the skin during the procedure. The combs come in 

different sizes and are used accordingly to fill large dark areas or for finer line or dot 

work. The bone comb is traditionally fastened to a turtle shell plate by strands of 

coconut fibre, which itself is fastened to a thin stick or handle. One culture who used the 

tapping method of tattooing is the Iban, one of many branches of the indigenous Dayak 

people of Borneo once feared for their headhunting practises. Tattooing is still carried 

out using the traditional tools; outlining is carried out with up to five bamboo splinters 

attached to a stick (modern needles are often substituted). For larger areas requiring 

filling or shading, approximately 15 to 20 needles are bound together in a circular 

configuration for this purpose. The needles are dipped into a pigment and tapped into 

the skin using a second stick or mallet.21, 22 
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‘Sewing’ 

A variation to the above method of tattooing is the ‘sewing technique’, which was and 

still is used by the Inuit people of the Arctic (Greenland and Arctic Regions). Captain 

G. F. Lyon, a member of an 1824 expedition to the Hudson Bay area headed by W. E. 

Parry, was tattooed by the local Iglulik Inuit and provided the following account: 

 

“Having found a small needle, she took a piece of caribou sinew, which she blackened 

with soot. She began the work by sewing a rather deep but short stitch into my skin. 

When the thread was drawn beneath the skin, she pressed her thumb on the spot so as to 

press in the pigment. The next stitch commenced where the previous one had ended…”
4
 

 

‘Puncture/Cut and Smear’ 

The second method differs slightly from the first in that it requires an incision to be 

created before the pigment is rubbed into the wound manually. This invasive and 

painful method was practiced by the M ori people of New Zealand. The tool used to 

make the flesh incisions is called Uhi
3, 6, which was shaped somewhat like a chisel or 

garden hoe. Their edges were fine and sharp or serrated or comb-like and came 

fashioned in a variety of different shapes and sizes for fine or coarse work. Some of the 

traditional materials that have been used for the Uhi before the introduction of iron tools 

include; sea-bird’s wing bone, whale bone, shark’s teeth, stones and hard wood. The 

small, light mallet used to hammer the Uhi into the flesh was called He Mahoe, which 

was made of a fern stalk approximately eight inches long, the end of which is bound in 

flax for a handle. The He Mahoe sometimes had one end carved with a broad flattened 

surface, which the artist used to clear away the blood that interfered with the tattooing. 

The last piece of instrumentation was a piece of muka (flax fibre) that was dipped into 

the pigment and directly smeared into the incision as soon as it was made.3 This system 

of applying the pigment to after creating an open wound was interchanged with the 

method of dipping the uhi into the pigment before application. Although the latter 

adopted method was not seen to be adhering to traditional customs, it provided a higher 

degree of precision and allowed for greater control over detail in the moko
3 (Figure X – 

traditional M ori tools). This traditional technique of tattooing is indelibly undergoing a 

modern resurgence as youths of M ori descent seek to reclaim their heritage. 

 

The Bontoc Igorot people of the Philippines also employed this method.32 First, the bu-

ma-fa -t k (tattooist in the Bontoc dialect) would draw the pattern to be tattooed onto the 
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skin (with an ink made of soot and water). Next, the skin would be pricked with a cha-

kay -yum (tattooing tool) before finally, soot is scattered into the open wounds so the 

tattooist may manually work the pigment in with their hands. The tattooing technique 

employed by native Ainu people of Japan involved incising the area of skin to be 

tattooed repeatedly with a small knife which was sharpened to a razor’s edge. The 

pigment (described above) is then rubbed into these pre-incised wounds. Before the 

introduction of metal, the incisions were made with obsidian flint arrowheads.17 Such a 

traumatic method of tattooing left the tattooed areas especially vulnerable to infection, 

which is why the kettle or vessel used to collect the soot pigment was also used 

concurrently to boil a concoction consisting of the bark of the ash-tree (spindlewood 

was sometimes used). A piece of cloth soaked in this dark-green antiseptic infusion was 

wiped over the areas of the body to be tattooed before the incision, after the incision and 

then once after the pigment was rubbed into the wound.17 The Mundurucú tribes of the 

Brazilian jungle used palm thorns to puncture the skin before rubbing the Genipa fruit 

ink into the wounds.28 

 

Miscellaneous 

The other variation was used by the Pacific Inuits, Aleutian Islanders and certain groups 

in Canada. This method called for a metal needle to be use to prick a hole into the skin, 

following this, a thin wooden needle is dipped in soot and inserted into the hole in the 

skin. As the wooden needle is removed, the skin around the hole is pinched, depositing 

the pigment into the hole. A Danish archaeologist by the name of Therkel Mathiassen 

was able to observe this method among the Netsilik Inuits while on a the fifth Thule 

expedition from 1921 to 1923.4 (The implements can be seen on page 114, Kapel et. 

al.4) 

 

Regarding tattooing in ancient Egypt and/or Nubia, Keimer7 had theorised a possible 

tattooing or ‘pricking’ instrument, made from one or more fish bones affixed to a 

wooden handle. Another example is proposed by Booth11, who examined a set of seven 

bronze points held at the Petrie Museum, London. These bronze points, three of which 

are tied together, were made by folding bronze sheets inward until a sharp point was 

formed. When excavated, Petrie thought the implement to be one for removing thorns; 

however, the unusual number of points, as well as the rarity of the find suggested to 

Booth that the instruments may have been used for tattooing instead. As a parallel, 

Booth points towards Upper Egypt in the 1920s, where tattooing instruments consisted 
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of seven needles on the end of a stick. The designs created by this instrument consisted 

of dots and triangles, similar to those found on ancient Egyptian mummies and 

figurines.11  

 

Before the tattooing procedure, an artist may wish to draw the outline of the pattern to 

be tattooed onto the skin, perhaps with some sort of writing or drawing implement. This 

practice may be confined to the preference of the artist in question, depending on his or 

her preferred technique. The Dayak people utilised a unique stamping method, whereby 

patterns to be tattooed were carved into wooden blocks, which were then smeared with 

the pigment and subsequently stamped onto the area of the body to be tattooed. This 

provided the outline for the artist to carry out his or her work.21 Many examples of these 

wooden templates are held at the Pitt Rivers Museum, Oxford (Inventory # 1923.86. 

348, 402, 422). 

1.2.3 Carriers 

The term carrier (with respect to tattooing) refers to the medium used to evenly suspend 

and disperse the pigment to create a workable ‘ink’. The carrier can be any substance 

ranging in viscosity between water and fats. However, some cultures (Chapter 1.2.1) did 

not mix their pigments with a carrier; instead it was either sprinkled or rubbed directly 

into pre-incised wounds. If there has been no physical evidence of tattooing pigments 

found, there is little chance of a carrier surviving any length of time, especially if it was 

water based. Some examples of the different types of carriers reported: Modern day 

Iban tribes of Borneo obtain their pigments from scraping the soot from a metal dish 

heated by a kerosene lamp, which they then mix with a sugar cane extract.22 The St. 

Lawrence Islanders was described by archaeologist Otto Geist in 1928 to have used 

urine as a carrier to suspend their soot pigment.9 The gypsy tribes of Northern India 

suspended their indigo or vermillion tattoo pigment in human breast milk.18 As 

mentioned in section 1.2.1, the tattoo ink recipe mentioned by the 6th Century physician 

Aëtius Amidenus, called for the pigment to be mixed and suspended in a combination of 

ox-gall, vinegar, water and leek juice. 

 

Carriers do not usually remain in the dermis with the pigment as they will quickly 

dissipate into the surrounding extracellular fluid, eventually being absorbed and 

excreted by the body. 
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1.3 Tattooed Mummified Examples 

At various points in human history, tattooing has been ubiquitous on almost every 

continent on Earth, used for reasons of aestheticism, religious beliefs or for social 

purposes. To study the art of tattooing with respect to a particular culture, one must 

always be critical to any references (written, pictorial or artefactual) to the practice due 

to issues of translation and misinterpretation. Unequivocal evidence will only come in 

the form of human remains sufficiently mummified so as to preserve any tattooing. 

Tattooed mummified remains not only provide verification of the practice in a culture’s 

ancestry but also have the ability to link various forms of physical evidence, which on 

their own would remain speculative. The following sections will focus on cultures or 

regions on Earth with multiple examples of tattooed mummified remains. The 

descendants of some of these cultures still engage in a strong tattooing tradition to this 

day. 

1.3.1 Ancient Egypt/Nubia 

This section has been subsequently published in The Bulletin of the Australian Centre 

for Egyptology.36 Please refer to Appendix II for the complete article. 

 

The ancient Egyptians interred a comprehensive and detailed body of recorded art and 

literature second to none. It has provided us with an insight into almost every aspect of 

life for this powerful and advanced civilisation. One facet poorly covered in their 

history, however, has been the practice of tattooing. (Please refer to Appendix I for a 

comprehensive review of tattooing in ancient Egypt). Despite the great number of 

mummified bodies, only a handful of tattooed mummified bodies have been discovered. 

This may be attributed to several factors: Ancient Egyptian embalming technique did 

not fully develop until the Fourth Dynasty (c. 2600 BC), therefore most remains prior to 

this have insufficient tissue preservation for any tattooing to have survived.37 Once 

embalming methods were improved, the tendency to cover the dead with any number of 

substances that led to the discolouration of the skin (various salts, natron, resins, oils, 

waxes, bitumen etc.)38 would obscure any signs of tattooing to the naked eye. Further 

more, mummies wrapped in linen would completely conceal any tattooing present, even 

with the aid of modern radiographic methods. 
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The first and perhaps most famous recorded discovery of tattooed human remains was 

found in 1891 inside an Eleventh Dynasty tomb in Deir el-Bahri belonging to a woman 

named Amunet,7  whose name is attested on relief fragments of shrine walls as one of 

the priestesses of the goddess Hathor and a concubine of king Mentuhotep II.39, 40 The 

tomb contained two large rectangular wooden coffins, one of which contained the well-

preserved mummy of Amunet, adorned with bead collars and necklaces. Her bandages 

were inscribed with several royal names including those of King Mentuhotep II, his 

daughter and three other royal women, as well as mentions of the years 28, 35, and 42 

of his reign.40  All this marks Amunet as a woman of significant status. The tattooing on 

Amunet's body was acknowledged, but not examined closely until November 1, 1938, 

when the then curator of the Cairo Museum, M.G. Brunton, granted Ludwig Keimer a 

special viewing of Amunet's body. Her tattoos consisted of a series of abstract patterns 

of individual dots or dashes, seemingly randomly positioned on the body. Beneath her 

navel, an elliptical pattern consisting of dots and dashes is tattooed, with the same 

pattern occurring on her thighs and arms. A sketch by Keimer said to represent Amunet 

(Figure 1.2),7 in fact shows the tattooing on the second mummy found at the same 

time.35, 37 To this day, photo or accurate drawing of Amunet apparently does not exist 

and she remains (assumedly) in the collection of the Cairo Museum of Antiquities. 

 
Figure 1.2. Tattoos on an 11th Dynasty female mummy from Deir el-Bahri. 
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In 1923, excavations led by H.E. Winlock in the outer court of the Mentuhotep Temple 

at Deir el-Bahari uncovered two further female mummies, believed to have been 

dancing girls attached to the court, who lived at approximately the same time as Amunet 

and who exhibited tattoos similar to those on her body or those on the blue faience 

figurines. A description is provided in a letter by Professor D. E. Derry in Keimer’s 

papers (translated and reproduced by Gilbert): “On both mummies, the tattoos were 

located on their chest, arms, legs and dorsum of the feet; both also sharing the same 

tattoo design across their abdominal wall, above the pubic bone and approximately 

level with the anterior superior iliac spines”.35 The designs found on the chest and also 

the upper arms (Figure 1.3)41  were sixteen dots arranged into diamond-shaped patterns, 

identical to those found on several fertility figurines, as for example the collections 

found in Berlin (inventory - #9583) (Robins - Figure 17a)42,  Louvre (inventory 

#E10942) (Göde - Figure 1),43  British Museum (inventory - #EA 52863) (Robins – 

Figure 125),44 Petrie Museum (inventory #UC 16723/4 ) or Brooklyn (inventory - 

#44.226) adorned with a wig associated with the Goddess Hathor. 

 

 
Figure 1.3. Tattooed arm of a female mummy uncovered in 1923 by H. E. Winlock at Deir el-Bahari, 
Egypt. 
 

The Nubian Influence 

The lack of evidence for tattooing prior to the Middle Kingdom has given rise to the 

theory that the ancient Egyptians 'borrowed' the art-form from the Nubians,37 an idea 

further strengthened by the association of the tattooed Eleventh-Dynasty mummies from 

Deir el-Bahari with Nubia, which was partly under Egyptian control during that time.40 

 

Tattooing in Nubia had an unbroken tradition of over 2000 years, beginning with a 

tattooed fragment of a female mummy (Figure 1.4)19 from the C-Group Culture 

discovered in excavations by Firth in 1910, in the Nubian village Kubban dating to the 

C-Group Culture of c. 2200–1500 BC, contemporaneous with the Egyptian Middle 

Kingdom.37  The tattoos found on the body fragment were a collection of dots and 
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dashes formed into abstract geometric patterns, like those found on the Eleventh 

Dynasty mummies in Deir el-Bahari. At the Nubian site of Aksha, archaeologists 

discovered tattooed female adolescent and adult mummies dating to the Meroitic Period, 

c. 350 BC – 350 AD (Figure 1.5).37, 45 The tattoos were blue/blue-black in colour, and 

the designs mirrored those found on the three Middle Kingdom Egyptian mummies, as 

well as the C-Group mummy fragment.  

 
Figure 1.4. Tattooed Skin, Middle Nubian Cemetery, 1300 B.C. 

 

Recent excavations in the area of Hierakonpolis in Upper Egypt uncovered the remains 

of a female mummy, approximately 30–50 years old, also from the C-Group Nubian 

Culture.46 Although the body was not in the best state of preservation, the remaining 

skin shows unmistakable signs of tattooing. There is tattooing below her left breast, 

along the left front pelvis, her right forearm and on her left hand. Unfortunately, not 

enough skin remains on the right side of the torso to indicate any symmetry. Once again 

the prevalent dots-and-dashes configuration can be observed. Of interest is the tattoo on 

the left hand displaying the familiar dotted diamond-shaped pattern.  

 

The discovery of only female tattooed mummies, as well as the lack of male figurines 

exhibiting pseudo-tattoo decoration has led to the popular belief that only women 

practiced tattooing in ancient Egypt. This may indeed hold true, but because of the rarity 

of the finds, the implication may mean that a tattooed male mummy is yet to be 

discovered.  In neighbouring Nubia, Armelagos47 (Figure 1.6)47 and Post et al.13 have 

reported instances of tattooing on male Nubian mummies from the more recent X-group 
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period (350–550 AD). Alvrus et al. have examined several tattooed mummified 

fragments from the site of Semna South, dating back to the Meroitic period. The gender 

of these fragments is unclear, the only information provided is that the burial site (#N-

247) contained two adult females and seven sub-adults. 

 
Figure 1.5. Tattooed female mummy from the Nubian site of Aksha (Meroitic Period, ca. 350 BC - AD 
350). 

 
Figure 1.6. Tattooing exposed on the femur of an X-Group Nubian male by Infrared photography. 
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The methods of mummification responsible for preserving the tattoos have not been 

formally reported for any of the above mentioned mummified bodies and fragments. It 

can only be assumed that those individuals who belonged to the upper echelon of the 

social hierarchy would be afforded more elaborate embalming and burial rituals 

involving exogenous materials such as natron and resins etc. while those of a lesser ilk 

were more than likely to have been preserved either naturally or at least using fewer 

mummification substances. 

 

The fascination with the ancient Egyptian process of mummification has seen a morbid 

trade in mummified remains for hundreds of years. As a result, these remains may now 

be found in collections, personal or otherwise, in all corners of the globe. A mummified 

foot in the possession of a private collector in Perth, Western Australia is one such 

fragment. This left foot (Figure 1.7), tentatively dated to 1000 BC, is unusually enclosed 

in several tough layers of linen and cartonnage. The talus bone protrudes due to 

detachment from the left leg at some point in time. The cartonnage and linen layers 

appear to have been worn away in the proximal region near the ball of the foot, 

exposing most of the toes. On the outermost layer of the cartonnage, directly above the 

toes, patterns have been drawn in a red ink or pigment. However, it is the pattern at the 

top of the foot that holds most interest. The lozenge-shaped pattern, created in this 

instance with approximately 27 or 28 black dots, is synonymous with designs seen on 

almost all reported tattooed mummified remains from ancient Egypt and Nubia. The 

boldness of the pattern may imply that a similar pattern may be tattooed on the skin 

underneath the layers of cartonnage and linen. Unfortunately, currently available X-ray 

and Computed Tomography equipment were incapable of revealing any underlying 

features on the skin. The owner of the foot had kindly given me permission to further 

investigate the foot through more invasive measures but regrettably, time constraints 

prevented me from carrying out further examinations. The stated plan was to re-scan the 

foot in a newly upgraded CT scanner held at Murdoch University at the highest 

resolution for the purposes imaging the space between the skin and wrapping. It was 

hoped that little to no resin was used to treat the body and subsequent loss of fluids in 

the decomposing body would culminate in an air-gap between the wrapping and the foot 

itself. The possibility of such a space would allow for an endoscopic examination 

through a pre-drilled hole, which would then permit us to view the potentially tattooed 

area of skin. 
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Figure 1.7. A mummified ancient Egyptian foot enclosed in cartonnage with a possible underlying tattoo. 
The pattern is synonymous with Egyptian tattooing can be seen decorating the cartonnage wrapping 
(circled in yellow). © Keith Hicks. 
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1.3.2  ‘Ötzi’ the Tyrolean Ice Man 

On 19 September 1991, two German tourists stumbled upon the partially exposed body 

of a man in the Schnalstal glacier in the Ötztal Alps, near Hauslabjoch, straddling the 

border between Italy and Austria approximately 3,200 metres above sea level.48 Initially 

the body was thought to belong to that of a modern day mountaineer as casualties in the 

Alpine area are not uncommon. These bodies are often not immediately discovered due 

to snow cover and may take years for glacial movements and specific weather patterns 

to melt the ice and snow to reveal the body. This age of the find was seen to be much 

older than expected, evidenced by the decidedly primitive clothing and other items 

found accompanying the body. The clothing included a cap, upper garment and leggings 

made of fur-skin; the loincloth was sewn from leather; while the shoes and outer cloak 

was constructed from woven grass.48 Notable items found included: a copper axe; an 

oak-handled flint dagger and bast scabbard; a yew bow-stave; a furskin quiver that held 

twelve blank arrow shafts and two completed arrows equipped with flint arrowheads, a 

coiled string and stag-antler fragments; two birch bark containers; ornamental jewellery; 

a fire-making kit; and food items including berries and mushrooms.48 Several attempts 

were made to age the archaeological find but final carbon-14 radioisotopic dating of 

bone and tissue samples from the body, together with grass-blade fragments were found 

by four separate laboratories to give a date range of 3365 to 3041 B.C., providing an 

average age between 3300 and 3200 B.C. or Late Neolithic.48 This made the body, 

dubbed Ötzi by the media after the Ötz Valley, the oldest naturally mummified glacial 

body ever discovered in Europe. Based on anthropometric measurements, Ötzi was 

between 155 and 158 cm tall and was aged approximately 25 – 40 at his death. The 

shape of the sciatic notch also proved unequivocally that the body was male.49 

 

In addition to the age and excellent preservation of the body’s soft tissues, the mummy 

is renowned for the many tattoos found on the body. The tattoos consist of simple lines 

and stripes, over 55 in total have been counted, although the number often fluctuates 

between sources and individual interpretations. Spindler48 and Capasso50 describe the 

locations of the tattoos observed on the body: 
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• Two parallel stripes around the left wrist (later dismissed as hypostatic lines 

caused by a leather strap) 

• Four groups of lines located on the left paravertebral region, between the first 

and third of the lumbar vertebrae spine (Figure 1.8)48. The topmost group 

consisting of four lines (each ~ 4 cm long and 1 cm apart) with the three groups 

below consisting of three each (~ 3 cm long stripes). The bottommost group is 

located on the very edge of the severely damaged portion of the body caused 

during excavation. 

• One group of four lines (~ 5 cm long) located on the right paravertebral region  

• A 5 cm long cruciform mark on the medial part of the popliteal region over the 

medial condyle of the right femur (Figure 1.9)48 

• Three groups of vertical lines on the left calf consisting of a group of six lines, a 

second of three and the last of one line. 

• A group of three lines next to the right outer ankle (Figure 1.10)48, 

approximately between the tibia and astragalus. 

• A small cruciform mark to the left of the Achilles tendon on the left foot. 

•  A group of three lines over the tarso-metatarsic joint of the right foot. 

• A group of three lines above the medial malleolus, level with the tibiotarsic joint 

on the right inner ankle. 

 

 
Figure 1.8. Four groups of lines tattooed onto the left of the Iceman's lumbar spine. 
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Figure 1.9. Cruciform tattoo on the inside of the Iceman's right knee. 

 
 

 
Figure 1.10. Group of linear tattoos on the Iceman's outer right ankle. 
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The simple, dashed patterns employed in the tattooing, together with the specific 

anatomical positions of some tattoos led to hypotheses stating that the tattoos served a 

purpose other than purely aesthetic. X-rays taken by radiologist Professor zur Nedden of 

the tattooed regions proximal to joints established the following: Discrete to medium 

degenerative changes (osteochondrosis and slight spondylosis) and medium degree 

attrition at the right knee joint and particularly both ankle joints.48 Dorfer et al.51 have 

broached parallels between the Iceman’s tattoo locations and acupuncture points more 

commonly associated with traditional chinese medicine. Specifically that nine of Ötzi’s 

tattoos lie within 6 mm of traditional acupuncture points, with two located on an 

acupuncture meridian, one on a local point while three tattoos are located between 6 and 

13 mm from the closest acupuncture points.51 Traditional tattooing for therapeutic 

purposes is still practiced in some cultures. For example in Togo, West Africa, simple 

designs are tattooed onto the appropriate regions in an attempt to alleviate symptoms of 

epilepsy, peripheral paralysis and neuropathy in the face, hands and legs and even 

medullar compression.52 Other mummies found with tattooing suspected to hold 

therapeutic values will be discussed further below; including a pre-Incan mummy from 

Southern Peru and a Pazyryk chieftain from the Altai Mountains of Siberia. The 

Iceman’s apparent high level of soft-tissue preservation was determined by Ambach et 

al.53 to have been the result of low humidity and dry winds on the glacial surface, 

arresting initial post-mortem autolysis and decomposition, subsequently followed by 

snow cover. Sub-zero temperatures in a protective tomb within a rocky depression 

shielded the body from sun-exposure, glacial shearing and weathering and possible 

freeze-thaw damage resulted in Ötzi’s body undergoing a ‘freeze-drying’ effect, lying 

undisturbed until his eventual discovery ~ 5200 years later.  

 

So far, Ötzi is the only tattooed mummy that has had his tattooing pigments chemically 

analysed in situ. The results of this investigation will be discussed further in Chapter 1.5 

below. The well-preserved archaeological treasures accompanying the Iceman, his age 

and exclusivity has resulted in much public interest and media coverage spurring 

numerous scientific investigations. One of the latest forensic investigations led by 

Pernter et al. disclosed the actual cause of death through a series of multi-slice computer 

tomographical investigations.54. To this day, Ötzi remains the oldest complete 

mummified body exhibiting tattooing. 
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1.3.3 Pazyryk – Altai Mountains and Surrounds 

The area between the Ural and Altai Mountain ranges have long been recognised as rich 

archaeological grounds since 17th and 18th century archaeologists uncovered the 

‘Scytho-Siberian gold’ collection of Czar Peter the Great.2, 55 The valuable Scythian 

artefacts known to have been interred in these gravel covered mounds with their 

underground burial log chambers (also called kurgans) resulted in massive looting, 

making any intact kurgans of innumerable value. The Soviet 

archaeologist/anthropologist Sergei Ivanovich Rudenko is responsible for excavating 

five of the most intact Scytho-Scythian burial mounds or barrows in the Pazyryk Valley. 

The valley is situated within a larger valley of Ust Ulagan, with the Rivers Chulyshman 

and Bashkaus flowing through them. Rudenko investigated the first barrow in 1924 and 

completed excavation in 1929. However, it was not until 1947 (post World War II) that 

the second, third and fourth barrows were investigated, with excavations on the fifth 

barrow completed in 1949.2 Despite being looted in antiquity, the five Pazyryk barrows 

still contained a treasure trove of interred artefacts and burial goods including: 

sacrificed horses with associated bridles, saddlery; weapons and tools; numerous pieces 

of artwork and textiles; musical instruments; various forms of clothing (ceremonial and 

daily use); personal belongings (jewellery, toiletries, smoking implements); raw 

materials derived from animal, plants and minerals; food and drink; various vessels and 

other containers.2 Carbon-14 radioisotopic dating of various objects from the barrows, 

together with dendrochronology of the larch logs used to construct the burials yielded 

several date ranges; 520 – 260 B.C. for Barrows 1 and 2 while Barrow 5 was built 

between 472 -212 B.C., giving a mean age for all five barrows at 430 B.C.; Rudenko 

had also approximated 48 years to have elapsed between the building of Barrow 1 and 

Barrow 5.2 

 

Of the five kurgans excavated by Rudenko, only Barrows 2 and 5 yielded mummified 

remains while the bodies found in Barrows 1, 3 and 4 were skeletonised. It was 

immediately apparent to Rudenko2 that the rough suturing (closed with sinew or horse 

hair) visible on the mummified bodies, indicated that the Pazyryk group engaged in 

elaborate embalming practices for their dead. Along with evisceration through an 

abdominal opening, numerous incisions were found on the body, including major cuts 

running the length of the spine beginning from the occipital bone to the sacrum, cross-

wise from shoulder to shoulder and medially along both arms and legs as far as the 
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extremities. The cranium of the male in Barrow 2 was filled with soil, pine needles and 

larch cones, while Barrow 5 members (who had undergone excarnation) had sedge grass 

used to replace the removed muscles. Horsehair was used as padding on a woman in 

Barrow 5, which served to preserve the natural shape of the neck and breast.2 Numerous 

deep post-mortem cuts or stabs were found on the back and buttocks of the mummies, 

Rudenko2 postulated their purpose as more entry ports for preservative materials while 

Aufderheide55 suggested their use as a means to drain body fluids. Nobility or those of 

important standing in this society were afforded complex embalming methods upon 

death, which halted decomposition long enough to construct the large kurgans in the 

hard terrain.2, 55 Incidentally, there was evidence that all of the skulls found in the 

barrows had undergone excerebration by trepanation through the occipital bone.2 

 

The preservation of the interred bodies and artefacts were largely aided by being 

permanently enclosed in ice, which probably originated from the first rains that trickled 

into the chambers. Permafrost is not uniform in the Pazyryk valley and it was due to the 

unique construction of the barrows (which acted as a heat insulator/temperature 

regulator) that permafrost conditions are maintained within the burial chambers.2 

 

The body of the man in Barrow 2 (proposed as holding a Chieftain’s role by Rudenko)2, 

was decorated with arguably some of the most elaborate and intricate tattooing ever 

found preserved on a mummified body (Figure 1.10). The tattooing covered both arms 

from shoulder to wrist with some designs extended onto front pectoral regions below 

the clavicles, lower left rib and back left scapula (Figure 1.11).2 The right leg below the 

knee was tattooed all the way to the dorsum of the foot. (Figure 1.12)2 General 

deterioration on the left side of the body may have masked further tattooing and what 

remained of a left leg (which was severely hacked by robbers) also showed some 

remnants of tattooing but unfortunately designs could not be salvaged. The designs 

consisted of animals and creatures (realistic, abstract and imaginary), mirroring the 

artwork and motifs adorning the artefacts found in the barrows. 
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Figure 1.10. Preserved tattooed skin from the right arm of Pazyryk 'Chieftain' from Barrow 2. © 2003 
State Hermitage Museum. 
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Figure 1.11. Schematic diagram of the tattoos adorning the body of the 'Chieftain' in Barrow 2. 

 

 
Figure 1.12. Drawing of the tattoo design found on right leg and foot of the 'Chieftain' from Barrow 2. 
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Figure 1.13. Front and side view of a mummified male from Barrow 5, with Infrared reflectography 
revealing hidden tattooing. © 2006 State Hermitage Museum. 
 

 
Figure 1.14. Diagram of the creature adorning a Barrow 5 mummified male (Left) and hunting scene 
found tattooed on the lower arm of a female also from Barrow 5 (Right) © 2006 State Hermitage 
Museum. 
 

The tendency of Pazyryk artworks to depict creatures with their hind quarters twisted 

180° was apparently an ancient Sumerian inclination.2 With the amount of detail and 

intricacy dedicated to the tattooing, a row of simple dots on the Chieftain’s mid-lumbar 

region (parallel to the spine) and six similar dots on the outside of his right ankle was 

proposed to be of therapeutic value by Rudenko2 due to their relative locations. Despite 

the lack of radiological evidence, the relative positioning of these tattoos to regions of 

potential joint degeneration, together with similar tattoos found on the Iceman 44 years 

later (Chapter 1.3.2) lends itself to support this theory. 

 

In 2003, the body of a mummified male from the Tashtyk culture (1st to 5th century CE) 

was found to have the remnants of what appeared to be drawings on his shoulders. This 
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mummy, currently in the possession of the State Hermitage Museum (St. Petersburg, 

Russia), was excavated in 1969 by L.R. Kyzlasov56 on the left bank of the Enisei River 

in Khakassia, a Republic located directly north east of the Republic of Altai. Following 

the advice of forensic experts, the mummy was exposed to infrared photography in the 

State Hermitage's Laboratory for Expert Scientific and Technical Evaluation to better 

visualise these ‘drawings’, thus revealing the following: 

 

Symmetrical designs were found on the shoulders, chest, arms, along the spine and the 

lower cervical region on the neck. The designs chosen for the chest and arms were 

small commas and rosettes. The initial ‘drawings’ noticed on the shoulders had been 

large figures with several tentacle-like appendages; the tattoos on the spine also shared 

this design. Additionally, a bow and arrow was tattooed onto the inner elbow.
57 

 

Subsequent to this investigation, the curatorial staff at the museum decided to apply the 

same technique of infrared reflectography to the other mummified bodies excavated by 

Rudenko in Barrows 2 and 5, which were also held at the State Hermitage. To that day, 

Rudenko had reported that only the Chieftain from Barrow 2 had been tattooed. 

Whether the other mummified bodies were checked for tattoos during their discovery is 

not known. Rudenko observed the colouring of the tattooing at the time of discovery as 

‘almost black on grey skin’2, the museum curatorial staff however described the colour 

of the skin as brown and darkening with age and exposure. It is probably the lack of 

adequate conservation and storage that is causing the mummies to further discolour, all 

the while concealing the tattoos that would be found on the bodies. The tattoos revealed 

by the photography were of a variety of abstract flowers and animals both real (tigers, 

leopards, horses, sheep, deer, birds) (Figure 1.13) and imaginary (composite beasts with 

body parts sourced from different animals). Such were the skills of the Pazyryk 

tattooists that they were capable of depicting not only the individual animals, but entire 

hunting scenes involving the predatory and/or imaginary beasts attacking the ungulate 

animals (Figure 1.14). The tattoos followed the trend of tattoos found on the Chieftain 

and on a larger scope, the same animal based worship typical of Scytho-Siberian 

cultures. The locations of the tattoos were on the shoulders (and areas adjacent to), 

hands, spinal region and lower legs. The design of one of the tattoos found on a female 

mummy was described by Barkova et al.57 to have detracted from the traditional 

Pazyryk tattooing. The theory proposed was that the pattern may be linked with another 

culture; possibly China, whom the Pazyryks had intermittent contact with. 
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Ukok Plateau “Ice Maiden” 

In 1993, a team of archaeologists led by Dr. Natalia Polosmak from the Russian 

Institute of Archaeology and Ethnography in Novosibirsk discovered the spectacular 

burial chamber of a tattooed mummified female dubbed the ‘Ice Maiden’ (among many 

other names) in a sacred area known as the Pastures of Heaven. The kurgan, the first in 

the Ak-Alakha-3 burial ground,12 was located approximately 7500 feet above sea level 

on the Ukok Plateau (Autonomous Republic of Altai) straddling the borders of 

Mongolia, China and Kazakhstan. Her body and many accompanying artefacts were 

found encased in ice, conditions similar to those encountered by Rudenko when he 

excavated the five Kurgans to the north. The interred artefacts: sacrificed horses, food 

(meat and dairy products), assorted furniture and vessels, personal items, ceremonial 

clothing, herbs and embalming methodology provided a strong argument as to the 

‘Pazyryk’ nature of the find. From the remaining soft tissues, tattoos were visible on her 

left shoulder, left wrist and right thumb. Deterioration to the rest of the body and flesh 

once again robbed archaeologists of further discoveries. From the remaining tattooing, 

however, designs were found emulating those seen on the Rudenko’s Chieftain from 

Barrow 2. The similarities are evident when you compare the creature tattooed on the 

Ice Maiden’s left shoulder (Figure 1.15) and the creature in the middle of the 

Chieftain’s left arm (Figure 1.12).Analysis of cranial sutures puts the Ice Maiden at an 

age of 20 – 30 years old at the time of her death.58 

 
Figure 1.15. Drawings of the surviving tattoos found on the Ukok Plateau female mummy. 
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As with the mummified bodies excavated by Rudenko in 1947-49, the Ice Maiden’s 

skin appeared to be a very light grey colour upon discovery but soon darkened to 

brown59 with prolonged exposure to the atmosphere. This appears to be an oxidative 

process common with bodies encapsulated in solid ice for long periods. Polosmak 

encountered a common problem associated with ice/cold mummies, which was 

achieving proper storage conditions to preserve the remaining soft tissue. A faulty 

freezer caused a fungal outbreak on the body and Polosmak was forced to rush the Ice 

Maiden to Moscow, where Russian scientists subjected the mummy to several chemical 

baths, eventually halting the infection and subsequent deterioration, saving the skin and 

the tattoos.58 

 

In 1995, approximately two years after the discovery of the Ice Maiden, archaeologist 

Vyacheslav I. Molodin came across another mummified body in Altai region, this time 

in kurgan number 3 of the Verkh-Kaldzhin II burial ground.12 A male mummy (aged 

approximately 25 years old) was found with tattoos of an elk on both his chest and back, 

along with an hybrid ungulate creature on his shoulder. Such was the preservation 

afforded by the solid ice ‘capsule’ enclosing the tomb, the mummy’s hair (two waist-

length braids) was left intact.58 The periodicity and elaborate nature of tattooing being 

discovered on mummies from this Altai region (and its surrounds) leaves no doubt 

regarding the strength and meaning of the art to this culture as well as the expectation 

that perhaps many more tattooed mummies lay undiscovered in the harsh terrain. 

1.3.4 Central Andes 

The various ancient cultures that existed in and around the mountainous region of the 

Central Andes, ranging from the Northern Peru to Northern Chile, possessed a long 

history of mummifying their dead, with some anthropogenic mummies found pre-dating 

any existing ancient Egyptian examples. Mummified remains found in this area may be 

tentatively dated based on the characteristic methods used to prepare the body, which 

was relatively distinctive to each culture. The three general types of soft-tissue 

preservation observed were achieved through either natural means, deliberate natural 

enhancement of these environmental conditions or artificial methods. Archaeological 

and ethnohistorical studies have shown a considerable majority of Peruvian mummies to 

have been preserved via the first two means.60 
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Reported examples of mummies observed to have exhibited tattooing originated from 

various cultures that occupied the Central Andean coastline. One of the earliest reports 

of tattooing was found on the upper lip of an adult male from the Chinchorros culture 

(ca. 9000 – 1500 BC) tentatively dated to ca. 4050 BC.61 According to Allison61: 

members of Huari and Ica cultures were found in the Ica region (within modern day 

Peru) with geometric tattooing on the face, legs, wrists and arms; several examples from 

the San Miguel culture (AD 1300 – 1450) of Northern Chile possessed limited tattooing 

of certain designs mirrored on their textiles; and apparently up to 30% of the population 

residing in the Casma Valley around AD 950 were tattooed with fish, birds, landscapes 

and geometric designs. Vreeland62 (citing Ubbelohde-Doering, 1966) reports tattooing 

on the right forearm of an 18-year old female mummy excavated at a site in Pacatnamú 

from the Early Intermediate Period (900 BC – AD 600) possibly of the Moche culture. 

Tattooed Peruvian mummies are held in various museum collections in Peru and Chile, 

for example: Peruvian Museum of Health Sciences, Lima – Peru (Figure 1.16)62; The 

National Museum of Archaeology, Anthropology and History, Lima – Peru (Figure 

1.17)62; El Algarrobal Museum, Ilo – Peru (Figure 1.18); Azapa Museum, Arica – Chile 

(Figure 1.19). Assorted fragments of tattooed Peruvian mummies found at the Ancon 

Necropolis were sketched by Hambly (Figure 1.20)19. In 1992, a mummy was 

discovered in the necropolis of Chiribaya Alta (Southern Peru) adorned with decorative 

tattoos depicting abstract forms of animals such as apes, birds, and reptiles on the 

forearms, hands, and lower legs. However, additional tattoos on the neck and upper 

back (cervical/upper thoracic region) featuring simple circular shapes were proposed to 

have been for a therapeutic purpose. This conclusion, suggested by Spindler and 

Giullén,51 was based on the theory that the tattoos would have been hidden behind 

clothing or shoulder length hair, hence their designation as non-ornamental tattoos. 

Obviously, this theory relies on assumptions that the ancient Peruvians of this period 

wore their hair long and/or wore clothing substantial enough to cover the tattoos. 

 

One of the latest and most spectacular examples of a tattooed mummified body from the 

Central Andes came in 2005, with the discovery of high-ranking female in the 

ceremonial site of El Brujo-the Wizard-on the north coast of Peru.63 The woman, who is 

dated to approximately A.D. 450, was from the pre-Columbian Moche culture, which 

existed for seven centuries (A.D. 100 – 800). The tomb was elaborately filled with 

precious metals and jewellery, along with weapons, ceramic vessels and the body of a 

sacrificed young girl, whose neck was still adorned with the noose that ended her life. 
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The woman, thought to have been part of nobility, was wrapped in many layers of 

cotton and other textiles, inter-dispersed with sheets of copper-gold alloy. The body’s 

excellent soft tissue preservation, which appears to have been achieved through natural 

desiccation, is made more remarkable by the fact that the Moche culture was not known 

to mummify their dead. Small amounts of red cinnabar, associated with the life-force of 

blood by the Moche, were found daubed on the body. However, it is believed the levels 

present were not substantial enough to contribute to the preservation. From the 

shoulders to the fingertips of both arms, the Moche woman bore tattoos of snakes, 

spiders and creatures linked to agricultural rites (Figure 1.21)63. The discovery of 

tattooing on Moche nobility as well as the gender of the body works to redefine the role 

of tattooing, not only for the Moche culture but also for other ancient Peruvian cultures. 

 
Figure 1.16. Tattooed mummified hand – Origin unknown (Possibly Central Coast, Late Intermediate 
Period) 
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Figure 1.17. Adult male mummy with tattooing on right wrist ca. Late Intermediate to Late Horizon 
period. 
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Figure 1.18. Tattooed hand from the Chiribaya Culture (Late Intermediate Period, ca. AD 1000-1470) © 
El Algarrobal Museum 
 

 
Figure 1.19. Tattooed head from the Chiribaya Culture (Late Intermediate Period, ca. AD 1050-1250) © 
Azapa Museum 
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Figure 1.20. Tattooed mummified fragments found in the Necropolis of Ancon, Peru. 
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Figure 1.21. High ranking tattooed Moche woman, ca. A.D. 450 (© National Geographic)
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1.3.5 Ibaloi 

The Ibaloi tribe of the Benguet province in Luzon, Philippines is not only known for 

their well preserved, artificially mummified bodies, but also for the elaborate tattooing 

found on these bodies, which has survived as a result of the excellent state of 

preservation. Unlike mummies from other cultures, the bodies from this region have not 

been well publicised due to concerns of over-tourism together with the deep-held 

spiritual beliefs by the locals concerning the bodies. An article in the December 2006 

issue of the popular German magazine Tätowiermagazin provided rare photographs of 

these tattooed Ibaloi mummies.64 The mummification process, as described by Donnet 

and Duclos,65 is an elaborate process which begins with an arguably self-immolating act 

of ingesting a concentrated saline solution by the individual who is approaching death. 

According to Aufderheide,55 the ingestion of such a salty concoction works to shift the 

majority of extracellular water into the intestinal lumen, resulting in a laxative affect by 

triggering peristalsis. This forced expulsion of water, together with the colon’s content 

of faeces, not only contributes to the total body dehydration but considerably reduces 

the content of intestinal bacteria, hence inhibiting one of the factors contributing to 

tissue degradation upon death. Immediately post-mortem, tobacco smoke is blown into 

the mouth of the body, which is then positioned over a low fire in a flexed or foetal 

position. Complete desiccation is achieved through sun-drying the body.65 Evisceration 

via the anus was proposed by Morimoto66 as part of the mummification procedure but 

was discounted by Orlando Albinion of the National Museum of Manila.65 Once the 

process is complete, the bodies are placed into coffins made from hollowed out pine 

trees. The coffins are sealed with a single peg and laid to rest in unsealed caves located 

approximately 2000 metres above sea level. Many bodies remain interred in these caves 

today and the sheltered conditions have been reported to give a year round temperature 

of approximately 18C and 55% relative humidity (Figure 1.22).67 

 

The tattooing adorning these cave mummies are some of the most elaborate ever found 

on preserved bodies. The tattoos consisted of symmetrically lined designs representing 

the various elements (Earth, water etc.), which in some cases covered much of the body. 

Similar patterns, including abstract humanoid and animal patterns may be seen tattooed 

on their living descendants, who currently live in the surrounding Kalinga and Bontoc 

regions. As with many other tattooed mummies, the source of the pigment used is not 

known. Along with the common blue-black tattoos on the back of one of these 
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mummies, the author of the Tätowiermagazin article noted red tinges to the colour of 

the tattoos (Figure 1.23)64. In that instance, he was not able to uncover the source of the 

red pigment (if indeed it was part of the tattoo) through questioning of the natives, who 

claimed that only their ancestors would have known the identity of the colouring. 

However, Donnet65 stated that the locals of the region made their ink from soot and 

native tomato juice. It is quite possible that lycopene, the red carotenoid pigment found 

in tomatoes, has somehow acted as an auxiliary pigment and is responsible for the red 

tinge found on some of the mummies. An alternative explanation for the red tinge is that 

it is not part of the tattoo but an exogenous material, perhaps an herb or resin introduced 

as part of the preservation process. 

 

 
Figure 1.22. Tattooed Ibaloi cave mummy © Dr. Ian MacLeod 
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Figure 1.23. Back and side view of a tattooed Ibaloi cave mummy with red colouring present. © 

Tätowiermagazin 

1.3.6 Greenland and Alaska 

Greenland 

On October 9, 1972, two brothers on a hunting trip stumbled across a traditional Inuit 

burial at Qilakitsoq, 450 kilometres on the west coast of Greenland. The graves 

contained the mummified remains of six women and two children, whose animal 

derived clothing were carbon-14 dated ca. A.D. 1475.68 The excellent state of soft-tissue 

preservation was a result of the unique environmental conditions of the stone burial 

chamber, which featured a large overhang that protected the bodies from direct sunlight, 

hence maintaining the temperatures below freezing and never above +5°C.68 The 

construction of the chamber also allowed protection from rain and good drainage for 

any water that made its way into the chamber. The combination of the above factors and 

the cold dry air circulating the gravesite provided excellent conditions for spontaneous 

mummification, specifically by a process akin to freeze-drying. 

 

As with many mummified remains, the skin on these ‘freeze-dried’ mummies had 

darkened considerably through the loss of water from desiccation, together with the 

processes associated with soft tissue post-mortem decomposition. This opaqueness 
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meant that the tattoos were not immediately visible to the naked eye and only after light 

cleaning of the facial skin did some of the mummies show markings suspected of being 

tattooing. Historical evidence from the 16th century in the form of literature and art had 

previously revealed tattooing to be prevalent with the Greenland Inuits68 and hence, 

infrared photography was employed to better visualise the markings (Figure 1.24)4. The 

photography revealed five out of the six women in the grave to bear facial tattooing, 

with the only mummy lacking any markings being the youngest of the adults. No 

tattooing was detected on the rest of the exposed areas of the body, which was not 

covered by clothing. The tattoo motifs found on the mummies corresponded with the 

accounts of travellers to the region in the 18th and 19th century, where they observed the 

practice to be primarily reserved for women and rarely on men. As seen in Figure 1.254, 

the designs seen on the mummies were single symmetrically lined patterns emanating 

from the root and base of the nose, drawing out toward the temples, most of which 

terminating with a ‘Y’. The chin tattoos, a series of vertical lines starting from the lower 

lip running down toward the chin, are commonly known to have been used to indicate 

social statuses, for example marriage and the number of children borne. Single dot 

facial tattoos were also seen on some of the mummies. Such tattooing may still be seen 

among the older generation Inuits of today, although the practice is expectedly slowly 

waning. Details of the unique method of tattooing used by the Inuit may be found in 

Chapter 1.2.2. 

 
Figure 1.24. Infrared photograph revealing the facial tattoos on a Qilakitsoq mummy. 
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Figure 1.25. Schematic representations of the facial tattooing found on the five female adult Qilakitsoq 

mummies 

 

St. Lawrence Islands, Alaska 

In 1972 the mummified body of a woman was exposed by beach erosion on Cape 

Kialegak, St. Lawrence Island, Alaska. The three Inuit brothers responsible for the 

discovery decided to re-bury the woman in a more protected location before guiding a 

research anthropologist to the site during the following summer. Radiocarbon dating 

was performed on samples of the body’s muscle tissue by two different laboratories 

who concluded dates of 1545 ± 70, 1613 ± 79 and 1661 ± 81 years respectively.8 This 

placed the woman’s provenance to be approximately A.D. 400. The partially desiccated 

woman was found in a flexed position with measurements of approximately 145 cm in 

height and 23 kg in weight. She was estimated to be between 50 and 60 years of age at 

the time of death based on investigations on her dental attrition, pelvic bones, ovaries, 

arteries and long bone osteon density.8, 55 Zimmerman and Smith69 proposed her cause 

of death to be asphyxiation caused by a mudslide which crushed her dwelling at the 

base of a hill. The surrounding permafrost subsequently froze her body and maintained 

sub-zero temperatures until her discovery in 1972. Even on the darkened skin, heavy 
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tattooing could be detected on both forearms, hands and fingers (Figure 1.26)8. Infrared 

photography revealed the surviving tattoos to consist of lines, dots along with several 

‘flanged heart’ designs.8 Tattoos on the right arm were on the dorsal aspect and began 

90 mm below the elbow. The left arm possessed more elaborate tattooing than the right 

but had undergone advanced dehydration and hence the motifs were more difficult to 

visualise. Subsequent examination on the rest of the body failed to reveal any other 

tattooing. The absence of facial tattooing on the women was seen as strange as it was a 

common practice for Inuit females from this time period. The designs use in the 

tattooing was seen to be synonymous with the decorations seen on sculptures and 

artwork from the Old Bering Sea phases in Alaska, further cementing the provenance of 

the woman. 

 

 
Figure 1.26. Tattoo designs on the left and right arms of a 1600 year old female mummy from St. 
Lawrence Island. 
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1.3.7 M ori (Mokomokai) 

The art of preserving human heads, or mokomokai in M ori, was an ancient and sacred 

practice carried out by the many native tribes of New Zealand to preserve the memory 

of the dead. The tradition was performed on both friend and foe, in the latter case, only 

heads featuring facial moko would be collected and preserved as trophies of war or to be 

used for future exchanges with opposing tribes.3 The inevitable trade in mokomokai 

came with the first European contacts, the first being obtained in January 20th, 1770 by 

Sir Joseph Banks, Captain Cook’s naturalist onboard Endeavour. The traffic in 

preserved heads was spurred on demands by both parties; on the one side curious 

Europeans longed to stock their museums and personal collections with such oddities 

while the M ori were desperate to obtain the upper hand against opposing tribes with 

European firearms. This insidious increase in trade throughout the late 18th and early 

19th centuries meant that demand outstripped supply, so much so that some M ori 

resorted to wantonly killing anyone who possessed decent facial moko for their heads 

and less valuable slaves were even tattooed before being beheaded and preserved into 

bargaining commodities. It was the actions of the Europeans and M ori from this period 

that has resulted in the distribution of mokomokai all over the world. The M ori 

descendants of today are instigating a host of repatriation agreements that will see these 

tattooed heads returned to New Zealand to undergo traditional M ori burials. The 

following are a list of museums outside of New Zealand that are in possession of 

mokomokai, with those denoted in bold possessing extensive collections: 

 

• Royal College Surgeons, London 

• British Museum 

• Halifax Museum 

• Berlin Museum of Ethnology 

• South Kensington Museum, London 

• Museum of Archaeology and Ethnology, Cambridge 

• Museum of Anthropology and Ethnology, Florence 

• Pitt Rivers Museum, Oxford 

• Göttingen Museum, Germany 

• Plymouth Museum, England 
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The procedure varied slightly between each individual preparing the head but the 

general principles remained the same. Excerebration and de-fleshing was always carried 

out with the M ori understanding that any remaining soft tissue would promote 

decomposition. The eyes of the opposing chief slain in battle were often gouged out and 

eaten in one of many cannibalistic ceremonies practiced by warring factions.3, 70 Flax or 

pieces of wood would be inserted into the nasal cavities and skull to preserve its form, 

with the skin on the neck stitched tight towards the base of the skull. The eyelids would 

most often be sewn shut or stuffed with flax or artificial eyes because of a M ori 

superstition (makutu)70, which states that they would be bewitched if they glared into 

the empty sockets. The distinction between the head of a friend or an enemy was made 

by the preparation of the lips, wherein the enemy lips would be stretched apart in a snarl 

while those of a friend or kin would be sewn together in a pouting gesture.3 The next 

step would see the head subjected to a variety of heat and smoke treatments, the general 

method being to wrap the head in leaves before exposing it to either a fire or placed in a 

primitive oven to evacuate residual fat and bodily fluids. A precursor step would see the 

head plunged from boiling to cold water, which loosens the epidermis enough to be 

removed.3 After the steaming step is completed, the head would be unwrapped and 

dried by alternating between a smokey wood fire and sun exposure. It has been quoted 

that pyroligneous acid3, 70 or wood vinegar was an active ingredient in the preservation 

process. Since the M ori were not known to actively obtain wood vinegar, it may be 

assumed that the authors referred to one of the many constituents in smoke that served 

to preserve the head. Once sufficiently dried, the head would be smeared with oils, 

while the hair would be combed into a top knot and decorated with various feathers. As 

was the case with other cultures that practiced anthropogenic mummification, the higher 

the ranking or importance of the deceased, the process undertaken would be more 

elaborate and time-consuming. 

 

The high demand for mokomokai was based in no small part to the unique facial moko 

tattoo that adorned each head. It is one of the rare occasions whereby the tattoo is 

intentionally preserved to last beyond the life of the bearer. The deep gouging method 

of M ori tattooing sees the design survive through all of the treatments and tissue 

destructive procedures subjected to the head. However, the tattoos are not always well-

preserved and it is not uncommon to find mokomokai with post-mortem attempts at re-

applying moko or even physically carving designs into the skin in an attempt to increase 

its sale value (Figure 1.27)3.  
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Figure 1.27. Mokomokai from the British Museum with post-mortem carved designs. 

1.3.8 Tarim Basin 

The Tarim Basin and its surrounds within China’s Xinjiang Uyghur Autonomous 

Region is the site of over 500 graves containing human remains with a radiocarbon date 

range of between 1800 B.C. to A.D. 200. Several hundred of the bodies were found to 

be spontaneously mummified,55, 71 with Wang72 concluding the excellent state of 

preservation to have resulted from the extremely arid climate, high salt concentration in 

the soil, interment in winter/colder seasons and shallow, unsealed graves. The focus of 

many investigations carried out on the mummified bodies centres on the possibility that 

they were of European descent. The theory was based first and foremost on the 

distinctly Caucasoid appearance of the remains, with other clues being the style of 

clothing/textiles accompanying some of the bodies and the ochre spiral designs painted 

onto the head of one male mummy from Zaghunluq possibly linked to an Iranian sun 

deity.71 Mitochondrial DNA analysis by Francalacci73 also showed that at least one 

mummy had a haplotype characteristic of western Eurasia. Several hypotheses have 

been proposed by Mallory and Mair regarding the incursion of the different races into 

the Taklimakan desert.71 The oldest group of graves (1800 B.C.) in the north and eastern 

parts of the Basin were probably settlers who spoke a Pre- or Proto-Tocharian dialect 
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that entered from the North and West, originally from the eastern Altai Mountain 

steppes of central Eurasia. The group of graves in Yanbulaq, on the eastern rim of the 

Basin featured remains of the more expected Mongoloid-type people who were buried 

between late 2000 B.C. and early 1000 B.C. In the southern and western corners of the 

Basin, physical remains and archaeological/linguistic evidence found in graves point to 

the presence of an Iranian-speaking people existing at approximately the same time. It is 

suggested that their overlapping cultures more than likely interacted with each other. 

 

The excellent soft tissue preservation allowed for the survival of tattooing among some 

of the mummies. Mummified remains of Caucasoid features were found in a cemetery 

dated to 800 – 550 B.C., 60 km west of Qumul (Hami) with traces of tattooing on their 

hands, arms and upper backs.71 Qizilchoqa, a short distance south west of Hami, is the 

1400 – 800 B.C. gravesite of 11 well-mummified and 60 partially mummified bodies. 

Of those, a young, dark-haired female mummy aged in her twenties was found with 

elaborate blue tattoos on her right hand.71 The most spectacular tattooing, however, is 

found on a mature woman in the Zaghunluq cemetery, located on the south eastern 

corner of the Taklimakan Desert. Measuring 1.7 m tall with braided hair and traces of 

post-mortem makeup, the woman had moon-shaped tattoos on her eyelids, oval tattoos 

on her forehead (Figure 1.28)71 and an intricate design tattooed onto the wrist and back 

of her left hand (Figure 1.29).71 The woman was part of a group initially interpreted as 

human sacrifices as many of the bodies were apparently severed into several pieces. 

However, due to lack of knife trauma on the bones, alternative, post-mortem 

explanations may be more valid. Considering the large number of mummified human 

discovered in the Basin, the isolated reports of tattooing may be conducive to the 

practice being an individualistic choice of body decoration, rather than being part of the 

social fabric of the culture, as was the case for the Polynesian and M ori people. 

However, the strong tattooing culture of the inhabitants of the Altai Mountain steppes 

(Scythians, Pazyryk) may have been an influence on those who were thought to have 

originated from Central Eurasia. It is also assumed that the tattoos were spotted by 

visual inspection alone as no infrared photographic investigations were reported, which 

begs the question as to the number of undiscovered tattoos existing on the other 

hundreds of mummified bodies. 
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Figure 1.28. Mature 'sacrificial' mummy from Zaghunluq featuring tattoos on her eyelids and forehead. 

 

 
Figure 1.29. Intiricate tattoo on the left hand of the Zaghunluq 'sacrificial' mummy. 
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1.3.9 Miscellaneous 

Tattooed mummified material from various cultures may exist all over the world but 

only a fraction of these are officially reported. A portion of these are isolated cases 

stemming from the intentional or unintentional mummification of human remains in 

cultures possessing rich tattooing histories. The powerful Mayan Civilisation were 

heavily engaged in tattooing but because they did not actively seek to preserve their 

dead (unlike their Central Andean counterparts), no mummified remains exist today that 

may provide insights into that particular vein of their artistry. Fortunately, the practice 

has survived through first hand recounts by visitors to the area. One such person was the 

controversial Bishop of Yucatán, Diego de Landa Calderón, who described the Mayan 

method, design and social importance of tattooing while working as a missionary in 

Yucatán during the mid 16th century.74 Landa was largely responsible for the destruction 

of large numbers of Mayan codices and artefacts but ironically, it was his notes that 

have helped to confirm tattooing designs drawn onto many Mayan artefacts. Sir J. Eric 

S. Thompson compiled several notes detailing Mayan tattooing in the social hierarchical 

context as well as its use to reward bravery and valour. The method of delivery 

employed was the ‘cut and smear’ method using various sharp implements with the 

pigment described as black earth or ground up carbon.75 Designs varied from simple 

lines and geometric shapes to ornate serpents and eagles. The various headhunting tribes 

of Indonesia and the Mundurucú of South America had strong tattooing traditions, 

which is perhaps unusual in that existing trophy heads do not show any signs of 

tattooing. Several theories may be proposed. 

 

1. The methods used to preserve the heads could halt further soft tissue 
degeneration but were not sufficient enough to maintain any tattooing that may 
have been present.  

 
2. Some tribes may not have practiced facial tattooing and hence it would not be 

present on trophy heads. However, the Mundurucú do practice facial tattooing28 
but no trophy heads (to the best of the author’s knowledge) have been reported 
adorned with tattooing. 

 
3. The survival of tattoos on a trophy head may also depend on the depth or 

severity of the tattoo application. One of the reasons as to why mokomokai retain 
their original facial moko is the depth at which the pigment resides in the skin. 
The method to produce moko also causes scarification, which will help retain the 
appearance of the tattoo throughout the mummification process. 
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As Japanese tattooing is said to be the pinnacle of creative tattooing, it is perhaps no 

surprise that some have sought to actively preserve the amazing artistry rather than see 

them disappear upon death of the bearer. The Medical Pathology Museum within the 

grounds of The University of Tokyo contains 105 traditionally tattooed full body suits, 

carefully selected by pathologist Dr. Masaichi Fukushi since 1926.76 The collection is 

now cared for by his son Katsunari, although the museum remains off-limits to the 

general public, admission being possible only by special advance appointment and a 

letter of introduction. 

1.4 Infrared Detection of Tattoos 

Infrared photography or reflectography has been used to detect tattooing on mummified 

remains as early as 1969 by Armelagos (Figure 1.6) and subsequent discoveries of 

mummified bodies suspected of exhibiting tattooing has benefited from the non-

destructive imaging technique. The basic principle of photography in the infrared region 

is that the radiation penetrates the surface of the mummy’s skin to depth of 

approximately 0.5 mm, interacting with the pigment and subsequently altering the 

nature of the reflected rays, thus providing a contrast between pigment and skin not 

visualised by visible light. Infrared photography was used by Kroman et al.77 to 

discover that five of the six female adult mummies of Qilakitsoq possessed line 

tattooing on their faces, once a common practice for the Inuits until the 20th century. 

Alvrus and Wright78 used infrared reflectography to expose tattooing on mummified 

Nubian fragments from the Meroitic period (350 B.C. to A.D. 350), which were located 

on the dorsal aspects of the hands and arms. Smith and Zimmerman8 used the technique 

on an Old Bering Sea period mummified female found on a beach in the St. Lawrence 

Islands (Chapter 1.3.6). As described in Chapter 1.3.3, Tashtyk and Pazyryk mummies 

in the possession of the State Hermitage Museum in St. Petersburg were discovered by 

infrared photography to possess intricate tattooing not previously noticed when they 

were first moved from their tombs. This technique, however, is far from definitive as 

extraneous contamination could easily convolute or obscure the picture. Capasso50 

attempted to use infrared photography to discover other unseen tattoos on the body of 

Ötzi and to better visualise those that have already been found. Unfortunately this 

proved unsuccessful for Capasso and he provided no theories or explanations as to why 

this was so. Following the example of Barkova and Pankova,57 collections of 

mummified remains should be investigated for potential tattooing in this way, at the 

very least the focus could be set on those belonging to civilisations with a strong 
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tattooing culture. While infrared photography remains the best tool for exposing hidden 

or obscured tattooing on unclothed regions of mummified remains, the technique is 

limited to visualisation of the markings and more substantial scientific analyses are 

needed to discern the composition of the pigments used. 

1.5 In situ Analysis 

To date, in situ investigation and analysis of tattooing in mummified bodies have been 

rare. The scarcity of reports is perhaps mirrored by the lack of sample material, with 

tattooed mummified remains being considered even more precious than their 

undecorated counterparts. The earliest reported histological investigation has been 

carried out by Post et al.13 on the tattooed forearm of an X-group (A.D. 250 – A.D. 450) 

Nubian male. No further analysis was carried out and the black particles seen in the H & 

E (Haematoxylin and Eosin) stained paraffin section were presumed to be carbon. Kapel 

et al.4 examined H & E stained paraffin sections of tattooed skin sampled from the 

Qilakitsoq mummies and stated the pigments to be soot particles, presumably based on 

the long history of Inuits using soot as a tattoo pigment. Actual pigments analysis was 

first carried out by van der Velden et al.14 who used Energy Dispersive X-ray 

Microanalysis (EDX) to determine the elemental composition of the pigments in Ötzi’s 

tattoos. Punch biopsies were taken from three different tattooed regions on the body, 

which were subsequently fixed and processed for both Scanning and Transmission 

Electron Microscopy (SEM & TEM). Traces of calcium phosphate, silicon and sulphur 

were found during SEM, however, TEM investigations produced elemental signals from 

iron, phosphate and sodium, along with the uranium and osmium from the post-fixative 

solutions. As it is difficult to detect carbon by EDX, the identity of the electron-dense 

rounded pigment particles was inconclusive. An explanation for the calcium phosphate 

signals is hydroxyapatite, the inorganic mineral component of bones and hence, the 

pigment may have been derived from the burning of animal bones. The small sulphur 

signals could also have been due to disulphide bonds ever present in resilient keratin 

proteins. Silicon may be accounted for from any contaminants in the soil surrounding 

the body or unintentionally collected along with the pigment if it was collected together 

with the ashes from a wood fire. Polosmak12 is the only other researcher who published 

the results of in situ chemical analyses on ancient tattoo pigments, the subject of her 

investigation being the Utok Plateau ‘Ice Maiden’. Pigment particles were measured at 

approximately 20 μm with high concentrations of potassium detected by EDX, which 
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drew the conclusion that the pigment was of a vegetable origin. The experimental 

details of the investigation were not detailed. 

 

1.6 Thesis Objectives 

Chapter 1.3 provided many examples of the various cultures from all over the world 

whose mummified remains have been discovered with tattooing. Accompanying 

anthropological information propose the importance of the artform within these 

cultures, however, investigations into the substances used in these tattoos have been 

poorly reported and rarely attempted for obvious reasons such as the inevitable need for 

destructive sampling. Another reason for this poor coverage may be the general 

consensus that no further constructive information may be obtained from analysing 

these substance. The sheer multitude of potential tattooing pigments discussed in 

Chapter 1.2.1, provides justification for pursuing the identity of these pigments as 

therein lies the possibility of discovering substances exotic to a particular region, 

leading to additional or novel information regarding inter-culture trade or the 

geographical distribution of an ancient culture. At the very least, basic information 

regarding material fabrication techniques may be learned about a particular culture. 

Perhaps a stronger reason deterring study in this area may be the lack of a robust and 

proven experimental methodology that would provide comprehensive pigment 

identification. While in situ analysis of these pigments has been attempted (Chapter 1.5) 

the limitations of EDX are such that only inorganic substances may be investigated. 

Additionally, analyses of lighter elements would prove complicated due to the organic 

composition of the surrounding biological framework. In the present day, the popularity 

of modern organic pigments adopted from industrial colourants also poses a challenge 

for those wishing to learn the chemical composition of the pigment used in a patient’s 

tattoo. This would be relevant in the event of an adverse dermatological reaction or 

prior to laser removal therapy. 

This study attempts to establish a method that will allow for correlated molecular, 

elemental and morphological analyses through the use of only one tissue processing 

platform. Animal models will be used in the simulation of both fresh and mummified 

ancient human skin and the combination of optical microscopy, electron microscopy, 

EDX and Raman spectroscopy will be used in a complementary manner to identify a 

selection of modern and ancient tattooing pigments within the skin. 
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2 Experimental Model 
The fundamental aim of this project was the design and investigation of an experimental 

model that would adequately simulate the analysis of pigments contained within 

tattooed mummified skin through the use of an animal model. The creation of such 

unique samples in a laboratory setting relies upon a comprehensive understanding of the 

anthropology and history of tattooing practices. Once this knowledge is compiled, the 

experimental model may be designed and initialised with careful consideration of the 

variables that will define the experiment. The progression from background knowledge 

to the execution of a critically designed experimental model will lead to a working 

solution to the local hypothesis and to provide answers for the ‘real world’ application 

for which the model was intended to simulate. 

2.1 Tattooing Pathology 

Histological investigations using both light and electron microscopy have provided us 

with the gross pathology of tattooing at various stages of healing.79-82 Modern laser 

scanning confocal microscopes now allow for non-destructive, optical sectioning of 

tattooed skin to observe the pigments in vivo.83 The histopathology of tattooed skin has 

been employed to monitor the effectiveness of various lasers pulsed at different 

frequencies (nanoseconds and picoseconds) in the removal of tattoos in both human and 

animal trials.79, 81, 82, 84-91  

 

The physical notion of a tattoo is the permanent mark left visible under the skin when a 

foreign material is introduced into the skin. For this to occur, the surface of the skin has 

to be broken, which is achieved through the physical piercing of the epidermis with a 

sharp object either bearing the pigments or by manually implanting the foreign material 

into a pre-incised wound. The most successful tattoo pigments must be inert, insoluble 

and possess a reasonable size and distribution so as the immune system is unable to 

rapidly ingest it through phagocytosis or clear it via the regional lymphatic system. For 

the different tools, materials and methods involved in creating a tattoo see Chapter 1.2. 

Immediately after the initial implantation of pigment, the body’s immune system 

triggers a response whereby macrophages (activated monocytes derived from bone 

marrow histiocytes) diffuse through the endothelium of blood vessels and into the 

various tissues. These macrophages, which are variably sized mono-nucleated cell types 

capable of phagocytosis, work to trap, ingest and destroy foreign matter such as micro-
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organisms and debris by endocytosis and cellular digestion by lysosomic enzymes ( -

glucuronidase, acid phosphatase, lysozyme and arylsulfatase etc.).92 Macrophages are 

most often concentrated in the perivascular spaces of normal skin but may be found 

anywhere in epidermal/dermal layers depending on the nature and location of the 

stimuli calling for activation. Macrophages react with the pigment particles and develop 

into epithelioid histiocytes or lymphocyte cuffed foreign-body giant cells. Aggregates of 

activated macrophages are referred to as granulomas, cases of which are described in 

Chapters 5.3.1 and 5.3.2. Any pigment particles unable to be digested by macrophages 

are taken up by regional lymphatic vessels and transported to their respective lymph 

nodes. Other pigments will remain in the perivascular areas surrounding blood and 

lymph vessels or within other structures such as fibroblasts and melanocytes.79, 80, 93  It 

is this permanent deposition of the pigment that results in the "tattoo". 

 

Fresh tattoos have sharp, distinct outlines, which is the result of residual pigment held 

within the various layers of the epidermis. The process of keratinisation, however, sheds 

and renews dead outer cells along with any pigment contained within, causing the tattoo 

to lose the well-defined lines observed a few days after the procedure. The gradual 

fading and blurring of a tattoo through time is the result of gradual migration of the 

particles deeper towards the reticular dermis and the body’s immune system 

continuously attacking these remaining inert pigments, progressively breaking down the 

more stubborn particles through phagocytosis and/or carried away to draining lymph 

nodes.81  This ‘blurring’ phenomenon compels some owners to re-visit tattoo studios to 

have their marks redrawn and outlined. In general, coloured pigments tattooed into the 

skin will retain the same colour as visualised from the dispenser bottle. However, 

visible light scattering by the dermis and epidermis will see slight changes in hue, with 

black pigments often appearing greener or bluer than in air, an illusion exacerbated by 

surrounding blood and tissue.94 Figure 2.1 shows a schematic diagram of the basic 

layers and constitutents of human skin. 
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Figure 2.1. Schematic diagram showing the three basic layers of the human skin. ©American 
Accreditation HealthCare Commission 

 

Pathologically, there are discernable differences between machine applied tattoos and 

hand/manual tattoos, at least in the first few weeks of healing. Electric-powered 

tattooing machines will puncture the skin at a much faster rate than the manual method 

(depending on the rheostat setting) resulting in more puncture wounds resulting in more 

erythema and wheal and flare reactions. Depending on the skill of the tattooist, it is said 

that hand tattooed individuals heal faster than those who were tattooed with a 

machine.22 However, machine mounted needles will always puncture the skin at a set 

depth, while manual methods tend to deposit pigments in a more random fashion. There 

are many different hand methods of tattooing (Chapter 1.2.2), with some causing more 

pain than others.  This is not to say that there is less control to the manual method, as 

the works of master Japanese tattooists will attest to.  
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2.2 Experimental Archaeology 

Obtaining access and sampling from mummified remains is becoming increasingly 

difficult. Museum curatorial staff are rightly protective of their fragile and invaluable 

specimens, with access to collections usually only granted to top investigative 

scientist(s). The nature of the field of archaeological science, especially pertaining to 

mummified remains, is such that one is disadvantaged if samples are difficult or unable 

to be obtained. Experimental archaeology is a form of scientific experimentation that 

strives to learn more about human history through the replication of particular 

techniques, materials and environments. Ingersol et al95 defines the principles behind 

these studies as to: 

“…test, evaluate, and explicate method, technique, assumptions, hypotheses, and 

theories at any and all levels of archaeological research. The object of this approach is 

to define and control as many variables as possible in any given research situation.” 

Given the ability to control variables, one must subject the experiment(s) to relative 

scrutiny in order to provide a model that would best fit the original target scenario. 

Where possible, materials and methods employed in the replication should match the 

periods from which they are being tested in terms of availability and skill.96 Despite 

ultimate control over experimental variables, the model constructed will always be an 

imitative experiment and any conclusions, positive or negative, should be arrived at 

with an understanding of such. As with any analytical experiment, sufficient replicates 

are necessary to ensure viable data and all work must also be susceptible to future 

replication.  

Given the advances in radiology and Micro-Computed Tomography technologies, 

destructive sampling from mummified remains is often viewed as unnecessary or as a 

last resort. However, investigations involving DNA or provenance dating frequently 

require at least a small physical sample. In most cases, this is quite feasible if the size 

and location of the sampling is properly managed to ensure minimal damage to the 

specimen. With such size-limitations the onus is on the investigating scientist to ensure 

a positive result, especially if the sampled area is unique. The sampling of tattoos on 

mummified bodies is a complicated matter in that one is sampling a piece of artwork 

that is not able to be easily refurbished. Bulk representation and homogeneity becomes a 

problem with progressively smaller sample sizes. The in situ chemical analysis of 
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tattooing pigments from within mummified bodies qualifies as an ideal candidate for 

replicative studies due to the fragile and extremely finite sampling possibilities. 

2.3 Mummification 
Mummification may be defined as any process that arrests the action of decay acting on 

a living body (or tissues), which occurs either from self-digesting enzymes or bacterial 

activity, hence resulting in the preservation of soft tissue. Upon death, autolysis is 

initiated through a rapid drop in oxygen tension causing the membranes of intracellular 

organelles such as lysosomes to rupture, discharging their hydrolytic enzyme contents 

into the cytoplasm. These enzymes, normally regulated during the life of the host, will 

begin to break down proteins and carbohydrates, continuing the destruction of the cell 

and eventually breaking through the cell wall.55 The sudden decrease in oxygen tension 

also acts to suppress the population of aerobic bacteria located in the colon, allowing the 

smaller percentage of anaerobic bacteria to multiply into dominant numbers. These 

anaerobes are primarily responsible for the majority of soft tissue liquefaction and 

combine with subsequent breakdown products to form the dark fluid purged from the 

body after the bloating stage. Exterior sources of bacteria together with corpse related 

fauna will eventually consume the body through to skeletonisation.55 

The retardation of post-mortem enzymatic action on the body may slow or completely 

arrest the action of autolysis. Enzyme activity is dependent upon several factors: 

aqueous media; pH; temperature; and substrate specificity. Departure from optimum 

conditions will slow the action of the enzymes, with inhibitors such as certain heavy 

metal ions (present in groundwater) also contributing in enzyme action retardation. 

Three different types of mummification may be differentiated: 

Type A – Natural or spontaneous mummification, caused by a number of factors 

(individually or in combination). 

Type B – Intentional or enhanced natural mummification, which occurs through the 

intentional exploitation or deliberate enhancement of natural processes. 

Type C – Artificial or anthropogenic mummification, in which preservation is achieved 

through proactive manipulation of the body using a variety of techniques. 
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2.3.1 Methods of Mummification 
 

2.3.1.1 Desiccation 

The removal of water from the body is the most common and successful method of 

causing mummification. Desiccation may occur spontaneously through exposure of the 

body to extremely arid conditions such as deserts or atop mountains exposed to constant 

winds. It may also be hastened through the action of hydrophilic exogenous materials, 

such as natron ore used by the ancient Egyptians. The sodium salts in the ore draws out 

residual water from pre-eviscerated bodies over the course of several weeks as 

successfully demonstrated by Brier and Wade97 in a modern day, imitative experiment. 

Desiccation is most effective when water is drawn away from the body such as through 

the action of hydrophilic substances such as natron. The capillary action of desert 

sands55 and the dry winds of mountain ranges are other modes of desiccation whereby 

exuded fluids are quickly removed. Numerous mummies preserved by pure desiccation 

may be found in Egypt, China, Peru and Northern Chile. 

2.3.1.2 Thermal 

Mummification may also be caused by temperature extremes that may accelerate 

desiccation. The process of ‘freeze-drying’ may be achieved through the sublimation of 

water from a frozen to gaseous state. In the food industry, this form of preservation 

occurs by freezing goods below their eutectic temperature points, reducing the pressure 

to a partial vacuum then applying a calculated amount of heat to initialise sublimation of 

the water. The term freeze-dried’ has been applied to the preservation of some 

mummified remains purely because the desiccated bodies were discovered in locations 

where temperatures dropped and remained below 0°C. The processes, however, are very 

different from the forced sublimation employed for foodstuffs. Mummies entombed in 

solid ice, such as the Altai Mountain mummies (eviscerated) and Ötzi the Iceman, were 

desiccated by the sublimation of the frozen water from within their bodies into trapped 

air bubbles present in the ice.55 The royal Incans (and various mummies from that 

period) were found on the sides and peaks of mountains a few thousand metres above 

sea level in sub-zero temperatures. The pressures at these heights, however, were 

insufficient to initiate forced sublimation. Conflicting first hand accounts by Spanish 

visitors to the Incan empire and lack of invasive scientific studies on these bodies have 

left archaeologists puzzled as to what type of mummification method brought about 

such preservation, that is, whether the body was anthropogenically prepared at ground 
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level before being placed on the mountain.55 Sublimation will occur without the action 

of a partial vacuum depending on the correct combination of temperature, relative 

humidity and interface between the frozen tissue and surrounding air.55 Although 

occurring at a much slower rate, complete desiccation is possible by this gradual 

sublimation over extended periods of time. 

 

Inversely, the application of heat to a body may also encourage mummification by 

enhancing water removal from the skin’s surface through the increase of the water 

concentration gradient between the skin and underlying deeper tissues.98 However, 

increases above human body temperatures between 38 and 50°C also encourages 

bacterial multiplication, which subsequently leads to elevated soft tissue destruction.99 

Raising the temperature above 50°C will begin protein denaturation and halt most 

bacterial proliferation. By careful monitoring the body and actively removing the water 

exuded by the body (enhanced by heat), tissues are able to be dehydrated albeit slightly 

more destructively. Mummies from Pre-Hispanic Columbia55, 100, Torres Strait55, 101 and 

Benguet Province (Philippines)55, 64, 65 are thought to have been preserved by this 

method. It is quite often easy to tell if a body was desiccated by fire or heat, as there is 

often evidence of scorch marks from the process.100 In other cases only the presence of 

soot would suggest that heat desiccation had occurred by fire.  

 

The application of heat as a means to forcibly dehydrate a body was also achieved 

through intentional exposure to the sun, where the body would be alternated between 

the two sources of heat. A secondary source of preservation would arrive in the form of 

smoke derived form the fire used to dry the body. The myriad of organic compounds 

released from the pyrolysis of hemicellulose, cellulose and lignin in wood have 

demonstrated antibacterial and antioxidative effects on meat products. A comprehensive 

list of compounds identified in wood smoke is provided by Maga.102 The carbonyl 

groups of various aldehydes present in smoke are able to form polymeric bridges 

between free -amino groups on the hydroxylysine residues in collagen, providing some 

degree of tissue stability.103, 104 Phenols are recognised as the primary compounds 

responsible for the antioxidative properties of smoke, capable of arresting lipid-

associated rancidity in meat products.105, 106 The penetration of smoke compounds, 

especially polycyclic aromatics, is limited to superficial layers of skin and tissue, due in 

part to their high molecular weights, hence, the most successful mummification 
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procedures involving smoking are those in which evisceration and/or excerebration has 

been carried out. 

2.3.1.3 Chemical 

Chemically instigated mummification is often the result of the presence of heavy metals 

such as mercury, arsenic, copper55 and lead. However, the indirect action of metals can 

be shown in environments such as peat bogs, where the presence of sphagnum 

holocellulose, sphagnan (pectin-like polysaccharide located within hyaline cell-walls of 

sphagnum moss), and humic acids act to sequester various multivalent metal cations. 

The cations are bound to the various anionic groups in polysaccharide chains, depriving 

bacteria of multivalent trace metal cations (e.g. Cu, Fe, Mn, Mo, Zn, Ca etc.) essential 

for enzymatic activity.103 Additionally the mildly acidic conditions in Sphagnum peat-

bogs causes sphagnan to undergo Maillard-reactions with soluble proteins, enzymes, 

simple amino acids and ammonia to form the nitrogen-rich, polymeric humic acid 

fraction of peat. Humic acids are highly resistant to microbial attack and the resultant 

lack of nitrogen in bogs (sequestered by the humic structure) suppresses bacterial 

multiplication, which are dependent upon it. In a process very similar to conventional 

tanning, Painter103, 107 demonstrated on pig skin that the free amino (-NH2) groups in 

collagen are also tanned directly by sphagnan. The multiplicity of reactive carbonyl 

groups from the 5-keto-D-mannuronic acid (5KMA) residues contained within 

sphagnan allow for typical cross-linking reactions to occur, causing the tanning or 

‘leathering’ effect. 

Substances such as tar, resins, waxes, herbs, fats and oils were employed by the ancient 

Egyptians, along with other cultures as part of the mummification process. These 

substances were often use in an ancillary role to supplement conventional desiccation to 

mummify the body. Some resins such as myrrh have demonstrated antibacterial 

properties against a host of bacteria including Staphylococcus aureus (wound infection) 

and Clostridium spp (putrefaction), confirming 4000 years of its use in wound 

therapy.108 For the wealthy in ancient Egypt, myrrh was used liberally to fill body 

cavities, outer coating and even as an adhesive for funerary wrappings. However, 

Aufderhide55 remarks on the poor soft tissue preservation observed if resin was used as 

the sole mummification agent. Substances used to dress the body or to fill cavities were 

often chosen for reasons of beliefs, tradition or simple availability. Any 

antibacterial/antioxidative properties exhibited may have been purely coincidental. 
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2.3.1.4 Excarnation 

Excarnation, which is the act of defleshing the body, was most notably practiced by 

Chinchorros culture of present day Northern Chile, who boasts some of the oldest 

anthropogenic mummies ever discovered.100 Excarnation would serve the same purpose 

as evisceration, where the removal of flesh deprived a host for bacterial and enzymatic 

action. Substances such as plant materials (straw, herbs) or even animal material (horse 

hair) were sometimes used to replace the missing muscle tissue in an attempt to 

reconstruct the original bodily form. Several frozen bodies found in the Pazyryk valley 

Kurgans (see Chapter 1.3.3) displayed instances of excarnation. The Ecuadorian Jivaro 

performed excarnation, excerebration and removed the skull from heads in an elaborate 

and time consuming procedure, which shrinks the head to the size of a human fist. 

These are the infamous tsantsas, or shrunken trophy heads.55, 100 In life, the skin acts as 

a physical barrier against physical and infectious harm. During the decompositional 

process, fluids laden with destructive hydrolysing enzymes and bacteria will diffuse 

through the skin, making it the last of the organs to dry and subsequently peeling off the 

body.55 It is quite often the case that the areas of the body with minimal underlying soft 

tissues (ears, fingers, scalp) commonly retain the outlying skin as opposed to other areas 

with larger underlying muscle (thigh, abdomen etc.).13 Evisceration and excarnation will 

obviously reduce this effect by removing the source of enzymatic and bacterial action. 

2.4 Animal Models 

For the purposes of this investigation, skin harvested post-mortem from either human or 

animal origin cannot be used since the tattooing process requires a functioning immune 

system to react and regulate incoming foreign matter in the form of tattooing pigments. 

For the same reason, commercially available substitutes such as the synthetic 

Graftskin™ and the reconstructed human epidermis Skinethic™, would be unsuitable 

for tattooing experiments.109 As mentioned in Chapter 2.6.1, pre-tattooed skin was 

available from cadavers received in the School of Anatomy and Human Biology’s Body 

Bequest Program. However, issues arose regarding unpredictable supplies, limited 

sample sizes and ultimately, the specimens may only have been used for preliminary 

studies as the origins of the tattoo ink were unknown, therefore, confirmation of 

successful analyses would not be possible through basic control-analyte comparisons. 

By the same token, sourcing tattooed skin from other body bequest programs e.g. 

interstate or from the Forensic Anthropology Centre (Body Farm) at the University of 
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Tennessee is not a viable option because of the complications involved with the 

transportation of fresh human tissue into the country. 

2.4.1.1 Suitability 

Many different animals have been used to investigate tattooing processes and their 

associated methods of removal including pigs,84, 86, 87, 110 mice,111 guinea pigs85, 88, 112 

and rabbits.90 Despite all animal models proving valid for tattoo studies, the pig was 

chosen for this study not only for the similarities between human and porcine 

integument systems, but primarily for the comparable ratio of skin surface area to body 

weight.113 The skin of the pig has long been recognised as having many anatomical, 

physiological and biochemical similarities to humans with particular species of pigs 

scientifically identified as excellent models for cutaneous studies114. Pigs have been 

used successfully as a model for humans in the investigation of wound healing115 and 

especially for skin permeation116. The larger surface area of skin available on pigs is not 

only ideal for tattooing procedures but also for the possibility of multiple samples (such 

as biopsies) to be taken over extended time periods. Proportionally, the pigment 

particles will be better managed by a pig’s immune system compared to that of a much 

smaller animal e.g. mice or rats. The sudden introduction of such a large amount of 

foreign matter into a smaller animal would increase the risk of complications. The depth 

of penetration or deposition of pigments into the dermis will also be more realistic, 

especially if tattooing tools intended for humans are used. 

 

Preliminary experiments regarding the mummification and rehydration of pig skin were 

carried out on a separate animal before commencing the primary experiments. The 

methods and results are outlined in the following chapter. 

2.5 Raman Spectroscopy 

The inelastic scattering of (incident) monochromatic radiation by a molecule is known 

as the Raman Effect. The interaction of an incident photon with a molecule causes a 

change in vibrational or rotational energy by an amount Em, which is the difference in 

energy between the scattered photon h s and the incident photon h i i.e. Em = h i ± h s. 

Stokes Raman scattering occurs when a molecule is excited to a higher vibrational level, 

resulting in a scattered photon of less energy than the incident photon, resulting in a 

molecule possessing a positive Em. The inverse, anti-Stokes scattering occurs if the 
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molecule already exists at an elevated vibrational energy state. Interaction with a photon 

results in the molecule losing vibrational energy, with the scattered photon having 

greater energy than the incident photon, resulting in a negative Em. Since very few 

molecules exist in excited vibrational states at room temperature (Boltzmann 

distribution), the anti-Stokes lines are much weaker than Stokes lines. The Rayleigh 

fourth power law ( 0 ± m)4, states that the intensity of Raman scattering is inversely 

proportional to the fourth power of the wavenumber of the incident photon, therefore, 

the choice of laser wavelength remains a balance between increasing signal detection 

while avoiding issues with fluorescence, which  is more likely at higher wavenumber 

incident radiation. 

 

For an observable Raman Effect to occur, the gross selection rule states that the 

molecular vibration induced by an incident photon must change the overall 

polarisability of the molecule with respect to vibrational coordinates. Put simply, a 

given a plot of polarisability against the normal coordinate of vibration must result in a 

non-zero gradient at the equilibrium position. For diatomic molecules (both 

homonuclear and heteronuclear), this condition is always satisfied and hence they are 

both Raman active. This is an advantage over infrared spectroscopy, which relies on a 

non-zero gradient at the equilibrium position for a plot of the dipole moment versus the 

normal coordinate of vibration. This is illustrated in homonuclear diatomic molecules 

such as H2 or Cl2 etc., whose dipole moment remains at zero during vibrational states 

and therefore are able to be observed through Raman scattering but not IR absorption. 

 

Various improvements to Raman instrumentation such as fibre optic probes and 

microscope attachments have allowed the technology to be used more practically for 

field applications and on a wider variety of samples. With water (hydroxyl groups) and 

glass (silica) being naturally weak Raman scatterers, samples may be analysed even in 

aqueous form and through their containment vessels. Raman spectroscopy allows for 

uncomplicated, non-destructive analyses of a wide variety of materials with little to no 

sample preparation. The ability to probe inter and intra-molecular interactions allows for 

structural determination and specimen identification 

2.5.1 Colourants in Art and Archaeology 

The specificity and non-destructive nature of Raman spectroscopy has seen its 

increasing analytical use on precious artworks and archaeological samples. Examples of 
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the types of samples investigated by the technique include: Colourants 

(natural/mineral/organic dyes and pigments) and associated binding media; artefacts 

(manuscripts, stones, metals, glass, ceramics etc.) and plant/animal derived biological 

materials. As the current thesis deals primarily with dyes and pigments, the following 

review will concentrate on these applications. 

 

Using pre-established spectral data of typical artist materials in combination with other 

complementary techniques, rapid identification and classification of colourants is 

possible. As many colours on the palette are able to be derived from a variety of 

sources, Raman spectroscopy may be used in the discrimination between inorganic and 

organic colourants, as well as their natural or synthetic provenances. Pigments were 

among the first materials in the field of art to be analysed by Raman spectroscopy117 and 

continue to be of interest to this day, especially in regards to the conservation, 

restoration and authentication of priceless works. As such, researchers with priority 

access to such priceless artefacts are able to publish prolifically on the previously 

unknown nature of the colourants, binders, substrates and even the canvases used in 

such creations. Several research groups have published spectral databases on 

inorganic/mineral artist materials and their corresponding binders118-120, with some 

extensive online databases made publicly available on the internet.121-127 Databases 

regarding major classes of modern synthetic organic colourants have been relatively 

recent additions.128 Despite this abundance of spectral data there are several factors 

worth noting. Various absorption/resonance effects and lasers of different wavelengths 

produce different peak positions and may affect the appearance of overall spectra, 

prompting some to publish additional spectra using multiple laser sources.129 

Furthermore, experimental conditions, calibration, source of reference materials, sample 

preparation are all contributing factors to consider in the use of spectral databases. 

Raman instrumentation also currently lacks appropriate algorithmic searching software, 

unlike other corresponding techniques such as Mass Spectrometry and Infrared 

Spectrometry, which have well established spectral matching software. Part of the 

reason why visual interpretation is the primary method of interpreting Raman spectra is 

because of the above mentioned discrepancies in experimental conditions, along with 

the added difficulties involved with heterogeneous samples consisting of intimate 

mixtures, different stoichiometries and exogenous contamination. Yet another problem 

to consider is the effect of natural aging of pigments due to photolytic and/or chemical 

degradation over time, along with laser damage that may cause the evolution of new 
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chemical species e.g. the rapid thermal conversion of magnetite (Fe3O4) to haematite 

(Fe2O3) when irradiated with a laser.118 However, there still remains the scope for a 

single unified spectral database in the near future. Several chemometric methods such as 

Principal Components Analysis (PCA) and Partial Least Squares (PLS) have already 

been shown to be effective in the discrimination of normally indistinguishable 

samples130-132 and as such, may form the basis for algorithmic-based Raman spectral 

search/match software. 

 

Since the majority of modern tattoo ink colourants are synthetic organic pigments, they 

may be easily analysed and characterised by Raman spectroscopy using the same 

guidelines as characteristic vibrational modes and pre-established spectral data 

published for their intended applications in art and coatings. However, all the shortfalls 

mentioned above will still apply and modifications to the sample preparation and 

decisions on laser wavelength choice may have to be made to allow for successful 

spectral acquisitions. 

2.5.2 Biomedical Applications 

As the primary barrier against, chemical, physical, radiological and microbial attack, 

human skin has been one of the most investigated organs due to its accessibility. The 

spectral bands of the outermost layer, the stratum corneum, were assigned in 1992 by 

Barry et al.133 using 1064 nm FT-Raman, concluding (on a dry weight basis) a structure 

consisting of approximately 75 – 80 % protein, 5 – 15 % lipids and 5-10 % of 

unidentified material. The composition of the underlying dermal layer was determined 

to consist primarily of collagen (75 % dry weight and 90 % total protein content), 

specifically, 80 % type I, 15 % type III, and  5% of types IV–VI.134 Collagen fibres are 

composed of sub-units of tropocollagen, which in turn are composed of three separate 

polypeptide chains twisted to form a left-handed 31  helix stabilised by proline and 

hydroxyproline amino acid residues. Raman studies have been carried out on skin 

permeation by various chemicals135 and exogenous agents as well as in the diagnosis 

and real-time monitoring of prevalent skin cancers (basal cell/squamous cell carcinomas 

and melanomas), which saw over one million new cases reported in the United States 

(2007) alone.136 

 

The complexity of Raman spectra derived from biological samples means that the 

aforementioned numerical algorithms such as PCA and linear/logistic regressions are 
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commonly employed to reduce data dimensionality and aid in classifications. Gradually, 

these algorithms are being superseded by non-linear, multidimensional artificial neural 

networks, which are boasting specificity and sensitivity rates comparable to those of 

trained clinicians.137 This specificity is very important in cancer diagnosis if the spectral 

data of neoplastic tissues appear only as subtle structural alterations in proteins and 

lipids in comparison with non-affected tissues.137, 138 

2.5.3 Mummified Skin 

The ability to probe the molecular structure of protein components by Raman 

spectroscopy has been applied to the investigation of mummified skin, especially in 

degradation studies in comparison to contemporary human skin. The first study of this 

kind was carried out on ‘Ötzi the Iceman’139, perhaps the most famous naturally 

preserved mummy of the modern era and the subject of numerous scientific 

investigations. Gniadecka et al.140 published the results of a NIR FT-Raman 

spectroscopic study on skin sampled from a Qilakitsoq Greenland mummy, two 

Peruvian mummies from the Chiribaya Alta region (one light pigmented and one dark 

pigmented) and compared it to the results of the previous Ötzi study. The difference 

between mummified samples and contemporary human skin was apparent in the 

absence of the (OH) water stretch at ~ 3250 cm-1. Differences between mummified 

samples were also apparent in the form of increased/decreased intensities of specific 

molecular stretches due to various levels of protein loss and structure degradation as 

well as the different environmental processes which resulted in their respective 

mummification. Conclusions made from the investigations were observed in the 

changes to molecular structures due to the level of degradation of the tissues. The age of 

the mummy did not appear to be a factor in spectra given the similarities between 

samples that were approximately 4700 years apart (Greenland samples vs. Iceman 

samples). This indicated that most of the changes in molecular structure would have 

occurred between the time of death and the completion of the mummification process. 

Another conclusion drawn was the possible presence of an exogenous agent on the 

Peruvian mummy skins due to an increase in intensities of characteristic (CH2) 

deformations and (CH) stretches synonymous with the presence of increased lipid 

content, resulting in better preservation. The contrary was observed during the 

investigation of skin samples (ca 2000 BC) from an ancient Egyptian mummy found in 

the 12th Dynasty tomb of Khnum-Nakht and Kekht-Ankh141, where several very strong 
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signals were detected originating from a sodium sulphate based exogenous agent (most 

likely natron ore). In this case, degradation was seen to have been more pronounced.  

 

The above studies showed that regardless of the age of interment and the methods and 

conditions causing mummification, the proteinaceous and lipoidal molecular structures 

within the skin remain identifiable through Raman spectroscopy, albeit with reduced 

intensities due to inevitable tissue degradation. Therefore, any in situ Raman 

spectroscopic investigation of exogenous or foreign substances within mummified 

remains will have to take into account the presence of these bands in recorded spectra. 

2.6 Preliminary Experiments 

Before the implementation of animal models, trials were carried out on human 

cadaveric skin. Experiments involving punch biopsy sampling techniques, 

mummification, rehydration, histological processing (wax-embedding), transmission 

electron microscopy, confocal microscopy and cryo-techniques were investigated. 

2.6.1 Human Skin 

Permission was granted by the Head of the School of Anatomy and Human Biology to 

obtain small skin samples, both tattooed and un-tattooed from various cadavers donated 

to the University through the Body Bequest Program. 

 

Sample A 

Normal (un-tattooed) skin was obtained from the thigh of a 67 year old male cadaver 

and divided into four pieces of approximately 1 cm2 in size. These would be used in 

initial dehydration/rehydration experiments outlined below in Chapter 2.6.1.1. One half 

of the punch biopsies were placed into a 10 % PBS buffered formalin solution while the 

other half were placed in a 2.5 % glutaraldehyde solution buffered with 0.1 % 

cacodylate buffer for light and/or electron microscopic histological investigations 

respectively.  

 

Sample B 

Two ~1 cm2 samples of tattooed skin were excised from a bird shaped tattoo located on 

the right forearm of a 92 year old male cadaver. It was noted that the tattoo had almost 

faded beyond recognition, suggesting that the man had obtained the tattoo in his earlier 
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days.81 Three punch biopsies were taken from one sample using 2 mm diameter Stiefel 

biopsy punches and fixed in 10 % PBS buffered formalin solution together with any 

remaining tissue. Three punch biopsies were taken from the second 1cm2 division and 

fixed in 2.5 % glutaraldehyde fixative buffered with 0.1 M cacodylate buffer together 

with any remaining tissue. 

 

Sample C 

The final human tattooed skin sample to be obtained came from a 60 year old male. The 

2 x 1 cm2 sample was excised from a tattoo with a “love heart” design, which was 

coloured with a red and black coloured ink. The sample was divided into two pieces and 

fixed in 10 % PBS buffered formalin. 

 

The amount of skin able to be harvested from each body was always limited to ensure 

that the embalming treatment subjected to the rest of the body would be successful. 

Tattooed cadavers arriving through the Body Bequest program was infrequent. therefore 

the supply was unpredictable. As most donated bodies were those of elderly men and 

women, tattoos were primarily black in colour with coloured tattoos being very rare. 

However, these samples were only obtained for comparative experiments and not for 

any qualitative/quantitative pigment identification as the original inks used in the tattoos 

were not known. 

2.6.1.1 Laboratory Desiccation Trials 

Both human cadaveric skin and pig skin were obtained for mummification trials, the 

former was used as an early comparison before committing to animal models. The 

experimental desiccation of human tissue was carried by Zimmerman142 in an oven at 

40 °C , however, for the purposes of this study, desiccation would be achieved without 

the influence of any thermal effects. Common laboratory glass desiccators (filled with 

silica gel desiccants) were considered as a way to gradually draw moisture out of the 

tissues. To test their suitability, the temperature and humidity levels within the 

desiccator were monitored using an iButton® 1-Wire® Humidity Logger (DS1923-F5). 

Within the sealed environment of the desiccator (which was kept in a climate controlled 

laboratory fume hood), temperatures remained relatively stable, mainly fluctuating 

between ~21.5°C (night) and 22.5°C (day). The humidity of the desiccator displayed an 

asymptotic-like behaviour as the silica gel desiccants gradually absorbed any moisture 

present. Relative humidity approached 1.7% although it is envisaged that it would 
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approach 0% if left unopened for several months. Results of the recordings are shown in 

Figure 2.2 and Figure 2.3 below. 

 

 
Figure 2.2. Temperatures within a sealed glass desiccator recorded every 15 minutes for ~ 35 days. 
 

 
Figure 2.3. Relative humidity within a sealed glass desiccator recorded every 15 minutes for ~35 days.  
Large spikes seen in the graph occurred during removal of the datalogger into atmosphere for inspection. 
 

Immediately after acquisition, the four pieces from Sample A were labelled and 

positioned epidermis side up on a double layer of 90 mm Whatman® Grade 1 

Qualitative filter papers set in a glass Petri dish. The dish was placed into a glass 

desiccator vessel filled with 5 – 10 mesh self-indicating Silica Gel desiccant (Asia 

Pacific Specialty Chemicals Ltd.) and left in an unused fume hood away from direct 

sunlight. The filter papers were changed periodically every two days, then subsequently 

every three, five and seven days according to amount of moisture lost. During every 

filter paper change, the pieces of skin were inverted so as both the epidermal and 
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subcutaneous layers came into equal contact with the filter paper. The experiment was 

allowed to progress for 77 days, to which the skin progressively took on a discoloured 

brown, shrivelled appearance (Figure 2.4). Weights were recorded at t = 0 days and t = 

77 days (Table 2-1). The silica gel desiccant sufficiently absorbed any excess moisture 

while the capillary action of the filter paper (changed regularly) worked to draw fluids 

away from the skin. It was determined that desiccation by this method was sufficiently 

imitative of the general conditions experienced by most naturally desiccated mummies.  

 

 

Figure 2.4. Desiccation trials at room temperature on human skin. (Left)At t = 0 days; and (Right) After t 
= 78 days. 
 

While this particular experiment mimicked a well-sealed burial environment protected 

from external fauna and floral attack, it must still be noted that mummification 

replications using excised skin samples will not be susceptible to proteolytic enzymes 

and bacteria originating from within the body. 

 

Table 2-1. Percentage weight loss from human tissue specimens after 77 days in a sealed glass desiccator. 

Original mass (g) 

t = 0 days 

Dehydrated mass (g)  

t = 77 days 
% Loss 

0.778 0.384 50.6 

0.588 0.284 51.7 
0.720 0.378 47.5 

0.635 0.322 49.3 

2.6.1.2 Rehydration 

Since the very first histological examination of mummified material143, rehydration has 

been recognised as an essential process for successful ultrastructural investigation. Sir 
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Marc Armand Ruffer is recognised as the pioneer in the field of ancient tissue histology 

and paleopathology, especially in the rehydration of mummified tissues.144 Many 

different rehydration solutions have been proposed since Sir Marc’s publication, some 

are entirely novel while others being modified versions of earlier methods. Mekota and 

Vermehren145 have compiled a review of the most successful rehydration protocols and 

applied them to various tissues and organs sourced from ancient Egyptian mummies 

from the New Kingdom (1550 – 1080 BC). Regarding the rehydration of mummified 

skin, three solutions were determined to be most effective (Table 2-2). 

 

Table 2-2. The most effective rehydration solutions on desiccated human skin (as suggested by Mekota 
and Vermehren145). 

Method Protocol 

Ruffer I146 
Five parts distilled water, three parts absolute ethanol, 2 parts 5% 
Na2CO3(aq). 

Grupe et al.147 
5% dimethyl sulfoxide (DMSO) in tris(hydroxymethyl)aminoethane 
(TRIS) buffer at pH 7.6. 

Solution III 
Eight parts 0.2% solution of “Comfort” fabric softener (Lever Bros.) in 
5% Na2CO3, two parts 4% aqueous formaldehyde. 

 

Ruffer’s solution had been developed on ancient Egyptian mummified remains while 

the protocol used by Grupe et al. had originally been used to rehydrate mummified 

material found in a medieval burial cemetery in Schleswig, North of Germany. The soft-

tissue preservation on the latter bodies, dated between AD 11th – 13th century, was 

apparently attributed to a layer of dung overlying the graves, which served to provide a 

somewhat anaerobic environment at a slightly acidic pH. Solution III sees the use of 

fabric softener, which has been previously used in the reconstitution of fixed cadaveric 

tissue specimens.148, 149 The fabric softener used by Mekota and Vermehren is the 

‘Comfort’ brand of fabric softeners manufactured by Lever Brothers (now UniLever). 

The primary active ingredients in the ‘Comfort’ range of fabric softeners are ‘Hardened’ 

tetraethylammonium quarternary salts and tallow alcohol among other viscosity 

controlling agents and solvents.150  

 

Each of the three solutions from Table 2-1 were prepared to test rehydration 

effectiveness on the skin desiccated from Sample A. Reagents were commercially 

available and were of laboratory grade purity unless otherwise stated. All solutions were 

made up to 100 mL each. Mekota and Vermehren paired each rehydration solution with 



Chapter 2 

 79

a particular fixative solution, however, it was felt that this step was unnecessary for the 

preliminary rehydration trials. 

 

The four pieces of dehydrated skin (Sample A) were submerged in glass vials 

containing 100 mL of each rehydration solution and placed on an agitator tray: Vial #1 

contained Ruffer I; Vial #2 contained Grupe; Vials #3 and #4 contained replicate 

amounts of Solution III. After 24 hours, the samples were removed from solution for 

visual and physical inspection. A general scale of 1  5 regarding softness and 

elasticity was proposed, where a score of 5 implied the most pliability. Ruffer I scored 

2, with Grupe scoring 3 and the two Solution III specimens unchanged on 1. The lack of 

effect from Solution III was thought to be the small amounts of fabric softener 

suggested in the original protocol (0.2%), therefore, 0.34 mL of fabric softener was 

added into Vial #3 and 0.84 mL into Vial #4, bringing the total amount of fabric 

softener to 0.5 mL and 1 mL in each vial respectively. After a further 12 hours, the 

samples were removed and tested again. Ruffer I scored a 4, Grupe was the best at 5, 

while the pieces submerged in Solution III still remained unchanged at 1. The failure of 

Solution III may have been a result of poor penetration due to the relatively large sizes 

of the skin samples (1 cm2), however, a further 48 hours on the agitator still failed to 

show any results. Despite the Grupe protocol achieving the best reconstitution, it 

appeared to be more damaging to the sample, with the solution turning cloudy with fatty 

precipitate and particulate matter. This is most likely due to the highly polar DMSO 

disrupting the lipoidal matrix within the dermal layers. 
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2.6.1.3 Histology 

The formalin-fixed portions of Sample B were processed in a Shandon Citadel 1000 

Tissue Processor. Cycle periods were dependent upon the relative size of the tissue 

specimens (Table 2-3). 

 

Table 2-3. Processing schedules for Sample A and Sample B tissue specimens 

Sample B (0.5 x 1 cm
2
 sample) Sample A (2 mm biopsy samples) 

Saline rinse 30 minutes 70% ethanol 20 minutes 

70% ethanol 2 hours 90% ethanol 20 minutes 

90% ethanol 2 hours Absolute ethanol 3 x 30 minutes 

Absolute ethanol 3 x 2 hours Toluene 2 x 20 minutes 

Toluene 2 x 1 hour Wax 20 minutes 

Wax 2 x 1 hour Wax 30 minutes 

Wax embedding at 60 °C and 25 mmHg for 30 minutes. 

 

Sections of 5 μm thickness were cut using a Leica rotary microtome and mounted onto 

Menzel Superfrost glass slides (76 x 26 mm) before being placed in a 45 °C for 24 

hours to dry. Once sufficiently dried, mounted sections were de-waxed and underwent 

standard haematoxylin and eosin staining. 

 

As mentioned in Chapter 2.6.1, the tattoo excised from the cadaver (Sample B) was 

heavily faded with the original design rendered almost indistinguishable by age. The 

fading is due to a sizeable proportion of the pigments diffusing deeper into the dermis 

through time and being removed by the lymphatic system. This is apparent in Figure 2.5 

where very little pigment remains in the upper papillary dermis. The pigments appear in 

and around various structures in the dermis (such as sweat glands in Figure 2.5), 

primarily contained within the cytoplasm of phagocytic cells such as macrophages. 

Other pigment groups lay free within extracellular spaces e.g. fine collagen fibres, 

fibroblasts and perivascular regions such as arterioles (Figure 2.6) and vesicles (Figure 

2.7). 

 

The location and aggregation of pigments depends upon the state of the cell that 

ingested them. Once the cell reaches saturation and dies, the pigment contents are 
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released into the interstitial spaces until another cell appears to re-ingest the particles, 

hence equilibrium is reached. The majority of the pigment in Sample B sections 

appeared to be primarily extra-cellular. This is typical of a donor of an advanced age as 

the homeostasis of cell population is no longer maintained at equilibrium, with the 

creation of new cells no longer keeping pace with those lost due to natural cell death as 

would be the case at a younger age. The advanced age of the donor is also apparent as 

seen by the more compressed and fibrous nature of the vasculature in the uppermost 

papillary dermis. 

 

 
Figure 2.5. H&E stained section of Sample ‘B’ viewed under light microscopy showing black tattoo 
pigment surrounding a sweat gland (200x magnification). 
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Figure 2.6. H&E stained section of Sample ‘B’ with black tattoo pigments surrounding an arteriole (400x 
magnification). 
 

 
Figure 2.7. H&E stained section of Sample ‘B’ with black tattoo pigments surrounding a vesicle (400x 
magnification). 
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2.6.1.4 TEM 

Sample B punch biopsies obtained for Transmission Electron Microscopy studies were 

fixed in 2.5 % glutaraldehyde (0.1 M cacodylate buffer) and prepared using the 

following protocol: 

 

Table 2-4. Sample B processing protocol for Transmission Electron Microscopy. 

Post Fixation  

Buffer rinse (0.1 M cacodylate) 3 x 15 minutes 

Post fixation with 1 % osmium tetraoxide 1 hour 

Dehydration  

70 % ethanol 2 x 10 minutes 

90 % ethanol 1 x 10 minutes 

100 % ethanol 1 x 10 minutes 

100 % Dry ethanol 2 x 15 minutes 

100 % Dry acetone 2 x 15 minutes 

Infiltration  

Spurrs resin/Dry acetone (1:3) 1.5 hours 

Spurrs resin/Dry acetone (1:1) 1.5 hours 

Spurrs resin/Dry acetone (3:1) 1.5 hours 

Pure Spurs resin Overnight 

 

Following the final infiltration step, samples were placed in flat rubber moulds (oriented 

so as to achieve a sectioning profile through the different layers of skin), filled with 

resin and cured overnight in an oven at 60 °C. A Reichert Ultramicrotome was used to 

cut 50 nm ultra-thin sections from the resin blocks, which were mounted on 200 mesh 

TEM copper grids. The mounted sections were stained with the standard uranyl 

acetate/lead citrate (ProSciTech) combination. Imaging was performed on a JEOL 

2000FX TEM at an accelerating voltage of 80 kV. 

 

Pigment groups were difficult to locate in sections, which may have been attributed to 

the harsh processing protocol leaching or dislodging of pigments out of the peripheral 

layers of the biopsy. However, a chemically similar protocol was followed for paraffin 

wax embedding and pigment groups appeared abundant under optical microscopy 

(Figure). The most probable cause of this scarcity would then be the extreme thinness of 

the sections, which represented only a fraction of the pigment actually present in the 

skin. This is coupled with the age of the tattoo, which, unlike a freshly pierced tattoo, 

had been processed continuously by the immune system, leaving only a portion of the 

original pigment in the dermis.  
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 The pigment groups that were imaged showed granular particles contained almost 

exclusively within cellular bodies. Figure 2.8, shows one such example, where 

assemblies of pigment are held in the cytoplasm of a cell within vacuoles and other 

organelles such as phagolysosomes. The individual particles appeared to range in size 

between 15 – 30 nanometres; however, sizing of particles in ultra-thin sections may be 

deceptive due to various pigment orientations with respect to the plane of cutting. 

Sections cut on an Ultramicrotome and imaged in the TEM are essentially two-

dimensional representations of pigment groups that have been sliced along various 

spatial axes and the resultant image may not be representative of a particle’s true 

morphology. Scanning Electron Microscopy, being a surface probing technique, is more 

suited to the investigation and differentiation of pigment classes. This is demonstrated 

in more detail in Chapter 4.2.3.  
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Figure 2.8. Ultrathin section of tattooed cadaveric skin viewed under Transmission Electron Microscopy 
(7100 X magnification). N = Nucleus. 

2.6.1.5 Laser Confocal Microscopy 

Unstained 5 μm cryo-sections of Sample C were imaged under a Leica TCS SP2 AOBS 

Multiphoton Confocal microscope using a similar methodology to the work carried out 

by O’goshi et al.83, who described the use of a Lucid Inc. Vivascope1500© Laser 

confocal microscope to image sub-epidermal tattoo pigments on live patients. It was 

discovered that the unknown red pigment present in the sections fluoresced at the 561 

nm laser line while 488 nm laser induced fluorescence from the formalin present in the 

tissue. However, the induced fluorescence deriving from fixatives 

(formalin/glutaraldehyde) may be controlled or suppressed by various reagents as 
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demonstrated by Baschong et al.151 Laser confocal microscopy was not seen to be a 

technique capable of generating any relevant information beyond the confocal 

visualisation of various pigments excited by different laser lines; hence, further 

experiments were abandoned. 

2.6.2 Animal Model – Mummification Trials 

Despite the numerous ways in which a body may achieve mummification, the focus of 

this study was on currently existing examples of tattooed mummified remains and the 

different circumstances and/or influences that led to their preservation. These include 

the act of mummification through: natural desiccation; exogenous substances (natron); 

freeze- drying; and heat smoking. 

 

As a precursor to the major experiments, trials were carried out on non-tattooed skin 

obtained from a 40kg black female feral pig (Sus scrofa) to ensure correct methodology 

and that the various states of mummification was able to be achieved on an animal 

model. The feral pig had been trapped by park rangers in a reserve area and kept in a 

large freezer for approximately a week in anticipation for its use in unrelated 

decomposition experiments. After the body had been partially thawed, a large piece of 

skin (3 x 12 cm) was excised with a #24 scalpel and divided into smaller ~1 cm2 pieces. 

2.6.2.1 Natural Desiccation 

Mummification by desiccation was to be achieved using the same method and 

equipment as mentioned in Chapter 2.6.1.1. Two pieces (~1 cm2) of the trial pig skin 

(withy subcutaneous layer removed) was placed in a glass desiccator jar for 45 days 

with frequent changes of filter paper to allow for maximum moisture absorption. The 

original masses of the skin samples (0.930 g and 0.953 g) were reduced to 0.461 g and 

0.461 g, indicating a moisture loss of 50.4 % and 51.6 % respectively. The results were 

very similar to those achieved with the human skin trials in both physical appearance 

and weight loss through desiccation. 

2.6.2.2 Exogenous Agent (Natron) 

The most comprehensive replicative experiment concerning mummification through 

natron desiccation was carried out by Brier and Wade,97 who imported natron ore 

directly from Wadi Natrun in Lower Egypt to mummify a full human cadaver in 1997. 

Garner152 investigated the affect of natron desiccation on rats and mice using an 



Chapter 2 

 87

artificial mix of sodium compounds that imitated the original natron sources found in 

Egypt. Experiments led Garner to reach a combination that achieved the best state of 

preservation in his laboratory animals; which consisted of approximately 50 % Na2CO3, 

30 % NaHCO3, 10 % NaCl and 10 % Na2SO4. This artificial natron mix was adopted 

for the current study. 

 

Pieces of trial pig skin measuring approximately 1 cm2 were placed on a bed of this 

artificial natron mix held in large watch glasses. Extra natron was then piled on top of 

the pieces of skin, completely concealing them. The experiment was then monitored 

daily to ensure that the saturated lumps of natron were removed, that is, the natron that 

has absorbed their maximum capacity of water. The experiment was run concurrently 

with natural desiccation trials and very few saturated lumps of natron were observed, 

which may have indicated insufficient desiccation. After 45 days, the pieces of skin 

were retrieved and brushed lightly with a fine tipped paintbrush to remove excess 

natron. Mass measurements came to 0.506 g and 0.541 g, down from the original 

masses of 0.982 g and 1.007 g, which resulted in a 48.5 % and 46.3 % moisture loss 

respectively. The appearance of the samples was similar to those mummified through 

natural desiccation. 

2.6.2.3 ‘Freeze Drying’ 

The conditions that led to the ‘freeze-drying’ of various tattooed mummies around the 

world were not attributed to the same environmental conditions. For example, the 

Pazyryk mummies and Ötzi the Tyrolean Iceman were preserved by being wholly 

encased in ice then kept frozen by surrounding permafrost. The Qilakitsoq (Greenland) 

mummies, however, were not encased in ice but were instead mummified by sub-zero 

temperatures and a well-draining area exposed to the cold, dry winds of the Greenland 

coast.  Similarly, Incan remains in South America had their mummification enhanced on 

mountain ledges where temperatures were consistently sub-zero with the cold mountain 

winds ensuring moisture was continuously drawn away. To obtain a middle ground 

between the several forms of preservation, a laboratory freeze drying unit was used to 

literally freeze dry the trial pieces of skin. Two small pieces of skin (frozen to -15 °C) 

were placed in separate glass sample vials covered with aluminium foil punctured with 

holes to allow for moisture flow. The vials were placed in a bell jar, sealed with an O-

ring and connected to the instrument, which would further bring the samples down to 

approximately -40 °C and 2 Torrs of pressure. Sublimation would occur through gradual 



Chapter 2 

 88

introduction of heat to sublimate the water from the skin, which would be drawn away 

by a condenser. The skin samples were left on the freeze-drying unit for 14 days but no 

change was observed. Despite repeating the experiment with new skin samples, which 

were instead pre-frozen to -80 °C in a biological freezer and left on the unit for 21 days, 

freeze-drying was still unsuccessful. 

 

With the lack of results from the freeze-drying unit, the focus shifted away from literal 

lyophilisation towards a more natural and gradual process. This would involve the 

freezing of skin samples within a dry environment, namely, the glass desiccator jars 

used in the natural desiccation experiments. New skin samples were prepared as per the 

natural desiccation trials and place into the glass desiccator jars (without silica 

desiccant), which was then placed into a laboratory freezer uncovered to allow for a 

unhindered freezing rate. After the samples were sufficiently frozen, the jars were 

removed from the freezer and silica desiccant was added to the bottom well. The lid to 

the vessel was replaced and the unit was returned to the laboratory freezer. The filter 

paper on which the skin samples were resting was regularly changed to ensure 

maximum moisture withdrawal. During the trial, the epidermal layer developed a white 

discolouration, which was very noticeable against the black pigmented skin. This was 

assumed to be water being drawn out of the tissue and crystallising near the surface. 

After 45 days, the skin samples appeared to have retained the bulk of its original size 

rather than the physically reduced and shrivelled samples seen in the natural and natron 

desiccation trials. Upon weighing, the skin samples averaged a loss of 46.2 % in mass, 

comparable to natural desiccation and natron trials. Following these results, it was 

determined that this particular method would be used to replicate the conditions that 

resulted in the ‘freeze-drying’ of several tattooed mummified remains. The use of a 

laboratory freeze-drying unit would have introduced an unrealistic variable in the need 

to reduce pressures to approximately 2.63 x 10-3 atmospheres. No mummified remains 

were ever exposed to such low pressures, even those found at 3200 metres above sea 

level (Chapter 1.3.2). 

2.6.2.4 Heat Smoking 

Mummification through heat smoking involved the exposure of the human remains to 

wood smoke, together with heat from the fire. The remains were alternated between the 

smoke and sun exposure to maximise water conduction as the heat created by the fire 

constantly drew internal moisture out from within the body. The New Zealand M ori 
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and the Ibaloi people of the Philippines were two tattooing cultures who were known to 

practice this form of anthropogenic mummification, examples of which remain to this 

day (Chapters 1.3.5 and 1.3.7). To simulate the drying phase of the process, the same 

silica desiccant filled glass jars used in previous experiments would be used.  

 

The replication of mummification through heat smoking required the construction of 

specialised apparatus capable of exposing skin samples to a controlled yet sufficient 

supply of smoke. This was achieved by outfitting the bottom of a large metal smoking 

chamber (20 L aluminium drum) with a brass mesh platform stage capable of 

suspending wood shavings above a heat source. Heat was supplied by a lamp (General 

Electric Projection Lamp – 150 W/21 V) with a beam focal point of approximately 3.5 

cm from the filament. The height of the mesh landing was adjusted so that it coincided 

with the focal point for maximum heat production. The lamp rested on a ceramic tile as 

a measure of insulation from the metal smoking chamber. Power was supplied to the 

lamp by an extra low-voltage power supply (Arlec - Maximum output of 32 V/5.94 A), 

which was connected in parallel to a variable voltage transformer (Yokohama Electric 

Works Ltd. – 0  260 V, 5 A), which was in turn connected to mains power (240 V, 50 

Hz). Two pairs of small holes were drilled 23.8 cm above the base of the chamber and 

aluminium rods (9 mm in diameter) were inserted parallel to the base. The rods formed 

the support for a second brass mesh platform that would suspend the skin samples 

above the smoke generated from the heat source and wood shavings below. A schematic 

representation of the apparatus is shown in Figure 2.9 below. 
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Figure 2.9. Schematic diagram of the apparatus used to heat-smoke skin samples. (A) Cross-section side 
view. (B) Top-down view. 
 

The wood fuel chosen for the experiment was mesquite, a hardwood of the Prosopis 

genus commonly used for smoking fish. Initially the voltage on the variable transformer 

was set to 150V, which provided sufficient wattage to initiate smoking of the mesquite 

shavings. However, this proved to be too high a setting as the fuel rapidly ignited and 

was consumed within a few minutes. To resolve this, several voltages were tested and it 

was found that a setting of 95V (after initiating smoking at 150V) was sufficient in 

maintaining a relatively constant smouldering temperature. The mesquite wood, packed 

into an aluminium ring 5 cm in diameter, smouldered for approximately 45 minutes 

before needing to be replaced, therefore, two consecutive cycles of smoking were 

carried out before the four pieces of trial skin samples (~1 cm2 each) were placed into 

the desiccant jars overnight. This process was repeated daily for five consecutive days, 

after which smoking occurred every alternate day for ten days. Smoking was carried out 

every three days for a further ten days before leaving the skin samples in the desiccator 

to dry for a remaining 20 days, taking the total to 45. The filter paper in the desiccator 

jar was changed regularly. During the smoking process, the skin samples were first 

placed on the sample stage with the epidermis facing downwards. For the next smoking 
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session, the sample was placed with the epidermis facing upward. This was alternated 

for the rest of the experiment to ensure equal exposure to the smoke. As the experiment 

was conducted in a fume cupboard, the top of the smoking chamber was covered with 

aluminium foil to prevent the smoke from being drawn away too quickly. The foil was 

pierced several times to allow heat to escape. The temperatures in the chamber (at the 

sample stage) varied between 34 °C and 38 °C during the smoking process. To avoid 

exposing the samples to the heat of the lamp unnecessarily, the smouldering of the 

mesquite wood was initialised before introducing the samples into the chamber. 

 

The skin samples acquired a brown-yellow tinge from the smoking process, a 

recognised effect of the Maillard reaction. This involves the interaction of various 

aldehyde compounds created from the pyrolysis of cellulose, hemicellulose and lignin in 

the wood with the amino acids (such as the -NH2 group of lysine) present in the sample 

skin and tissue.105 The final appearance of the heat smoked skin samples were similar to 

that achieved by natural desiccation, apart from the brown-yellow colouration caused by 

the Maillard reaction. The moisture loss from this process was slightly more 

pronounced due to the introduction of heat to the system coupled with desiccation, 

producing an enhanced water concentration gradient, resulting in an average mass loss 

of 57.4 %. 

2.6.3 Rehydration 

Following on from the rehydration trials on human skin outlined in Chapter 2.6.1.2, the 

two most successful rehydration solutions were investigated on the trial pig skin 

samples mummified using the methods described above. Two pieces of skin from each 

mummification trial were placed into separate glass vials, one filled with the solution 

used by Grupe et al.147 and the other used by Ruffer146 in 1921. All skin samples sank to 

the bottom of both solutions except those mummified by the ‘freeze-drying’ method, 

which floated to the top of the vials. One possible explanation for the unexpected 

buoyancy is the air pockets in the tissue left behind by ice crystal damage due to gradual 

freezing and thawing cycles. The damage will be evident in histological sections shown 

in Chapter 4.2.1. To submerge the floating skin samples, biopsy polyester foam pads 

were custom-moulded to the inside of the vial, holding the samples below the top of the 

solution. The samples were then placed onto an agitator tray for 24 hours. After this 

period, the pliability of the skin samples were tested using the same scale as used in 

Chapter 2.6.1.2 and were found to be unresponsive to the rehydration, therefore, a 
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further 24 hours was allowed for the solutions to penetrate. The results of the 

rehydration after 24, 48 and 72 hours are shown in Table 2-5 below: 

 

Table 2-5. Effect of rehydration solutions on mummified trial pig skin samples over time. 

Rehydration Fluid 
Natural 

Desiccation 
Natron 

Freeze 
Dried 

Heat 
Smoked 

Hours 

Ruffer 1921 1* 1 1 1 

Grupe et al. 1.5 1 2 1 
24 

      

Ruffer 1921 2 2 3 2 

Grupe et al. 3 3.5 4 3 
48 

      

Ruffer 1921 4 4 5 3.5 

Grupe et al. 4.5 4.5 5 4 
72 

* Softness/Elasticity Scale: 1 (Hardest)  5 (Softest). 

 

The results indicated that the ‘freeze-dried’ mummified samples responded quickest to 

the rehydration solutions by displaying the most elasticity after 90 hours. On the 

contrary, the heat-smoked samples responded the slowest and probably required an 

additional 24 hours on top of the 72 hours to reach full rehydration. Once again, the 

solution proposed by Grupe et al. appeared to have a slight edge in rehydration of the 

mummified samples; however, precipitates were again noticed as per the human skin 

trials, further cementing the effect of DMSO in the Grupe et al. solution as a disruptor 

of lipoidal matrices in the skin samples. The high polarity and penetrative action of 

DMSO was also questioned as possibly being able to leach or affect the chemistry of 

tattoo pigments. As such, Ruffer’s 1921 rehydration solution was chosen to be used on 

primary experiments on mummified tattooed pig skin samples. This exercise 

demonstrates the importance of preliminary trials especially when dealing with precious 

samples. During the investigation of actual tattooed mummified skin, it would be 

prudent to test various rehydration fluids on a non-tattooed section of body with similar 

epidermal thickness to ensure that the tattooed skin will not be irreversibly damaged. 
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2.7 Cryo-techniques 

As Raman spectroscopy was to be the primary technique used for the in situ analysis of 

pigments, spectral interferences from extraneous sources such as fixatives, processing 

chemicals, histological stains and embedding media were potential problems to be 

considered. There was also the potential for a chemical reaction occurring between 

tissue processing chemicals and the tattoo pigments in the skin interfering with the 

analyses. This would be especially relevant to modern organic pigments, which despite 

being relatively insoluble in most solvents, are still prone to some modification under 

heavy solvent rinsing. Huang et al.153 reported a decrease in Raman intensity of several 

bands during the analysis of human bronchial tissues fixed in formalin, with the 

intensity of some bands appearing to be inversely proportional to the time spent in the 

fixative. It was proposed that the formalin not only acted to dehydrate the tissues 

through the removal of loosely bound and unbound water molecules, but also directly 

affected protein and lipid vibrational modes at the molecular level. However, this effect 

appeared to be tissue dependent as it did not influence the Raman analyses of normal 

and neoplastic breast tissue.154 Yeni et al.155 tested several combinations of common 

fixative and resinous embedding media used for bone material and found that all had at 

least some effect on the collected Raman spectra. Similarly, Ó Faoláin et al. discovered 

paraffin wax embedded tissues to interfere with signals if not thoroughly de-waxed with 

an appropriate solvent. Common histological stains (haematoxylin/eosin and toluidine 

blue) were found by Morris et al.,156 to not interfere with the Raman analysis of bone 

tissue, however, there was a concern of thermal damage to the sample due to absorption 

between certain laser frequencies and stains. Thermal damage would have the same 

effect of altering Raman band positions and/or intensities just as any chemical alteration 

to the sample. No staining compatibility investigations have been carried out for soft 

tissues. 

 

Together with micro-Raman spectroscopy, it was envisaged that complementary 

analyses would be carried out using Scanning Electron Microscopy (SEM) and 

correspondingly, Energy Dispersive X-ray Spectroscopy (EDS). Since the principle of 

the experimental model is to provide comprehensive analysis for a very finite amount of 

tissue, the processing method adopted must allow for correlative chemical analyses and 

microscopic investigations. Taking into consideration the limitations and possible 

interferences that may arise from standard tissue processing techniques, it was 



Chapter 2 

 94

determined that snap-freezing would be used as a non-chemical alternative to fixation in 

order to arrest further tissue decomposition and as a preface to cryo-microtomy.  

2.7.1 Cryo-fixation 

Sakura Tissue-Tek® Optimal Cutting Temperature compound (OCT), a water soluble, 

non-infiltrating tissue support medium, was used in the snap-freezing procedure carried 

out in a specially built housing shown below in Figure 2.10. Isopentane (2-

methylbutane) was sub-cooled to liquid nitrogen temperatures and used as a secondary 

coolant as direct contact with the liquid nitrogen may cause the OCT compound and/or 

skin sample to freeze too rapidly, causing cracks or splitting to occur. To mount the skin 

samples, a small amount of OCT compound was poured into the bottom of custom-

made cylindrical aluminium foil moulds (~1.5 cm diameter). The skin sample was 

oriented vertically in the mould so as to allow a sectioning profile through the three 

dermal layers. Once oriented, the mould was placed on the copper mesh plate so as the 

OCT compound would begin to solidify and hold the skin sample in place. Before full 

setting took place, the mould was filled with more OCT compound to completely cover 

the skin sample. Lockable, extra-long tweezers (pre-chilled in a freezer) was then used 

to carefully lower the mould and skin sample into the brass freeze-housing. The time 

taken for the OCT compound to set was approximately 20 – 30 seconds with care taken 

not to allow the mould to remain in the isopentane any longer than necessary as this 

caused the OCT compound to split. The embedded sample would be sealed with the 

excess aluminium foil, labelled and stored in at -80 °C in a biological freezer until ready 

to be sectioned. 
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Figure 2.10. Custom apparatus used to snap-freeze tissue specimens for fixation and cryo-sectioning. 

2.7.2 Cryo-sectioning 

Sectioning was carried out on a Leica CM3050S Research cryostat. Samples to be 

sectioned were removed from the biological freezer and allowed to equilibrate to the 

cryostat chamber temperature, which was set at -25 °C to account for the slightly fatty 

tissue of the pig skin. Initial sectioning was unsuccessful, with the tissue frequently 

crumbling on the knife blade. At first, this was believed to be caused by insufficient 

rehydration of the skin samples, however, an increase in the cryostat chamber (and 

object arm) temperature to -20 °C resolved the problem and good quality sections were 

able to be obtained. Sections were mounted onto Menzel-Glaser SuperFrost® glass 

slides to monitor cutting quality under a microscope. 
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3 Traditional Pigments – In vitro Characterisation 

3.1 Materials 

Following an extensive literature review regarding possible tattoo pigment 

configurations (Chapter 1.2.1), it would seem that feasibly, any finely divided solid (and 

even some soluble dyes) could be used as a tattoo pigment. In an attempt to encompass 

the practice of tattooing for all civilisations and cultures in history, one is exposed to 

near infinite combinations of substances and compounds. It would obviously be 

impossible to recreate and analyse such an overwhelming number of potential inks and 

pigments, therefore, a focus must be set to represent major groups of materials, which 

possess a strong likelihood to have been used in antiquity and hence be discovered in 

tattooed mummified bodies. 

 

Flame Carbon ‘Soot’, Bone Char and Vine Charcoal were chosen to represent the three 

variants of carbon based pigments most likely to be encountered as ancient tattoo 

pigments. Having a low atomic number and being the base element for all biological 

molecules on earth, it has proven to be the most difficult of pigment types to analyse 

within the skin. A further challenge lies in the discrimination between these three forms 

of carbon-based pigment. Magnetite was chosen to represent the myriad of black or dark 

metal oxides that may have been used in place of carbon-based materials and also as a 

pigment prone to instability under a laser source or elevated heat treatments. Lapis 

lazuli was chosen for its ambiguous and complex chemical composition, representing 

the multitude of coloured rocks and minerals that may have been employed in tattooing 

had the tattooist or bearer decided to opt for a colour other than black. Other pigments 

were also considered including the naturally occurring Shungite carbon, indigo and 

Kauri resin. Unfortunately these were not retained for the experiment due to factors of 

suitability, preparation issues and time constraints. The following sections provide brief 

descriptions of the physical and chemical properties of each pigment and detail the 

methods of production (where applicable). 

3.1.1 Flame Carbon – ‘Soot’ 

Soot is described as a flame carbon as it is produced in a gas phase by the incomplete 

combustion of fuel-rich organic materials. Soot particles possess a roughly spherical 

morphology and are usually aggregated in clumps or chains. The particle diameters and 
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general morphologies are dependent upon the fuel, ratio of fuel to oxygen, flame 

temperatures and the time spent within the flame source.157 The hydrogen content is also 

dependent upon the fuel source, for example, soot collected from wood fires may 

contain various tars, chars and hydrocarbons. The highest quality black Chinese inks are 

produced from soot that is collected the furthest distance away from the original fuel 

source.158 The aforementioned variables combine to produce soot particles of varying 

sizes roughly between 50 nm to 500 nm in diameter. Together with the other 

‘disordered’ carbon-based pigments chosen for this experiment, soot may be described 

as a mesomorphic solid, possessing an intermediate state between amorphous and 

crystalline forms. The term “turbostratic” has been used to describe the graphitic 

stacking that occurs between its layers, which is roughly parallel and equidistant but 

random in orientation about the normal.159 Subsequent studies of the microstructure of 

various flame carbon ‘soots’ produced by diffusion flames (fuel and air unmixed e.g. 

candles) or pre-mixed reactions (combustion engines) by Transmission Electron 

Microscopy have discovered roughly concentric structures with these turbostratic layers 

radiating out from one or more nucleation points to form the recognised ‘spherical’ 

particles.160, 161 The inner cores would consist of smaller non-planar molecules through 

reactions with radicals formed in initial fuel pyrolysis before the eventual formation of 

polycyclic hydrocarbons (PAH), which would eventually crystallise into a hardened 

‘graphitic’ shell. Hence the size and morphologies of soot particles are determinant 

upon flame dwell-times.  

 

The production of soot for this experiment was first attempted by mimicking the 

traditional collection method of ‘lamp black’ pigment, which was obtained from the 

sooting flame of an oil-fuelled lamp. A braided cotton wick was soaked in a 100mL 

two-neck round bottom flask filled with olive oil and left to allow for wick saturation 

through capillary action. The soot was to be collected on a clean aluminium dish filled 

with water, however, the makeshift oil lamp did not produce enough soot as expected 

and was soon replaced with a laboratory Bunsen burner operated with the oxygen valve 

closed to maximise soot production. The soot was collected from the aluminium dish 

using a plastic spatula to avoid metal contaminants and ground into a consistent powder 

in an agate mortar and pestle. The soot was transferred into an airtight glass vial, which 

in turn was placed in a desiccator jar filled with silicon desiccant. 
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3.1.2 Bone Black 

Animal-based black pigments are the product of the pyrolysis or charring of animal 

bones or ivory. Based on the starting material, ‘bone black’ may be defined as a 

compact combination of coked collagen surrounding an inorganic matrix of 

hydroxyapatite (empirical formula Ca5(OH)(PO4)3). According to Mayer162, bone black 

pigments typically contain approximately 15 – 20% carbon, 60% calcium phosphate and 

20% calcium sulphate.  

 

Pig (Sus scrofa) bones were sourced from a decomposition trial, which were interred in 

a shallow grave for approximately 3.5 years before being stored at room temperature in 

a sealed plastic bag. Smaller bones from the limbs (metacarpals/tarsals and phalanges) 

were crushed into smaller pieces and boiled for 2 hours in deionised water to remove 

any residual fatty material and contaminant debris. The bone chips were transferred to a 

watch glass and dried in an oven at 140 °C overnight. Once sufficiently dried, several 

chips were double wrapped in heavy duty aluminium foil and placed into a 15mL 

ceramic crucible. The crucible was placed into furnace chamber at 330°C under a 

constant flow of nitrogen gas for 24 hours. After this time, the bone chips appeared to 

have been carbonated but upon crushing, produced a dark brown colour, indicating 

incomplete carbonation. Subsequent increases in temperature did not alleviate the 

problem until ultimately reaching a temperature of 600°C, with the bone chips being 

triple-wrapped in aluminium foil and allowed 48 hours in the oven. This combination 

appeared to be the minimum temperature and time period required to achieve adequate 

carbonation of the bone chips to produce a deep black pigment when ground with a 

ceramic mortar and pestle. The bone char was ground for a second time in an agate 

mortar and pestle before being placed in an air tight glass vial and stored in a desiccator 

jar with a silicon desiccant. 

3.1.3 Vine Charcoal 

Vine char may be defined as a char pigment based on the pyrolysis of solid plant matter. 

This group of pigments are known to retain their original morphology throughout the 

burning process, in this case, the cell walls of the vine char is known to survive the 

pyrolysis (See Chapter 3.3.2.3 below). Chars are generally difficult to anneal into 

graphite and are classified as ‘non-graphitisable’ carbons. Plant chars may also retain 
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alkali metal carbonates e.g. sodium and potassium salts of organic acids derived from 

their precursors, however, these ions are highly diffusible. 

 

For the experiment, several vine twig clippings were obtained from a common garden 

variety red grape vine. After sun-drying the twigs for three days, the outer barks were 

stripped with a scalpel and cut to ~ one inch lengths. The pieces were placed on a watch 

glass and dried in an oven at 140 °C for a further three days. After sufficient drying, 

several twigs were double-wrapped in heavy duty aluminium foil, placed in a 15 mL 

ceramic crucible and transferred into a furnace chamber at 300 °C under nitrogen gas 

flow for 24 hours. Much like the bone char, initial trials at lower temperatures yielded 

unsatisfactory results, mainly producing a white/grey ash. The minimum temperature 

determined for the current method to produce a deep black charcoal pigment was 350 

°C (Figure 3.1). The charcoal was ground with a ceramic mortar and pestle, followed by 

secondary grinding in an agate mortar and pestle before being stored in the same 

manner as the soot and bone char above.  

 

 
Figure 3.1. Vine charcoal produced at 350 °C before grinding into a pigment. 
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3.1.4 Magnetite 

Magnetite, with the formula Fe3O4 or FeO.Fe2O3 (ferrous-ferric oxide) is a 

ferrimagnetic iron oxide in the spinel (Oh
7) mineral class.163 The magnetite (Tasmania 

Mines Ltd.) sourced for this experiment did not require any preparation besides 

preliminary grinding in a ceramic mortar and pestle. 

3.1.5 Lapis Lazuli 

Four tumbled pieces of lapis lazuli obtained for this study were sourced (supposedly) 

from the Badakhshan Province in Afghanistan. The stones appeared visually typical of 

naturally occurring lapis lazuli rocks, which are predominately lazurite, which consists 

of S3 /S2  anions in a sodium aluminium silicate (sodalite) matrix with the approximate 

formula Na8[Al6Si6O24]Sn  (Burgio and Clark)129 or Na6Ca2(A16Si6O24)S2 (Hassan et 

al.)164. Lapis lazuli is found in a variety of different shades depending on the mineral 

constitution, which may include diopside, forsterite, muscovite, wollastonite, sphene, 

zircon etc. with common incursions of calcite and golden pyrite flecks among others.165, 

166 Other blue coloured minerals such as haüyne, nosean and sodalite itself are also 

known to co-exist.166 These semi-precious gemstones possess an absolute hardness of 

approximately 6.5 on the Mohs scale. As seen in the samples obtained for the current 

experiment (Figure 3.2) two distinct shades of blue are observed. This is attributed 

primarily to the sulphur content in the rock, which is responsible for the colouration of 

lapis lazuli by means of an anion-anion charge transfer occurring between the 

enclathrated trisulfide units. Higher sulphur contents result in a deeper blue with purple 

overtones. When crushed and used as a pigment, only the purest instances of lapis lazuli 

do not need processing. Methods of lazurite extraction were detailed in Byzantine 

manuscripts from the sixth to twelve century A.D. but the most popular and most cited 

method was described in the 1400s by the Italian painter Cennino d’Andrea Cennini.167 

Current pigment companies such as Kremer Pigments still process their best grades of 

lapis lazuli by this method. Cennini’s method is summarised as follows: 

 

Once the lapis rock has been ground and sieved to a sufficient consistency, knead the 

powder in a mixture of gum mastic, melted wax, pine rosin. Linseed oil was used to coat 

the hands to better handle the resulting dough. The mass was wrapped around a cloth 

and kneaded continuously in a dilute solution of warm lye (potassium carbonate 

originally prepared by extracting wood ashes with water). The blue particles of lazurite 
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are washed out by this process and settle at the bottom of the vessel, while the other 

colourless material impurities are retained in the wax mass. The first extraction will see 

the deepest blue colour, containing the highest amount of lazurite particles. Subsequent 

extractions will result in paler solution as less lazurite will remain in the mass. 

 

 
Figure 3.2. Lapis Lazuli rocks used in the experiment apparently sourced from Badakshan, Afghanistan. 
 

Stones A and B (Figure 3.2) were ground in a mill-grinder (pre-cleaned with water and 

acetone) for approximately two minutes to achieve a powder-like consistency. The 

colour of the fine powder presented a pale grey-blue colour (Figure 3.3, left) which is a 

direct result of the light scattering properties of the smaller particle sizes, however, Del 

Federico et al.168 have also demonstrated that loss of colour may also be due to the 

release of the sulphur chromophores through the destruction of the host aluminium-

silicate framework. 

 

The poor colouration of the powder derived from Stones A and B prompted a 

replication of Cennini’s method in the laboratory in order to extract the lazurite 

quantity. The powder was placed in a 100 mL beaker and rinsed with ethanol. To 

separate any pyrite particles present, a strong neodymium magnet was held against the 
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bottom of the beaker while the alcohol and lapis powder were decanted into a separate 

beaker. The magnet appeared to have retained few particles of pyrite, which were 

coated in lapis powder. The ethanol was discarded by decanting while the powder was 

washed several times with deionised water before being dried in an oven at 140 °C 

overnight. The dried ground lapis was combined with beeswax and gum mastic and 

kneaded in glass bowl filled with 250 mL of dilute 0.1 M potassium carbonate (Merck) 

solution. The K2CO3 solution along with the settled particulate matter was vacuum 

filtered using Buchner funnel. The collected precipitate was washed twice with 25 mL 

of 0.1 M solution of K2CO3 (aq) over the funnel, collected and again dried overnight at 

140 °C. The dried precipitate appeared to be only slightly bluer than the original powder 

and with a yield of 1.83% (3.73 x 10-2g from 2.04g), this avenue of extraction was not 

explored further. Crushing the darker pieces of lapis (Stones C & D in Figure 3.2) in the 

mill grinder produced powder of a superior shade of blue (Figure 3.3, left), comparable 

with the products offered by major pigment suppliers such as Kremer Pigments and 

Natural Pigments. 

 
Figure 3.3. Crushed Lapis Lazuli from Figure 3.2. Left: Stone A, Right: Stone C. 

3.1.6 Other pigment candidates 

Several other substances were investigated as possible pigments to be used in the trial 

but were omitted due to time constraints, suitability or preparation problems. 

 

Kauri Resin 

Kauri resin, obtained from Agathis australis trees as described in Chapter 1.2.1, was 

used extensively by M ori tribes in the production of their tattoo pigments. Several 

unpolished pieces of Kauri resin were obtained from a private collector in New Zealand 

to investigate its use as a pigment. In an attempt to soot the resin, the same protocol 
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used for the bone char and vine charcoal was employed. One piece of resin was broken 

into smaller portions approximately 0.5 cm2, double wrapped in heavy duty aluminium 

foil and placed in furnace at 300 °C under nitrogen gas flow overnight. When checked 

the next day all the resin had completely evaporated, leaving a dark red/brown stain on 

the foil, which would be the small non-volatile fraction of the resin. It was decided that 

furnace heating was too extreme for the material and several pieces were instead 

gradually heated under a Bunsen flame in a 50 mL round bottom flask equipped with a 

condenser tube under a processed water flow. The resin was observed to melt rapidly as 

the predominating volatile fluid terpene components were released. Despite the 

presence of the condenser, the volatile fraction was eventually expelled and a brown, 

tar-like residual component (presumably rosin) was left coating the bottom of the flask. 

Upon discussion with a traditional tattoo artist, factors of authenticity regarding the 

resin were raised. Traditional Kauri resin used in tattooing was usually darker in colour, 

as opposed to the light or pale yellow of the obtained specimens. Additionally, aged 

(possibly fossilised) resin was also not suitable for pigment production. Considering the 

elaborate nature of the preparation as outlined in Chapter 1.2.1, it was felt that proper 

replication of the pigment preparation could not be achieved and the resin was not 

retained as a pigment for the experiments. However, with the high terpenoid content of 

the resin, there lies scope for analysis by mass spectrometry and perhaps carbon isotope 

ratio measurements depending on the amount of pigment able to be extracted from the 

mummified sample. 

 

Indigo 

The investigation of indigo as a possible tattooing pigment was a highly anticipated 

inclusion into the experiment as it may contribute to the ongoing debate regarding the 

‘tattooed’ Pictish warriors as well as its use as a tattooing pigment in other cultures. It 

also would have represented the organically sourced fraction of potential pigments. 

Unfortunately, natural indigo pigment (Indigofera or Isatis tinctoria) was extremely 

difficult to source with most suppliers being out of stock. A small container of indigo 

pigment was later obtained within the department but regrettably, the experimental 

animal had already been tattooed. However, the indigo was still analysed in parallel 

with other ongoing experiments.  
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Shungite Carbon Black 

This semi-amorphous variety of graphite with an anthracitic visual appearance is 

sourced exclusively from the Zazhoginskoye deposit near Lake Onega in the Shunga 

region of Karelia, Russia. Shungite carbon is composed of a homogeneous distribution 

of crystalline silicate particles (along with other impurities) in a carbon matrix, of which 

is comprised of various aromatic compounds and a minor content of C60 fullerenes.169 

 

Pyrolusite 

Pyrolusite was considered as an alternative metal oxide pigment to magnetite. A large 

150 g piece of manganese ore was obtained from the Woodie Woodie mine, situated 

400 kilometres southeast of Port Hedland in Western Australia (21°38'19.57"S, 

121°14'7.71"E). The mineral displayed a semi-lustrous metallic sheen and appeared 

dark grey to black when crushed into a powder. Magnetite was chosen over pyrolusite 

because its instability under laser excitation, which provided a confounding variable 

required for our replicative studies. 

3.2 Methods 
 

3.2.1 Instrumentation 

Micro-Raman Spectroscopy 

Raman spectroscopy was performed on an ISA (Dilor) Dispersive Raman spectrometer 

equipped with an Olympus BX-40 Confocal microscope, computer controlled mapping 

stage and remote sampling fibre optics using a 632.8 nm Helium-Neon visible laser. A 

high spatial resolution was achievable with the equipped objective lenses of 10 , 50  

and 100 , however, all spectra were obtained using the 50  lens. A charge-couple 

device (1024  256 pixels) was used to capture signals using a grating groove density of 

600 line/mm to observe the full Raman spectra and switching to an 1800 line/mm 

grating if target regions on the spectrum were required. Laser power was measured to 

c.a. 1.8 mW at the sample. The Raman signals were integrated between 50-100 seconds 

for the carbon-based pigments while the resonance-enhanced lapis lazuli samples only 

required between three to five seconds. Indigo spectra were acquired between five to 

fifteen seconds. The native LabSpec (version 2.0) was used to operate the spectrometer 

and to perform spectral analysis and manipulation. Calibration was achieved through the 

monitoring of emission lines from a neon discharge lamp during each measurement 

session. The pigments were mounted onto clean Menzel-Glaser SuperFrost® glass 
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microscope slides and analysed by first focusing the microscope on the highest point of 

an individual grain or clump before switching to the laser source to obtain a Raman 

spectra. Multiple spectra were recorded over different areas of each sample to ensure 

homogeneity. Where necessary, spectra have been shifted on the y-axis for comparative 

purposes. 

 

The high level of noise associated with disordered carbon specimens were problematic 

to obtaining accurate peak wavenumber positions, therefore, Origin Pro 8.0 (OriginLab 

Corporation) software was used to apply a Savitsky-Golay smoothing function to the 

spectra, using a second-order polynomial function at 25-data point intervals. These 

parameters remained unchanged for all carbon samples to ensure consistent results. 

 

Scanning Electron Microscopy – Energy Dispersive X-ray Spectroscopy (SEM-EDS) 

SEM-EDS was performed on a Zeiss 1555 VP-FESEM equipped with an Oxford 

Instruments EDS Detector controlled by a Link ISIS system. Backscattered and 

Secondary Electron images were captured using the in-built Backscattered, Secondary 

and In-Lens Secondary detectors respectively. EDS calibration was carried out using 

pure copper standards. 

 

Pigment samples were lightly scattered onto 12 mm diameter self-adhesive carbon tabs, 

and gently smoothed over using the adhesive backing film. The tabs were then mounted 

onto 12.6 mm diameter aluminium SEM stubs. EDS was performed on uncoated 

samples in low vacuum variable pressure (VP) mode between 30 and 50 Pascals. 

Accelerating voltages of 15 - 30 kV was used to analyse the samples at working 

distances of 12 – 15 mm through an initial aperture size of 120 μm. For high resolution 

imaging, sample stubs were thinly coated with 5 nm of platinum and analysed in high 

vacuum mode. For high-resolution images, the In-Lens Secondary Electron detector was 

used to image coated samples using an accelerating voltage of 5 kV within working 

distances of 2 – 5 mm and aperture sizes of 10 – 30 μm.  

 

Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR analyses were carried out on a PerkinElmer Spectrum One FTIR Spectrometer at 

a spectral resolution of 4 cm-1, between a spectral range of 4000 cm-1 and 450 cm-1 in 

transmission mode. Samples were finely ground with analytical grade KBr and pressed 

into pellets using a die and laboratory press under vacuum. The instrument’s bundled 
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software, Spectrum v5.0.1 (PerkinElmer Inc.), was used to process the spectral data. 

Baseline correction or software smoothing was performed for presentation purposes. 

Blank KBr discs were analysed as a measure of control. 

 

Powder X-Ray  Diffraction (XRD) 

XRD was performed on a Siemens D5000 diffractometer equipped with a curved post 

diffraction monochromator using Bragg-Brentano geometry and a Cu-K  emission 

source. Readings were taken every two seconds at 0.02 degree step sizes between 10 to 

90 degrees on a 2  scale. 

3.2.2 Ink Preparation 

To prepare a workable ink for tattooing, an appropriate carrier solution or liquid had to 

be chosen to suspend the pigments. Upon recommendation of a professional tattooist 

who would be tattooing the animal subjects, the juice extract from fresh sugar canes 

would be the best general carrier to combine with pigments. This recommendation was 

based on knowledge gained from his regular visits with the Iban tribes living in the 

jungles of Borneo, who use the extract to mix their freshly prepared ‘soot’ into a 

workable tattooing ink. Fresh squeezed sugar cane juice extract was purchased from a 

local supplier and vacuum filtered three times through a Buchner funnel (with 

Whatman® Grade 1, 42.5 mm diameter filter paper) to separate the particulate and 

fibrous residue. The filtrate was kept refrigerated at 4°C until ready to be used. As the 

various chosen pigments possessed different morphological, physical and chemical 

properties, using a consistently measured quantity for each pigment was not feasible. 

Instead, each individual pigment was added to the sugar cane extract until the desired 

consistency was achieved, which in this case mirrored the viscosity of water-based 

paint. This particular consistency was desired as it was not too dilute to adhere to 

tattooing needles or too thick as to obstruct the area to be tattooed. All pigments mixed 

easily with the sugar cane extract except for the flame carbon ‘soot’, which could not 

overcome the surface tension of the liquid. Both ultrasonication and vortex mixing 

could not force the ‘soot’ to mix with the extract; therefore, it was decided to 

experiment with oil-based carriers. The ‘soot’ mixed well with a vegetable oil and the 

correct consistency was eventually achieved. The inks were prepared the day before the 

tattooing procedure. 
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3.3 Results 

Before being tattooed into the animal subject, all raw pigments were comprehensively 

analysed in vitro, before they were mixed with any carrier and used for tattooing. The 

same techniques would then be used to investigate the pigments in situ, after being 

tattooed into the skin. 

3.3.1 Micro-Raman Spectroscopy 
 

3.3.1.1 Flame Carbon - ‘Soot’ 

Initial attempts at obtaining Raman spectra from ‘soot’ proved to be difficult as it 

possessed the smallest particle division of all pigments. However, good quality spectra 

were eventually obtained by forcibly clumping soot particles into groups on the glass 

slide and then flattening them with a second glass slide. Triplicate measurements were 

taken over various areas of the soot producing the characteristic disordered carbon 

spectra seen in Figure 3.4. 

 
Figure 3.4. Typical Raman spectra of Flame Carbon 'Soot' pigment. 

 

The peak at 1590 cm-1 (average of the three peak values) is attributed to the 

fundamental E2g zone centred Raman mode,170 which is present for all graphitic carbon 

samples and is hence designated the moniker ‘G-line’, where G = graphitic. The band at 

1334 cm-1 (average of the three peak values) is attributed to a particle size effect 

associated with lattice disorder, defects and the presence of heteroatoms. This 
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corresponds to a peak in the phonon density of states of graphite due to the A1g mode 

where k  0 points in the Brillouin zone.170 The A1g mode or ‘D-line’ (D = disorder or 

defects) is Raman inactive for infinite/ordered layers of graphite but becomes 

observable due to finite crystal sizes, with intensities inversely proportional to the size 

of these crystallites.170, 171 

3.3.1.2 Bone Black 

The Raman spectra of the Bone black pigment produced the same broad, disordered 

carbon peaks as the ‘soot’, with average peak values at 1343 cm-1 and 1585 cm-1 

respectively). However, the symmetric stretch at ca. 960 cm-1 usually indicating the 

presence of PO4
3- in bone samples118 was not visible (Figure 3.5). The PO4

3- vibrational 

mode is expectedly weak in charred bone samples, in which most of the hydroxyapatite 

becomes dominated by the carbon produced by the coked collagen signals. The 

associated biological fluorescence and low signal to noise ratio would also act to mask 

such a weak signal. 

 

 
Figure 3.5. Typical Raman spectra of Bone Black pigment. 

 

3.3.1.3 Vine Charcoal 

The signals obtained from Vine charcoal were spectrally similar to those of the flame 

carbon and bone black pigments. Examination of the full spectra (using the 600 line/mm 

grating) did not yield any features that may have indicated the presence of alkali metals 
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that may have survived the pyrolysis treatment. The ‘D’ and ‘G’ lines were averaged at 

1347 cm-1 and 1581 cm-1 respectively (Figure 3.6). 

 

 
Figure 3.6. Typical Raman spectra of Vine Charcoal pigment. 

 

3.3.1.4 Magnetite 

The inverse-spinel structure (Fd3m space group)172 of magnetite possesses five Raman 

active modes: T2g mode (three), Eg mode (one) and A1g mode (one).173 The instability of 

magnetite under laser sources is well known174 and even under reduced laser power, de 

Faria et al.173 recorded only three of the five bands at 300, 532 and 661 cm-1 

respectively. The transformation of magnetite into haematite is a process known as 

martitization and has been shown by DeBoer and Selwood175 to convert to maghemite 

( -Fe2O3) above 200 °C before transforming into -haematite (Fe2O3) after 400 °C. 

However, the latter scheme is an ideal pathway and various species of iron oxide may 

be evolved and dissipated under laser excitation depending on factors of orientation, 

crystallite size etc. It is clear from the spectra obtained for our magnetite sample (Figure 

3.7) that, even after the first analysis, rapid conversion to haematite has occurred with 

subsequent analyses yielding weaker scattering. Table 3-1 shows the comparison 

between the peak positions of our magnetite sample (obtained from the most intense 

spectrum) and those of haematite, recorded at two different laser powers by de Faria (all 

using a He-Ne 632.8 nm laser). The wavenumber positions of our magnetite sample 

appear to match better with the haematite figures evolved at 7 mW, perhaps suggesting 



Chapter 3 

 111

irreversible transformation begins above 1 mW laser powers. However, the study by de 

Faria et al. utilised magnetite with flat surfaces, which is more stable under laser 

excitation than the scattered particles analysed in this work. The peak at 645 cm-1 may 

be a shifted peak attributed to the wüstite (FeO) species as a result of laser 

decomposition of the sample,174 while the two peaks at 1086.9 cm-1 and 1292.5 cm-1 

respectively may have originated from downshifted peaks from lepidocrocite ( -

FeOOH) species contamination from the synthetic process.173  

 

 
Figure 3.7. Typical Raman spectra of magnetite (Fe3O4) pigment. 

 

Table 3-1. Magnetite pigment peak wavenumbers at various laser powers. 

Magnetite - 1.8 mW 
(This Work) 

Haematite - 0.7 mW 
(de Faria et al.)

173
 

Haematite - 7 mW 
(de Faria et al.)

173
 

214.9 cm
-1

 226.7 cm
-1

 219.6 cm
-1

 

 245.7 cm
-1

 236.5 cm
-1

 

277.3 cm
-1

 292.5 cm
-1

 282.7 cm
-1

 

 299.3 cm
-1

 295.2 cm
-1

 

390.4 cm
-1

410.9 cm
-1

395.9 cm
-1

485.2 cm
-1

 497.1 cm
-1

 492.3 cm
-1

 

598.7 cm
-1

 611.9 cm
-1

 596.0 cm
-1

 

645.0 cm
-1

   

1086.9 cm
-1

   

1292.5 cm
-1
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3.3.1.5 Lapis Lazuli 

Holzer et al.176 were the first to discover the S2  and S3  species within ultramarine blue 

by investigating the Raman, infrared and visible absorption spectra of alkali halide 

crystals doped with various negative molecular ions. However, it was Clark et al.177 who 

identified those sulphur species as the chromophores responsible for the much desired 

deep-blue colour of lazurite and hence, lapis lazuli. The Raman bands of ultramarine 

blue have also been discovered as comprising primarily of progressive overtones of a 

totally symmetric fundamental vibration, the intensities of which are enhanced by 

specific laser frequencies. The more abundant S3  species in ultramarine blue exhibited 

resonance for exciting frequencies of 568.2 nm and 647.1 nm, while the S2  responded 

to 457.9 nm lines.178  

 

The Raman spectra of crushed lapis lazuli (Stone C & D combined) obtained for this 

study is shown in Figure 3.8. The resonance enhanced peak positions listed in Table 3-2 

are approximately ± 20 cm-1 out from those presented by Clark et al.178 but are in 

general agreement with the fundamental and overtone progressions. Two peaks at 237.8 

cm-1 and 780.9 cm-1 remain unassigned but given their respective intensities, may either 

be attributed effects of the sodium aluminosilicate framework178 (especially the 237.8 

cm-1 band) or to any number of impurities associated with the naturally occurring rock. 

The assignment of the 2445.3 cm-1 band to the third overtone (4 1) of the S2  anion is 

only tentative given the large wavenumber difference compared to literature values. 

Additionally, resonance effects for S2  anions are usually only observed with lasers of 

shorter wavelengths e.g. 488 nm argon lasers. It has been previously determined that 

there are negligible differences between synthetic and natural ultramarine blue Raman 

spectra.178 
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Figure 3.8. Typical Raman spectra of crushed Lapis Lazuli (Baseline corrected). 

 

 

Table 3-2. Raman peak wavenumbers (cm-1) and assignments for Lapis Lazuli (Stones C and D). 

Peak maxima (cm
-1

) Assignments Anion 

237.9   

269.5 2 (bending) S3  

524.9 1 S3  

781.0   

813.3 2 + 1 S3  

1071.5 2 1 S3  

1334.2 2 + 2 1 S3  

1619.7 3 1 S3  

1887.4 2 + 3 1 S3  

2157.8 4 1
 

S3  

2445.3 4 1 S2  
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3.3.1.6 Indigo 

Despite being excluded from the primary experiment, the indigo pigment obtained for 

this study was analysed by micro-Raman spectroscopy to authenticate its identity due to 

insufficient details on the labelling. Several peaks were present in the observed 

indigotin (C16H10N2O2) spectra despite a high background fluorescence emission 

towards higher wavenumbers. As with the lapis lazuli above, the peak wavenumbers 

detected in our sample did not match closely (deviating by an average of ± 14 cm-1) 

with those reported in the literature,179 however, the progression of vibrational modes 

were in general agreement (Table 3-3).  

 

Table 3-3. A comparison of Indigo Raman peak wavenumbers (cm-1) between literature values and this 
study (633 nm - He-Ne laser excitation). Assignments after Tatsch and Schrader.180

 

Karapanayiotis et al. 
179

 This work Assignments 

1613 mw
†
 1608 vw, sh (C=C), benzene ring quadrant 

1581 s   

1573 s 1558 m (C=C) / (C=O) 

1462 m 1456 vw (NH), (CH) 

1364 s   

1310 m 1328 vw (CC) 

1250 s 1278 w (CH), (C=O) 

1224 w 1206 w (CH), (C=O) 

1148 s 1163 vw (CC) 

1135 w   

1096 w   

1013 w 1029 vw (CH), (C=O) 

940 mw   

762 mw, br 747 mw (NCC) 

674 m   

645 mw 655 mw (CC) 
599 mw 598 w (C=O), (CNHC) 

545 m 558 w (C=C-CO-C) / benzene 

254 w, mw 251 vw (C=C)2 

 
† Relative intensities: vw = very weak; w = weak; mw = medium weak; m = medium; s = strong; vs = very 

strong; br = broad; sh = shoulder. 

 

A reported doublet and triplet at 1613 cm-1 and 254 cm-1 respectively was not observed 

or resolved in our spectra and the detected intensities were very much weaker than those 

seen by Karapanayiotis et al.179 This discrepancy in signal strength, resolution (and 

perhaps wavenumbers) may be put down to a difference in sample preparations, in that 

the spectra obtained by Karapanayiotis et al. were collected from freshly synthesised, 



Chapter 3 

 115

pure indigo, while our indigo sample was estimated to be over 15 years old, allowing 

for the possibility of oxidation or hydrolysis. In fact, the spectra of the ‘older’ indigo 

sample (Figure 3.9) resembles those obtained during the analysis of artwork and 

artefacts previously exposed to less than ideal conservative conditions.181, 182 

 

 
Figure 3.9. Typical Raman spectra of Indigo sample obtained for this study. 

 

Synthetic and natural sources of indigo are spectrally similar under Raman spectroscopy 

although Vandenabeele and Moens131 were able to differentiate between them using 

multivariate analyses. We attempted to elucidate the synthetic or natural nature of our 

pigment using Laser Ablation – Inductively Coupled Plasma – Mass Spectrometry 

below (Chapter 3.3.3.3). 
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3.3.2 SEM-EDS 
 

3.3.2.1 Flame Carbon - ‘Soot’ 

Flame carbons are one of the purest forms of disordered carbons, being the product of 

the incomplete combustion of organically rich fuels, normally in the gaseous state. 

Therefore one would not expect to find any impurities or elements other than carbon, 

oxygen and hydrogen (if detectable). To ensure this was the case with our sample, the 

backscattered detector was used to image the sample, which displayed a homogenous 

profile absent of any impurities or elements. The EDS spectra of various individual 

particles also expectedly returned only carbon and oxygen peaks (Figure 3.10). 

 
Figure 3.10. Typical EDS spectrum of flame carbon - 'soot' (VP-mode, uncoated). 
 

Lacking an elemental profile, the focus of the investigation was instead switched to 

morphological characterisation using high-resolution images. As shown in Figure 3.11 

below (and as described in Chapter 3.1.1), soot particles possess a (roughly) spherical 

morphology, existing in chains and/or clumps with diameters ranging between 50 and 

500 nm depending on the conditions in which they were created. It was important to 

note the agglomerative behaviour of the soot particles as this would prove crucial when 

attempting to identify the same particles in tattooed excised skin. The reason for this 

being that pigments introduced into the body would be compressed into intracellular 

groups by macrophages and other immune system cells that attempt to digest the 

material. 
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Figure 3.11. High magnification SE image of the flame carbon soot pigment. 

 

3.3.2.2 Bone Black 

Knowing the approximate composition of bone black pigments (Chapter 3.1.2), the 

mineralised hydroxyapatite component was the target of X-ray analyses. Back scattered 

electron (BSE) images showed bright, electron dense particles, signifying the presence 

of higher atomic number elements (Figure 3.12). The heterogeneous mix of particle 

sizes was evident due to the ‘inefficient’ manual grinding of the pigment. EDS analyses 

was carried out on various particles on the uncoated stub in variable pressure mode. 

Signals belonging to the K  and K  of calcium and the K  of phosphorus were detected, 

synonymous with the underlying hydroxyapatite mineralisation (Figure 3.13). Although 

the K  peaks of carbon and oxygen detected may be attributed to the coked collagen 

content of the pigment, the underlying carbon tab may have contributed to these signals. 

Carbon detection was not a priority of the EDS analyses as Raman spectroscopy was a 

more appropriate tool for that determination. 
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Figure 3.12. Low magnification BSE image of crushed bone black pigment (Variable pressure mode). 
 

 

 
Figure 3.13. Typical EDS spectrum of crushed bone black pigment (VP-mode, uncoated). 
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Once EDS analyses had been completed, the stub was sputter-coated with 5 nm of 

platinum for high resolution imaging. As can be seen in the low-magnification image 

(Figure 3.14), the individual bone black pigment particles possessed a very rough 

surface layer with granular asperities resembling crumbling sandstone. As described by 

Winter158, the general morphology of bone black pigment or pyrolysed bio-mineralised 

material features the irregular porous lumps of coked collagen distributed over the 

surface of the underlying hydroxyapatite layer (Figure 3.14). This is more evident in the 

high-magnification image (Figure 3.15), which shows the spherical, re-crystallised 

mineral residues of the bone collagen fibres caused by high temperature heating (650 

°C). 

 

 
Figure 3.14. Low magnification SE image of crushed bone black pigment (high vacuum). 
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Figure 3.15. High magnification SE image of crushed bone black pigment showing recrystallisation of 
(Pt-coated). 

3.3.2.3 Vine Charcoal 

The essential elements required for plant growth may be divided into macronutrients 

and micronutrients. Macronutrients are the main nutrients required for plants growth 

and are found in relatively high amounts, which may include: C, H, O, N, P, S, K, Ca, 

Mg, Na, and Si. Micronutrients are found in considerably lesser amounts but are 

nonetheless important for plant development, these include: Fe, Mn, Cu, Zn, Mo, B, Cl, 

Ni.183 The amount of macro and micronutrients would vary with different plants and soil 

conditions, with some micronutrient concentrations reaching macro-levels and vice 

versa. Many of these elements may exist as metal oxides in the ash content after burning 

in air. Charcoal created in oxygen-depleted or absent atmospheres will retain less of 

these elemental nutrients. 

 

The EDS analyses of the uncoated ground vine charcoal pigment was performed in 

variable pressure mode and showed moderate amounts of potassium and traces of 

phosphorus and calcium (Figure 3.16). There is a possibility that the calcium K  peak 

may have coincided with the potassium K  peak. Once again the high carbon and 

oxygen content detected may have had a contribution from the underlying carbon tab. 
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Once EDS analyses had been completed, samples were sputter-coated with a 5 nm 

coating of platinum and imaged with the In-Lens secondary electron detector. The low 

magnification image of the pigment (Figure 3.17) shows the typical ‘char’ carbon 

morphology, which retains rich surface features of the starting material, even after 

pulverisation. The cell walls of the original plant material are clearly seen and the 

smaller particles have a characteristic jagged, splintered appearance. The unique 

physical appearance of pulverised vine charcoal greatly aids in the differentiation 

between potential carbon based tattoo pigments through scanning electron microscopy. 

 

 
Figure 3.16. Typical EDS spectrum of vine charcoal pigment (VP-mode, uncoated). 
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Figure 3.17. Low magnification SE image of pulverised vine charcoal pigment (high vacuum). 

 

3.3.2.4 Magnetite 

EDS analyses of magnetite produced definitive peaks corresponding to the K , K  and 

L  lines of iron (Figure 3.18). Since the analyses are confined to qualitative 

measurements, the intensity of the oxygen peak could not be taken quantitatively to 

reflect the oxidation state of the iron. The small carbon peak is once again expected to 

have come from the underlying carbon tab. The low magnification, secondary electron 

image of magnetite (Figure 3.19), shows a distribution of amorphous particles inter-

dispersed with crystals of various sizes. Magnetite primarily possess an octahedral 

crystal habit172 and one of these crystals is shown in Figure 3.20 in high magnification. 

The larger proportion of broken or amorphous magnetite would be a direct consequence 

of the preliminary crushing carried out to ensure a homogenous consistency for ink 

production. 
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Figure 3.18. Typical EDS spectrum of magnetite (VP-mode, uncoated). 

 

 

 
Figure 3.19. Low magnification SE image of ground magnetite (Fe3O4) in high-vacuum mode. 
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Figure 3.20. High magnification SE image of a magnetite crystal (Pt-coated). 
 

3.3.2.5 Lapis Lazuli 

EDS analyses of the crushed lapis lazuli detected various combinations of elements 

depending on the particle probed by the electron beam. However, several combinations 

of elements were detected consistently enough to propose a general mineralogical 

composition for the rock and to support other data collected from the Raman, FTIR and 

XRD analyses (Chapters 3.3.1.5, 3.3.3.1 and 3.3.3.2 respectively).  

 

Table 3-4 lists the elements detected for probes on eleven separate particles in the 

crushed sample. The presence of Na, Al, Si, and S indicates a lazurite quantity while the 

Ca and Mg may be attributed to the frequently concurrent diopside mineral. Potassium 

and phosphorus are known to exist in small quantities for lazurites sourced from 

Afghanistan, Iran and Pakistan.184 The detected titanium is also consistent with the 

small quantity known to be present in the diopside content of lapis lazuli sourced from 

various locations analysed by Ballirano and Maras.184 

 

Figure 3.21 shows a typical spectrum obtained from the crushed lapis lazuli sample. All 

signals were reasonably well resolved except the potassium K  peak, which is obscured 
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by the calcium K  line and appears as a shoulder, a typical drawback of low resolution 

EDS that may have to be resolved with Wave Dispersive X-ray Spectroscopy if 

required. The back-scattered electron image of crushed lapis lazuli (Figure 3.22) 

revealed the spread of particles to have similar intensities, belying the complex 

composition of the rock. This is understandable as lapis lazuli is not expected to 

separate into individual elements after rough-milling; instead, the particles shown would 

primarily be derived from the sodalite cage. Little information can be gleaned from 

secondary electron images (Figure 3.23), which displayed randomly fractured particles 

with indefinite morphology. 

 

Table 3-4. Elements in crushed lapis lazuli detected by EDS. 

 C O Na Mg Al Si P S Cl K Ca Ti 

1           ,   

2          ,  ,   

3          ,  ,   

4           ,   

5          ,    

6           ,   

7          ,    

8          ,  ,   

9          ,    

10           ,   

11          ,    

An ' ' indicates the presence of a particular element. All detected peaks originated from K  - 

lines unless otherwise indicated. 
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Figure 3.21. Typical EDS spectrum of Lapis Lazuli (VP-mode, uncoated). 

 

 

 
Figure 3.22. Low magnification BSE image of the crushed lapis lazuli sample. 
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Figure 3.23. Low magnification SE image of the crushed lapis lazuli sample (high vacuum). 

3.3.3 Other Techniques Used 

Although the lapis lazuli samples obtained visually resembled lapis lazuli when 

compared against known samples held at the Edward de Courcy Clarke Earth Science 

Museum (The University of Western Australia), the ambiguous and complex 

composition of the gemstone led us to employ several other complementary methods to 

further confirm the identity of the rocks. Measures were also taken in an attempt to 

discover whether the indigo sample obtained from this study was sourced naturally or 

synthetically produced. 

3.3.3.1 FTIR 

The IR spectra obtained from the two darker pieces of lapis lazuli (Stones C and D), 

were compared to processed lazurite (Rublev Pigments, Standard Quality from Ovalle, 

Cordillera Province, Chile), along with spectra acquired from the e-VISART database 

established by Castro et al.185 The spectra (Figure 3.24) obtained from the two crushed 

stones visually matched those of the Chilean lazurite along with the spectra obtained 

from the e-VISART database of Kremer lapis lazuli sources suggesting that the stones 

were probably lapis lazuli or were at least sourced from a rock quarry featuring a 
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dominant lazurite quantity. Both stones displayed the strong band in the 1000 cm-1 

region, which represents the Si–O stretch, however, the characteristic symmetric stretch 

of the S-S bond at 548 cm-1 proposed by Bruni et al.166 was not observed. Regarding the 

provenance of the stones, the IR data suggests that they are probably not of Chilean 

origin based on the weak transmittance of features in the 750 to 550 cm-1 region, 

especially the peaks at ~693 cm-1and ~643 cm-1 respectively, which are 

characteristically stronger in Chilean sourced lapis lazuli (Table 3-5). It cannot be 

claimed outright, however, that the stones came from Afghanistan, as there are no 

features in the spectra unique to lapis lazuli sourced from that region. It was first 

suggested by Derrick186 that the sharp S-S stretch at ~2340 cm-1 was exclusive to 

Afghan lapis, however this  was later disproved as the stretch occurred in almost all 

samples and was attributed to CO2 molecules enclathrated in the zeolite structure 

instead.187 

 

 
Figure 3.24. Infrared spectral comparison between crushed lapis lazuli samples and Chilean lazurite. 
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Table 3-5. A comparison of peak assignments and relative intensities between samples obtained for this 
study and various other sources. 

Good Quality  
(10520) Kremer 

Chile 
(10560) Kremer 

Stone C Stone D 
Lazurite 

(Standard Quality) 
Rublev 

– – 2342 vw 2342 vw 2346 vw 

– – 1735 vw 1735 vw 1734 vw 

1628 w 1636 w 1630 w 1631 w 1639 w 

1427 m – 1410 m 1401 m 1401 m 

– – 1385 vw 1385 vw 1385 w 

– 1108 s – – 1093 vw 

1071 sh – 1071 w – – 

– – – – 1056 w 

1001 vs 1003 vs 995 vs 1003 vs 1012 vs 

– 970 sh – – 972 sh 

– – 925 sh – – 

878 m – 876 w 879 vw – 

– 726 m 730 vw 720 vw 721 w 

708 w – 713 vw – – 

– 696 m 695 vw 694 vw 693 w 

638 w 644 m 639 w 638 vw 643 w 

– 616 sh 621 sh 616 vw 618 vw 

582 w 588 w 568 vw – 565 vw 

– – – – – 

510 m – 511 vw 508 vw 509 vw 

453 s 449 vs 451 vs 453 vs 456 vs 

 

Relative intensities: vs = very strong; s = strong; ms = medium strong; m = medium; mw = medium weak; 
w = weak; vw = very weak; sh = shoulder; br = broad. 

 

As previously mentioned, inter and intra-sample differences in hues are indicative of not 

only the polysulphide content but of the various minerals present within the overall 

matrix. Therefore, one must be cautious in the interpretation of spectroscopic results 

when dealing with crushed impure lapis lazuli samples, which could well include crystal 

contributions from partnering minerals. 

3.3.3.2 Powder X-ray Diffraction 

With well established mineralogical databases, the technique of Powder X-ray 

Diffraction (XRD) was an ideal technique to perform on the powdered lapis lazuli 

samples (Stones C and D). The resulting diffraction pattern (Figure 3.25) was relatively 

complex, however, two matches were found on the JCPDS Powder Diffraction File 

database, identifying lazurite (Na6Ca2Al6Si6O24(SO4)2) and diopside (CaMgSi2O6) as 

the two major constituents in the rock. The pattern also partially resembled the Chilean 

lazurite diffraction pattern provided by the online RRUFF project (ID# R040023).124 

Several major peaks on the pattern were not accounted for including the strongest peak 

at approximately 26.5 2  and a group of three peaks at approximately 31.8, 33.0 and 
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34.1 2  respectively. These unresolved peaks were presumed to be impurities present in 

these particular rock samples. 

 

 
Figure 3.25. XRD diffractogram of lapis lazuli sample (Stone D). 

3.3.3.3 Laser Ablation – Inductively Coupled Plasma – Mass 
Spectrometry (LA-ICP-MS) 

The supplier of the indigo pigment obtained for this study was not known and hence the 

question of its nature (synthetic or natural) arose. Laser Ablation – Inductively Couple 

Plasma – Mass Spectrometry (LA-ICP-MS) was used to detect the presence (or lack) of 

certain trace metals in the pigment. Naturally derived indigo would contain trace 

elements that the plant had absorbed from the soil while synthetic indigo would 

theoretically be devoid of these elements. 

 

The results of replicate analyses showed an unusual elemental distribution or chemical 

spectral fingerprint (Figure 3.26). Although only qualitative in nature, the trend-lines 

show a highly irregular isotopic ratio of the strontium to rubidium at almost 160:1, 

which would be very rare if not impossible to occur in natural sources. Without full 

knowledge of the synthetic methodology or equipment used to manufacture the 

pigment, the conclusion drawn based on LA-ICP-MS alone would be that the indigo 

was probably synthetically produced. Obviously a more conclusive result could be 

achieved if compared against known natural and synthetic sources of indigo but since it 

was no longer part of the experiment, no further analyses were carried out.  



Chapter 3 

 131

 
Figure 3.26. LA-ICP-MS Elemental Distribution Plot for Indigo pigment sample. 
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3.4 Discussion 
 

3.4.1 Raman Spectroscopy 

Only a small amount of pigment is required to create tattooing inks, hence, the results of 

the above chemical analyses obviously do not represent any or all flame carbons, vine 

charcoals or lapis lazuli pigments etc. The intent was to compile adequate in vitro 

reference data and create a ‘baseline’ with which to compare against the very same 

substances once tattooed into the animal and then after excision (in situ). Therefore, any 

changes to the behaviour, molecular structure or morphology of the pigment may be 

observed and compared against the original pigments. With that being said, the results 

of the chemical analyses on each of the chosen pigments revealed certain properties 

unique to that particular pigment.  

 

The carbon-based pigments (‘soot’, bone black and vine charcoal) represent 

microcrystalline or disordered carbons, as explained in Chapter 3.3.1.1. The existence of 

the Raman ‘D’ band not only indicates graphite lattice disorder, but its intensity and 

respective wavenumber position may also indicate the level of disorder, crystallite size 

and temperature of formation. The position of the “D” band is also dependent upon laser 

excitation wavelength with longer wavelengths shifting the band to lower wavenumbers 

from the original ~1350 cm-1. This shift has been attributed to the resonance Raman 

effect.188 Relatedly, a shift of the ‘G’ band to higher wavenumbers occurs with 

increasing temperature. Robertson (citing Jenkins and Kawamura)189 detailed the 

progression of organic material into graphite through pyrolysis: 

 

1. Carbonisation: The loss of volatile matter containing H, N and O at ~ 400 – 700 °C. 

2. Polymerisation: The formation of the graphitic sheets of pyrolytic carbon at 600 – 

1200 °C. 

3. Graphitisation: The gradual evolution of the three dimensional graphite lattice at 

1200 – 3000 °C. 

 

Hence, the evolution of the ‘D’ peak through increasing annealing temperatures may be 

observed through initial growth from the graphite phase to its subsequent decrease 

above 1000 °C as the crystallite particles begin to grow and re-ordering begins to occur. 

The ratio of the ‘D’ band intensity to that of the ‘G’ band may also be used to predict 

structural order171 and carbon crystallite size, termed La by Tuinstra and Koenig.170 
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Despite the well researched behaviour of disordered carbon, in this instance; ‘soot’, 

bone black and vine charcoal are not able to be differentiated from one another through 

Raman spectroscopy. Energy Dispersive X-ray Spectroscopy (EDS) was then proposed 

as a complementary technique that aided in this differentiation through the detection of 

key elemental profiles and signature morphologies. 

 

As demonstrated in Chapter 3.3.1.4 above, the instability of magnetite under typical 

laser excitation proves to be problematic for Raman spectroscopic analysis. Despite the 

use of relatively weak laser powers, the evolution of intermediate species and eventual 

photo-bleaching of the compound further exacerbates the issue. Visible examination of 

the pigment’s colour under light optical microscopy may aid identification; however, 

complementary techniques such as Energy Dispersive X-ray Spectroscopy may be used 

to identify the elemental composition of the material and if quantitative analysis is 

pursued, the oxidation state may also be elucidated. 

 

The multi-mineral composition of natural lapis lazuli, especially in a fragmented or 

pulverised form, means that microprobe techniques such as micro-Raman Spectroscopy 

will result in different spectra depending on the particle or region targeted by the laser. 

It is therefore important to be aware of the various minerals and impurities that are 

known to co-exist with lazurite in order to understand the overall bulk material. For 

consistency, only a He-Ne 632.8 nm laser was used as an excitation source as it was 

determined to be the best compromise between power and spatial resolution. The 

wavelength also produced the characteristic overtones synonymous with lapis lazuli. 

With better computational processing power, Raman mapping or imaging may be 

utilised to analyse large, grid-mapped areas such as for heterogeneously mixed 

powdered lapis lazuli samples. Unfortunately, the Raman spectrometer used in this 

study was not equipped for Raman mapping. As suggested for magnetite, EDS spectra 

may also be used as a complementary technique to elucidate the elemental profiles to 

aid in identification. 

3.4.2 SEM-EDS 

SEM-EDS was an ideal complementary technique to Raman spectroscopy in confirming 

the elemental composition of several pigments. The technique was especially 

advantageous for the carbon-based pigments, which produced indistinguishable Raman 

spectra. It is contentious as to whether the elements detected during in vitro studies 
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would still be present in the same amount after tattooing. As noted by Winter158, the 

creation of carbon-based pigments is not a straightforward process in that more than one 

form of carbon type may be created. For example, flame carbons may always be 

incorporated into pigments due to the heated gases evolved during the combustion 

process. For char-type carbons, tarry materials such as resins may be exuded from the 

material and depending on the temperature and conditions, may carbonise into a coke 

onto the char’s surface before having a chance to evaporate. Similarly, cokes formed in 

the presence of inorganic material (e.g. bone or ivory black) may be imparted a 

modified morphology due to the presence of said inorganic material. When attempting 

to detect trace elements such as those that may be present in plant material, one must be 

aware of any background contamination. For example the carbon tabs on which the 

samples are mounted are reported to contain trace impurities of Si, Sb, Fe, Mg and Na. 

Subsequent EDS analyses of the carbon tabs found only minute amounts of the sodium 

but the other reported elements were not present. However, moderate levels of sulphur 

were also detected. 

 

One instance of peak overlap was experienced with the K  line of potassium (in the 

lapis lazuli analyses) that may have been resolved had WDS been employed rather than 

EDS. However, as the focus of this study was more on the general recovery of the 

pigment data within the skin (in situ) rather than the chosen pigments themselves, the 

more involved WDS was not attempted. 

3.4.3 Other Techniques Used 

While the various techniques described in Chapter 3.3.3 were employed as 

complementary methods to verify the identity and quality of various samples, they may 

only be used in the bulk sense and cannot be applied to in situ analysis. This is unless 

complicated extraction, isolation and separation procedures are carried out similar to 

that outlined by Engel et al.190 Regarding the use of FTIR, such a process would have to 

be carried out before incorporation into a potassium bromide pellet, with potentially 

miniscule sample sizes. Powder XRD, while remaining the best technique for analysing 

bulk powdered samples, requires very large sample sizes, which cannot be entertained 

with such precious specimens. The very small sampling sizes of LA-ICP-MS makes it 

ideal for precious samples; however, it may only provide inorganic, elemental 

information and only then for heavier elements. For all three techniques, the very need 

to extract the pigment from the skin results in the destruction of the sample, leaving no 
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further opportunities for follow-up analytical techniques. Given the right sample 

preparation (to be described in the next section), the identity of a tattoo pigment may be 

elucidated through the provision of vibrational molecular information through Raman 

spectroscopy, high resolution imaging through Scanning Electron Microscopy and X-

ray microprobe analysis. 
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4 Ancient Tattooing 

Primary Replicative Experiments 

4.1 Methods 
 

4.1.1 Animal Model 

One male Sus scrofa at The University of Western Australia was involved in the 

experiment. The pig weighed 15.5 kg and being six weeks old, was placed on an initial 

diet of weaner pellets. Pigs destined for experimentation are usually allowed between 10 

- 14 days to acclimatise to their surroundings e.g. the holding room, LAF technicians 

and the chief investigator (author). It also allowed more time for the animal to 

acclimatise to human contact, allowing for intimate post-procedural monitoring. 

The pig was fasted for a period of at least 12 hours prior to the induction of anaesthesia 

for the tattooing procedure. On the day of the procedure, the pig was restrained in a 

mesh support sling to carry out a brief physical examination prior to the administration 

of an anaesthetic agent. These included the recording of baseline physiologic parameters 

such as body weight, temperature, heart rate, and respiratory rate. Weight was measured 

at 31.5 kg, body temperature at 38.6 °C and heart rate was at a slightly elevated rate of 

92 beats per minute owning to the restraining procedure. Sedation/anaesthesia was 

induced via a combined intramuscular injection of 150 mg (4.4 - 6 mg/kg) Zoletil 100® 

(tiletamine/zolazepam) and 67.1 mg (2.2 mg/kg) xylazine. Once the animal was sedated, 

it was transferred into a pre-prepared operating theatre and administered a mask-

induced flow of isofluorane/O2 (Minimum Alveolar Concentration for pigs is 1.92%)191 

to maintain a surgical anaesthesia plane for the procedure. Withdrawal reflex tests were 

carried out to ensure an adequate level of anaesthesia was reached. Target areas on the 

pig were shaved to allow a professional tattooist to apply eleven 2.5 cm diameter circles 

of tattooing approximately 3 cm apart along the upper left dorsum of the animal. The 

tattooing was carried out using a traditional Japanese hand technique. The tool used in 

the procedure is similar to Tool ‘F’ in Figure 1.1 (Chapter 1.2.2). The five pigments 

chosen to represent ancient pigments (as outlined in Chapter 3.1) were tattooed toward 

the rear of the animal as shown in Figure 4.1 by the red rectangle. The coloured inks 

tattooed towards the front of the pig were for the investigation of modern organic 

pigments, which will be detailed in Chapter 6. 
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Figure 4.1. Photograph of the animal model two days after the tattooing procedure. The red rectangle 
indicates the pigments chosen for ancient studies. From Right to Left: Soot, Bone Black, Vine Charcoal, 
Magnetite and Lapis Lazuli. 

As pigs are generally susceptible to hypothermia and cardiac arrhythmias during 

anaesthesia, the animal was placed onto a heat pad and covered with a blanket during 

the procedure. Core body (rectal) temperature and heart rates were regularly monitored 

while under anaesthesia. The entire tattooing process was completed in approximately 

45 minutes, with an ice pack gently applied to tattooed areas to reduce swelling. As 

deep anaesthesia was not induced, no reversal agents were needed and the animal was 

allowed to recover naturally in a temperature controlled recovery room. Analgesia was 

provided via a 0.5 mg intramuscular dose of buprenorphine as it began to rouse. After 

the pig was able to stand unassisted and regained general mobility, it was returned to its 

holding pen. 

The following post-procedure monitoring schedule was carried out: 

0  3 days after procedure Monitoring 2 - 3 times daily 

3  7 days after procedure Monitoring 2 times daily 

7  14 days after procedure Monitoring 1 – 2 times daily 

14 days after procedure  End Point Monitoring once daily 
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Post-procedural care involved lightly swabbing the tattooed areas on the animal with a 

dilute solution of antibacterial soap and water, along with a light application of topical 

balm derived from natural papaw extract (Lucas) to promote healing. This was able to 

be performed with the animal unrestrained following the lengthy time spent with it 

during the acclimatisation period. 

The freshly tattooed areas exhibited expected signs of dermal erythema (reddening and 

inflammation) and underwent a healing process similar to that experienced by a sunburn 

or superficial burn. In the first few days, the superficial epidermal layers peeled away 

leaving behind the deeper regenerative basal epidermal layers.79 After an approximate 

period of one week, the skin reacted as it would to any minor abrasion or a series of 

superficial punctures, with a small quantity of dried exudate present at the orifice of 

each puncture. The actual injuries caused by the needle punctures healed over by 

approximately the 7th to 10th day. Complete epidermal regeneration occurred at 

approximately 2 weeks and the skin was smooth to the touch. On occasion during the 

healing period, the animal was observed to rub the tattooed areas on walls, presumably 

to alleviate itchiness or irritation caused by the healing tattoo. The initial plan called for 

regular punch biopsy samples to be taken from the tattooed areas of skin to help monitor 

the healing process, however, this was deemed too stressful for the animal due to the 

constant need to restrain and sedate the animal along with the multiple wounds it would 

have to carry. 

The endpoint of the model would normally have been approximated from the healing 

stages of the tattoos investigated histologically. Lacking a pathological gauge, the 

endpoint was decided to be at least 30 days after the procedure. This figure was based 

on the studies carried out by Lea and Pawlowski81 on human skin and on several trials 

on pig models.84, 86 At one month, reconstruction of the basement membrane and 

epidermal-dermal junction would have healed or neared completion, with no further loss 

of pigment through diffusion into the epidermis and subsequently, keratinisation. The 

actual end point of the experiment was one day early at 29 days, however, this period 

was deemed relatively sufficient in terms of the level of healing reached. 

The pig was sedated/anaesthetised with a combined intramuscular dose of 200 mg of 

Zoletil 100® and 100 mg xylazine before being transferred into the post mortem room. 

Euthanasia of the pig was brought about by an intravenous overdose of at least 150 

mg/kg of Lethabarb® (sodium pentobarbitone - Virbac) through the ear vein.192 Once 
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euthanasia was complete, all tattooed areas were shaved and carefully excised (along 

with an un-tattooed control area), using a new scalpel blade for each area. The skin 

samples were placed into sterile containers, which were stored in an insulated transport 

container filled with dry ice. The euthanised pig was transported to the Shenton Park 

Animal facility to be frozen and reused as teaching aids for a Forensic Entomology unit. 

Animal experiments were conducted according to a pre-approved protocol by the UWA 

Animal Ethics Committee under the Animal Welfare Act of 2002. 

4.1.2 Mummification Simulations 

The excised tattooed skin samples were transported immediately to a PC2 laboratory for 

processing. The skin samples tattooed with traditional pigments (along with one control 

sample) were immediately trimmed and prepared for mummification simulations. Each 

circle of skin was divided into four equal pieces and subjected to the four pre-

determined and tested methods of mummification (Chapter 2.6.2). By this arrangement, 

six skin samples consisting of those tattooed with five pigments and one control sample, 

were mummified by natural desiccation, exogenous agents (natron), freeze drying and 

heat smoking. Skin samples tattooed with modern organic pigments were snap-frozen 

and stored immediately. The full experimental details of the study into modern organic 

pigments can be found in the Chapter 6. 

Natural 

Replicating the experiments carried out in Chapter 4.4.1, the first set of divided skin 

samples were placed in separate glass Petri dishes (pre-cleaned and sterilised) double-

lined with Whatman® Qualitative Grade 1 filter papers (  42.5 cm) with the epidermal 

layers facing upwards. The dishes were placed into a sealed glass desiccator jar filled 

with silica desiccant. The filter papers were regularly changed to ensure maximum 

absorption of moisture from the skin samples. Desiccation was allowed to progress for 

52 days with an average moisture loss of 50 % experienced for all samples. The general 

appearance of the samples after desiccation was shrivelled and darker in colour but the 

tattoo could still be clearly seen. All skin samples were also extremely rigid to the touch 

indicating sufficient desiccation had taken place. 

 

Exogenous Agent (Natron) 

The second set of samples was prepared for desiccation by an artificial mix of natron 

ore, representing an exogenous agent used to achieve mummification. Following the 



Chapter 4 

 141

trials carried out in Chapter 2.6.2.2, the five tattooed skin samples and one control 

sample were placed into six 100 mL beakers half-filled with the artificial natron (50 % 

Na2CO3, 30 % NaHCO3, 10 % NaCl and 10 % Na2SO4). The beakers were then filled to 

the top with the mix and kept in an unused fume cupboard. To ensure maximum 

dehydration, each beaker was regularly emptied into a sieve to remove any clumped, 

moisture saturated particles (if any). The mix would be transferred back into the beaker 

ensuring the skin sample rested in the middle. The natron was completely replaced 

every ten days with a fresh mixture. After 52 days, the samples were removed from the 

beakers, lightly brushed with a soft paint brush. To remove excess natron, the samples 

were very briefly rinsed in a beaker of deionised water, patted dry with low-lint 

Kimtech ‘Kimwipes’ and placed into a desiccator (filled with silica desiccant) to dry 

overnight. Once dried, the samples were found to have lost an average of 47 % of their 

weight in moisture. The general appearance, colour and rigidity of the samples were 

very similar to that seen with the naturally desiccated samples, suggesting the natron 

had adequately withdrawn enough moisture from the samples to achieve a sufficient 

level of mummification. 

 

Freeze Dried 

As per the procedure outlined in Chapter 2.6.2.3, the third set of skin samples were 

placed on filter paper lined Petri dishes, arranged in an empty glass desiccator and 

allowed to freeze overnight (uncovered) in a laboratory freezer. Once frozen, the filter 

papers were replaced while the jar was filled with silica desiccant, covered and placed 

back into the freezer. Moisture seepage into the filter paper did not occur as rapidly as 

the sample set mummified by natural dedication because of the frozen state of the 

samples, however, some seepage still occurred and the filter papers were changed every 

ten days. As seen in the preliminary trials, the epidermal layer developed a white 

discolouration during the ‘freeze-drying’ process and after the 52 days, the entire 

epidermal surface appeared to have lost all pigmentation, lightening further when 

allowed to thaw to room temperature. One explanation for this loss in pigmentation is 

that the freeze drying process had somehow disrupted the melanin content or 

arrangement within the skin. Upon closer inspection, the underlying tattoo also 

appeared very much faded against the backdrop of the skin surface. This may have 

implied post-mortem re-arrangement or leaching of the foreign tattoo pigments, which 

would be highly unlikely even if the skin was subjected to harsh temperatures and at 

almost zero percent relative humidity. The most probable explanation, however, could 
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be that the tattoo was obscured rather than faded, which was may be caused by water 

crystal damage from freeze-thaw effects on the tissue. One may draw parallels with the 

colour changes observed on the mummified bodies removed from the Siberian frozen 

tombs upon exposure to the atmosphere (Chapter 1.3.3). As with preliminary trials, the 

skin samples appeared to have retained their original shape and volume in contradiction 

to samples mummified with the other methods, which experienced relative amounts of 

shrinkage, however, the same rigidity was present (after thawing) indicating sufficient 

dehydration had occurred. Sample weights post-mummification recorded an average 

moisture loss of 44 %. 

 

Heat Smoking 

The last sample set was prepared for a heat-smoking treatment using the apparatus 

outlined in Chapter 2.6.2.4. Prior to the experiment, the mesh sample stage was 

disinfected by soaking in a 70% ethanol solution overnight. The samples were first 

placed onto the stage with the epidermis facing downwards and labelled appropriately 

for the first smoking treatment. After two consecutive 45 minute exposures to the 

mesquite smoke, the samples were placed onto Petri dishes double-lined with filter 

paper and kept in a silica-filled desiccator jar for the desiccation stage of the treatment. 

The sample set was smoke treated every three days, alternating placement on the sample 

stage between the epidermis and subcutaneous layers to ensure equal smoke exposure. 

Temperatures varied between 36 °C and 38 °C at the sample stage while smoking was 

taking place. The smoke treatment continued for 25 days (13 cycles) before the samples 

were left to dehydrate in the desiccator jar for the remaining 27 days (a total of 52 days). 

Filter papers were replaced regularly to ensure maximum moisture absorption. The 

average moisture loss was recorded at 60 %, expectedly higher than that achieved by the 

methods above due to the elevated temperatures in the smoking chamber drawing out 

liquids at a rate faster than could be achieved at ambient room temperature (21 °C). The 

shrivelled appearance and dark yellow-brown colouration of the skin samples was more 

pronounced than in preliminary trials given the lighter pigmentation of the animal 

model used in the primary experiment. The reason for the observed colouration is 

caused by the Maillard reaction, explained in Chapter 2.6.2.4. With the exception of the 

colouration caused by the smoke, the appearance and pliability of the samples were 

similar to that seen in the naturally desiccated and natron desiccated samples with the 

tattoos still visible after the procedure. 
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4.1.3 Sample Processing 
 

4.1.3.1 Rehydration 

As determined from the preliminary trials, 700 mL of Sir Marc Armand Ruffer’s 

solution146 was prepared for the rehydration of the four sample sets of mummified 

tattooed pig skin. Each skin sample was placed into a 25 mL glass sample vial and filled 

with 20 mL of Ruffer solution. The ‘freeze-dried’ samples expected floated to the 

surface of the solution and custom-fitted polyester foam pads were used to ensure the 

skin remained submerged. As shown Table 4-1, the freeze-dried samples rehydrated at a 

fastest rate while the heat smoked samples were the slowest to absorb Ruffer’s solution. 

The reason for this may be the contrasting methods of dehydration and mummification 

subjected to these samples. Once frozen, the intracellular and extracellular water 

contained within the ‘freeze-dried’ samples was effectively sublimated out of the tissue. 

This process removed water from the skin samples at a much more gradual rate than its 

other mummified counterparts, leaving behind a relatively intact, albeit porous 

framework of tissue that acted somewhat like a sponge for the rehydration fluid (Figure 

4.6). Conversely, the heat-smoked samples were subjected to both heat and smoke, 

which has been demonstrated to denature surface protein structures and their 

composition while also decreasing their solubility.102 The cross-linking of these surface 

proteins by smoke derived carbonyl compounds creates a tough outer crust, which 

works not only to preserve the product, but also hinders penetration of substances into 

the core, hence the slower uptake of Ruffer solution. 

Table 4-1. Effect of Ruffer (1921) rehydration solution on mummified tattooed pig skin samples over 
time. 

Natural 
Desiccation Natron Freeze 

Dried 
Heat 

Smoked Hours 

1.5* 1.5 3.5 1.5 24 
3.5 3.5 4 2.5 48 
4 4 5 3.5 60 

   4.5 72 
* Softness/Elasticity Scale: 1 (Hardest)  5 (Softest). 

4.1.3.2 Cryo-fixation/sectioning 

After 60 hours had elapsed, the naturally desiccated, natron desiccated and ‘freeze-

dried’ samples were determined to have been sufficiently rehydrated to be prepared for 

snap-freezing. All samples were rinsed in a 0.9 % saline solution for one hour prior to 

undergoing any tissue processing. Each skin sample was divided into two separate 
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pieces and any residual hypodermis removed. Following the procedure outlined in 

Chapter 2.7.1, each sample was oriented in custom moulds, snap-frozen in an O.C.T. 

compound shell and stored in a biological freezer at -80 °C until ready to be sectioned. 

The heat-smoked samples reached adequate rehydration after 72 hours and were 

processed as above. For future reference, sections mounted onto slides will be referred 

to by a three-letter code ‘XYZ’: 

• The first letter ‘X’ signifies the mummification types, where: D = Naturally 

Desiccated; N = Natron; F = Freeze-Dried; and S = Heat-Smoked. 

• The second letter ‘Y’ relates to the pigment tattooed into the skin, where S = 

Flame Carbon ‘Soot’; B = Bone Black; V = Vine Charcoal; M = Magnetite; L = 

Lapis Lazuli; and C = Control (un-tattooed). 

• The third and last letter ‘Z’ indicates either the first or second replicate portion 

divided from the original skin sample, where A = First portion and B = Second 

portion. 

Therefore, a code of DSA indicates a Desiccated skin sample tattooed with Soot 

sectioned from the first portion A. 

Frozen samples were transferred from the biological freezer into the pre-cooled preset 

cryostat chamber, which was set to -23 °C, allowing for extended periods of operation 

with the chamber door open. The object arm was set to -20 °C. For Raman 

spectroscopy, sections were mounted onto Menzel-Glaser SuperFrost® Plus glass slides 

(25 x 75 x 1.0 mm) in a fashion so as to obtain a depth profile through the block of 

tissue onto each of the five slides, that is, mounting one section onto Slide #1, then 

mounting the next section onto Slide #2 and so on. Therefore Row A would be filled 

before returning to Slide #1 to begin Row B (Figure 4.2). A minimum of five sections 

were mounted onto each slide depending on the size and orientation of the tissue held in 

the O.C.T. compound block, giving a minimum of 25 sections per mummification and 

pigment type. Even though O.C.T. compound does not infiltrate tissue samples, clean 

sections of the compound were shown to produce little to no Raman spectra, as 

previously determined by Ó Faoláin et al.193 Therefore, the usual de-ionised water 

rinsing cycle to remove the compound was omitted. 
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.  

Figure 4.2. Schematic map of skin sample sections and mounting technique. 
 

For imaging and analysis via SEM-EDS, sections were cut from the second replicate 

portion “B” and mounted in the same fashion onto Thermanox™ coverslips (22 x 60 x 

0.2 mm), which are polyester films featuring a modified surface providing a hydrophilic 

state for cell adherence. Thermanox™ coverslips were chosen especially for EDS 

analyses as they were devoid of any element >5 in atomic number194 whereas regular 

glass slides would have contributed unwanted silicon signals. Initial mounting problems 

were experienced where sections were statically attracted to the slide, causing 

misalignment issues. This was resolved using a DiATOME Static Line Ioniser II to 

neutralise any residual charge on the plastic slides before use. Another issue with 

Thermanox™ coverslips was their inherent flexibility, which also caused problems with 

mounting. This problem was resolved by adhering coverslips onto the same glass slides 

used for Raman spectroscopy using conductive double-sided carbon tape. Figure 4.3 

shows a simplified flow diagram of the sample processing steps taken from excision of 

samples through to analysis. 
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Figure 4.3. Flow diagram illustrating the processing steps from Excision to Analysis. 
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4.1.4 Instrumentation 

Light Microscopy 

Unstained tattooed skin sections were viewed under light microscopy using a Nikon 90i 

Upright Microscope (primarily with 10  and 20  objective lenses) and images captured 

with a CoolSNAP ES Monochrome camera (Roper Scientific). Excitation was achieved 

using UV and Blue light fluorescence filter cubes (BP 330 – 380 nm and 450 – 490 nm 

respectively). Image manipulation was handled by V++ (Digital Optics), ACT-1 

Version 2.0 (Nikon) and Photoshop CS2 (Adobe). 

 

Micro-Raman Spectroscopy 

Micro-Raman spectroscopy was again carried out using the ISA (Dilor) Dispersive 

Raman spectrometer equipped with an Olympus BX-40 Confocal microscope. Laser 

wavelength remained at the pre-determined 632.8 nm and all spectra were obtained 

using the 50  lens. Laser power was consistently measured at 1.8 mW. In situ analyses 

on the cryo-sectioned tattooed pig skin were performed by visually locating an 

aggregate of pigment particles located throughout the papillary dermis under 

magnification. When a suitable group was found, the laser was focused onto the 

particles and several Raman spectra were recorded. By illuminating the sample from 

above or below, the dense conglomeration of pigment granules were relatively easy to 

identify in the unstained cryo-sections. For samples tattooed with a carbon based 

pigment (soot, bone black and vine charcoal), a grating groove density of 1800 line/mm 

was employed spectrally centred at 1400 cm-1, providing a spectral range between 

approximately 917 cm-1 and 1841 cm-1 appropriate for the expected signals. The grating 

groove density was reverted back to 600 line/mm for samples tattooed with magnetite 

and lapis lazuli. A total of ten readings were taken for each mummification type and 

corresponding tattoo pigment. To obtain maximum count rates (before detector clipping 

occurred) Raman signals were accumulated between 50 and 100 seconds for all samples 

tattooed with carbon pigments and magnetite, while lapis lazuli tattooed samples 

required only 2 – 5 seconds of signal accumulation. 

As experienced during in vitro analyses of the raw pigment, the disordered nature of the 

carbon-based tattoo pigments resulted in spectra with an intrinsic level of noise, causing 

the peak assignment (using the LabSpec software) to provide inaccurate readings. 

Savitsky-Golay smoothing function was again applied to the in situ spectra using Origin 

Pro 8.0 (OriginLab Corporation) software, employing a second-order polynomial 
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function at 25-data point intervals. Calibration was achieved through the monitoring of 

emission lines from a neon discharge lamp during each measurement session. The 

papillary dermis of control samples sections (mummified by the four different methods) 

were analysed and found to produce spectra completely overwhelmed by fluorescence. 

This was expected given the 632.8 nm excitation source. As various integration periods 

were used to obtain the maximum amount of signal from each sample, the intensities of 

individual spectra may not be relative to each other within samples and between the 

samples sets. Appendix IV contains the full complement of Raman spectra obtained in 

situ within the various mummification types and pigments. Raman intensity axes have 

been manipulated to enhance visualisation where appropriate. 

SEM-EDS 

SEM-EDS was performed on the same Zeiss 1555 VP-FESEM equipped with an 

Oxford Instruments EDS Detector (running a Link ISIS system). Settings and 

calibration procedures were carried out in the same manner as outlined in Chapter 3.2.1. 

EDS was performed on uncoated samples (mounted on Thermanox™ coverslips) in 

variable pressure mode (30 – 50 Pa). Accelerating voltages of 15 – 20 kV were used to 

analyse samples at working distances between 12 – 15 mm through an initial aperture 

size of 120 μm. Back-scattered Electron (BSE) images were obtained using the 

appropriate detector at the same conditions as used for EDS. Baseline analyses of the 

Thermanox™ coverslips found no other elements present besides carbon and oxygen. 

For high resolution imaging, sections were sputter coated with 5 nm of platinum and 

analysed in high vacuum mode. For high-resolution Secondary Electron (SE) images, 

the In-Lens Secondary Electron detector was used on coated samples at an accelerating 

voltage of 5 kV within working distances of 2 – 5 mm and aperture sizes of 10 – 30 μm. 

By surveying the image ‘maps’ obtained by light microscopy, carbon-based pigments 

were able to be located within the various sections for imaging or analysis by EDS. 

Magnetite and lapis lazuli tattoo pigments were easily distinguished from the 

surrounding tissues using BSE images due to their heavier elemental compositions.  
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4.2 Results 
 

4.2.1 Light Microscopy 

Tissue sections were left unstained to avoid potential thermal damage from the laser 

source used in micro-Raman analyses (Chapter 3.5.1.3). Lohmann and Paul195 

demonstrated that the histological information displayed in UV-excited unstained skin 

sections was comparable to standard stained equivalents. However, mummified skin 

would suffer from progressively lower fluorescent signals, as the fluorophores 

responsible for emission would have deteriorated over time. For the purposes of this 

study, the focus was to maximise the visualisation and location of the pigments rather 

than for histological detail. Recording the locations of pigment groups within skin 

sections was essential for SEM/EDS analysis of carbon based pigments (Chapter 4.2.3.1 

- 4.2.3.3) as the standard detectors in electron microscopy would be unable to 

differentiate the pigments from the surrounding dermis. As the tattoo pigments were far 

denser than the surrounding tissue, bright field images were initially used to locate the 

presence of particles in the section before their relative positions were recorded by 

exciting the surrounding tissue using the various fluorescence filter cubes (Figure 4.4). 

A pigment ‘map’ was created by obtaining a series of images captured progressively 

from one end of the section to the other at the epidermal-dermal junction. Each image 

possessed overlapping features from the last image to ensure reference points connected 

one region to the next. Samples mummified by natural desiccation, artificial natron and 

heat smoking appeared to be relatively well preserved but were histologically 

indistinguishable (Figure 4.5, Figure 4.7 and Figure 4.8); however, the acute ice crystal 

damage in ‘freeze-dried’ samples was unmistakeable (Figure 4.6). In all cases, there 

was clear evidence that the pigments were encapsulated within various cellular bodies. 
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Figure 4.4. Bright-field image (Left) and UV-excited image (Right) of naturally desiccated pig skin 
tattooed with vine charcoal. 
 

 

Figure 4.5. Artificial natron desiccated skin tattooed with bone black pigment (illuminated with 450-490 
nm light). 
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Figure 4.6. UV-excited section showing severe ice crystal damage in a control sample of pig skin 
mummified by 'Freeze-drying'. 

Samples tattooed with magnetite resembled carbon-based pigments in terms of density, 

distribution and appearance while images of crushed lapis lazuli pigments revealed a 

variation in particle size, colour and composition (Figure 4.7). 

 

Figure 4.7. UV-excited images of naturally desiccated pig skin sections tattooed with (Left) magnetite 
and (Right) crushed lapis lazuli. 
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Figure 4.8. Heat-smoked pig skin section tattooed with flame carbon 'soot' pigment (illuminated with 
450-490 nm light). 
 

4.2.2 In situ micro-Raman Spectroscopy 
 

4.2.2.1 Flame Carbon - ‘Soot’ 

In situ Raman analyses of ‘soot’ tattoo pigment within all four mummified skin samples 

displayed spectra synonymous with a disordered carbon material. The degree of 

structural disorder was apparent in the more intense and broader D-band with respect to 

the graphite band. In general, there were no discernable differences in spectra between 

mummification types in terms of the relationship between the two band intensities 

(ID/IG) (Figure 4.9). Intra-sample differences could be seen with some spectra showing 

much lower relative intensities than others. This discrepancy may be the result of less 

than optimal orientation/grouping of specific target pigment groups or a thicker layer of 

overlying tissue obstructing the Raman signal detection from the ‘soot’. Peak positions 

of the ‘D’ and ‘G’ bands (Table 4-2) appear to agree with values obtained for the raw 

flame carbon pigment in vitro (Chapter 3.3.1.1), detected at 1334 cm-1 and 1590 cm-1 

respectively. 
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Table 4-2. ‘D’ and ‘G’ Raman peak positions (wavenumbers / cm-1) taken after Savitsky-Golay 
smoothing) for skin samples tattooed with flame carbon ‘soot’ pigment after various mummification 
simulations. Mean errors (last row) are given at a 95% confidence interval. 
 

DSA NSA FSA SSA 

‘D’ Band ‘G’ Band ‘D’ Band ‘G’ Band ‘D’ Band ‘G’ Band ‘D’ Band ‘G’ Band 

1341.0 1588.0 1337.3 1595.0 1341.9 1595.0 1341.0 1597.6 

1336.4 1597.6 1327.9 1588.2 1332.8 1595.0 1328.2 1591.5 

1341.0 1599.4 1340.1 1584.6 1332.8 1590.7 1338.2 1595.9 

1332.8 1596.7 1341.0 1595.9 1328.2 1581.9 1341.0 1592.4 

1340.1 1601.1 1331.8 1596.7 1339.2 1589.8 1341.0 1598.5 

1341.0 1595.0 1331.8 1590.7 1341.0 1589.8 1339.2 1598.5 

1341.0 1597.6 1341.0 1595.9 1332.8 1591.5 1341.0 1596.7 

1339.2 1602.0 1332.8 1603.7 1339.2 1597.6 1336.4 1595.9 

1340.1 1597.6 1339.2 1597.6 1332.8 1592.4 1336.4 1595.0 

1340.1 1597.6 1332.8 1587.2 1332.8 1593.3 1341.0 1588.0 

1339.2 ±±  1.9 1597.3 ±  2.7 1335.6 ±  3.3 1593.5 ±  4.1 1335.3 ±  3.3 1591.7 ±  3.1 1338.3 ±  2.9 1595.0 ±  2.4 

 

 

Figure 4.9. Typical Raman spectra of flame carbon pigment analysed in situ within the various 
mummification types. 
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4.2.2.2 Bone Black 

In situ Raman analyses of bone black pigment within all four mummified skin samples 

produced similar signals to those encountered with the flame carbon pigment (Figure 

4.10). The symmetric PO4
3- stretch (~960 cm-1) not encountered during in vitro analyses 

was also absent in all in situ analyses. Although convoluted by background 

fluorescence, the intensity of the ‘D’ band can still be seen to be faintly stronger than 

the graphitic band, indicating the high level of disorder in the pigment. Intra-sample 

signal intensities were generally reproducible except for the ‘freeze-dried’ samples as 

the high level of ice-crystal damage rendered to the tissue resulted in much fewer and 

smaller pigment groups available for Raman analyses. This variation was also apparent 

in the higher error seen in the ‘D’ and G’ band peak positions for the ‘freeze-dried’ 

samples (Table 4-3). Overall, peak positions of the ‘D’ and ‘G’ bands appear to agree 

with values obtained during in vitro analysis of the raw pigment (Chapter 3.3.1.2), 

which were detected at 1343 cm-1 and 1585 cm-1 respectively. 

 

 

Figure 4.10. Typical Raman spectra of bone black pigment analysed in situ within the various 
mummification types. 
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Table 4-3. ‘D’ and ‘G’ Raman peak positions (wavenumbers / cm-1) taken after Savitsky-Golay 
smoothing for skin samples tattooed with bone black pigment after various mummification simulations. 
Mean errors (last row) are given at a 95% confidence interval. 
 

DBA NBA FBA SBA 

‘D’ Band ‘G’ Band ‘D’ Band ‘G’ Band ‘D’ Band ‘G’ Band ‘D’ Band ‘G’ Band 

1341.0 1574.1 1341.0 1576.7 1331.8 1561.0 1341.0 1575.0 

1341.0 1578.4 1340.1 1576.7 1332.8 1575.8 1335.5 1575.0 

1339.7 1581.9 1341.0 1578.4 1323.6 1567.1 1332.8 1575.0 

1340.1 1573.2 1340.1 1561.0 1332.8 1570.6 1332.8 1571.5 

1332.8 1573.2 1339.2 1578.4 1330.0 1558.3 1340.1 1575.0 

1332.8 1575.0 1332.8 1577.6 1321.8 1552.2 1339.2 1575.0 

1341.0 1575.0 1339.2 1576.7 1341.0 1575.0 1340.1 1575.0 

1342.8 1575.0 1339.2 1575.0 1341.0 1576.7 1339.2 1575.8 

1344.6 1572.3 1331.8 1575.0 1339.2 1572.3 1339.2 1574.1 

1341.0 1578.4 1340.1 1575.0 1324.5 1575.0 1341.0 1578.4 

1339.7 ±±  2.8 1575.6 ±  2.1 1338.4 ±  2.4 1575.0 ±  3.7 1331.8 ±  5.0 1568.4 ±  6.1 1338.1 ±  2.3 1574.9 ±  1.2 

 

4.2.2.3 Vine Charcoal 

In situ Raman analyses of vine charcoal pigment within all four mummified skin 

samples once again displayed spectra typical of an amorphous carbon product. Unlike 

the flame carbon and bone black pigments analysed above, the ‘D’- band appeared with 

a lower intensity than that of the graphitic ‘G’ – band. This could be seen as a direct 

result of the temperature used to char the vine material (350 °C), which was much lower 

than that used to char the bone chips (650 °C) and to produce a flame carbon ‘soot’ 

(~1000 °C for an oxygen-starved methane flame). Intra-sample signal intensities were 

quite reproducible with no effects observed as a result of any particular mummification 

procedure (Figure 4.11). The observed ‘D’ and ‘G’ band peak positions (Table 4-4) for 

the pigment in situ matched those obtained during the in vitro raw pigment 

measurements (1347 cm-1 and 1581 cm-1 respectively). 
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Table 4-4. ‘D’ and ‘G’ Raman peak positions (wavenumbers / cm-1) taken after Savitsky-Golay 
smoothing for skin samples tattooed with vine charcoal pigment after various mummification simulations. 
Mean errors (last row) are given at a 95% confidence interval. 

DVA NVA FVA SVA 

‘D’ Band ‘G’ Band ‘D’ Band ‘G’ Band ‘D’ Band ‘G’ Band ‘D’ Band ‘G’ Band 

1341.0 1574.1 1341.0 1576.7 1331.8 1561.0 1341.0 1575.0 

1341.0 1578.4 1340.1 1576.7 1332.8 1575.8 1335.5 1575.0 

1339.7 1581.9 1341.0 1578.4 1323.6 1567.1 1332.8 1575.0 

1340.1 1573.2 1340.1 1561.0 1332.8 1570.6 1332.8 1571.5 

1332.8 1573.2 1339.2 1578.4 1330.0 1558.3 1340.1 1575.0 

1332.8 1575.0 1332.8 1577.6 1321.8 1552.2 1339.2 1575.0 

1341.0 1575.0 1339.2 1576.7 1341.0 1575.0 1340.1 1575.0 

1342.8 1575.0 1339.2 1575.0 1341.0 1576.7 1339.2 1575.8 

1344.6 1572.3 1331.8 1575.0 1339.2 1572.3 1339.2 1574.1 

1341.0 1578.4 1340.1 1575.0 1324.5 1575.0 1341.0 1578.4 

1349.3 ±±  2.8 1579.8 ±  1.8 1349.8 ±  3.4 1580.3 ±  2.0 1347.9 ±  2.2 1579.2 ±  1.9 1348.0 ±  3.9 1579.4 ±  1.9 

 

 

Figure 4.11. Typical Raman spectra of vine charcoal pigment analysed in situ within the various 
mummification types. 
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4.2.2.4 Magnetite 

The in situ Raman analysis of magnetite pigment within mummified skin yielded 

similar results to those obtained during in vitro analyses of the raw pigment. Varying 

degrees of decomposition was observed as the magnetite converted to haematite 

(martitization – Chapter 3.3.1.4) under laser excitation. Table 4-5 shows the mean peak 

positions within each mummification simulation along with the orders of deviation 

experienced. The magnitude of each deviation is caused by the targeted magnetite 

sample progressing through the various iron oxide/hydroxide species at a different rate, 

eventually transforming to the -haematite form. Given these variations, there does not 

appear to be any observable differences between mummification conditions (Figure 

4.12). However, in comparison to the in vitro analyses of magnetite, several 

discrepancies were noticed. Firstly the peak at 214.9 cm-1 attributed to a laser shifted 

haematite peak was no longer present in any of the in situ analyses. The peak at 1086.9 

cm-1 was also absent from in situ analysis, which, together with the peak at 1292.5 cm-1 

was possibly attributed to a lepidocrocite ( -FeOOH) contaminant species. All in situ 

peak positions were also noticeably downshifted by approximately 15 – 20 cm-1, which 

may be explained by the surface morphology and grouping of the pigments within the 

tissue. This is caused by the subsequent endocytosis of magnetite particles into 

phagocytic cells (such as macrophages), effectively concentrating the pigments into 

tightly packed cells. This is followed by microtome sectioning of the tissue, which 

effectively presents a pseudo-flat surface to be analysed by the laser. The higher 

concentrations of pigment and flat surfaces act to impede the decomposition of the 

magnetite to haematite, the latter effect demonstrated by de Faria et al.173 A broad, weak 

feature was also observed at approximately 1560 cm-1 in some spectra, possibly a 

residual maghemite ( -Fe2O3) peak from the martitization process. 
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Table 4-5. In situ magnetite peak positions (wavenumber / cm-1) detected within the various 
mummification types. Errors are given at a 95% confidence interval. 

DMA NMA FMA SMA 

263.1 ± 2.7 260.6 ± 4.6 256.5 ± 1.9 257.4 ± 2.2 

371.9 ± 6.5 370.7 ± 6.9 360.4 ± 6.1 365.0 ± 5.5 

474.6 ± 4.3 475.8 ± 6.4 470.0 ± 5.0 471.8 ± 4.7 

583.1 ± 4.8 579.9 ± 5.3 574.3 ± 5.6 573.3 ± 4.5 

638.5 ± 2.3 638.6 ± 3.1 657.8 ± 11.9 637.9 ± 4.4 

1275.0 ± 6.7 1275.9 ± 7.7 1269.8 ± 6.1 1274.8 ± 2.7 

 

 

Figure 4.12. Typical Raman spectra of magnetite pigment analysed in situ within the various 
mummification types. 
 

4.2.2.5 Lapis Lazuli 

Raman analyses of crushed lapis lazuli pigment tattooed within the various mummified 

skins showed extremely reproducible spectra (Figure 4.13). As with the other pigments 

dealt with above, the mummification process subjected to the tattooed skin samples did 

not appear to have any effect on the Raman peak positions of the lapis lazuli. No 

observable wavenumber shifts or differences could be seen when compared to in vitro 

measurements (Chapter 3.3.1.5). The larger errors began to emerge toward higher 
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wavenumbers as the various vibrational overtones became progressively broader and 

weaker in intensity towards an increasingly fluorescent background, thus resulting in 

less accurate peak assignments (Table 4-1). The in vitro microprobe analyses of 

crushed, naturally occurring lapis lazuli often yielded spectra belonging to co-occurring 

minerals due to sample division, variation and spot targeting. During in situ analysis, 

however, this variation was very much reduced, owing to the cellular grouping effect 

mentioned above in Chapter 4.2.2.4. 

Table 4-6. In situ lapis lazuli peak positions (wavenumber / cm-1) detected within the various 
mummification types. Errors are given at a 95% confidence interval. 
 

DLA NLA FLA SLA

236.7 ± 0.7 236.4 ± 0.0 237.6 ± 1.1 236.4 ± 0.0 

269.7 ± 1.4 268.3 ± 1.8 268.9 ± 1.7 269.7 ± 1.4 

520.5 ± 0.0 522.8 ± 2.1 523.1 ± 0.7 522.8 ± 2.1 

781.7 ± 1.4 782.6 ± 1.0 784.9 ± 1.8 782.6 ± 1.4 

814.2 ± 0.7 815.0 ± 1.2 815.0 ± 1.0 814.5 ± 0.8 

1069.8 ± 1.0 1070.4 ± 1.4 1070.4 ± 1.0 1071.2 ± 0.6 

1340.4 ± 5.0 1334.5 ± 2.0 1333.0 ± 3.1 1332.7 ± 2.9 

1618.0 ± 3.1 1617.7 ± 2.4 1617.1 ± 1.8 1619.6 ± 2.2 

1882.5 ± 4.9 1882.4 ± 2.9 1880.1 ± 3.6 1885.6 ± 2.9 

2159.4 ± 2.4 2160.1 ± 2.7 2159.9 ± 2.6 2160.1 ± 2.8 

2438.0 ± 4.3 2436.4 ± 2.6 2431.7 ± 3.8 2434.9 ± 3.1 

 
Figure 4.13. Typical Raman spectra of lapis lazuli pigment analysed in situ within the various 
mummification types. 
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4.2.3 SEM-EDS 
 

4.2.3.1 Flame Carbon – ‘Soot’ 

By surveying the image ‘maps’ obtained by light microscopy, ‘soot’ particles were 

located in various sections and analysed (uncoated) by EDS. As expected, carbon and 

oxygen were the two strongest peaks detected (Figure 4.14), with flame carbons usually 

consisting primarily of carbon and between 8 – 60 % of hydrogen (Dippel et al. citing 

Schulz)157. Minute traces of Na, P, S and Cl were also detected originating from the 

surrounding tissue, which along with K (highly diffusible), will be the major biological 

inorganic elements whose signals will be detected during analyses.196 

 

Figure 4.14. Typical in situ EDS spectrum of flame carbon ‘soot’ pigment (VP-mode, uncoated). 
 

Lacking a distinctive elemental fingerprint for differentiation purposes, the focus turned 

to high-resolution SE images in order to identify the pigment through its characteristic 

physical or morphological features. Figure 4.15 shows a typical SEM image of a 

tattooed skin section where groups of the ‘soot’ pigments were indistinguishable from 

the surrounding tissue. However, using corresponding light microscopy images of the 

section (Figure 4.15 inset), the approximate positions of major pigment groups were 

located in the section and subsequently investigated. Upon further magnification, large 

clumps of pigment particles were seen amidst a network of surrounding tissue (Figure 

4.16). 
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Figure 4.15. An example of a low magnification SE image of a skin section tattooed with 'soot'. Arrows 
indicate major pigment groups located within the corresponding light microscopy image (Inset). 
 

Figure 4.16. Higher magnification SE image of the pigment group indicated by the red arrow in the 
figure above. 

DSB DDDDDSSSSSSSSSSSSBBBBBBBBBBBBBBDDDDDSSSBB
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The concentrated clustering of the ‘soot’ particles into such arrangements suggests that 

the pigment was held within the cytoplasm of an engorged macrophage (or similar cell) 

before being exposed by subsequent sectioning of the tissue. The individual particles of 

the flame carbon no longer possessed the defined borders and morphologies seen during 

in vitro images (Figure 3.11) due to their forced compaction into cellular bodies. The 

particles are further obscured by the surrounding tissue matrix in which they were 

bound (Figure 4.17). However, smaller groups and particles within the larger mass 

could be seen to resemble the original ‘soot’ particles. The various mummification 

procedures had no visible effect on the relative locations of pigments as all cellular 

aggregation occurred ante-mortem. In some pigment groups, the effects of cryostat 

sectioning were visible in the form of plateaued or flattened areas on pigment groups, 

which were devoid of any morphological features (Figure 4.18). The small particle size 

of the pigment means that it would be susceptible to such physical manipulation. 

 

Figure 4.17. High magnification SE image showing the tight packing of 'soot' particles further obscured 
by the surrounding tissue matrix. 

SSB 



Chapter 4 

 163

 

Figure 4.18. SE image showing the flattened areas caused by cryostat sectioning. 
 

4.2.3.2 Bone Black 

Initially, the location of bone black pigments within tissue sections was to be achieved 

by surveying back-scattered electron (BSE) images for areas of higher intensity given 

the high inorganic content of the pigment predetermined by in vitro analyses. However, 

all BSE images, regardless of mummification type, were devoid of any regions of 

intensity, suggesting an unexpected reduction in calcium and phosphorus levels (Figure 

4.19). To confirm this, EDS was performed on various pigment groups located via 

corresponding light microscopy images. Figure 4.20 shows an example of an EDS 

spectrum obtained from a pigment group located within a naturally dehydrated section. 

When normalised to the carbon K  peak, a very weak phosphorus peak may be seen, 

however, this may be attributed to the pre-existing phosphorus content in the skin. It is 

not until the expansion of the y-axis that one is able to observe the weak presence of 

calcium. Hydroxyapatite signals were extremely weak in comparison to the levels 

observed during in vitro analyses of the pigment and in some cases, the pigments were 

devoid of calcium altogether. 

FSB 
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Figure 4.19. Back-scattered electron image of an intracellular group of bone black pigment showing the 
lack of atomic number contrast. (Inset) Corresponding light microscopy image indicating the pigment 
group of interest. 

Several theories are possible as to the fate of the calcium and phosphorus. The initial 

thought was the dissolution of the bone apatite matrix during the tissue rehydration step. 

To confirm if this was the case, raw bone black pigment was placed in a glass vial filled 

with 25 mL of the Ruffer (1921) rehydration solution and placed on an agitator stage for 

48 hours. After this time, the pigment was removed and left to air dry on a 

Thermanox™ coverslip before being lightly scattered onto a 12 mm diameter self-

adhesive carbon tab and mounted onto 12.6 mm diameter aluminium SEM stubs for 

EDS analysis. The resulting spectrum (Figure 4.21) recorded strong calcium and 

phosphorus contributions, discounting the rehydration solution as being responsible for 

any leaching. Minor peaks attributed to sodium and magnesium were detected, which 

are recognised constituents of bone material. However, possible contamination from the 

Na2CO3 in the Ruffer solution has been considered for this and other samples. Also 

considered was the process of creating the tattoo ink, that is, the suspension of the raw 

pigment into the sugar cane extract carrier. However, samples of the original tattoo ink 

were analysed to find levels of calcium and phosphorus present in amounts similar to 

those shown in (Figure 4.21). 

DBB 
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Figure 4.20. (Top) Typical in situ EDS spectrum of bone black tattoo pigment. (Bottom) Expanded area 
of the spectrum showing trace readings of calcium. 

DBB 
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Figure 4.21. EDS spectrum of raw bone black pigment subjected to 48 hours of Ruffer (1921) solution. 
 

As was the case with the ‘soot’ pigment, the lack of a detectable elemental profile meant 

that the focus shifted to visual characterisation of the pigment. Larger particles were 

targeted and as seen in Figure 4.22, the surface was primarily coarse and non-uniform. 

Particular structures on the particle at first resembled characteristic features found in 

bone, such as the pit indicated by the yellow arrow in Figure 4.22, which may be a 

lacunae or canaliculi. However, even taking into account shrinkage caused by heat 

treatment (~2.5 – 5 % at 650 °C)197 the feature is too small to be classified as such. The 

remains of what appear to be lamella-like plate structures fracturing in a certain 

direction may also be seen in Figure 4.23 (yellow arrows). Higher magnification images 

show a highly porous surface (Figure 4.24) but the absence of much of the re-

crystallised mineral content seen during in vitro surface studies (Figure 3.15). The high 

magnification image also showed apparent features of mineral sintering (indicated by 

the red arrows) as described by Shipman et al.197, however they are most likely to be 

tissue artefacts from the surrounding dermis. An interesting feature discovered on one 

particle was the possible incursion of bacilli-like populations seemingly residing within 

the various cavities of the bone (Figure 4.25); however their sub-micron sizes appear to 

be too small to be classified as such.
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Figure 4.22. SE image of a bone black pigment particle in situ. A possible lacunae is indicated by the 
yellow arrow. 

 

Figure 4.23. SE image of a bone black pigment surrounded by tissue matrix. The yellow arrows indicate 
possible lamella structures. 

DSB 

SBB 
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Figure 4.24. High magnification SE image of bone black pigment in situ. Red arrows indicate possible 
sintering of crystallised hydroxyapatite. 

 

Figure 4.25. Enlargement of the region to the right of the blue arrow in Figure 4.23 above, showing a 
possible incursion of Bacilli-like bacteria into the pigment or protein recrystallisation 

SBB 
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However, it is highly unlikely any such bacteria would survive after furnace heating at 

650 °C. If indeed these entities were confirmed to be bacteria, then their existence 

would have occurred post-mortem on the sections (although none were detected 

elsewhere on surrounding tissues). An alternative proposal is that these features are the 

recrystallised proteinaceous component from the bone, which were exuded during 

heating and then subsequently cooled to room temperature. 

4.2.3.3 Vine Charcoal 

As with the other corresponding carbon-based tattoo pigments, the analysis of vine 

charcoal first began with EDS to probe for a recognisable elemental profile, which in 

this case would be moderate levels of potassium and (possibly calcium) as residual 

macronutrients detected during in vitro studies of the raw pigment. The in situ EDS of 

the pigment within all mummification types, however, found potassium to be mostly 

absent and if found, was only present in very minute traces. At such levels, the 

potassium may have been detected from the surrounding tissue rather than the pigment 

itself (Figure 4.26). Sodium was found to be present in unusually high amounts 

compared to its absence during in vitro analyses while sulphur and chlorine were 

detected at trace levels conforming to those found in skin. The reduction in potassium 

once again prompted suspicion of the Ruffer (1921) rehydration solution as responsible 

for removing the ions. Raw vine charcoal pigment was placed in the Ruffer (1921) 

solution and agitated for 48 hours to determine if the alkali metal compounds had 

indeed dissolved into the solution. Subsequent EDS analyses (Figure 4.27) of the raw 

pigment found a significantly reduced level of potassium and also revealed calcium to 

be present, whereas it was previously obscured by the potassium K  line. The increased 

levels of sodium detected in situ may now be attributed to contributions from the 

Na2CO3 used to prepare the Ruffer (1921) solution owing to its absence during in vitro 

analyses of the pigment and its presence during in situ analyses (Figure 4.26). 

Phosphorus was detected at reasonably unaffected levels while the silicon and sulphur 

peaks were attributed to impurities in the carbon tab as previously analysed (Chapter 

4.3.4.2). As with the bone char pigment, the carrier solution used in the ink preparation 

was also suspected as a possible solvent in dissolving the macronutrient component, 

however, subsequent analyses proved that this was not the case. 
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Figure 4.26. Typical in situ EDS spectrum of vine charcoal tattoo pigment. 

 

 

 
Figure 4.27. EDS spectrum of raw vine charcoal pigment subjected to 48 hours of Ruffer (1921) solution. 

DVB 
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Figure 4.28 shows a pigment group clearly encapsulated within the cellular body that 

had ingested it during phagocytosis. Even at low magnifications, several angular 

structures analogous to plant based chars may be seen. Upon higher magnification, 

some structures showed their cellulose walls to be unaffected by the processes of 

ingestion and digestion (Figure 4.29). Other structures, however, appear to have lost 

slight aspects of their angular edges, which seems to be the combined effects of possible 

enzymatic breakdown and being embedded in a coating of cellular material, resulting in 

the features becoming obscured (Figure 4.30). 

 

 
Figure 4.28. Low magnification SE image of a vine charcoal pigment group contained within a cellular 
body. 

SVB 
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Figure 4.29. (Above and Below) High magnification SE images showing the excellent preservation of the 
pigment’s cellular walls in the skin. 

FVB 

FVB 
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Figure 4.30. High magnification SE image showing pigment pieces embedded in a matrix of intracellular 
material. 
 

4.2.3.4 Magnetite 

The location of magnetite pigment in tissue sections was a more straightforward process 

compared to the carbon-based pigments above. As a compound featuring a heavy iron 

presence, back-scattered images at low magnification were used to disclose the various 

positions in the papillary dermis holding the pigment (Figure 4.31). Once the pigment 

groups were revealed, EDS was performed on these areas to produce various spectra 

showing strong iron signals from the K , K  and L  transitions with acquisition times 

kept to a minimum to avoid possible thermal decomposition. Despite the beam being 

targeted onto the magnetite pigment, carbon and oxygen appeared to be the most 

abundant species detected (Figure 4.32). The oxidised magnetite was assumed to have 

contributed to the detected oxygen levels while the majority of the carbon levels were 

found to have originated from the surrounding tissues (based on control samples 

analyses). Sodium was consistently detected for all samples while sulphur and chlorine 

were intermittently present in trace amounts (Table 4-7). Upon examination of several 

other back-scattered electron images, a higher percentage of magnetite pigment 

appeared to reside extra-cellularly rather than being enclosed within macrophagic cells. 

Higher magnification of the pigment in situ did not find any of the octahedral crystal 

SVB 



Chapter 4 

 174

structures encountered during in vitro analyses, therefore, further morphological 

characterisation was not pursued. 

 

 
Figure 4.31. An example of magnetite pigment being detected in the skin section using the back-scattered 
detector. 
 

 
Figure 4.32. Typical in situ EDS spectrum of magnetite tattoo pigment. 

DMB 

DMB 
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Table 4-7. Elements detected during in situ analyses of magnetite tattoo pigment. 

 C O Na S Cl Fe 

DMB      K ,  / L  

      K ,  / L  

      K ,  / L  

DCB       

NMB      K ,  / L  

      K ,  / L  

      K ,  / L  

NCB       

FMB      K ,  / L  

      K ,  / L  

      K ,  / L  

FCB       

SMB      K ,  / L  

      K ,  / L  

      K ,  / L  

SCB       

An ' ' indicates the presence of a particular element. All detected peaks originated from K  
lines unless otherwise indicated. The highlighted rows are the mummified control samples. 

 

4.2.3.5 Lapis Lazuli 

The in situ analysis of lapis lazuli tattoo pigment was approached in the same manner as 

the magnetite pigment above. Using the back-scattered detector, images were obtained 

based on atomic number contrast, revealing the majority of the pigment to reside 

primarily in the papillary dermal region (Figure 4.35 and Figure 4.35). Higher 

magnification images showed the variation in pigment sizes. Once located, EDS 

analyses were carried out by targeting the pigments in the uncoated sections, resulting in 

spectra (Figure 4.33) reminiscent of those obtained during in vitro analyses of the raw 

pigment. Six replicates were taken for each mummification type including an analysis 

for the respective un-tattooed control sample. The elements detected reflected the two 

major mineral groups present in the rock (lazurite and diopside) as determined by XRD 

analyses (Chapter 4.3.3.2). The presence of calcium, magnesium and silicon points 

towards the diopside constituent while the combination sodium, aluminium and silicon 

would be part of the lazurite. Normally, sulphur would be associated with the latter 

mineral group; however, the natural quantity of sulphur in skin complicates any outright 

connection. 
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Figure 4.33. Typical in situ EDS spectrum of lapis lazuli tattoo pigment. 

 

 

 
Figure 4.34. Low magnification BSE image revealing the location of lapis lazuli pigment in the papillary 
dermis. 
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Figure 4.35. High magnification BSE image of the region indicated by the arrow above. 

 

Due to the spot targeting or microprobe nature of the analyses, together with the 

pulverised nature of the pigment, some elements were not consistent as reflected by 

their absence, presence and/or difference in relative count rates during respective 

analyses (Table 4-8). The heterogeneous nature of the gemstone was further emphasised 

by the presence of potassium and titanium in some analyses, perhaps indicating traces of 

the commonly co-existing minerals muscovite and sphene. Analyses of control samples 

showed an inherent and consistent presence of the C, O, Na, S and Cl in the skin. 
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Table 4-8. Elements detected during in situ analyses of crushed lapis lazuli tattoo pigment. 

 C O Na Mg Al Si P S Cl K Ca Ti 

DLB             
          ,    
             
             
       T      
             

DCB             
NLB           ,   

             
           ,  T 

             

          ,   T 

           ,   
NCB             
FLB             

             
           ,   
           ,   
             
           ,   

FCB             
SLB           ,   

          ,    
           ,   
           ,   
    T         
          ,    

SCB             
An ' ' indicates the presence of a particular element, while a ‘T’ indicates presence in 

trace amounts. All detected peaks originated from K  lines unless otherwise indicated. 

The highlighted rows are the mummified control samples. 
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4.3 Discussion 
 

4.3.1 In Situ micro-Raman Spectroscopy 

It has long been suspected and often inferred that ‘soot’ was the pigment used by 

ancient tattoo artists. This was based on historical precedence, visual hypotheses from 

histological sections and as a process of elimination due to analytical techniques unable 

to identify the lighter elements.14 There are various forms of carbon-based pigments, 

which are classified into the two major classes of crystalline (graphite) and non-

crystalline forms. The latter may be further subdivided into heat/pyrolysis evolved 

materials (flame carbons, cokes, chars) and naturally derived sources (coals).158 The 

investigation of disordered carbon by Raman spectroscopy has been comprehensively 

studied since the advent of laser excitation sources and has been applied successfully in 

the identification of carbon-based pigments in prehistoric pottery198 and rock art199. The 

tissue processing and preparation methodology employed in this study has demonstrated 

that it is possible to positively identify carbon-based tattoo pigments in situ, within 

mummified tissues. The intensity ratios of the graphitic and defect peaks (ID/IG), full 

width half maxima (FWHM), along with their relative peak positions may indicate the 

level of disorder in the material’s layering strata, crystallite size and the 

annealing/temperature of formation. Both the ‘soot’ and bone char samples possess an 

ID/IG ratio favouring the D-band, suggesting a higher level of disorder in the material, 

which also corresponded to the temperatures in which they were formed (~1000 °C and 

650 °C respectively). Conversely, the vine charcoal produced spectra with a slightly 

more intense G-band, corresponding to its lower temperature of formation (350 °C). 

The shift of the graphitic G-band to higher wavenumbers in the flame carbon also 

suggested a longer time spent in the flame and hence a higher temperature.157 However, 

these features cannot be used for class discrimination as any organic material may 

undergo graphitisation through pyrolysis, hence experiencing similar shifts upon 

annealing. Contributing factors may also include the degree of hydrogenation (G-band 

width)200 and various pre-existing heteroatoms incorporated into either vine charcoals 

and/or bone black carbons with additional issues arising from the evolution of 

intermediary coking or carbonaceous mesophases.158 If one was to rank the carbon-

based pigments in terms of ease of in situ Raman analysis, the following holds true: 

Vine Charcoal > Bone Black > Flame Carbon ‘Soot’. This was judged in terms of 

relative pigment size, aggregative behaviour and biocompatibility. The irregular ‘char’ 
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morphology and larger particle sizes of the vine charcoal and bone black pigments 

resulted in slower cellular re-distribution within the skin and hence, larger accumulated 

groups available to be targeted by micro-Raman spectroscopy. Flame carbons being of a 

much smaller particle division will be more prone to this redistribution throughout the 

papillary dermis. For all carbon-based pigments, it was found that cellular aggregation 

of the particles improved the general reproducibility of the spectra. The concentration of 

pigments into cellular groups due to the phagocytic process, coupled with the relatively 

flat sample planes produced by microtome sectioning provided a more ideal sample 

surface for dispersive Raman signal detection than the poly-disperse, randomly oriented 

surfaces encountered during in vitro analyses of the raw bulk samples. However, the 

inability of Raman spectroscopy to differentiate between classes of carbon-based 

pigments at the molecular level meant that other alternative analytical methods would 

have to be adopted. The scanning electron microscopic solution is discussed in the next 

section. 

Although in situ micro-Raman analyses were able to detect the magnetite pigment 

within the skin, its thermal instability under laser excitation was once again 

demonstrated with analyses showing the evolution of peaks matching those of -Fe2O3 

(haematite). In this particular case, and possibly for other thermally unstable substances, 

the characteristic transformation of magnetite to haematite may be used as a measure of 

identification. Hence, suitable measures such as a reduction in laser power may be taken 

to obtain relevant profiles on a different section of pigment. However, straightforward 

decomposition into haematite cannot always be expected and if sourced naturally, with 

co-existing iron oxides (along with other contaminant species) expected to be present 

pre-analysis and possibly evolved during the investigation. In the event that the level of 

thermal decomposition is severe enough to render spectra uninterpretable, 

complementary techniques such as Energy Dispersive X-ray Spectroscopy may be used 

to further evaluate the identity of the pigment.  

The in situ analysis of crushed lapis lazuli resulted in very reproducible spectra with 

peak positions demonstrating no significant deviation from those obtained during in 

vitro analyses. There were also no apparent effects caused by the various 

mummification procedures subjected to the samples. Given the complex nature of the 

rock, the identity of the pigment would not have been easily identified through any 

qualitative elemental means. The detection of signature combinations of elements 

synonymous with its molecular formula would be inadequate in stating its presence 
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unequivocally, owing to the myriad of co-existing minerals that may be incorporated 

into its structure. The use of a He-Ne 632.8 nm laser excitation source produced the 

characteristic resonance-enhanced fundamental and overtone vibrations associated with 

S3  anions within the host sodalite cage of the lazurite. Due to the intracellular 

concentration of pigment particles, the predominating lazurite mineral was often the 

spectra acquired, however, spectra attributed to other compounds (such as calcite) were 

still detected occasionally. As the complex nature of the naturally occurring rock will 

result in the inevitable detection of co-existing mineral species, appropriate replicate 

analyses and complementary analytical techniques would provide a more conclusive 

answer. 

The combination of a tissue support medium that is non-embedding and a chemical-free 

processing methodology has allowed for the successful identification of traditional 

pigments in rehydrated mummified skin using micro-Raman spectroscopy. The high 

spatial resolution achievable with the coupled microscope allows the targeting of 

specific pigment groups located within the cytoplasm and subsequent organelle 

vacuoles of engorged macrophages. The versatile nature of Raman spectroscopy itself, 

barring overwhelming fluorescence or thermally sensitive materials, allows for almost 

any substance to be comprehensively identified through the observation of their 

vibrational modes or at least characterised to an extent so as it may complement other 

analytical techniques. 

In this particular study, enzymatic digestion carried out during phagocytosis did not 

appear to modify the chemistry of any of the chosen pigments within the allotted 

healing period. However, lacking available data for extended periods of healing due to 

time constraints and animal ethics concerns, it cannot be conclusively stated that this 

would not necessarily happen. Foreign substances have been shown to be dissolved and 

digested during phagocytosis, subsequently precipitating with the phosphate anion 

species present from the acid phosphatase contained in lysosomes, producing new 

species.201 The mummification simulations carried out on the tattooed skin samples also 

did not appear to affect the chemistry of the pigments. However, it was observed that 

physical damage caused by some mummification types (in this case the ‘freeze-dried’ 

samples) may affect the amount of pigment retained in the tissue sections after 

microtomy. In such cases, thicker sections may be cut to help account for this. The in 

situ Raman analysis of pigments within skin sections was initially expected to be 

plagued by contaminating signals originating from the vibrational modes of the 
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surrounding dermal collagen. However, even the most prominent peaks from collagen 

(Amide I (C=O) band at ~1650 cm-1, Amide II band (CH2/CH3) at ~1444 cm-1 or the 

(CC) aromatic ring stretching at ~1000 cm-1)202 were not observed. Huang et al.153 

experienced a general reduction in Raman intensity in frozen tissues while Ó Faoláin et 

al.193 reported specific decreases in intensity for the aforementioned peaks associated 

with collagen. The fact that the skin samples were not chemically fixed and allowed to 

‘mummify’ in a variety of ways would also no doubt contribute to the overall reduction 

in biological signal intensities. The absence of these signals from the spectra may also 

be attributed to the thinness of the sections, which were kept as thin as possible based 

on the examination of initially cut sections to determine if pigments were retained in the 

slices. By this method, the pigments are more likely to be directly exposed to laser 

excitation and hence ‘clean’ Raman spectra could be obtained. The Raman spectra of 

biological samples obtained using excitation sources in the visible region are known to 

be subject to auto-fluorescence and low signal to noise ratios203 and this was observed 

first-hand during the analysis of non-tattooed control samples. Since the laser source 

chosen for this study was a He-Ne 632.8 nm laser, the absence of any fluorescence 

normally associated with biological tissues signifies that the sections were adequately 

thin enough to expose the pigments to air or at the very least, be enclosed in a film of 

tissue thin enough so as not to contribute any significant signals to the pigment spectra.  

4.3.2 SEM-EDS 

Flame carbon ‘soot’ lacked a unique elemental profile to be characterised by EDS in 

situ but was suitably characterised by general morphology and aggregate behaviour 

through high resolution images. Although recognised as the smallest disordered or 

amorphous form of carbon, the relative size of these particles are highly variable and 

largely dependent upon the conditions of their formation. It is highly unlikely to find 

individual particles as cellular grouping by macrophages and other cells help to cluster 

particles into a collective structure also, the pervasive tissue matrix will inevitably make 

characterisation harder. For this study, care was taken not to introduce any contaminants 

during the collection of the ‘soot’. In a more realistic scenario, however, the collection 

of soot may be scraped from the bottom of a ceramic or glass vessel, which may 

introduce contaminant mineral species into the pigment, which may subsequently be 

detected during EDS analyses. If further confirmation of the ‘soot’ is required, there lies 

a possibility for internal characterisation through high magnification transmission 

electron microscopy (TEM) imaging. Firstly, laser micro-dissection may be used to 



Chapter 4 

 183

isolate a cellular aggregate of ‘soot’ particles to be placed onto a suitable substrate for 

TEM. Under the right conditions, the internal microstructure of the disordered flame 

carbons, which consist of multi-nucleated cores of turbostratic lattices built up 

progressively to a crystallite outer shell.160, 161 However, the corresponding images from 

light microscopy together with information gathered from micro-Raman spectroscopy 

may put forward a strong enough case towards the identification of flame carbons 

should they be encountered as tattoo pigments. 

In the case of the bone black pigment, the strong reduction of calcium and phosphorous 

during in situ analyses was at first thought to have been dissolution in the Ruffer 

rehydration solution and/or during the suspension in the carrier solution. However, both 

were discounted after further investigative EDS analyses. This left one likely 

possibility, which was that the ions were removed during phagocytosis of the pigments. 

Despite the acidic contents of lysosome organelles being capable of removing the 

inorganic content from the char and leaving behind the carbonated collagen/gelatine 

fraction, the short period of time spent in the skin (29 days) seems to be too brief for 

this to occur. Therefore, this leaching effect may prove to only be relevant in this 

particular study as a phenomenon associated with our specific laboratory preparation of 

the pigment. In order to learn more about the possible leaching of the residual mineral 

content of the bone pigment, replicative experiments would have to be carried out 

focusing on various levels of inorganic content. Unfortunately, this was not possible due 

to time constraints. Nevertheless, the detection of calcium and phosphorus in a tattoo 

pigment, together with any available Raman spectra would be sufficient enough to 

classify it as originating from bone or ivory. 

Morphological studies of the bone black pigment showed the majority of particles 

embedded within the tissue, thus concealing valuable surface information. Some larger 

particles, however, were able to be studied and were revealed to feature less particulate 

matter on the superficial layer in comparison with in vitro images of the pigment. This 

may be the result of the same cellular ingestion and digestion responsible for the 

dissolution of the inorganic fraction. The fragmentary behaviour of bone is such that it 

will splinter along the contours of ossification centres during fracture (Holden citing 

Holck).204 Several structures were seen in various images resembling lamella plates and 

possible canaliculi or lacunae. However, the latter two features were discounted after 

SEM analyses of unheated crushed bone samples showed lacunae to be sized at ~5 – 7 

m and canaliculi at ~ 200 nm, neither of which were found in the corresponding heated 



Chapter 4 

 184

bone black pigment. It is assumed that the preparation of bone black pigment would 

involve the cremation of whole or large fragments of bone in order to make 

pulverisation easier, therefore, features indicative of such post-mortem heating and 

breakage could be a point of investigation when confronted with the possibility of bone 

black tattoo pigment. This of course, is dependent upon the size and exposure of 

pigments within the sections. However, one has to also consider such features with care 

and scepticism as possible artefacts introduced from post-mortem firing, crushing, and 

surrounding tissues or perhaps even from the phagocytic processes. In reality, it may be 

more than likely that particles encountered within sections would be pulverised and/or 

heated to such an extent that they may possess no recognisable surface morphology. 

Any suggested morphological feature would only prove valid through contextual 

comparisons with other particles before stating the bulk pigment to be bone or ivory 

derived. 

In vitro EDS analyses of raw vine charcoal pigment showed elevated potassium signals, 

presumably from residual macronutrients. However, its presence during in situ analyses 

was not expected due to previous work demonstrating ions such as K+ to be highly 

diffusible within biological matrices.205 EDS analyses of the raw pigment subjected to 

the Ruffer rehydration and carrier solutions showed an absence of potassium, which 

pointed to several routes in which the ion may have been removed. Polosmak12 had 

claimed high potassium levels during in situ analyses of pigments found within the 

tattooed skin of a Pazyryk mummy but no details of the experimental procedure were 

provided in the paper. As with the other carbon-based pigments above, the focus turned 

to morphological characterisation as charred carbons often retain the morphology of 

their precursors. Both low and high magnification images showed the pigment to have 

retained original microscopic features with excellent preservation of the plant 

morphology in the form of cellular walls. Some images showed some areas of pigment 

to be less angular and defined, which may have resulted from the combination of 

intracellular digestion and slight concealment due to being embedded within a 

collagenous matrix. The identification through surface morphological detail is one of 

the more important advantages of SEM over TEM studies and this is demonstrated with 

the vine charcoal pigment. Cellulose is resistant to enzymatic breakdown unless acted 

upon by specific enzymes secreted by gut-residing bacteria in some mammals, however, 

it is envisaged that the sharp features present in this study may be less likely to be 

encountered for pigments that have experienced much longer healing periods.  
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The in situ EDS analysis of magnetite in mummified skin saw the detection of the same 

iron peaks found during in vitro analyses. However, it was carbon and not iron that 

dominated in situ spectra, which is unusual given that iron produces significantly higher 

energy x-ray signals than carbon. Since all EDS analyses were carried out on uncoated 

specimens, the inversion of signal intensities may have been attributed to the 

surrounding tissue in which the magnetite was embedded. Without quantification, it is 

not possible to identify the pigment as magnetite based purely on the presence of iron 

and oxygen alone. Given its thermal instability, there is also the possibility of pigment 

decomposition into different species under the electron beam, such as that encountered 

during micro-Raman analyses. Although higher magnification of the pigment did not 

find any of the octahedral crystal structures encountered during in vitro analyses, the 

presence of crystal structures cannot be discounted altogether, however the <300 nm 

crystal sizes, together with the incursion of cellular material in and around the pigment 

would make the search rather difficult. It was also observed that a large portion of the 

pigment existed extracellularly in comparison to the carbon pigments, which may point 

towards its biocompatibility or lack thereof. 

In situ analyses of the crushed lapis lazuli pigments produced spectra typical of the 

semi-precious gemstone. All elements owing to the sodium aluminosilicate framework 

were represented, together with strong inclusions from calcium, potassium and trace 

amounts of titanium indicating co-existing minerals. The highly complex and 

heterogeneous nature of the rock is shown in the varying intensities of elemental peaks 

detected, with the only constant being the absence of certain elements originating from 

the pigment during control samples analyses (See Appendix IV). The presence of 

sulphur cannot be purely associated with the lazurite because of the pre-existing content 

present in the skin. As with the magnetite, the lack of elemental quantification means 

that such a pigment cannot be identified outright as lapis lazuli, however, with 

supporting spectra from micro-Raman spectroscopy, it may be strongly inferred that the 

pigment is such. A large portion of crushed lapis lazuli was also seen to exist in the 

interstitial spaces in the skin rather than within cells. 

From the results, mummification did not appear to affect EDS analyses or 

morphological characterisation. However, as experienced during micro-Raman 

analyses, the ‘freeze-dried’ samples contained less pigment due to severe ice crystal 

damage. This reduced the amount of tissue surrounding the pigment groups and hence, 

few survived the sectioning process. Seeing as though some pigment particles 
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(especially the bone black and lapis lazuli examples) were in excess of 100 μm, it is 

quite possible that some pigments would have moved from their original location or 

were physically affected by the sectioning process. However, the presence of these 

larger particles in sections suggests that sectioning thickness is not as crucial as 

previously thought regarding the retention of pigments in sections. Nevertheless, 

examination of initially cut sections during cryo-microtomy still remains an important 

step to ensure the quality of slices and that pigments are retained in the sections for 

analyses. 

Regarding the general performance of EDS analyses, it must be asserted that any carbon 

signals detected during in situ analyses will be the compounded signal from the 

surrounding tissue material and the underlying Thermanox™ coverslips. As 

demonstrated in Figure 4.27, sodium signals detected during in situ analyses may be the 

result of residual sodium carbonate from the Ruffer rehydration solution or even the 

short saline rinsing step carried out before snap-freezing. Although thoroughly rinsed in 

deionised water, tissues mummified with the artificial natron ore may have had retained 

residual traces of the various sodium salts, which would have been subsequently 

dissolved into the rehydration solution, adding to the sodium ions in solution that may 

then penetrate the tissues. Although analyses of natron mummified samples did not 

show unusually elevated sodium peaks, it would be prudent to analyse the same sample 

(if available) after rehydration with a different solution free of sodium or any element 

that may be targeted during subsequent analyses. 

High-resolution SEM images were used to characterise three forms of amorphous 

carbon-based pigment, which were previously unable to be differentiated by micro-

Raman spectroscopy alone. Corresponding light microscopy images were used to good 

effect to confirm and locate these pigments in situ, overcoming the lack of contrast from 

the surrounding tissue. The thermal instability of magnetite under a laser source resulted 

in compromised Raman spectra and although the same risk of decomposition exists with 

an electron beam, the detection of the various iron peaks using EDS, coupled with the 

eventual evolution of haematite during Raman analyses presents a strong case for the 

characterisation of magnetite in situ. This demonstrates the combination of Raman and 

SEM-EDS to be useful in the identification of any pigments susceptible to thermal 

decomposition. The in situ analysis of crushed lapis lazuli, which was chosen to 

represent a pigment with a complex mineralogical composition, showed that qualitative 

EDS alone was insufficient for identification. However, coupled with the unique 
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resonant spectra obtained with micro-Raman spectroscopy, lapis lazuli or almost any 

other mineralogical pigment may be characterised in this fashion. The above results 

demonstrate SEM-EDS to be a viable complementary analytical technique to micro-

Raman spectroscopy. The combination of elemental detection via EDS, morphological 

characterisation on the nano-scale by high-resolution SEM coupled with the molecular 

vibrational information obtained using micro-Raman spectroscopy proves to be a robust 

analytical scheme for the in situ chemical analyses of traditional tattoo pigments in 

mummified skin samples. 
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5 Modern Tattooing 

History and Current Trends 

5.1 Historical Advent 

Retrospectively, it is difficult to label a distinct moment in history when tattooing 

methods transformed from ‘traditional’ to ‘modern’. As outlined in Chapter 1.2.1, the 

development of pigments through the ages saw a shift from simple, dark coloured 

animal/vegetable sourced materials to brightly coloured minerals, both naturally derived 

and synthetically produced, the latter of which is still employed in some tattooing inks 

today. However, when considering the skills needed to perform the intricate patterns on 

human skin, one may argue that the advent of the electric tattoo machine heralded a new 

age in the art form. The automation of pigment delivery into the dermis transformed this 

form of body-modification from labour intensive, painful manual methods to an arena 

more analogous to the action of drawing, sketching or painting. 

5.2 Tools 

The original inspiration for today’s tattooing machines may be traced back to Thomas 

A. Edison’s Stencil-Pen (Figure 5.1, left), which was patented on November 6, 1877. 

The device, which was Edison’s second patent for the same function, was originally 

intended as a stencilling instrument to perforate a design onto paper, which would be 

placed over an object to be painted.206 The machine was driven by a rotary-motor, 

which drove a needle up and down a shaft. Samuel O’Reilly was the first to patent a 

machine (based on Edison’s rotary-motor design) for the purpose of tattooing in 1891 

(Figure 5.1, right).206 It was Charlie Wagner in 1904, however, who first incorporated 

electromagnetic coils into the design, a model that would more or less remain 

unchanged through to the machines sold today (Figure 5.2).18, 206 
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Figure 5.1. (Left) Thomas Edison's 2nd Patent for his Stencil-Pen device.207 (Right) Samuel O'Reilly's 
patent for a tattooing machine based on Edison's design.208

 

 

The basic premise of the machine mirrors an alternating current, except that the 

electromagnetic coils are fed on a transformed low-voltage direct current. The two coils, 

magnetised by the current, pulls a spring-mounted bar downwards, until the point in 

which the circuit is broken and the bar retracts back to its original resting position. The 

tip of the bar will be equipped with a clip or similar measure to allow various forms of 

needles to be mounted. The needles themselves hold the same arrangement as their 

traditional counterparts, in that a single needle is employed for delicate line-work, while 

shading or filling effects may be achieved using groups of several needles. The mounted 

needle(s) will protrude out from a hollow tube held by the tattooist, at a rate usually 

determined by a footswitch controlled rheostat.206 
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Figure 5.2. (Left) Charles Wagner's patent for his tattooing device.209 (Right) A modern tattooing 
machine.210

 

5.3 Pigments 
 

5.3.1 Inorganic 

As with various materials adapted for human use, tattoo pigments were originally 

sourced from naturally derived products (see Chapter 1.2.1). Coloured compounds were 

readily available in the form of naturally occurring coloured minerals and as mentioned 

previously, the use of these colours in Japanese tattooing created from coloured 

minerals and carotenoids was arguably the dawn of modern tattooing pigments. The use 

of coloured pigments in Japan may have come into fruition around AD 1750 during the 

Edo period, when tattooing was acceptably performed as a figurative art (horimono) 

rather than for punishment (irezumi).17 Coloured inks (other than black) were more than 

likely experimented with in Japan (and other countries) much prior to AD 1750, but as 

the art progressed, the need for colour saw the introduction of new pigments. 

Multicoloured, full-body suited horimono in Japan reached an apex of complexity and 



Chapter 5 

 192

design during the Bunka period (AD 1804 – 1818)17, prompting the following statement 

from Hambly “no other style can compare in colour, form, motion, or light and shade of 

background…”19 A major influence in the colour and design of Japanese tattooing was 

the Chinese novel (Shui-hu chuan), which was translated and adapted into Japanese in 

1773.17, 18 The novel, known as Suikoden in Japanese, featured a traditional ‘Robin 

Hood’ style storyline consisting of 108 heroes, of which (originally) four were 

elaborately tattooed. The popularity of the book and its characters sky-rocketed when 

master painter Katsushika Hokusai illustrated the characters in AD 1805.17, 18 

Subsequent translations and adaptations saw the number of tattooed characters 

eventually expanded to twenty, thanks to another master artist, Utagawa Kuniyoshi.17 

The Suikoden heroes eventually became commonplace on the skins of Japanese in the 

early part of the nineteenth century. The exemplary Japanese style of tattooing spread 

into Europe and the Western World through the word and physical examples of British 

sailors, officers, dignitaries and even royalty who visited Japan and were subsequently 

tattooed by resident masters. While serving aboard the HMS Bacchante in 1862, the 

Dukes of Clarence and York (later King George the V) received tattoos from the 

legendary Japanese tattooist Hori Chiyo while visiting Japan,18 the Duke of York 

choosing a blue and red dragon design. With such noble patronage, it was inevitable that 

the practice’s popularity exploded during the latter part of the 19th Century. 

 

To emulate the colours produced by their Japanese counterparts, Western tattoo artists 

would have created their own pigments and inks using locally available materials. As 

the demand for tattooing increased, the reputations of many tattooists were forged and 

like their traditional artistic peers, the quality of their work would rely not only on their 

skill but on their tools and equipment. As a new ‘trend’, tattooing was unregulated 

regarding aspects of sterilisation and potential toxicity of the pigments used. With no 

regulatory restrictions, pigments were produced using various coloured inorganic salts 

and compounds. Early medical reports of complications caused as a direct consequence 

of tattooing were predominated by blood-borne diseases rather than any hypersensitivity 

or adverse reactions to the pigments themselves. Bercheron211 (translated by Shie212), 

reported 43 such cases in which eight resulted in death, another eight that resorted to 

amputations, seven presented gangrenous symptoms, one patient showed an 

arteriovenous aneurysm and the remaining 25 were affected by severe infection and 

inflammation. Obviously, with less than sterile conditions occurring in tattoo parlours of 

that period, there lay a high risk for infection. Regarding pigment hypersensitivity, the 
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basic constituents of tattoo inks was not common knowledge until case reports of 

adverse reactions and other inflammatory reactions began to emerge, one of the first 

cases being presented by Madden213 in 1939. The majority of hypersensitivity reactions 

occurred in the dermal layer with the most common reactions being granulomatous 

(sarcoidal or foreign-body)214-217, lichenoid218-220 (with some resembling lichen planus) 

or even pseudolymphomatous221 in nature. Some pigments were found to be 

photosensitive, with Bjornberg222 discovering that light of the wavelength 380 – 450 nm 

induced a phototoxic effect on yellow tattoo inks coloured with cadmium sulphide. 

Sowden et al.223 reported patients who were tattooed with red cadmium and mercury 

compounds to experience photoaggravation after sun exposure. Though heavy metal 

hypersensitivity reports seem to dominate, it is important to note that the chemistry of 

the pigments is usually not responsible, quite often seen in the form of negative patch 

tests.215, 216 Non-allergic, foreign-body granulomas, being the counterpart of irritant 

contact dermatitis, will evolve from a reaction against inert foreign materials too large 

to be ingested by macrophages. 

 

For simple black tattoos, carbon black is the one pigment that has endured through the 

ages, even through the onset of the synthetic organic pigments (to be discussed in the 

next section). There are few pigments able to provide more complete shades of black 

than carbon, although black iron oxides Fe3O4 are sometimes substituted. However, iron 

based compounds (along with other magnetic metals) have been implicated in reactions 

occurring during Magnetic Resonance Imaging (MRI) procedures. Although instances 

are rare, cases have been reported whereby patients have experienced delayed cutaneous 

swelling, localised heating and even first/second-degree burns at the site of the tattoo 

post imaging.224-227 These reactions, however, are easily alleviated with the application 

of a cold compress, local anaesthesia or if possible, orienting the patient parallel to the 

direction of the magnetic lines emitted by the machine so as to reduce any 

rotational/translational force. One instance of such an MRI-tattoo interaction resulted in 

the surgical excision of the tattooed area, which understandably induced a critical 

response by at least one peer.228-230 

5.3.2 Organic 

Historically, the majority of natural organic colourants were dyes, which rendered their 

use in tattooing to be rather limited unless a slow dissipation of the tattoo was intended. 

As with inorganic colourants, organic dyes and pigments existed in many natural forms 
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generally as extracts from animal or plant matter. Famous examples are the indigotin 

dyes, traditionally extracted from some species of the Indigofera and Isatis genus of 

plants (suffruticosa tinctoria) where it may have been used as far back as the Neolithic 

Age and by the ancient Egyptians to dye funerary textiles.231  It was more commonly 

associated with the Picts in 1st century BC as a war paint (and perhaps tattoo pigment). 

The brominated form of Tyrian Purple (6,6’-dibromoindigo) was derived from the 

mucus secretions of the Murex trunculus sea snail (or other related species) and was 

used by the Phoenicians at Tyre ca. 1100 BC and in Sarepta (Sarafand, Lebanon) in 

1400 BC.231 These natural sources were extremely difficult to extract and hence their 

reservation for royalty or the wealthy. 

 

The first synthetic organic dye was said to be picric acid (2,4,6-trinitrophenol), 

produced in 1771232 but the genesis of synthetic organic colourants is said to be 

attributed to William Henry Perkin, who created a purple dye from aniline and 

potassium bichromate that was patented under the name ‘Mauveine’.231, 232 

Subsequently, Perkin created alizarin (1,2,-dihydroxyanthraquinone) from anthracene in 

1869, which became the first natural dye to be synthesised. The dye was originally 

extracted from the roots of Rubia (Madder) genus of plants.231, 232 

 

The next step in synthetic colourant history came with the creation of a diazonium salts 

by Peter Griess in 1858. The Griess diazotization reaction, as it has come to be known, 

became the basis of the important azo dye and pigment industry.232 Up to the end of the 

19th century, most synthetic colourants created were water-soluble dyes bound for the 

textile industry. At the same time, pigments were also being commercially developed 

for paint applications through the ‘laking’ process, which involved the precipitation of 

anionic dyes onto inert colourless binders (e.g. alumina or barium sulphate). This was 

subsequently followed by the synthesis of the insoluble monoazo yellow and -naphthol 

red pigments. The phthalocyanine group of pigments, undoubtedly the most important 

chromophoric system to come out of the 20th century, were the next colourants to be 

discovered. Phthalocyanines were first synthesised in 1907 as the metal-free form with 

the copper bound variety reported in 1927.232 The latest colourant innovation came in 

the form of the diketopyrrolopyrroles (DPP) pigments, discovered in 1974 as an 

insoluble by-product from the reaction between benzonitrile, ethyl bromoacetate and 

zinc.  
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The basic hue properties of organic colourants are due to electronic excitations from the 

absorption of specific wavelength of electromagnetic radiation (visible/UV). The 

complementary colours that give rise to the observed colour of a dye or pigment are due 

to the conjugated, double bonded -orbital systems within their molecular structure. 

Most electronic transitions occur as a result of the promotion of electrons from ground 

state pi-orbitals to anti-bonding pi-orbitals ( - *) through the absorption of photons of 

discrete energy. Specific hues are determined by the various electron donating/accepting 

substituents connected to the major chromophoric moieties within the molecule, for 

example, the – N = N – group in azo colourants. The electron withdrawing or donating 

nature of substituent and functional groups bring about either bathochromic or 

hypsochromic shifts of hues. The colours of organic pigments are further influenced by 

light scattering due to their crystalline nature. Physical characteristics such as: Crystal 

geometry of the unit cell; particle size (typical particle size ~ 0.05 – 0.3 μm), shape, 

distribution and agglomerate behaviour; specific surface area; and polymorphic crystal 

lattice patterns are all factors contributing to the overall hue of the pigment.233 The 

choice of inert substrates used in the binding of laked pigments will also influence the 

resulting colour. 

 

Despite industrial organic pigments being commercially available since the early 

1900’s,15 these compounds have only come into major use in the manufacture of tattoo 

inks during the latter part of the 20th century. Björnberg234 stated the use of ‘coal tar’ 

(aniline) dyes such Hansa Yellow and Malachite Green in tattoo inks as early as 1959, 

along with colourants derived from the Curcuma genus of plants. Results of tattoo ink 

analyses from the 1980s onwards were showing the ‘absence’ of metals in some 

coloured inks, suggesting the uptake of organic pigments to be gradual.82, 223, 235 Sowden 

et al.223 suggested the extracts of red sandalwood and brazilin (Natural Reds 22-24) as 

organic alternatives to mercury based red pigments. These pigments, although feasible 

in their use as tattoo colourants, have never been chemically substantiated. 

 

The original applications for industrial organic pigments include the colouring of 

printing inks, paints, plastics, coatings, textiles, writing/drawing materials cosmetics 

and soaps.15 With such a diverse range of uses, several analytical techniques have been 

applied to help identify and classify these pigments post production and application.128, 

236-241 Since many of these compounds are also prevalent in modern artist’s materials, 

several researchers have used a variety of techniques to compile databases on the 
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pigments used to create contemporary artwork.120, 128, 242 Inorganic compounds have 

been superseded by synthetic organic pigments as the primary colourants in today’s 

modern tattoo inks due to their superior light and weather fastness, tinting strengths, 

resistance to digestion (enzymatic or otherwise), relatively low toxicity, availability of a 

wider range of tints and hues and low production. 

 

Existing literature243, 244 has revealed various classes of organic pigments known to have 

been used in the manufacture of ready-to-use or pre-mixed tattoo inks. The majority of 

these inks are coloured using azo pigments, which are compounds containing at least 

one trans –N=N– group. These include the monoazo, disazo (diarylides, 

disazopyrazolones), benzimidazolone, naphthol AS and -naphthol varieties. Other 

common classes of pigments used include the poly-heterocyclic phthalocyanine and 

quinacridone pigments (Figure 5.3), with the linear ringed dioxazine pigments also 

employed to colour tattoo inks243. A survey245 carried out in 2003 also revealed other 

organic colorants currently in use for both permanent makeup and regular tattooing. 

These included azo based solvent dyes, acid dyes and laked pigments; xanthene based 

alkali dyes, thioindigo vat pigments and natural plant-derived dyes. The survey also 

revealed that traditional metallic salts continued to be prevalent in the tattoo inks despite 

the onset of organic pigments. Conceivably, almost any synthetic organic pigment may 

be used in the manufacture of tattooing inks with every subsequent analyses of 

colourant material certain to uncover previously unused pigments employed in this 

application. As a prime example, the author himself has come across a violet coloured 

tattoo ink primarily composed of a triarylcarbonium pigment, which has yet to be 

reported by others. As mentioned above, a major advantage of organic pigments is the 

vast range of colours available depending on the identity of side chains, halogenation, 

metals involved in complexes, substrates chosen for lake precipitation etc.  Despite the 

availability of such a range, tattoo ink manufacturers will often combine common 

(hence cheaper) pigments together and/or add lightening agents such as titanium dioxide 

to achieve a specific hue to reduce production costs. 

 

The transition to synthetic organic pigments from metallic compounds responsible for 

eliciting immune reactions has not resulted in the cessation of reports detailing adverse 

reactions post-tattooing, many of which concern red-coloured tattoo inks. 

Steinbrecher246 and Waldmann247 presented cases of lichenoid dermatitis and 

granulomatous reactions to an unknown red organic pigment, while pseudolymphoma 
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arising from another unknown red organic pigment was reported by Gutermuth et al.248 

Reports of adverse reactions caused by (presumably) organic tattoo pigments continue 

to be published to this day. Reports of delayed hypersensitivity, such as the case 

presented by Waldmann, may indicate an instance similar to that experienced by 

patients tattooed with chromium salts, wherein they may lie latent for a period of up to 

20 years before abruptly inducing an allergic eczematous dermatitis.249 One possible 

explanation is the conversion of the original pigment’s chemical structure into toxic 

moieties through photolytic cleavage or by the gradual and persistent enzymatic 

breakdown within the phagolysosomes of giant cells. Azo dye toxicity 

(mutagenicity/carcinogenicity) has been the subject of much scrutiny due to the 

tendency of their azo linkage to cleave through enzymatic catalysis of redox 

reactions250, resulting in highly electrophilic aromatic amine by-products capable of 

covalently binding with DNA.251 The highly insoluble nature of organic pigments in 

general results in very few toxicological effects252, unless they are forcibly cleaved by 

lasers or through prolonged exposure to sunlight and associated UV radiation. As with 

the inflammatory reactions caused by their inorganic counterparts,  Tattoo pigments 

have also been found to mimic positive metastatic melanomas in sentinel lymph 

nodes.253-259 Regional lymph nodes will accrue the usual amount of pigment particles 

due to their eventual migration deeper into the dermis and then into lymph vessels. 

Pigment accumulation may also be hastened by laser tattoo removal treatments, which 

will rupture cells and break particles into sizes small enough to be carried away by the 

lymphatic system. Proximity to tattoo sites has also proven to be an important factor. 

Most of the reported cases indicate the pigment to be black in colour and the assumption 

is that they are carbon based. 
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Figure 5.3. Common synthetic organic pigments used in pre-mixed tattoo inks. (For a full list of side-
chains and substituents, refer to Herbst15) 
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A recent survey260 published in September 2006 revealed that almost 25% of people in 

the United States had one or more tattoos, with 17% of that number having considered 

undergoing treatment to remove their tattoos.  Despite the art of tattooing undergoing 

several periods of revival and (re)acceptance, only safe sterilisation and skin penetration 

practices have been implemented and regulated to reduce the spread of infectious blood-

borne diseases such as hepatitis B, tetanus, syphilis and HIV etc. Strict guidelines exist 

for colourants used in the cosmetics and food industry but regulatory bodies have not 

approved any colour additives for the purposes of tattooing, that is, to be implanted 

below the skin via a delivery mechanism. Manufacturers and suppliers of tattoo inks are 

not legally required to disclose the ingredients of their products, presumably to maintain 

proprietary knowledge of their colour formulae.244 Added complications arise when 

tattoo artists decide to further mix these products together upon delivery to create their 

own unique colours. However, with over 150 cases of adverse reactions and 

complications from tattooing being reported to the United States Food and Drug 

Administration (USFDA) alone, regulatory commissions are continuously monitoring 

the available products and conducting surveys in preparation for long overdue 

guidelines to be put in place governing the use of certain pigments in the manufacture of 

tattooing inks. 

5.3.3 Polymer Microcapsules 

We have seen tattoo inks evolve with emerging colourant technologies, employing new 

and improved pigments otherwise bound for their original coating applications. One 

constant has been the nature of the pigment being that of a coloured solid (inorganic or 

organic), suspended in a carrier and delivered intradermally. The latest progression in 

tattoo pigment technology comes in the form of a fluorescent chemical encapsulated or 

incorporated into polymer microcapsules incorporated with fluorescent monomers. 

Sperry206 cited a 1990 publication (Body Art Quarterly Publications Ltd.- Blake House 

Studios, Essex, England, pp. 8-9), which reported the existence of a fluorescent tattoo 

ink that fluoresced under ‘black light’ or long wave ultraviolet (UVA) emitting light 

sources commonly found in nightclubs. At that time, however, it was not made clear as 

to whether the ink was a polymer encapsulated fluorescent substance or merely a 

fluorescent pigment suspended in a carrier. The current distributors of fluorescent 

microcapsules for tattooing, Crazy Chameleon Tattoo and Body Piercing Supply 

Company World Wide (hereafter known as Chameleon), claim their product to have 

been in production and use since 1995 with no reports of adverse reactions261, therefore, 
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the fluorescent ink mentioned by Sperry could well have been a standalone fluorescent 

pigment, rather than a microcapsule system. Although Chameleon’s UV Tattoo Ink is a 

relatively new product to the market, the technology was originally devised by 

NEWWEST Technologies as a photonic marking system to track wildlife migration and 

breeding patterns under the trade name BIOMETRIX System-1000 (BMX1000) Bio-

Photonic Marking System.262 The suppliers of the tattoo ink describe their product to be 

a fluorescent dye encapsulated in a polymethylmethacrylate (PMMA) microsphere, 

further implying a liquid or aqueous solution cocooned in a polymer shell. The photonic 

paint used by Hayes et al.262, however, is characterised as “PMMA fluorescent pigment 

encapsulated in latex microspheres”, which matches more closely with the fluorescent 

PMMA particles synthesised by Bosma et al.263 Microspheres of PMMA have been 

commonly used as an ‘anti-wrinkle’ intradermal fillers since the early 1990s.264 

Investigations by Lemperle et al.110 demonstrated PMMA microspheres to be very 

biocompatible, producing very few foreign body reactions. However, the first 

generation of PMMA microsphere fillers (Arteplast) was found to cause a high rate of 

foreign body granulomas resulting from sub-20 μm particles.264 These particles were 

small enough to trigger phagocytosis by macrophages, which caused the adverse 

reactions. Subsequent generations of the product (Artecoll – 1994 and ArteFill – 1997) 

significantly reduced instances of granulomas by improving the manufacturing 

processes to eliminate these smaller particles.264 According to Chameleon, the 

microspheres are approximately four to five times the size of an erythrocyte, which 

places them in a range of 24 – 40 μm in diameter. The method and target of delivery 

between the Chameleon Ink and ArteFill also differs greatly in that Chameleon Ink is 

implanted as a tattoo ink, using modern tattooing machines and needles to deposit the 

microspheres through the epidermis and primarily into the upper papillary dermal layer; 

on the other hand, ArteFill is injected into the junction between the dermis and 

subcutaneous fat, usually with a 26-gauge needle. Since the microcapsules were 

approved by the Division of Programs and Enforcement Policy (within the USFDA) in 

April 3, 1995 for their original application of intradermal wildlife marking, it appears 

the distributors of the UV Blacklight Ink have promoted their product as safe only by 

association. No adverse reactions have been reported with this ink to this date. In 2006, 

New Scientist reported similar polymer microcapsule technology being developed for a 

‘semi-permanent’ tattoo ink.265 The premise of this ‘semi-permanence’ is that laser 

treatments will rupture the 1 – 3 μm microcapsules, releasing the encapsulated bio-

compatible coloured dye into the cell and surrounding dermis, which is ‘harmlessly’ 
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absorbed into the body. Along with the UV Blacklight Inks mentioned above, the 

concern lies with the fate of the polymer microcapsules and any by-products formed or 

side-effects caused by laser treatment. Other ‘Blacklight’ Inks are available through 

other companies (e.g. www.skincandy.net) but it is unclear as to what type of colourant 

is used i.e. polymer microcapsules or fluorescent pigments. 

5.4 Carriers 

A key component in modern pre-mixed tattoo inks is the carrier, which is a combination 

of liquid/aqueous solvents used to evenly disperse and suspend pigments for ease of 

tattooing. Modern carriers also include other additives which act to improve the overall 

product, for example, most pre-mixed inks contain an alcohol content of at least 15%, 

which acts as an antimicrobial agent.245 Other ingredients added to the carrier act to 

thicken and emulsify the overall mixture, presumably to assist in adhesion to the tattoo 

needle(s). However, each tattooist will have their own preferential consistencies and 

shades. For this reason, dry pigments are sold for tattooists to create their own mixtures 

using self made carriers which may include Listerine mouthwash or even Vodka.206, 245 

Cosmetic additives such as preservatives, humectants, emollients and moisturisers are 

substances also known to be used in carriers. The fluorescent microcapsules distributed 

by Chameleon mentioned in the previous section are only suspended in UV sterilised 

water. 

 

Table 5-1. Carrier ingredients listed on some pre-mixed tattoo ink products.245
 

Glycerol  Benzoic acid  

Ethanol  Sodium hyaluronate (glycosaminoglycan) 

Isopropanol  Methylparabene (preservative)  

Unspecified thickening agents  Rose water 

Emulsifiers Dexpanthenol 

Resin  
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5.5 Chemical Analyses 

Early chemical analyses of modern tattooing inks were triggered by increasing reports 

of adverse reactions. In effect, investigations progressed in the opposite direction 

beginning initially with post-tattooed in situ analyses to determine the cause of 

hypersensitivities and other reactions localised to tattooed areas, before more 

resourceful scientists decided to track down the original tattooists and obtain the actual 

inks used to create the tattoo.218 The gradual shift of pigment composition from 

inorganic to organic also saw the need to adopt new instrumentation capable of 

analysing these colourants. 

5.5.1 In Vitro Analyses 

In 1979, Clarke and Black218 were one of the first to report the analysis of components 

in a tattoo ink supplied by a tattooist using X-ray fluorescence (XRF). Their 

investigation was to discover the cause behind two cases of lichenoid lesions forming 

on the tattooed area of skin of patients. The analyses found the pigment to contain Hg, 

Cd, Ti, Ba, S and Cr. XRF was used 26 years later in 2005 by Hepp266 to find that 

metallic salts such as chromium and iron were still being used to colour tattoo inks but 

the majority of metals detected (Al, Ca, Ti, Ba) were being used as substrates and lakes 

for organic dyes. Other metals historically implicated with dermal hypersensitivity (Hg, 

Cd, Co, and Ni) were not detected, which was an expected result as the use of such 

heavy metals in cosmetics were limited or phased out in the US towards the mid-1980s 

following an amendment to the Food, Drug and Cosmetic Act. The results of analyses 

by Timko et al.267 of 30 tattoo inks (sourced from a leading US supplier) using 

‘standardless’ EDS found a considerable variation in elemental composition, even 

between pigments of similar shades. Aluminium, titanium and carbon were the most 

common elements found, which indicated that at this juncture (2001), organic inks 

predominated in the industry. Titanium and carbon would have been used as lightening 

and darkening agents respectively, while the presence of aluminium probably indicated 

its use as an inert substrate for laked organic pigments.  

 

As mentioned above, the transition from inorganic to organic pigments was marked by 

the inability of standard elemental instrumentation to identify tattoo pigments i.e. they 

failed to detect the usual metallic salts associated with certain colours. Bäumler et al.243 
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carried out one of the first comprehensive in vitro chemical analyses of tattoo inks based 

on synthetic organic pigments. Using Fourier Transform Infrared Spectroscopy (FTIR), 

X-Ray Powder Diffraction and Mass Spectrometry (MS); two major classes of synthetic 

organic pigments were identified. These included the azo compounds (monoazo, disazo-

diarylide, disazopyrazolone, and naphthol AS) and polycyclic compounds (copper 

phthalocyanine, dioxazine and quinacridone). Using High Performance Liquid 

Chromatography (HPLC), Petigara244 identified the same monoazo compounds along 

with benzimidazolone based organic pigments for orange and brown ink colours. 

Recently, some focus has shifted from identifying the organic pigments themselves to 

the products created by photodecomposition through laser or UV/sunlight exposure. 

Using a combination of HPLC, MS, UV/Visible Spectroscopy and Proton Nuclear 

Magnetic Resonance Spectroscopy (1H-NMR), specific organic pigments (monoazo 

Pigment Yellow 74268 and naphthol AS Pigment Red 22269) were found to be 

susceptible to cleavage by natural and simulated UV/sunlight into potentially toxic or 

carcinogenic aromatic amines. Advances in nanosecond (and now picosecond) Q-

switched laser technology85 and methodologies have seen improved results in tattoo 

removal, however, Vasold et al.270 have conducted in vitro experiments to show 

potentially toxic/carcinogenic decomposition products to form when using a typical Q-

switched Nd:YAG (at 532 nm) laser on two common red tattoo inks (coloured with 

naphthol AS pigments). The two anilines and one p-nitrotoluene created as a result of 

the laser irradiation were also found to exist pre-exposure, assumedly as precursors or 

by-products during synthesis of these pigments.245, 270 

 

Due to proprietary reasons, manufacturers or distributors of tattoo inks are not required 

to disclose the composition of their inks. Many companies provide MSDS sheets with 

their products or on request, however, it has been shown that one must be prepared for 

discrepancies in such documentation as ingredient disclosure does not entail 

truthfulness.267 To this date, there have been no analyses carried out on carriers, 

possibly because they are viewed only as auxiliary components and do not contribute to 

the overall tattoo. However, since it has been established that precursors and/or by-

products of the pigment manufacturing process (deemed potentially toxic and 

carcinogenic) exist in pre-mixed inks, carriers should be more closely scrutinised as 

potentially harbouring such compounds. 
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5.5.2 In situ Analyses 

The chemical analysis of tattooing pigments was first conducted in situ as a measure of 

determining the causative agents behind the inflammatory reactions in tattoos. Once it 

became common knowledge that heavy metals were used in early tattoo pigments, patch 

testing212, 215, 222, 271 (either epicutaneous or intradermal) was a common method used to 

determine which metallic salts were the cause of the inflammatory reactions. Patch 

testing continues to be used today to ascertain the cause of adverse reactions stemming 

from tattooing. This trial-and-error approach, however, is not qualitatively exact. 

Gradually, a variety of different analytical techniques were used by researchers and 

clinicians concurrently with patch testing including wet chemical analysis, activation 

analysis with -spectrophotometry272, laser microprobe analysis/selected area 

diffraction273, atomic absorption spectroscopy216, 274 and energy dispersive x-ray 

spectrometry (EDS)82, 214, 223. For in situ analysis of inorganic pigments, EDS proved to 

be the most reliable and effective as it did not require digestion of the entire biopsy 

specimen and the pigments were able to be analysed in their native cellular locations. 

Slater and Durrant82 were the first to investigate excised tattoo specimens by preparing 

the samples for Transmission Electron Microscopy (TEM), successfully identifying the 

metals in situ using EDS. 

 

The adoption of synthetic organic pigments as tattoo colourants was evident when 

standard x-ray analytical techniques failed to detect any elemental signals, suggesting a 

carbon based constitution. Therefore, in vitro analyses of organic based tattoo pigments 

were carried out using appropriate analytical techniques such as HPLC, MS, FTIR and 

NMR to determine the structure of such colourants. If in situ investigations were to be 

carried out using these same methods, any biopsy specimen would have to be 

enzymatically digested before being analysed. Engel et al.190 devised a protocol to 

digest tattooed skin specimens so as to extract, recover and analyse the tattoo pigments 

by HPLC. This method was trialled on pigment-spiked samples of lysed un-tattooed 

human skin, rather than on actual tattooed specimens, however, the same result is 

expected if the analysis was carried out on the latter. One disadvantage of the method 

proposed by Engel et al. is the inability to observe tattoo pigments in their native in situ 

state during analysis, such as was possible when TEM and EDS were being used to 

analyse inorganic compounds within tattooed skin. Histological investigation would be 

possible if the original sample was ample enough to afford separate paraffin/resin 
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embedding, however, this is problematic for small sample sizes. An alternative in situ 

methodology for concurrent histological and chemical analysis of tattoo pigments using 

micro-Raman Spectroscopy has been proposed (See Chapter 6). 



 

 

 

 

 

Chapter 6 

Modern Tattooing 
- In Situ Chemical Analysis 
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6 Modern Tattooing Studies 

Primary Replicative Experiments 
This section is an expansion upon a paper published in the Journal of Raman 

Spectroscopy.275 Please refer to Appendix II for the original article. 

6.1 Introduction 

The historical progression of modern tattooing from its roots in the Japanese Edo period 

to the current adoption of industrial organic pigments is outlined in Chapter 5. The 

demand for tattooing steadily grows as it gains cultural popularity and acceptance in 

society but ironically, increasing numbers of individuals are seeking laser removal of 

their tattoos on social or medical grounds. Since July 14, 2006, the US Food and Drug 

Administration have been made aware of over 150 reports of adverse reactions as a 

direct result of substances used in the tattoo. However, no further information is 

provided as to what percentage of that number suffered symptoms specific to the tattoo 

pigment rather than those related to infections or foreign body reactions. One must also 

consider the number of cases that remain unreported and are either self-medicated or 

handled internally by general medical practitioners. Ideally, medical practitioners 

should be informed to report all cases of adverse reactions to assist authorities in the 

tattoo colourant regulations, however, the lack of existing regulation concerning the 

synthetic pigments used by manufacturers to colour tattoo inks means that the identity 

of pigments are not easily obtained. Before the use of synthetic organic pigments, 

metallic compounds were the primary colourant in tattoo inks. In situ elemental 

analyses using Transmission Electron Microscopy confirmed the presence of heavy 

metal compounds in biopsy samples obtained from patients suffering cutaneous 

reactions to their tattoos.82, 214, 223 One of the first attempts at in situ chemical analysis of 

an organic tattoo pigment was by Bendsoe et al.,276 who employed 1H-NMR/2D-NMR 

experiments on biopsy samples to confirm the presence of naphthol-AS and 

quinacridone pigments. More recently HPLC techniques (Chapter 5.5.2) have also been 

employed. However, it is quite often the case that details of adverse reactions have been 

published without characterising the causative pigment. The reasons for this may lie in 

the time and costs involved in pursuing identification, which is of low priority for 

medical practitioners if he or she only encounters these cases infrequently. It is also 

unclear as to the extent of knowledge possessed by medical practitioners regarding 
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modern tattooing inks, in that substance in the tattoo is often described as a ‘dye’ rather 

than a pigment,247, 277 perhaps misunderstanding the colourant to be in a solution or 

liquid form rather than suspended solid particulate matter. With this in mind, a rapid 

methodology was developed using micro-Raman spectroscopy on an animal model, 

evaluated against reference materials and available databases to correctly identify the 

constituents of a selection of modern, organic tattoo inks in situ or post procedure, 

within the skin. 

6.2 Materials 
 

6.2.1 Reference Samples 

Pure organic pigment samples (Table 6-1) were kindly provided by Clariant Australia’s 

Pigments and Additives Division. The samples were accompanied with full technical 

data and MSDS information including their trade and Colour Index (C.I.) generic 

names, together with C.I. Constitution numbers. The flame carbon ‘soot’ prepared in 

Chapter 3.1.1 was used as a reference compound for the black tattoo pigments and the 

titanium dioxide (rutile) was obtained from DuPont. C.I. Generic names consist of a 

two-letter code followed by a number: the first letter signifies the type of colorant, in 

this case ‘P’ to indicate a pigment (as opposed to ‘D’ for dyes); while the second letter 

signifies one of the ten basic colour categories e.g. B for blue, R for red, Y for yellow, 

Bk for black etc. The number refers to the colorant’s entry onto a standard list within 

their respective colour category. The C.I. Constitution Number is a numerical code 

ranging from five to seven digits assigned to colorants to indicate their specific 

chemistries. 

 

Table 6-1. Reference Materials. 

Supplier Product C.I. Generic Name C.I. Constitution No. 

Clariant Hostaperm Blue A4R P.B.15:1 C.I. 74160 

Clariant Graphtol Yellow GXS P.Y.14 C.I. 21095 

 Hansa Brilliant Yellow 2GX 70 P.Y.74 C.I. 11741 

Clariant Novoperm Red F5RK P.R.170 C.I. 12475 

Clariant Permanent Red P-FK P.R.210 C.I. 12477 

Clariant Hostaperm Green GG01 P.G.7 C.I. 74260 

DuPont Ti-Pure® R-902+ P.W.6 C.I. 77891 

 Flame Carbon ‘Soot’   
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6.2.2 Tattoo Inks 

Two sets of tattoo inks from two different manufacturers were obtained from the New 

York based online tattooing supplier, Technical Tattoo Supply and Manufacturing 

International (http://www.technicaltattoosupply.com). These included six 0.5 ounce 

(~29.6 mL) bottles of tattoo inks manufactured by ‘Millennium Colorworks Inc.’ and 

six 0.5 ounce bottles from Starbrite Colors. The colours chosen from each are listed in 

Table 6-2. The same suspension medium (listed as being glycerine, water and alcohol) 

was used for all inks. 

 
Table 6-2. Tattoo ink colours sourced from Millennium Colorworks Inc. and Starbrite Colors with C.I. 
Constitution Numbers provided on the labels. 

Colour C.I. Constitution Numbers 

Millennium Colorworks Inc. 

Ice Blue C.I. 74160, C.I. 77891 

Piss Yellow C.I. 21095, C.I. 77891 

Viper Red C.I. 12475, C.I. 21095, C.I. 77891 

Green Gob C.I. 74260, C.I. 74160, C.I. 21095, C.I. 77891 

Onyx Black C.I. 77266 

Starbrite Colors 

Country Blue C.I. 74160, C.I. 77891 

Canary Yellow C.I. 11741, C.I. 77891 

Crimson Red C.I. 12477, C.I. 77891 

Lime Green C.I. 74260, C.I. 11741 

Tribal Black C.I. 77266 

 

Separation and isolation of the pigment component from the tattoo inks was achieved 

using a modification of the method proposed by Petigara.244 Approximately 200 μL of 

each tattoo ink was transferred into 1.5 mL Eppendorf tubes together with 1 mL of 

water, vortex mixed and centrifuged at 12,000 rpm for 10 minutes. The supernatant was 

then extracted, discarded and the process repeated twice more before the precipitate was 

allowed to air dry for 30 minutes. Next, 1 mL of carbon tetrachloride was added to the 

precipitate, vortex mixed and centrifuged at 12,000 rpm for 10 minutes. A defined 

partition in the precipitate was clearly observed between the organic pigment layer and 

the denser extender or lightener layer. This light-coloured component was confirmed by 

Raman spectroscopy (procedure described below) to be the rutile form of titanium 

dioxide, which was listed as C.I. 77891 on all ink bottles except Millennium Onyx 

Black and Starbrite Lime Green and Tribal Black colours. The precipitates were 

allowed to air dry for several days at room temperature. Separation from the carrier 
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solution was a necessary step as overwhelming fluorescence was encountered when the 

tattoo inks were simply smeared onto glass slides and analysed by Raman spectroscopy. 

Since there was an overlap of pigments used between both brands of inks, a choice was 

made to use Millennium Inc. inks in the experiment based on general ink quality. The 

two organic pigments used in Starbrite inks not featured in Millennium inks were a 

monoazo C.I. 11741 and a naphthol AS C.I. 12477 (mixed coupling product of C.I. 

12474 and C.I.12474). The in vitro spectroscopic data for both reference pigments are 

available in Appendix IV and V. 

 

One 0.5 ounce bottle of ‘Hot Pink’ UV-fluorescent tattoo ink was obtained from 

Chameleon Body Art Supply.261 Labelling on the bottle together with the included 

MSDS stated the components to be 97.5 %w polymethylmethacrylate (PMMA) and 2.5 

%w propriety fluorescent dye suspended in UV-sterilised, deionised water. The history 

and technology of polymer microcapsule inks have been discussed in Chapter 5.3.3. 

Due to time constraints, comprehensive chemical analysis could not be accomplished; 

however, preliminary results of the characterisation achieved are included below. 

 

In vitro analyses refer to experiments performed on pigments sampled directly from the 

pre-mixed bottle, while in situ refers to analyses carried out on pigments post-tattooing, 

within the dermis of the pig skin. 
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Figure 6.1. Chemical structures of the organic pigments used to colour Millennium (Colorworks Inc.) 
tattoo inks. 
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6.3 Methods 

Animal Study 

The suitability of pigs for the current experimental model was explained in Chapter 

2.4.1.1 and the details of the procedures undertaken with the animal are outlined in 

Chapter 4.1.1. The red rectangle in Figure 6.2 outlines the five Millennium inks and one 

UV-fluorescent ink tattooed onto the animal model. The other tattoos were applied for 

studies into ancient tattooing pigments presented in the previous section. Animal 

experiments were conducted according to a pre-approved protocol by the UWA Animal 

Ethics Committee under the Animal Welfare Act of 2002. 

 

 

Figure 6.2. Photograph of Pig ‘X’ two days after the tattooing procedure. Tattoos within the red rectangle 
were applied with five Millennium Inc. tattoo inks and one Crazy Chameleon ‘Black Light’ tattoo ink. 
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Tissue Processing 

Immediately after euthanasia, the excised tattooed skin samples were divided into pieces 

of ca. 1 cm  0.5 cm and any excess subcutaneous fat (hypodermis) carefully trimmed 

off with a scalpel. To avoid contamination, plastic disposable tweezers and new scalpel 

blades were used for each skin sample. Each piece was snap-frozen in the same manner 

as described in Chapter 4.1.3.2. Briefly, the divided samples were oriented in custom 

aluminium foil moulds with the short (0.5 cm) side of the tissue facing downwards. 

Sakura Tissue-Tek® O.C.T. compound was poured into the moulds until the tissues 

were completely submerged before being snap-frozen in isopentane (2-methylbutane) 

sub-cooled to liquid nitrogen temperatures. Samples were then stored in a biological 

freezer at -80 °C until ready to be sectioned.  

 

When sectioning was scheduled to begin, samples were transferred from the biological 

freezer into the pre-cooled cryostat chamber, set at -23 °C to accommodate for residual 

fat content in the tissues. At least 50 sections of five micron thickness were cut for each 

tattoo ink colour and a control sample. Sections were mounted onto electrostatically 

charged Menzel-Glaser SuperFrost® Plus glass slides (25 x 75 x 1.0 mm) and allowed 

to stand and equilibrate to room temperature. Before further cutting was undertaken, 

initially mounted sections were viewed under a light microscope to ensure that tattoo 

pigments were present in the tissue section. Sections were mounted onto each glass slide 

in the same manner as demonstrated in Figure 4.2 so as to provide a depth profile on 

each slide. All sections were allowed to reach room temperature and air dry for several 

hours before being stored in sealed slide racks at -80 °C until ready to be analysed. 

Coverslips were once again not placed over samples to maximise data acquisition from 

the sections. The use of cryo-techniques and the choice of respective tissue processing 

materials was determined to be compatible for micro-Raman spectroscopic analysis as 

explained in Chapter 2.7. 

 

Micro-Raman Spectroscopy 

Raman spectroscopy was performed on an ISA (Dilor) Dispersive Raman spectrometer 

equipped with an Olympus microscope, computer controlled mapping stage and remote 

sampling fibre optics using a 632.8 nm Helium-Neon visible laser. A high spatial 

resolution was achievable with the equipped objective lenses of 10 , 50  and 100 , 

however, all spectra were obtained using the 50  lens. A charge-coupled device (1024 

 256 pixels) was used to capture signals using a grating groove density of 600 line/mm 
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to record full Raman spectra for the purposes of this investigation. Laser power was 

measured to c.a. 1.8 mW at the sample. The Raman signals were integrated between 1 – 

150 seconds depending on the strength of the scattered light received from various 

compounds with an assortment of neutral density filters employed to mitigate signal 

clipping. Calibration was achieved through the monitoring of emission lines from a 

neon discharge lamp during each measurement session. Raman analyses were 

performed on reference material and tattoo pigments separated from the pre-mixed ink 

by focusing the laser onto minute amounts of each sample mounted onto glass slides. 

Multiple spectra were recorded from each sample to ensure homogeneity. In situ 

analyses on the cryo-sectioned tattooed pig skin was performed by visually locating an 

aggregate of pigment particles located throughout the dermal layer under magnification. 

When a suitable group was found, the laser was focussed onto the particles and several 

Raman spectra were recorded. Using a combination of bright and dark field sample 

illumination, the dense conglomeration of pigment granules were relatively easy to 

identify in unstained tissue cryo-sections. Where appropriate, multi-point, linear or 

polynomial baseline subtraction was performed on spectra for ease of visualisation. 

 

Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR was also performed on reference materials and tattoo pigments in vitro (separated 

from the ink suspension) as a complementary technique to Raman spectroscopy to 

confirm the identity of the pigments. Spectra were collected on a PerkinElmer Inc. 

Spectrum One FTIR Spectrometer at a spectral resolution of 4 cm-1, between a spectral 

range of 4000 cm-1 and 450 cm-1 in transmission mode. Samples were finely ground 

with analytical grade KBr and pressed into pellets using a die and laboratory press under 

vacuum. Blank KBr discs were analysed to ensure no contamination was involved. The 

instrument’s bundled software, Spectrum v5.0.1 (PerkinElmer Inc.), was used to process 

the spectral data. Peak wavenumbers and spectra were visually compared and cross-

referenced against the respective reference material and existing databases.242 For 

presentation purposes, spectra were processed with baseline subtraction and smoothing. 

 

Powder X-Ray Diffraction (XRD) 

XRD was performed on a Siemens D5000 diffractometer equipped with a curved post 

diffraction monochromator using Bragg-Brentano geometry and a Cu-K  emission 

source. Readings were taken every two seconds at 0.02 degree step sizes between 10 to 

90 degrees on a 2  scale. 
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Light Microscopy 

Unstained tattooed skin sections were viewed under light microscopy using a Nikon 90i 

Upright Microscope (primarily with 10  and 20  objective lenses) and images captured 

with a CoolSNAP ES Monochrome camera (Roper Scientific). Excitation was achieved 

using UV and Blue light fluorescence filter cubes (BP 330 – 380 nm and 450 – 490 nm 

respectively). Image manipulation was handled by V++ (Digital Optics), ACT-1 

Version 2.0 (Nikon) and Photoshop CS2 (Adobe). Images obtained from sections of 

skin tattooed with the modern inks may be found in Appendix III. 

 

Laser Scanning Confocal Microscopy (LSCM) 

LSCM was performed on a Leica TCS SP2 AOBS Multiphoton Confocal microscope 

equipped with three photomultiplier tubes and Fluorescence Lifetime Imaging (FLIM) 

attachments. Laser excitation may be achieved with one of the eight laser lines (458, 

476, 488, 496, 514, 561, 594 and 633 nm) together with wavelengths of up 710 – 990 

nm from a Multiphoton laser. 

 

Scanning Electron Microscopy (SEM) 

SEM was only performed on the ‘Hot Pink’ UV-fluorescent ink using the same Zeiss 

1555 VP-FESEM as used in Chapters 3 and 4. Backscattered and Secondary Electron 

images were captured using the in-built Backscattered, Secondary and In-Lens 

Secondary detectors respectively. 

 

After vigorously shaking the UV-fluorescent ink bottle to ensure particles were evenly 

suspended, one drop of ink was placed onto two 12 mm diameter self-adhesive carbon 

tabs mounted onto 12.6 mm diameter aluminium SEM stubs. One sample was to be 

viewed in low vacuum variable pressure (VP) mode between 30 and 50 Pascals at 

various accelerating voltages, working distances and aperture sizes. The second sample 

was sputter coated in 5 nm of platinum for high resolution imaging in high vacuum 

mode using the In-Lens Secondary Electron detector at an accelerating voltage of 5 kV 

within working distances of 2 – 5 mm and aperture sizes of 10 – 30 μm. 
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6.4 Results 
 

6.4.1 UV-Fluorescent Tattoo Ink 

The PMMA microspheres contained in Chameleon™ Ink was found to be poly-

disperse, with sizes ranging between ca. 0.5 to 4 μm from initial low magnification 

images obtained by SEM in variable pressure mode (Figure 6.3). Assuming shrinkage 

had not occurred in the vacuum chamber of the SEM, the diameters recorded were in 

contradiction to those claimed by the manufacturers, which were stated at, “4 – 5 times 

the size of a red blood cell”.261 If human erythrocytes are 6.3 ± 1.5 μm in diameter,278, 

the microspheres should then be between 19.2 and 39 μm. However, the largest 

microsphere seen during SEM imaging was ~ 4.5 μm.  

 

 

Figure 6.3. Low magnification SE of 'Hot Pink' UV-Fluorescent ink showing a poly-disperse spread of 
microspheres (uncoated). 
 

Higher magnification images showed some spheres to have concave dimpled surfaces 

similar to a golf ball (Figure 6.4). Some particles also appeared to have collapsed into 

themselves, which suggests a hollow constitution. However, it is not known whether the 

fluorescent dyes are contained within the microspheres or incorporated into the PMMA 

shell during polymerisation.263 EDS analyses showed an interesting profile that not only 
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featured the expected carbon and oxygen, but comparably high counts of sodium, 

sulphur and potassium (Figure 6.5). While sodium and sulphur may be due to the trace 

contaminants on the carbon tab (Chapter 3.4.2), the unusually high sodium count rate 

and the presence of potassium may suggest the dye to be of inorganic composition. This 

is assuming the X-rays had originated from the actual fluorescent dye expunged from 

ruptured microspheres rather than from the polymer shell. 

 

 

Figure 6.4. High magnification image of 'Hot Pink' UV-fluorescent tattoo ink (uncoated). 
 

In vitro micro-Raman analyses of the microspheres were plagued by overwhelming 

fluorescence, which was expected given their fluorescent content. To probe the   

fluorescent dye, the microspheres were imaged using Laser Scanning Confocal 

Microscopy. Using the eight available laser lines in sequence, scans were run with 

progressive increases in wavelengths beginning at 458 nm through to 633 nm. 

Compiling a Z-stack of the fluorescence intensity captured by the photomultiplier tubes, 

peak excitation was measured at 575 nm and emission at 595 nm (Figure 6.6). 
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Figure 6.5. In vitro EDS spectrum of 'Hot Pink' UV-Fluorescent Tattoo Ink (uncoated). 
 

 

 

Figure 6.6. The emission peak acquired using a Z-stack of fluorescence intensity from the UV-
Fluorescent tattoo ink using progressively increasing laser wavelengths. 
  

Light microscopy images of the ink in situ showed the microcapsules to reside in the 

papillary dermis with the majority being aggregated into intracellular groups (Figure 6.7 

and Figure 6.8). 
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Figure 6.7. Bright field image of UV-fluorescent tattoo ink within a skin section. 
 

 

Figure 6.8. The same section as above excited with a UV-filter cube. 

100μm 

100μm 
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6.4.2 Millennium (Colorworks Inc.) Inks 

For the in situ analysis of the Millennium ink colours, a total of ten measurements were 

recorded from different tissue sections throughout various depth profiles. Peak positions 

were found to be highly reproducible, with any minor deviation coming from the 

subsequent use of the 600 line/mm grating, which results in a lower resolution. Using 

standard acquisition times, the only difference observed between samples were recorded 

intensities, which may be attributed to the density and orientation of pigment particles 

within their agglomerated groups in the skin. Larger deviations were encountered for 

the Millennium ‘Onyx Black’ ink because of the disordered nature of the pigment. 

 

Millennium ‘Ice Blue’ Ink 

XRD was performed on the Clariant Hostaperm Blue A4R reference pigment to confirm 

the crystal modification. The resulting diffractogram (Figure 6.9) was matched with a 

copper phthalocyanine (hereafter referred to as Cu-PC) P.B.15:2, which is a flocculation 

stabilised form of P.B.15:1. However, it appeared the database only contained the 

P.B.15:2 entry for Cu-PCs. Nevertheless, both versions possess an -modification and 

the spectra matched those reported by Herbst15, apart from the feature at ~ 10 2 , which 

is an unresolved doublet. 

 

  

Figure 6.9. XRD diffractogram (0 – 30 2 ) of Clariant Hostaperm Blue A4R reference pigment. 
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In vitro FTIR analyses of the Cu-PC reference pigment (Hostaperm A4R) and tattoo 

pigment isolated from the bottle showed a good match to each other except for a few 

minor discrepancies in band absorptions such as the C=C stretch and C=N skeletal 

vibration279 at ~1425 cm-1 (Figure 6.10 – D, E). In vitro Raman spectroscopy (Figure 

6.10 – A, B) carried out between the reference and tattoo pigment produced almost 

identical spectra, confirming Cu-PC (C.I. 74160) to be the primary colouring constituent 

in the tattoo ink. The symmetric planar phthalocyanine molecules (belonging to the D4h 

point group) possess absorption bands at 350 nm and 650 nm, known as the ‘B’ and ‘Q’ 

bands respectively, therefore, Raman spectra recorded using laser excitations in the 

visible region will exhibit resonance enhancement through these electronic absorption 

band interactions.280 

 

In situ Raman analyses carried out on tattoo pigments located within skin sections 

produced spectra comparatively identical to those obtained from pigment isolated from 

the bottle. Table 6-3 lists the fundamental peak positions recorded in situ with their 

relative intensities and mode assignments.281, 282 Several first overtone vibrations were 

detected in all samples towards higher wavenumbers, slightly obscured by an increasing 

fluorescent background. These overtones, at approximately 2265, 2265, 2860, 2969, 

3044 cm-1 respectively, can be seen in the full spectra included in Appendix V. Peaks 

attributed to the titanium dioxide lightening agent was not observed in any of the in situ 

spectra. 
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Figure 6.10. Raman spectra: (A) P.B.15:1 Cu-PC reference pigment; (B) ‘Ice Blue’ pigment (in vitro); 
and (C) ‘Ice Blue’ tattoo pigment within the tissue section (in situ). FTIR spectra: (D) ‘Ice Blue’ pigment 
(in vitro); and (E) P.B.15:1 Cu-PC reference pigment. 
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Table 6-3. Mean Raman peak positions, intensities† and vibrational assignments of ‘Ice Blue’ tattoo 
pigments acquired in situ. Errors are given to a 95% confidence interval. (n =10) 
 

Peak wavenumbers (cm
-1

) Assignments
281, 282

 

1520.2 ± 2.2 (vs)
†
 C=N aza + C=C pyrrole + C=C benzene 

1442.9 ± 1.5 (m) 
pyrrole stretch + benzene stretch + benzene 
deformation 

1403.4 ± 1.0 (vw) pyrrole stretch + benzene deformation 

1332.3 ± 1.7 (m) C -C  pyrrole group stretch 

1300.8 ± 0.9 (w,sh) isoindole in-plane bend 

1207.4 ± 1.0 (w) isoindole in-plane bend 

1136.7 ± 1.0 (w) pyrrole stretch 

1102.1 ± 1.0 (vw) C-H bend + benzene stretch 

947.6 ± 1.0 (vw) benzene stretch 

825.1 ± 1.5 (vw) C-H bend + benzene stretch 

769.6 ± 1.3 (vw) macrocycle deformation 

741.9 ± 1.0 (m) anti-symmetric macrocycle deformation 

674.5 ± 1.1 (mw) in-phase pyrrole + benzene stretch mode 

590.0 ± 1.2 (vw) benzene radical + aza bend 

478.6 ± 2.1 (vw) isoindole deformation 

228.6 ± 0.2 (vw) 
Cu-N + in-phase motion of pyrrole and aza 
groups 

 
† Relative intensities: vs = very strong; s = strong; ms = medium strong; m = medium; mw = medium weak; 
w = weak; vw = very weak; sh = shoulder; br = broad. 

 

Millennium ‘Piss Yellow’ Ink 

The comparison of in vitro FTIR and Raman spectra between the tattoo pigment 

sampled from the bottle and the Graphtol Yellow GXS reference pigment confirmed 

diarylide yellow (P.Y. 14) to be the primary colorant in ‘Piss Yellow’ tattoo ink (Figure 

6.11). As with the other inks, the UV-excited images of the tissue sections showed the 

pigment present in the papillary dermis residing primarily within cells. The in situ 

Raman analyses of these pigments produced spectra that matched well with those 

collected from the tattoo ink in vitro. In this instance, two peaks at c.a. 607 cm-1 and 443 

cm-1 were detected during in situ analyses, corresponding to the A1g and Eg phonon 

lines of the lightening/extending titanium dioxide ingredient.283 The spectra for the TiO2 

(rutile) reference pigment may be found in Appendix V. All the peak positions detected 

in situ are listed in Table 6-4 and assignments have been provided for the most 

characteristic vibrations associated with diarylide pigments. 
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Figure 6.11. Raman spectra: (A) P.Y.14 diarylide reference pigment; (B) ‘Piss Yellow’ pigment (in 
vitro); and (C) ‘Piss Yellow’ tattoo pigment within the tissue section (in situ). FTIR spectra: (D) ‘Piss 
Yellow’ pigment (in vitro); and (E) P.Y.14 diarylide reference pigment. 
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Table 6-4. Mean Raman peak positions, intensities† and vibrational assignments of ‘Piss Yellow’ tattoo 
pigments acquired in situ. Errors are given to a 95% confidence interval. (n = 10) 
 
Peak Wavenumbers (cm

-1
) Assignments

128, 283, 284
 

1667.5 ± 1.3 (vw)
†
 Amide I C=O stretch 

1593.8 ± 0.7 (vs) Mono-substituted aromatic ring vibration, quadrant stretch 

1551.8 ± 1.5 (vw)  

1519.6 ± 1.6 (vw)  

1479.1 ± 0.8 (vw)  

1454.2 ± 2.0 (vw)  

1396.5 ± 0.7 (mw) Azo N=N symmetric stretch (conjugated to phenyl groups) 

1284.9 ± 1.2 (w) C-C phenyl bridge 

1254.8 ± 0.6 (m) Amide III oppositely phased N-H deformation + C-N stretch 

1177.1 ± 1.6 (vw)  

1141.7 ± 2.0 (vw)  

1064.1 ± 1.6 (vw)  

1042.6 ± 1.7 (vw)  

949.8 ± 1.6 (vw) Benzylamide 

914.5 ± 1.6 (vw)  

701.8 ± 1.3 (vw)  

654.4 ± 1.5 (vw)  

607.5 ± 1.7 (w) TiO2 (rutile) A1g phonon 

534.8 ± 0.8 (vw)  

506.4 ± 1.1 (vw)  

443.1 ± 2.1 (w) TiO2 (rutile) Eg phonon 

393.2 ± 1.6 (vw)  

341.4 ± 1.0 (vw)  

273.9 ± 1.1 (vw)  

 

† Relative intensities: vs = very strong; s = strong; ms = medium strong; m = medium; mw = medium weak; 
w = weak; vw = very weak; sh = shoulder; br = broad. 
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Millennium ‘Viper Red’ 

The labelling on the Millennium ‘Viper Red’ ink shade featured a combination of 

pigments to achieve a certain hue. In vitro FTIR spectral comparisons between the ink 

and corresponding reference pigments (Clariant Novoperm Red F5RK, Clariant 

Graphtol Yellow GX) showed the presence of both a naphthol AS (P.R. 170) and 

diarylide yellow pigment (P.Y. 14) (Figure 6.12). Despite the colour of the ink, the 

latter compound dominated the spectra with peaks at 1516 cm-1, 1247 cm-1 and 1178 

cm-1. However, the in vitro Raman spectra of the ‘Viper Red’ ink sample showed a 

much stronger contribution from the naphthol AS (P.R. 170), overshadowing features 

from the diarylide yellow (P.Y. 14) (Figure 6.13). Several peaks attributed to the 

diarylide could still be observed, such as the shoulder on the naphthol AS amide III 

band (1242 cm-1) caused by the downshifted amide III band from the diarylide pigment. 

Another feature was a very weak band at c.a. 908 cm-1. The difficulty in resolving this 

particular combination of pigments may be attributed to the quantity of red naphthol AS 

versus the yellow diarylide, causing signals from the red pigment to overwhelm those of 

the yellow. Many features of the relatively complex naphthol AS spectra also coincided 

with and overlapped the few peaks deriving from the diarylide owing to similar 

structural vibrations. For example, the usually distinct 1290 cm-1 C–C diarylide stretch 

is masked by a relatively weak feature at 1281 cm-1 from the naphthol AS. 

 

 

Figure 6.12. FTIR spectra: (A) ‘Piss Yellow’ pigment (in vitro); (B) P.Y.14 diarylide reference pigment; 
and (C) P.R.170 naphthol AS reference pigment. 
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Figure 6.13. Raman spectra: (A) P.R.170 naphthol AS reference pigment; (B) ‘Viper Red’ pigment (in 
vitro); (C) P.Y.14 diarylide reference pigment; and (D) ‘Viper Red’ tattoo pigment within the tissue 
section (in situ). 
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Despite these complications, in situ spectra collected from tattooed skin sections 

matched closely with the spectra obtained from the in vitro ink samples. Peaks 

attributed to titanium dioxide were noticeably absent in the spectra acquired from the 

tissue sections. All wavenumber shifts detected in situ are listed in Table 6-5 with 

assignments provided for the most characteristic naphthol AS vibrations. 

 

Table 6-5. Mean Raman peak positions, intensities† and vibrational assignments of ‘Viper Red’ tattoo 
pigments acquired in situ. Errors are given to a 95% confidence interval. (n = 10) 
 
Peak Wavenumbers (cm

-1
) Assignments

128, 284
 

1597.0 ± 1.0 (ms)
†
 Benzene quadrant stretch 

1547.1 ± 1.5 (w)  

1509.0 ± 0.7 (mw) Azo-benzene 

1486.4 ± 1.4 (w)  

1451.6 ± 1.6 (vw)  

1418.6 ± 1.4 (vw) Azo N=N stretch (conjugated to phenyl group) 

1387.9 ± 1.3 (w)  

1329.4 ± 1.7 (vw)  

1360.0 ± 1.6 (s)  

1285.2 ± 0.7 (mw)  

1254.7 ± 1.7 (sh)  

1242.0 ± 1.5 (mw) Amide III bend 

1159.9 ± 0.6 (m) C-N symmetrical bend 

1112.9 ± 2.4 (w,sh) C-N symmetrical stretch 

1010.7 ± 1.0 (w)  

959.9 ± 0.6 (mw) Naphthalene vibration/benzylamide 

912.6 ± 1.9 (vw)  

856.9 ± 1.9 (vw)  

771.6 ± 1.6 (vw)  

725.6 ± 1.0 (mw) Naphthalene vibration 

604.3 ± 0.1 (w)  

570.0 ± 1.2 (vw)  

534.3 ± 1.9 (vw)  

505.8 ± 1.3 (vw,sh)  

487.7 ± 1.4 (w)  

420.4 ± 1.6 (w)  

368.3 ± 1.7 (vw)  

 

† Relative intensities: vs = very strong; s = strong; ms = medium strong; m = medium; mw = medium weak; 
w = weak; vw = very weak; sh = shoulder; br = broad. 
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Millennium ‘Green Gob’ 

The Millennium ‘Green Gob’ shade of tattoo ink was perhaps the most complicated 

formulation encountered in this study, which featured a mix of three organic pigments 

(Hostaperm Green GG01, Hostaperm Blue A4R and Graphtol Yellow GXS). In vitro 

FTIR data (Figure 6.14) showed the listed diarylide yellow to completely dominate the 

spectra with minor contributions from green chlorinated Cu-PC (P.Gr.7) but no detected 

peaks from P.B.15 Cu-PC. Conversely, in vitro Raman analyses of the pigment from the 

bottle, cross-referenced with the respective reference pigments showed the chlorinated 

Cu-PC pigment (P.Gr.7) to predominate the Raman spectra with 15 features, followed 

closely by P.B.15 Cu-PC with ten features (plus three possible overlaps) and the 

diarylide pigment P.Y.14 detected in the spectra on only four occasions (Table 6-6). The 

P.Gr.7 Raman spectrum is similar to P.B.15:1 to a certain extent with features shifted 

due to the halogenation of the four isoindole arms of the phthalocyanine. 

 

The in situ Raman spectra of tattoo pigments targeted within skin sections matched 

closely with those collected in vitro (Figure 6.15) except a noticeable increase in 

intensity at c.a. 1276.7 ± 2.1 cm-1, which was attributed to P.Gr.7. Despite titanium 

dioxide being detected during in situ analyses of the ‘Piss Yellow’ shade of ink, no such 

features were apparent in any of the ‘Green Gob’ in situ spectra. 

 

 

Figure 6.14.  FTIR spectra: (A) P.Y.14 diarylide reference pigment; (B) ‘Green Gob’ pigment (in vitro); 
(C) P.Gr.7 chlorinated Cu-PC reference pigment; and (D) P.B.15:1 Cu-PC reference pigment. 
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Figure 6.15. Raman spectra: (A) P.B.15:1 Cu-PC reference pigment; (B) P.Gr.7 Chlorinated Cu-PC 
reference pigment; (C) ‘Green Gob’ pigment (in vitro); (D) P.Y.14 diarylide reference pigment; and (E) 
‘Green Gob’ tattoo pigment within the tissue section (in situ). 
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Table 6-6. Mean Raman peak positions, intensities† and respective pigment contributions for ‘Green 
Gob’ tattoo pigments acquired in situ. Errors are given to a 95% confidence interval. (n = 10) 
 

Peak Wavenumbers (cm
-1

) Pigment Contribution 

1590.9 ± 1.5 (mw)
†
 P.Y.14 

1528.4 ± 1.9 (vs) P.Gr.7, P.B.15 (overlap) 

1476.3 ± 1.3 (vw) P.Gr.7 

1440.5 ± 1.6 (mw) P.Gr.7, P.B.15 

1386.0 ± 2.1 (vw) P.Gr.7, P.Y.14 

1332.3 ± 1.9 (m) P.Gr.7, P.B.15 (overlap) 

1276.7 ± 2.1 (mw) P.Gr.7 

1205.7 ± 1.6 (s) P.Gr.7, P.B.15 (overlap) 

1137.4 ± 1.6 (vw) P.B.15 

1103.9 ± 0.7 (vw) P.B.15 

1076.2 ± 1.5 (vw) P.Gr.7 

972.3 ± 1.6 (vw) P.Gr.7 

948.8 ± 1.6 (vw,sh) P.B.15 

812.3 ± 1.3 (vw) P.B.15 

769.5 ± 1.6 (w) P.Gr.7 

736.7 ± 2.0 (w) P.B.15 

699.5 ± 1.7 (vw,sh) P.Gr.7 

678.8 ± 1.6 (m) P.B.15 

637.6 ± 1.4 (vw) P.Gr.7 

588.9 ± 1.1 (vw) P.B.15 

537.8 ± 0.7 (vw) P.Gr.7 

500.5 ± 0.7 (vw) P.Gr.7 

477.2 ± 1.0 (vw) P.B.15 

286.3 ± 1.3 (vw) P.Gr.7 

 

† Relative intensities: vs = very strong; s = strong; ms = medium strong; m = medium; mw = medium weak; 
w = weak; vw = very weak; sh = shoulder; br = broad. 
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Millennium ‘Onyx Black’ 

The final Millennium ink tested was the ‘Onyx Black’ series, which was demonstrated 

by in vitro Raman analyses to be a disordered, carbon-based pigment. As Figure 6.16 

shows, the broad, noisy spectral features (c.a. 1325.6 ± 5.3 cm-1 and 1574.1 ± 9.8 cm-1) 

indicated an amorphous or disordered form of carbon, comparatively similar to the 

spectra obtained from the flame carbon ‘soot’ reference pigment. As with earlier 

experiments with ‘soot’ tattooed skin samples (Chapter 4.2.2.1), the in situ Raman 

spectra obtained from the pigment within the skin matched closely with in vitro samples 

of the pigment, 

 

 

Figure 6.16. Raman spectra: (A) Flame carbon ‘soot’ reference pigment; (B) ‘Onyx Black’ pigment (in 
vitro) (C) ‘Onyx Black’ tattoo pigment within the tissue section (in situ). 
 

Lightening/Extending Agent 

Raman analysis was performed on the denser, lighter precipitate found on the bottom of 

all Eppendorf tubes during the separation of the pigment from the tattoo inks. In all 

cases, the characteristic peaks of rutile (TiO2) were detected, matching those of the 

certified reference pigment. The majority of peak positions were recorded at 

approximately 434 cm-1 and 595 cm-1, which were both approximately ten 

wavenumbers less than those reported by the literature. 120, 124, 283 By far the most 

intense rutile peaks were detected for the ‘Piss Yellow’ shade of tattoo ink. 
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6.5 Discussion 

Although relatively new to the market, UV-fluorescent tattoo inks are a combination of 

various technologies relating to cosmetic fillers and fluorescent instrument calibration. 

The ‘pigments’ were found to be very poly-disperse varying between approximately 0.5 

to 4 μm, which were much smaller than reported by the company. Due to the age of the 

product, no cases of adverse reactions have been reported. However, it should be noted 

that the first generation of PMMA microsphere cosmetic fillers (Arteplast) contained 

sub-20 m particles, which induced a high rate of foreign body granulomas (Chapter 

5.3.3). SEM showed that the microspheres were indeed hollow, which suggested that 

the proprietary fluorescent dye was contained inside the sphere rather than being 

incorporated into the polymer structure during synthesis. Being proprietary, the 

manufacturer is not required to disclose the nature (and hence toxicity) of the dye, 

which they insist would never come into contact with the body as long as it is enclosed 

in the microspheres, however, several microspheres were observed under SEM to have 

cracked or ruptured. This may have been the result of the low vacuum SEM chamber. 

This particular form of tattoo ink may or may not become the next trend, however, 

similar polymer microsphere inks have been invented for the very purpose of rupturing 

under laser treatment, spilling its soluble and non-toxic inks into the body, dissipating 

the colour of the tattoo.285 

 

The isolation process (Chapter 6.2.2) carried out on the Millennium tattoo inks 

separated the carrier solutions from the organic pigment and further separated the 

organic pigment from a denser, light-coloured pigment. This was confirmed by Raman 

spectroscopy to be the listed C.I. 77891 pigment (TiO2). The discrepancy in peak 

positions between the rutile TiO2 in this experiment and literature values may be put 

down to particle size effects, as powdered or finely divided samples would produce 

different shifts to the polished, larger mineral pieces used in rutile studies. The 

separation was carried out to isolate the organic pigment from the carrier medium and 

any lightening or extending ingredients so as to obtain spectra from only the pigments 

during in vitro FTIR and Raman analyses. The analysis of the ink without separation 

was unsuccessful due to the overwhelming fluorescence encountered. Since the 

complete, unseparated pre-mixed ink was used in the tattooing process, TiO2 was 

expected to be observed in all tissue sections (except those tattooed with Onyx Black), 

however, the lightener was detected only in the ‘Piss Yellow’ shade of ink despite 
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sampling many different pigment groups within the pig skin sections over different 

lateral depth profiles. FTIR spectroscopy did not detect any discernable titanium dioxide 

peaks in all in vitro samples of inks due to the centrifugation process. The elemental 

presence of titanium dioxide pigment in all inks (except Onyx Black) was further 

confirmed by performing LA-ICP-MS, using the same instrumental setup as outlined in 

Chapter 3.2.1, on ink samples smeared and dried onto glass slides.  

 

As was the case with the ancient tattooing experiments, in situ Raman analysis was not 

complicated by the complex biological matrix of the surrounding skin. As described in 

Chapter 2.1 and shown by light microscopy (Appendix III), these pigments lay within 

phagolysosomes or intracellular storage vacuoles, which in turn would be surrounded by 

a vast dermal array of collagen.286 The use of a laser wavelength in the visible region, 

which is known to cause strong native background fluorescence when analysing 

biological matrices, was not found to be a problem. Characteristic peaks synonymous to 

collagen Type I (Amide I (C=O) band at ~1650 cm-1, Amide II band (CH2/CH3) at 

~1444 cm-1 or the (CC) aromatic ring stretching at ~1000 cm-1)202 were once again not 

detected in any of the spectra. The absence of these peaks was attributed to several 

reasons. The choice of a 632.8 nm laser over longer wavelength laser sources (normally 

employed for biological analyses) acquired stronger Raman signals from the pigments 

over any features that may have been produced from the biological system of the skin 

with some pigments experiencing enhanced intensities due to resonance. Very brief 

acquisition times (<5 seconds) were needed when analysing the tissue sections with no 

visually detected sample degradation. Despite the sub-micron sizes of individual 

pigment particles,15 their agglomerate behaviour coupled with tissue sections cut of 

sufficient thinness left the pigments relatively exposed, thus allowing the laser to 

acquire spectra comparable with those detected during in vitro analyses. As a positive 

side-effect in this instance, the Raman spectra of frozen tissues are known to experience 

a reduction in intensities153, 193, making cryo-techniques ideal for this particular form of 

analyses. 

 

Since the tissue processing steps are relatively short, complete analyses and 

identification may be realistically achieved within 48 hours, especially if experienced 

technicians handled each step of the analyses. As with any chemical analyses of colour, 

one must be aware of the principles of hue, saturation and brightness in consideration of 

the extremely wide range of tattoo ink shades available and the multitude of organic 
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pigments (and associated substrates) used in their manufacture. Another factor to note is 

the tinctorial strength of various pigments, which may produce a false sense of quantity. 

The strength of high tinting pigments easily dominates other pigments and are 

subsequently lightened with compounds such as titanium dioxide to reduce their effect. 

Molecular dimerisation is known to increase tinctorial strength considerably by 

enhancing aromacity. For example, the dimerisation of monoazo compounds to their 

disazo dimers is known to more than double the maximum molar extinction coefficient 

(light absorption), which enhances additional interaction through the diphenyl moiety 

but does not improve conjugation or cause chromic shifts. Despite the large range of 

organic pigments available to be used for tattoo ink colouring, it would be more 

economically viable to use mixtures of commonly (and cheaply) available pigments to 

achieve a certain hue rather than using less common moieties or polymorphic forms. 

Relatedly, lighteners are a cheaper alternative used to lighten a shade of ink instead of 

using a compound of a specific shade. The stronger TiO2 peaks detected for the ‘Piss 

Yellow’ ink shade is a good example of this and is probably the reason why the 

lightener was only detected for the skin samples tattooed with that particular shade of 

ink. 

 

In vitro FTIR and Raman spectra were often contradictory when displaying the 

dominant pigment colourant in the ink. As care was always taken to obtain homogenous 

samples, the disagreement may be put down in part to relative selection rules of the 

respective vibrational spectroscopic methods leading to some modes being active or 

inactive. The perception of a tattoo ink’s ‘true’ colour through a patient’s skin will also 

be complicated due to light scattering effects and contiguous areas of skin causing 

misinterpretation due to colour differences.94  

 

Although invasive biopsy sampling merely for the purposes of pigment identification is 

not ideal, punch biopsy samples are often obtained for histopathology. Therefore, rather 

than dividing the minute sample between chemical analyses and histopathology, cryo-

sections from the same specimen may be set aside for analyses and subsequent 

histopathological investigations through regular staining protocols or UV-excited native 

fluorescence. Despite ultrastructural morphology not being a priority for solid Raman 

analyses, tissue sections are still required to be of sufficient quality to provide 

spectroscopists and pathologists alike with relative positioning, orientation and 

alignment in relation to the various layers of the skin (epidermis, papillary/reticular 
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dermis, hypodermis etc.). It is naturally assumed that the thinner the skin sections, the 

better the chance of obtaining strong, fluorescence-free spectra. However, cutting 

thickness may be varied to ensure that pigment is actually contained in each section or 

to improve the quality of the sections for diagnostic means. 

 

The identity of the synthetic organic pigments used to colour a selection of tattoo inks 

was able to be verified through FTIR and Raman spectral comparison with pure 

reference compounds and further cross-referenced against spectral databases pre-

established for their commonly used applications in modern art and coatings. Using an 

animal model, it has been demonstrated that rapid, in situ Raman microanalysis of tattoo 

pigments may be carried out on cryo-sectioned skin samples that have been snap-frozen 

and supported with an optimal cutting temperature compound such as that used in this 

study. The in situ Raman spectra obtained were comparable to the pigments collected 

from the bottle, with no apparent contributing factors from any of the processing steps 

and more importantly, from the biological matrix in which the pigments are encased. 

 

The inclusion of C.I. Constitution Numbers provided on the tattoo ink labelling was not 

expected but welcomed as an additional guideline for identifying the constituents. This 

may indicate an internal effort within the tattoo ink manufacturing industry to provide 

consumers with a certain level of quality assurance by disclosing their product 

constituents. Regulatory bodies have long been aware of the lack of regulation for 

pigments and other chemicals used to produce tattooing inks. Perhaps the first step in 

regulation may come in a form similar to that imposed onto paint manufacturers, who 

are required by the ASTM (American Society for Testing and Materials) International to 

list the pigments used on their labelling.287 These requirements include the inclusion of 

the pigment’s common name e.g. "Hansa Yellow" or "Ultramarine Blue ", and more 

importantly, the C.I. generic name. 

 

Cases such as the pseudolymphoma presented by Gutermuth et al.248 or the hypertrophic 

reactions described by Macarthur277 are two of many examples whereby the proposed 

methodology could be used to promptly identify the unknown pigment(s) used in the 

tattoo. As regulatory commissions plan to impose stricter controls over the chemicals 

used to manufacture pre-mixed tattoo inks, they may be aided in their task by medical 

practitioners who deal with patients suffering adverse reactions caused by tattoo inks. 

Instead of merely reporting case symptoms, the methodology described above will be 
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able to provide administrative bodies with the actual identities of the pigments at fault. 

As the first generation of metallic-based tattoo inks responsible for triggering 

inflammatory reactions were able to be identified in situ, the same may now be achieved 

with organic pigments. 
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7 Conclusions 

7.1 Ancient Studies 

The longevity and prevalence of tattooing as an art-form is comparable to any other 

artistic mode practiced by the human race. This creative procedure persists and 

flourishes to this very day because of its unique ability to be shared with anyone willing 

to bear the discomfort. Conversely, conventional examples of artistry are usually 

confined to the talented, wealthy and public galleries. Even though the original 

meanings and functionalities of tattooing have been lessened through the ages, the 

principles of indelibly marking ones body for social aesthetics or personal beliefs still 

remain strong. The study of tattooing history is invariably linked to the phenomenon of 

mummification and on this fragile canvas of human skin, an individual’s strongest 

beliefs are laid bare to interpretation. Delving deeper past superficial meaning and 

connotations, we arrive at the physical material responsible for creating the pattern, 

which for all existing examples of tattooed mummified bodies (with the exception of 

two insubstantial reports12, 14), remain unverified. 

 

Although the significance of tattooing found on mummified remains has never been 

doubted, the investigations into the actual pigments used in these tattoos have been 

neglected and rarely attempted for reasons such as the inevitable need for destructive 

sampling. This is despite samples frequently being obtained for DNA, dating or 

histopathological studies. There is also a generally held belief that no further 

information or knowledge may be gained from analysing these pigments. However, 

given the myriad of materials that may have been used as tattoo pigments (discussed in 

Chapter 1.2.1), it is quite feasible that substances may be found to be exotic to a 

particular area, leading to additional or novel information regarding inter-culture trade 

or the geographical distribution of an ancient culture. At the very least, basic 

information regarding material fabrication techniques should, in itself, warrant further 

investigation. Perhaps the leading reason dissuading focus in this area may be the lack 

of a robust and proven experimental methodology that would provide comprehensive 

pigment identification. This study addresses this need by proposing such a method, 

which allows for correlated molecular, elemental and morphological analyses through 

the use of only one tissue processing platform. 
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The nature of mummification may either be spontaneous or anthropogenic, with the 

degree of preservation depending largely upon environmental conditions and/or the 

level of human input. With such variation, each tattooed mummified body must be 

approached in a unique manner so as to account for any and all factors leading up to its 

final state, which will determine the quality of analyses and the level of contamination 

that may be introduced. Similarly, sampling a mummified body is never a 

straightforward process as it is again, largely dependent upon its final state of 

preservation. Paramount to this, however, is the need to obtain control samples from a 

similar region of the body. These baseline samples not only act to discount any naturally 

occurring pigmentation or exogenous contamination that may convolute analyses, but 

more importantly, it will be used to determine the optimum rehydration solution for the 

skin of each particular mummy. In this particular animal model study, Ruffer (1921) 

was singled out as the most effective of the three rehydration solutions proposed by 

Mekota and Vermehren.145 While Ruffer’s (1921) solution would be recommended as 

one of the initial fluids to be trialled, it would be more prudent to use previously 

established and verified protocols for each specific mummy type. The rehydration step 

will determine the quality of sections and hence, the retention of tattoo pigments to be 

analysed. No matter the choice of rehydration solution, one must always take into 

account possible contaminants that may come directly from the rehydration solution 

ingredients or as a secondary effect, whereby the solution may bring extraneous 

contaminants from the sample into solution. 

 

The four mummification simulations chosen for this study were based upon existing 

tattooed mummified remains and the various ways in which they were found to be 

preserved. The results show that mummification itself does not affect the chemistry of 

tattoo pigments but rather the difficulty in processing the skin sample for analyses. 

Highly degraded samples or those that are difficult to section cleanly will result in less 

pigment being retained on the slide and hence, less material for solid analyses. While 

these simulations mimic the conditions that may have led to the preservation of existing 

tattooed mummified remains, they remain only to be laboratory simulations carried out 

in a clinical fashion with full control over variables. While time itself cannot be 

simulated, it is understood that the decompositional processes in well-preserved bodies 

are quickly arrested post-mortem, with mummification being achieved after a short 

period of time and decay temporarily halted until an unforseen change in conditions. It 

is also worthy to note that only isolated skin samples were mummified for this study, 
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which are exempt from decompositional fluids laden with endogenous proteases exuded 

by a body during decomposition, which would subsequently pass through the skin. 

 

Following an extensive literature review into ancient tattoo pigment configurations 

(Chapter 1.2.1), it would seem that feasibly, any finely divided solid (and even some 

soluble dyes) could be used as a tattoo pigment. With this in consideration, the pigments 

chosen for the current replicative studies were not intended to be exhaustive. As this 

study was intended to be an ab initio replicative investigation, the pigments elected 

were prepared under laboratory conditions and do not necessarily reflect the original 

methods and conditions of preparation. However, steps were taken to ensure that each 

pigment was created with as little influence from modern instruments as possible, 

therefore maintaining a sense of authenticity. 

 

Three carbon-based pigments were chosen primarily as the most likely materials to be 

encountered within mummified bodies as tattoo pigments. Although the three pigments 

share the same basic properties in major elemental constitution and production through 

carbonisation; they are distinctly different in size, morphology and chemistry. 

Analytical techniques that provide elemental data have been shown to either be 

inadequate in detecting lighter elements such as carbon or lacking the ability to 

discriminate between the pigment and surrounding organic tissue. Raman spectroscopy, 

specifically microscope-coupled confocal Raman spectroscopy, has been demonstrated 

to provide not only a positive reading for carbonaceous materials, but also information 

pertaining to the structural disorder of the material. The presence of a sharper ‘G’ or 

graphitic band (~1580 cm-1), suggests a material of pre-determined crystallinity (e.g. 

anthracite) or a substance that has undergone graphitisation through extreme heat 

treatment. Additionally, factors such as the intensity ratio between the ‘D’ and ‘G’ 

peaks (ID/IG), the width of the ‘D’ band and subtle wavenumbers shifts may also provide 

information regarding crystallite size, hydrogenation and an overall level of disorder 

with respect to temperatures of formation. 

 

One disadvantage of Raman spectroscopy is the possibility of sample decomposition 

caused by the laser excitation source. Magnetite (Fe3O4) in particular has been 

demonstrated to undergo a process termed martitization where it converts rapidly to the 

haematite form of iron oxide when heated or under a laser beam. Therefore, magnetite 

was chosen not only as a representative for the myriad of black/dark oxides that may be 
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used in tattooing, but also as an example of a substance that may be incompatible for 

Raman spectroscopy. Incompatibility may arise through reasons of instability under a 

laser source, overwhelming fluorescence or merely as a substance that produces 

insufficient Raman scattering, hence, complementary analytical methods such as SEM-

EDS may be used to support characterisation. As a precaution, it is perhaps sensible to 

analyse samples for Raman spectroscopy using a lower laser power to avoid sample 

damage, increasing the power in increments as required. A 632.8 He/Ne laser source (at 

1.8 mW) was favoured over the 785 nm diode laser for the current study as it provided 

considerably stronger scattering without detectable sample damage. Lapis lazuli was the 

last candidate chosen to represent a material of complex mineralogical origin that may 

be encountered as a possible pigment. Rocks or minerals such as lapis lazuli possess 

highly variable elemental compositions and hence are difficult to identify without 

quantification. However, it was demonstrated that micro-Raman spectroscopy was more 

suitable for characterisation in probing the molecular vibrational behaviour of the 

unique S3  polysulphide anion rather than the elemental content, producing spectra 

characteristic to the material. The choice of a near infrared visible laser in this instance 

induced resonance in the structure and subsequent overtones, aiding in the identification 

of the pigment. 

 

Despite the ability of Raman spectroscopy to provide a positive identification of 

carbonaceous materials, it fails to discriminate between the particular forms. Ordinarily, 

pigments created through the pyrolysis of bone apatite material (bone or ivory) may 

produce a very weak band at ~961 cm-1, which is attributed to the PO4
3- vibrational 

mode, however, given the low signal to noise ratio usually associated with disordered 

carbon pigments, this peak is difficult to resolve. This is where the coupling of SEM-

EDS becomes a valuable addition to analyses. The adaptability of the cryo-processing 

tissue protocol allows for the same sections to be analysed in an SEM chamber, where 

the EDS system may be used to probe the elemental composition of pigment groups and 

if required, high-resolution morphological characterisation may also be achieved with 

coated specimens. Since carbon-based pigments are expectedly difficult to contrast from 

the surrounding organic tissue, the location of these pigments in situ requires pre-

imaging with light microscopy to establish reference points. 

 

Lacking an elemental profile, flame carbon ‘soot’ was able to be identified in situ based 

on studies of the raw pigment in tightly packed groups, which reflected the nature of 
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how it would be discovered in cellular groups. In vitro EDS studies of raw bone black 

pigment found a high calcium and phosphorous content, which was indicative of the 

residual hydroxyapatite mineral of the starting bone material. However, in situ studies 

found both Ca and P levels to be profoundly reduced. Having discounted the carrier and 

rehydration solutions as possible sources of dissolution, it was proposed that these ions 

were actively leached during the period spent imbedded within the pig skin as part of 

the process of phagocytosis. This explanation is provided hesitantly, as it is believed 

that this could not occur given the relative short healing period. Unfortunately time 

constraints prevented further investigation into the matter. In situ morphological 

characterisation of bone black pigment proved to be difficult as the particles imaged did 

not possess any characteristic features that could provide unequivocal identification. 

Some features were reminiscent of fragmented bone such as lamella plate direction but 

much of these could easily be discounted as artefacts of the harsh heating and crushing 

process or even possibly due to the residual matter from the surrounding tissue matrix. 

Nevertheless, when combined with Raman spectral data, a strong case for bone black 

pigment may be made. The elemental analyses of vine charcoal pigment were not 

expected to yield any functional information given the minute levels of residual 

macronutrients in the raw pigment. The in situ morphological investigation into the 

pigment in this case showed the excellent preservation of the plant cellulose walls, 

which provided explicit evidence of a plant-based charcoal. In situ EDS analyses of 

magnetite and crushed lapis lazuli within the skin sections provided key elemental data 

which, combined with molecular vibrational information obtained by micro-Raman 

spectroscopy, provided a solid foundation for inorganic pigment characterisation. 

 

Perhaps the biggest disadvantage of analysing tissue samples by sectioning is the 

incompatibility for quantitative EDS studies. This would prove especially useful for 

quantifying the elemental composition of complex rocks such as lapis lazuli or 

compounds with multiple oxidations states such as iron oxides. This is where the 

technique of laser capture micro-dissection is proposed. Pre-mounted sections may be 

transferred directly into the instrument without any further sample preparation. The 

cellular bodies containing the pigment groups may then be individually targeted, 

isolated and removed to be remounted in resin for quantitative EDS analyses by SEM, 

or onto an appropriate grid for Transmission Electron Microscopy. Although TEM is 

not suited to three-dimensional surface characterisation, it possesses unmatched 

resolving power. TEM may be used to probe the lattice spacings and progressive 



Chapter 7 

 244

stacking planar layers within carbonaceous materials, hence providing information 

about the level or order within the material that may supplement Raman spectroscopic 

studies. This may prove especially useful for further clarification of flame carbon ‘soot’ 

pigments, which possesses a unique concentric (multi)nucleated structure of carbon 

lattices.160 

The results of this study concludes that the combination of a non-embedding tissue 

support medium, together with a chemical-free, cryo-processing methodology allows 

for the successful identification of the most typical tattoo pigments in mummified skin 

using a combination of micro-Raman spectroscopy and SEM-EDS without the presence 

of interfering signals from the surrounding tissue matrix. The high spatial resolution 

achievable with micro-Raman spectroscopy allows the targeting of specific pigment 

groups located within the cytoplasm and subsequent vacuoles of engorged macrophage 

cells. The versatile nature of Raman spectroscopy itself, barring overwhelming 

fluorescence or thermally sensitive materials, allows for almost any substance to be 

comprehensively identified through the observation of their vibrational modes or at least 

characterised to the extent that it may be complemented by other analytical techniques. 

EDS was used for learning basic elemental composition while high-resolution SEM 

imaging provided essential three-dimensional morphological information that facilitated 

the characterisation of pigments that were unable to be differentiated by either micro-

Raman spectroscopy or EDS. 

7.2 Modern Studies 

Despite the large number of shades available on the market, most modern tattoo inks are 

coloured with certain major groups of pigments more commonly used in the colouring 

of printing inks, paints, plastics, coatings, textiles, writing/drawing materials cosmetics 

and soaps etc.15 The majority of these colourants belong to the azo group of pigments, 

which are compounds containing at least one trans –N=N– group. These include the 

monoazo, disazo (diarylides, disazopyrazolones), benzimidazolone, naphthol AS and -

naphthol varieties. Pigments commonly used for blue, green and violet colours are the 

poly-heterocyclic phthalocyanine and quinacridone pigments with the linear ringed 

dioxazine pigments also known to be employed in tattoo inks. The highly conjugated 

chemistry of the pigments possess many active vibrational modes, subsequently, Raman 

spectroscopy has been demonstrated to be effective for their identification and 

discrimination in art and various other applications. 
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The same methodology used for ancient tattoo pigment studies was successfully applied 

to the in situ analyses of modern tattoo pigments coloured with industrial organic 

compounds. Spectra obtained from these pigments in situ or within skin sections, were 

highly reproducible and matched closely with in vitro analyses of the same pigments. 

Although titanium dioxide was listed as an ingredient in all but one of the tested tattoo 

inks (Onyx Black), in situ analyses only showed this commonly used lightening agent to 

appear in the ‘Piss Yellow’ tattoos. In vitro analyses of the ‘Piss Yellow’ pigment 

revealed very strong signals from titanium dioxide, far more intense than any other 

pigment. This result leads to the suggestion that substrates such as titanium dioxide are 

often used to lighten highly tinting pigments to achieve a particular shade, rather than 

sourcing a more superior pure pigment of the same hue. Similarly, it is more 

economically viable to mix two or more commonly produced (and hence cheaper) 

pigments to achieve a certain unsaturated colour rather than source a pure but 

uncommon variant or moiety. Despite this mixing of pigments it was demonstrated for 

the multi-pigmented ‘Green Gob’ ink that discrimination and subsequent identification 

of colourants is possible with the appropriate reference compounds and databases. 

The choice of a 632.8 nm He/Ne laser source also proved to be appropriate in obtaining 

strong Raman signals from the tattoo pigments with no apparent sample decomposition. 

Intensity enhancing resonant effects was also encountered and will be discussed more 

below. Confounding signals from the surrounding tissue were not detected because of 

the thin sectioning of skin, stronger scattering organic pigments and the cryological 

tissue processing techniques, which generally reduces all signals deriving from the 

collagen-rich dermal layer. The proposed methodology will hopefully encourage 

various medical practitioners and dermatologists to venture further beyond merely 

reporting the adverse reactions caused by various tattoo inks and identify the causative 

pigments. The usual biopsy samples taken for histological investigation may easily be 

prepared for micro-Raman spectroscopy and depending on available instrumentation 

and operator expertise, the identity of the pigments responsible may be rapidly obtained. 

The use of potentially toxic pigments in tattoo inks may be circumvented if the medical 

profession is more acutely aware of the compounds that cause the observed symptoms 

and subsequently, regulatory committees will be aided in their control over the pigments 

that may or may not present a danger to the tattooing community. The preliminary 

investigation into the polymer microsphere technology for tattooing did not reveal 

enough information to provide any solid opinions, except that they would be almost 
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impossible to remove from the skin except through excision or dermabrasion. This is 

unless the intent is to use the spheres as a carrier for non-toxic soluble dyes that may be 

released harmlessly into the body to be cleared by the lymphatic system.285 

7.3 Future Studies 

One class of pigment that was not trialled during the study into ancient tattooing was the 

plant-based pigments. Pigments sourced from such plants as the Indigofera genus or 

Isatis tinctoria species are prime candidates to be tested as potential tattoo pigments as 

their history of use reaches back thousands of years. In vitro Raman analyses of a 

degraded sample of indigo pigment produced weak yet recognisable signals and given 

the proven effectiveness of the methodology on other weakly scattering pigments, there 

is no reason why indigo or any other plant derived pigments or laked dyes cannot be 

detected within the skin if it was indeed used as a tattoo pigment. 
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Invasive sampling is never ideal, whether it be on mummified remains or modern 

patients. The next step in analyses will come in the form of in vivo Raman spectroscopy. 

The biological applications of in vivo Raman analyses is a field growing with improved 

technology and so far it has been demonstrated to provide information on the various 

proteins, lipids and amino acids in the skin as far down as the dermis.134, 135, 289-292 In 

vivo confocal laser scanning microscopy (CSLM) is a well established technique293-295 

and has even been developed by companies such as Lucid296 into commercial units for 

non-invasive medical imaging. O’Goshi et al.83 showed that in vivo intradermal imaging 

of tattoo pigments was possible using CSLM while Caspers et al.289 demonstrated the in 

vivo combination of both confocal Raman spectroscopy and CSLM imaging on human 

skin. Therefore, it is only a matter of time before the technique is applied to chemically 

analyse the tattoo pigments in vivo. Since a 633 nm He/Ne laser has already been shown 

to obtain spectra from the human skin without harming the patient, adaptation of 

equipment for intradermal analyses of tattoos should be possible and if organic 

pigments are targeted, only short accumulation times would be required. While the use 

of an excitation source in the visible region may yield intrinsic auto-fluorescence from 

the overlying tissues, background subtraction algorithms, such as the one developed by 

Zhao et al.297 may be used to counteract this.  
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A REVIEW OF TATTOOING IN ANCIENT EGYPT 
 

Kelvin W. C. Poon and Terry I. Quickenden† 

The University of Western Australia, Perth 

 

By its very nature, tattooing only exists while the bearer is alive. Once the owner passes 

away, the skin along with the tattoo decomposes under normal conditions of 

decomposition and is lost forever. However, tattoos may survive if the epidermal and 

dermal layers of the skin are preserved, either by natural or artificial means. The process 

of mummification in ancient Egypt and other civilisations has provided a rare 

opportunity to study the art and processes of tattooing in antiquity on actual human 

subjects.  

 

A tattoo is the piercing of skin with needles or sharp objects bearing various pigments. 

This implantation of pigment under the skin causes a permanent mark or design to 

remain. The pathological process itself involves the puncturing of the skin through the 

epidermis and into the dermal layer. The pigments carried by the tattooing implement 

are assimilated by macrophages, a type of cell that ingests and destroys foreign matter, 

such as micro-organisms or debris, through cellular digestion. The macrophages which 

cannot digest the pigments carry them into regional lymphatic vessels instead. A portion 

of the pigment will either be too large for the macrophages to envelop, or they will be 

trapped within the macrophages in an area surrounding blood vessels. This deposition of 

the pigment is permanent and results in the "tattoo". 

 

Tattooing in Ancient Egypt 

Although physical evidence of tattooing in ancient Egypt exists, mention of tattooing in 

the surviving written records is extremely rare. One example is in the papyrus Bremner-

Rhind (British Museum no. 10188),1 where the relevant phrase can be translated as "… 

their name is inscribed into their arms as Isis and Nephthys…".2 The Egyptian verb 

meten(u) used in this context is difficult to interpret,3 but could refer to an inscription,4 

etching or engraving.5 However, no examples of tattoos depicting either the goddesses 

Isis or Nephthys have been found. When searching for evidence of tattooing in ancient 

Egyptian art and literature, the main problem is that the interpretations are subjective, 

                                                

† Dr Terry Quickenden passed away on July 24, 2005. Kelvin Poon would like to dedicate this paper to 
the memory of his supervisor and friend. His guidance and insightful advice are sorely missed. 
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and the examples may represent cases of tattooing, ornamental scarring, body painting 

or branding. 

 

The earliest suggestion of tattoos comes from small female figurines of the Middle 

Kingdom (Figures 1).6 These figurines are made of blue Egyptian faience and decorated 

with dots, dashes and lozenge shapes, which were perceived as mere artwork until the 

discovery of actual tattoos on preserved Egyptian mummies that closely matched the 

patterns on the figurines. Coincidentally, just like these figurines, the tattooed Egyptian 

mummies are always female. 

 

As the ancient Egyptian embalming technique did not fully develop until the Fourth 

Dynasty (c. 2600 BC), early bodies have insufficient tissue preservation for tattooing to 

have survived.7 Human remains in Egypt did not provide conclusive evidence for 

tattooing until the discovery in 1891 of an Eleventh Dynasty tomb in Deir el-Bahari 

belonging to a woman named Amunet,8 whose name is attested on relief fragments of 

shrine walls as one of the priestesses of the goddess Hathor and a concubine of king 

Mentuhotep II.9 The tomb contained two large rectangular wooden coffins, one of which 

contained the well-preserved mummy of Amunet, adorned with bead collars and 

necklaces. Her bandages were inscribed with several royal names including those of 

King Mentuhotep II, his daughter and three other royal women, as well as mentions of 

the years 28, 35, and 42 of his reign.10 All this marks Amunet as a woman of significant 

status. The tattooing on Amunet's body was acknowledged, but not examined closely 

until November 1, 1938, when the then curator of the Cairo Museum, M.G. Brunton, 

granted Ludwig Keimer a special viewing of Amunet's body. Her tattoos consisted of a 

series of abstract patterns of individual dots or dashes, seemingly randomly positioned 

on the body. Beneath her navel, an elliptical pattern consisting of dots and dashes is 

tattooed, with the same pattern occurring on her thighs and arms. Keimer acknowledged 

that his sketches were schematic and somewhat approximate owing to the fragility of 

the mummy. A photo or accurate drawing of Amunet apparently does not exist. One 

assumes Amunet's body is still preserved at the Cairo Museum. The sketch said to 

represent Amunet (Figure 2),11 in fact shows the tattooing on the second mummy found 

at the same time.12 

 

In 1923, excavations led by H.E. Winlock in the outer court of the Mentuhotep Temple 

at Deir el-Bahari uncovered two further female mummies, believed to have been 
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dancing girls attached to the court, who lived at approximately the same time as Amunet 

and who exhibited tattoos similar to those on her body or those on the blue faience 

figurines.13 On both mummies, the tattoos were located on their chest, arms, legs and 

dorsum of the feet; both also sharing the same tattoo design across their abdominal wall, 

above the pubic bone and approximately level with the anterior superior iliac spines. 

The designs found on the chest and also the upper arms14 were sixteen dots arranged 

into diamond-shaped patterns, identical to those found on several fertility figurines, as 

for example Berlin 9583,15 Louvre E10942,16 British Museum EA 5286317or Brooklyn 

44.226 adorned with a wig associated with the Goddess Hathor.18 In addition to these 

types of tattoos, one of the mummies displayed a noticeable cicatrix19 immediately 

above the pubic region and across her lower abdomen. The precision of the cicatrix was 

such that the incisions extended only skin-deep, not cutting through to the muscles of 

the abdominal wall. From these observations, surgery or wounding are discounted as 

possible causes for the cicatrix.20 The same pattern displayed by the cicatrix can also be 

seen on the fertility figurines, including those from the Petrie Museum.  

 

The conservative attitudes prevalent at the time the tattooed mummies were discovered 

saw an association of the figurines with Hathor, the Egyptian goddess of love and lust21 

and, with the anatomical placement of particular tattoos, labelled the body-art an 

indication of impurity and eroticism, thus showing diminished respect towards the 

person.22  Undoubtedly, these tattoos have a sexual connotation and allude to 

reproduction, procreation, fertility, and also a warding off of spirits, ancient remedies. 

Failing all this, they are perhaps purely aesthetic. 

 

The Nubian Influence 

The lack of evidence for tattooing prior to the Middle Kingdom has given rise to the 

theory that the ancient Egyptians 'borrowed' the art-form from the Nubians23 —an idea 

further strengthened by the association of the tattooed Eleventh-Dynasty mummies from 

Deir el-Bahari with Nubia, which was partly under Egyptian control during that time.24  

 

Tattooing in Nubia had an unbroken tradition of over 2000 years, beginning with a 

tattooed fragment of a female mummy from the C-Group Culture discovered in  
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Figure 1.  UC 16724 (left) and UC 16723 (right): Middle Kingdom figurines (after a photo from 
  Jasmine Day, 2004). 

 

 

Figure 2 (left).  Tattoos on a female mummy from Deir el-Bahri (after L. Keimer). 
Figure 3 (right).  Tattoos on a female mummy from Nubia (after A. Vila,  
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Figure 4. Ostracon from Deir el-Medina: Cairo IFAO 3779 (after L. Manniche, Sexual Life in 

  Ancient Egypt, fig 8). 
 
 

 

Figure 5. Tattoo on the femur of a male mummy (Nubian X-group period). Reprinted with 
permission from Armelagos,   Science 163:255-259 (17 January, 1969) #3864) 
fig. 5 © 1969 AAAS 

 

excavations by Firth in 1910, in the Nubian village Kubban dating to the C-Group 

Culture of c. 2200–1500 BC, contemporaneous with the Egyptian Middle Kingdom.25 

The tattoos found on the body fragment were a collection of dots and dashes formed 

into abstract geometric patterns, like those found on the Eleventh Dynasty mummies in 

Deir el-Bahari. Another link comes from the image of a Nubian tumbler on a potsherd 

(ostracon) from Deir el-Medineh in Western Thebes, dating to the New Kingdom, c. 

1000 BC (Figure 4).26 The tumbler is depicted with an unmistakable mark on her thigh, 

which corresponds with the geometric dots-and-dashes style of tattooing encountered 

previously. The other marks across her chest and arms may be interpreted as tattoos but 

are less convincing than the ones on her thigh. The dashed lines across her buttocks 

have been established as a loincloth, several examples of which exist in museums 
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throughout the world. Lastly, at the Nubian site of Aksha, archaeologists discovered 

tattooed female adolescent and adult mummies dating to the Meroitic Period, c. 350 BC – 

350 AD (Figure 3).27 The tattoos were blue/blue-black in colour, and the designs mirrored 

those found on the three Middle Kingdom Egyptian mummies, as well as the C-Group 

mummy fragment.  

 

Recent excavations in the area of Hierakonpolis in Upper Egypt uncovered the remains 

of a female mummy, approximately 30–50 years old, also from the C-Group Nubian 

Culture.28 Although the body was not in the best state of preservation, the remaining 

skin shows unmistakable signs of tattooing. There is tattooing below her left breast, 

along the left front pelvis, her right forearm and on her left hand. Unfortunately, not 

enough skin remains on the right side of the torso to indicate any symmetry. Once again 

the prevalent dots-and-dashes configuration can be observed. Of interest is the tattoo on 

the hand displaying the familiar dotted diamond-shaped pattern.  

 

By contrast, from the more recent phase of the Nubian X-group period (350–550 

AD), G.J. Armelagos has reported an instance of tattooing on the femur of a male 

mummy (Figure 5).29  

 

Bes tattoos 

From the preserved examples, it has been concluded that tattooing was continually 

practiced in ancient Egypt from the Middle Kingdom through to the New Kingdom. The 

start of the New Kingdom (1550 BC) saw a shift in design from conceptual geometric 

patterns of dots and dashes, to images of the god Bes. This deity was connected not only 

to general household protection, mischief, song and dance, but was also the protector of 

aspects of the private life of a woman,30 which may include childbirth or sexuality. 

Characteristally, Bes is always represented full-faced, rather than in profile. The basis 

for interpreting images of Bes on artwork as possible tattooing comes from one of the 

female Nubian mummies found in Aksha (Figure 3),31 where a tattoo has been 

interpreted as an abstract image of Bes produced in the customary dots-and-dashes 

technique. One artefact where the image of Bes could, by analogy, be a tattoo is a 

faience bowl from the New Kingdom depicting a lute player, now in the Rijksmuseum 

in Leiden (Figure 8).32 She is kneeling on a cushion, strumming her duck-headed 

instrument, while a curious monkey plays with her hip belt. She has a long-stemmed 

lotus flowers flowing from her elbows and is wearing a heavy wig decorated with a 
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headband, a lotus flower and a fragrant unguent cone.33 One feature, which must not go 

unnoticed in this context, is the figure of Bes on the woman's thigh. This representation 

of Bes matches closely tattoos of Bes figures documented by Keimer (Figure 9)34 and 

occurs in the same position as Bes figures engraved onto the thighs of a naked female 

figure as the handle of a bronze mirror (Brooklyn 60.27.1).35 From the 19th Dynasty, 

painted on the wall in a house at a workman's village located at Deir el-Medina, 

Western Thebes, is a female musician, dancing as she plays her instrument (possibly 

another lute), who also has an image of Bes adorning her thigh. The original colour of 

Bes in the painting was a dark blue-black tint, corresponding with the colour of 

tattooing found on the Nubian mummies from Aksha thus further strengthening the 

likelihood that the image is indeed a tattoo. 36 

 

From these examples, the tattoos appear to once again adorn predominantly women, 

specifically those in the musical or entertainment profession. Hathor, the goddess of 

music and love, and Bes represented elements of sexuality, eroticism, and were 

associated with childbirth and fertility, and hence it would be relatively safe to maintain 

that men would not have chosen an image of Bes as a tattoo. L. Manniche has suggested 

that the tattoo was perhaps thought to protect against venereal diseases such as 

gonorrhoea, known to be present in antiquity.37 
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Figure 6. Faience bowl: female figure with Bes tattoo (Leiden, AD 11) © Rijksmuseum of 
  Antiquities, Leiden (with permission). 

 

 
Figure 7. Various figure of Bes (after L. Keimer). 
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Other Civilisations 

By comparison with tattooing from other ancient civilisations, Egyptian and Nubian 

tattoos seem rather simple.  In New Kingdom Egypt, depictions of Libyans in traditional 

dress on walls38 and on polychrome tiles39 have markings on their legs, which have been 

interpreted as tattooing, but the practice of branding prisoners may also need to be 

considered.40 The Pazyryks, a culture of Iron Age horsemen who inhabited the steppes 

of Eastern Europe and western Asia c. 700–300 BC, displayed an incredibly elaborate 

tattooing tradition: the mummy of a chieftain, dating to the 5th century BC, was found 

covered in highly ornate and intricate tattooing designs of animals and mythical 

creatures, especially the skin of his right arm is well preserved at the State Hermitage 

Museum in St. Petersburg, Russia.41 A series of Caucasoid mummies excavated in the 

Tarim Basin (Eastern Central Asia) dating to the first millenium BC, but slightly earlier 

than the Pazyryk mummies, also display sophisticated tattooed designs on hands, arms 

and upper backs. The tattooed hand of one female mummy is particularly well 

preserved.42  

 

Visualising Tattoos on Mummified Remains 

For tattooing to survive through the ages, it is essential that the soft tissue 'canvas' be 

preserved either naturally or artificially. Mummification, however, more often than not, 

will still succumb to the ravages of decomposition. The skin will discolour, shift and 

shrivel. The artificial preservation techniques employed in ancient funerary practices 

will also often damage the skin's surface. Any tattooing present on the skin will 

invariably be concealed partially or completely by the visual effects caused by the 

decomposition. One technique often employed to better visualise tattoos on mummified 

remains is Infrared Reflectography or photography. Armelagos43 and Alvrus et al.44 have 

used this technique to visualise tattooing on Nubian mummies from the Meroitic and X-

Group periods, while Smith et al.45 and Kapel et al.46 utilised the technique on Alaskan 

and Greenland mummies respectively. Infrared Reflectography works by enhancing the 

contrast between the tattoo and the surrounding skin. This is based on differences in 

infrared absorption of substances with different chemical compositions. The tattoo 

pigments will absorb infrared light while the mummified epidermis will tend to reflect 

it. The image created is one where the tattoo will appear dark in contrast to the 

surrounding skin, which will appear light. Infrared Reflectography not only has the 

ability to expose tattoos on mummified material for better visualisation, but it may also 

be used on existing collections of unwrapped mummified remains to discover tattooing 
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that may never have been thought present. The authors of this article hope to research 

this possibility. 

 

Tattoo Pigments, Carriers and Instruments 

In ancient times, there were a variety of pigments used in tattooing. Mostly, the 

pigments were ground up minerals and/or black carbon. One way of obtaining the 

carbon was by scraping the soot residue from the exterior of lamps or cooking pots.47 

Besides carbon, other civilisations have been known to use plant dyes, animal extracts, 

and soot from burning specific timber. Modern tattooists now use a variety of mineral 

compounds (e.g. iron compounds for red/brown colours, copper compounds for blue 

colours and titanium dioxide for white colours), modern industrial organic pigments, 

vegetable-based pigments, plastic-based pigments and even pigments that glow in the 

dark or glow in response to ultraviolet light. In most cases, a 'carrier' is needed to 

suspend and evenly disperse pigments. Modern carriers are solutions that include (but 

are not limited to) ethyl alcohol, purified water, witch hazel, Listerine® mouthwash, 

propylene glycol and glycerol. Tattooists practicing today at St. Lawrence, Alaska still 

follow the traditional methods of their ancestors. The carrier used in their method is 

urine, usually taken from an older woman.48 The villagers of Sarawak, East Malaysia 

also follow the traditional tattooing methods of their ancestors, obtaining their soot by 

scraping an oil lamp, and using a solution of sugar and water as the carrier. 

 

There is so far no record of the type of instruments used for tattooing in ancient Egypt 

or Nubia. The closest is a mention by C. Booth, who examined a set of seven bronze 

points held at the Petrie Museum, London.49 These bronze points, three of which are tied 

together, were made by folding bronze sheets inward until a sharp point was formed. 

When excavated, Petrie thought the implement to be one for removing thorns; however, 

the bluntness of the points, as well as the rarity of the find suggests to Booth that the 

instruments would have more likely been used for tattooing. As a parallel, Booth points 

towards Upper Egypt in the 1920s, where tattooing instruments consisted of seven 

needles on the end of a stick. The designs created by this instrument consisted of dots 

and triangles, similar to those found on ancient Egyptian mummies and figurines.50 

Also, both men and women were tattooed in the 1920s. 

 

The pigments used in ancient Egyptian and ancient Nubian tattooing have not been 

identified. The assumption to this day is that the pigments are soot or carbon. It is also 
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not known whether the ancient Egyptians utilised carriers in their tattooing methods. 

The authors of this article intend to establish the chemical composition of the pigments 

and any carrier solutions used in ancient Egyptian and/or Nubian tattoos, as well as in 

tattoos from other ancient civilisations. 

 

Conclusion 

The absence of any comprehensive ancient written records on the topic of tattooing in 

Egypt and Nubia has resulted in much speculation about its purpose. Bianchi believes 

ancient Egyptian tattooing holds a double role, in that it serves both religious and non-

religious principles.51 Connections with Hathor and Bes imbue the tattoo with spiritual 

and sexual overtones. But in the absence of Hathor, the dots-and-dashes motif could 

have a purely aesthetic purpose. To aid in interpretation, one may draw examples from 

other early cultures, such as many different Inuit people.52 Canadian Inuit believed 

tattoos prevented labour pains while the Siberian Inuit saw them as a cure for infertility, 

comparable to the presumed protection offered by the deity Bes worn as an amulet or a 

tattoo.53 The common belief among both male and female Inuit is that tattooing, 

specifically on the wrists or hands, helped increase skills for domestic tasks and for 

hunting. Only the women were tattooed in many of the different Inuit groups. Western 

Inuit women tattooed lines on their chins to indicate puberty (menstruation cycles) and 

marriage status. Could this be a hint to the significance of the number of dots and 

dashes used in ancient Egyptian tattoos? 

 

It has been established that tattoos were also employed for their alleged therapeutic 

properties, for example as a muscle/joint pain reliever. This practice has been observed 

in recent cultures as well as in prehistory,54 with the best example being the "Ice Man", 

affectionately called "Ötzi", dated to c. 3500 BC, discovered in the Alps in 1991. Ötzi 

displays several small tattooed lines located over the lumbar spine, the right knee, and 

both ankles.55 Radiographic tests reveal degenerative changes in the bones of these 

joints, lending support to the theory that the tattoos may have been used to alleviate the 

condition.56 Another possible example for the therapeutic use of tattooing is found on 

the body of the above-mentioned Pazyryk chieftain. In addition to the elaborate designs 

on his limbs, he also has two trails of dots along his spine in the area of his mid–lower 

vertebrae.57 Just like the practice of acupuncture, tattooing, along with branding and 

cauterisation, may help to lessen pain and encourage healing in a diseased or wounded 

area by increasing the blood flow to that part of the body.58 Could the lack of artistry in 



Appendix I 

 285

some tattoo design point towards a therapeutic rather than an amuletic or decorative 

function? 

 

From all of the above comparisons, one may come to the conclusion that tattooing may 

have been a mostly gender-specific art in ancient Egypt, although the male Nubian X-

group mummy investigated by Armelagos59 provides the possibility that tattooed male 

Egyptians still lie undiscovered somewhere. Despite inter-culture comparisons 

providing plausible explanations for the purpose and meaning of the practice itself, they 

can only be seen as educated suggestions lacking actual archaeological confirmation. 

 

In closing, the authors of this article would like to extend an appeal to the readers of the 

Bulletin to contact them60 if they have come across or know of any tattooed mummified 

remains from ancient Egypt or elsewhere, either in Australia or overseas. The examples 

will greatly assist us in our specific research on tattoo inks and pigments.61 
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ABSTRACT 

 
The chemical composition of tattooing pigments has varied greatly over time 

according to available technologies and materials. Beginning with naturally 

derived plant and animal extracts; to coloured inorganic oxides and salts; through 

to the modern industrial organic pigments favoured in today’s tattooing studios. 

The demand for tattooing is steadily growing as it gains cultural popularity and 

acceptance in today’s society but ironically, increasing numbers of individuals are 

seeking laser removal of their tattoos for a variety of reasons. Organic pigments 

are favoured for tattooing because of their high tinting strength, light fastness, 

enzymatic resistance, dispersion and relatively inexpensive production costs. 

Adverse reactions have been reported for some organic inks as well as potential 

complications during laser removal procedures stemming from the unintentional 

creation of toxic by-products. Currently, regulatory bodies such as the US Food 

and Drug Administration have not approved any coloured inks to be injected into 

the skin and tattoo ink manufacturers often do not disclose the ingredients in their 

products to maintain proprietary knowledge of their creations. A methodology was 

established using micro-Raman spectroscopy on an animal model to correctly 

identify the constituents of a selection of modern, organic tattoo inks in situ or post 

procedure, within the skin. This may serve as a preliminary tool prior to engaging 
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in Q-switched laser removals to assess the risks of producing potentially hazardous 

compounds. Likewise, the pigments responsible for causing adverse reactions in 

some patients may be quickly identified to hasten any corresponding treatment. 

 

KEYWORDS: in situ; tattoo; industrial organic pigments; micro-Raman spectroscopy; 

cryotechniques; skin. 

 

INTRODUCTION 
 

Tattooing as an art form has been practiced for thousands of years with evidence in the 

form of well-preserved mummified human bodies surviving with their tattoo marks 

intact. Perhaps the most recognized example would be ‘Ötzi’ the Late Stone Age 

Iceman uncovered in the Alps mountain range between Austria and Italy, 14C 

radiocarbon dated to c.a. 3,330 B.C..1 Proposed tattooing instruments2 uncovered in 

several Upper Palaeolithic (38,000 B.C. to 10,000 B.C.) archaeological sites in Europe 

may date the practice even further back in antiquity. Naturally occurring coloured 

metallic compounds and salts were obvious choices to succeed the limited coloured 

extracts available to primitive tattooists and once these inorganic compounds were able 

to be artificially synthesised, tattoo inks of various shades were available to tattoo 

studios and consumers. These compounds were relatively straight forward to analyse 

with techniques such as energy-dispersive spectrometry (EDS),3 x-ray fluorescence 

(XRF)4 and selected area diffraction5 all used to analyse the elemental composition of 

these tattoo inks in vitro, from either the manufacturer or tattoo artists. Where in situ 

(within the skin) analyses of the ink was required, resin embedded tissue sections were 

analysed using transmission electron microscopy and EDS to probe the chemistry of the 

pigments.6-8 Despite organic pigments being commercially available since the early 

1900’s,9 these compounds have only been used to manufacture tattoo inks in the latter 

part of the 20th century.10 The original applications for these organic pigments include 

the colouring of printing inks, paints, plastics, coatings, textiles, writing/drawing 

materials, cosmetics and soaps.9 With such a diverse range of uses, several analytical 

techniques have been applied to help identify and classify these pigments post 

production and application.11-17 Since many of these compounds are also prevalent in 

modern artist’s materials, several researchers have used a variety of techniques to 

compile databases on the pigments used to create contemporary artwork.17-19 Synthetic 

organic pigments possess superior light fastness, resistance to digestion (enzymatic or 
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otherwise) and are available in a wider range of tints and hues, which has seen them 

supersede inorganic compounds to be adopted as the primary colourants in today’s 

modern tattoo inks. Bäumler et al.20 carried out one of the first comprehensive in vitro 

chemical analyses of tattoo inks coloured with synthetic organic pigments using a 

combination of FTIR, XRD and Mass Spectrometry (MS); identifying the two major 

classes of synthetic organic pigments (azo and polycyclic compounds). Using High 

Performance Liquid Chromatography (HPLC), Petigara21 identified the same monoazo 

compounds along with benzimidazolone based organic pigments for orange and brown 

ink colours. Recently, some focus has shifted from identifying the organic pigments 

themselves to the products created by photodecomposition through laser or UV/sunlight 

exposure. Using a combination of HPLC, MS, UV/Visible Spectroscopy and Proton 

Nuclear Magnetic Resonance Spectroscopy (1H-NMR), specific organic pigments 

(monoazo Pigment Yellow 7422 and naphthol AS Pigment Red 2223) were found to be 

susceptible to cleavage by natural and simulated solar light and long-wave ultraviolet 

radiation into potentially toxic or carcinogenic aromatic amines. A recent survey24 

published in September 2006 revealed that almost 25% of people in the United States 

had one or more tattoos, with 17% of that number having considered undergoing 

treatment to remove their tattoos. Advances in nanosecond (and now picosecond) Q-

switched laser technology25 and methodologies have seen improved results in tattoo 

removal, however, Vasold et al.26 have conducted in vitro experiments to show 

potentially toxic/carcinogenic decomposition products to form when using a typical Q-

switched Nd:YAG (at 532 nm) laser on two common red tattoo inks (coloured with 

naphthol AS pigments). Two anilines and one p-nitrotoluene created as a result of the 

laser irradiation were also found to exist pre-exposure, assumedly as precursors or by-

products during synthesis of these pigments.26, 27  

 

The age of the tattoo will determine the location of pigment particles within the skin. A 

reasonably fresh tattoo (within 1-2 weeks, depending on bearer) will have residual 

pigments located in the epidermis, before keratinisation/epidermal regeneration will see 

these particles lost to sloughing through the damaged epidermal-dermal junction.28 

After this time the remaining pigment will be located throughout various levels of the 

dermis. Macrophage cells will react to these foreign particles and attempt to 

phagocytose and/or transport these pigment particles to regional lymph nodes.29 

Commonly, these enzyme resistant pigment particles will be stored in vacuoles within 

the cytoplasm of engorged macrophages, which in turn are localised in the perivascular 
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tissues of the dermis. Pigment populations not integrated into macrophages will be 

found in the spaces between collagen bundles, within dermal loose fibrous connective 

tissues.29 

 

During the period when tattoo inks were comprised of inorganic compounds, there lay 

the risk of toxic and immunologically adverse reactions resulting from the use of these 

‘heavy’ metal containing pigments.7 Even though modern organic pigments are claimed 

to be better tolerated by the skin, the United States Food and Drug Administration 

(USFDA) have been made aware of more than 15030 reports of adverse reactions in 

consumers tattooed with certain organic pigments. Steinbrecher et al.31 reported a 

reaction to a specific shade of pigment but commonly, the identity of the causative 

pigment is not able to be identified. Despite the widespread use of organic pigments in 

modern tattooing, regulatory bodies such as the USFDA have not approved any colour 

additives for the purposes of tattooing, that is, to be implanted below the skin via a 

delivery mechanism. 

 

Manufacturers and suppliers of tattoo inks are not legally required to disclose the 

ingredients of their products, presumably to maintain proprietary knowledge of their 

colour formulae.32 Added complications arise when tattoo artists further mix these 

products together upon delivery to create their own unique colours. Currently, only 

Engel et al.33 have established a protocol to analyse tattoo pigments in situ by high 

performance liquid chromatography through a series of enzymatic digestions and 

extractions performed on spiked samples of human skin.  

 

Existing literature20, 32 has revealed various classes of organic pigments known to have 

been used in the manufacture of ready-to-use or pre-mixed tattoo inks. The majority of 

these inks are coloured using azo pigments, which are compounds containing at least 

one trans –N=N– group. These include the monoazo, disazo (diarylide yellow, 

disazopyrazolone), benzimidazolone, Naphthol AS and -Naphthol varieties. Other 

classes used include the poly-heterocyclic phthalocyanine and quinacridone pigments, 

with the linear ringed dioxazine pigments also employed to colour tattoo inks. A 

survey27 carried out in 2003 also revealed other organic colorants currently in use for 

both permanent makeup and regular tattooing. These included azo based solvent dyes, 

acid dyes and laked pigments; xanthene based alkali dyes, thioindigo vat pigments and 
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natural plant-derived dyes. The survey also revealed that traditional metallic salts were 

still quite prevalent in tattoo inks despite the onset of organic pigment use. 

 

This paper demonstrates an experimental protocol on an animal model for the rapid, in 

situ identification of organic tattoo pigments using micro-Raman spectroscopy 

evaluated against reference materials and available databases. It may serve as a 

precursory technique to better recognise the chemical composition of pigments 

contained in a patient’s tattoo(s) prior to undergoing laser removal therapy. 

 

EXPERIMENTAL 
 

Reference Samples 

Pure organic pigment samples (Table 1a) were kindly provided by Clariant Australia’s 

Pigments and Additives Division. As a reference compound for carbon black pigment, 

pure soot was prepared in the laboratory using a gas flame and glass collection dish.  

The titanium dioxide (rutile) was obtained from DuPont. 

 

Table-1.  Reference Materials: Pigments were labelled with their respective trade names, Colour Index 
generic names and Colour  Index Constitution numbers. 
 

 

Tattoo Inks 

 Five 0.5 ounce (~29.6 mL) bottles of ‘Millennium Colorworks Inc.’ tattoo inks were 

obtained from the New York based Technical Tattoo Supply and Manufacturing 

International (http://www.technicaltattoosupply.com). The colours chosen were 

particular shades of blue, red, yellow, green and black. The same suspension medium 

(listed as being glycerine, water and alcohol) was used for all inks. C.I. 77891 (titanium 

dioxide) was an ingredient for all inks except Onyx Black (Table 1b). Separation and 

isolation of the pigment component from the tattoo inks was achieved using a 

Supplier Product 
Colour Index Generic 
Names & Constitution 
Numbers 

Pigment Class 

Clariant Hostaperm Blue A4R P.B.15:1 -  C.I. 74160 Cu-phthalocyanine 

Clariant Graphtol Yellow GXS P.Y.14 -  C.I. 21095 Diarylide yellow 

Clariant Novoperm Red F5RK P.R.170 - C.I. 12475 Napthol AS 

Clariant Hostaperm Green GG01 P.G.7 -  C.I. 74260 
Cu-Phthalocyanine 
(chlorinated) 

DuPont Ti-Pure® R-902+ P.W.6 -  C.I. 77891 TiO2 

N/A Flame Carbon Soot N/A Carbon 



Appendix II 

 294

modification of the method proposed by Petigara.32 Approximately 50 L of each tattoo 

ink was transferred into an Eppendorf tube with 1 mL of water, vortex mixed and 

centrifuged at 12,000 rpm for 10 minutes. The supernatant was then extracted, discarded 

and the process repeated twice more before the precipitate was allowed to air dry for 30 

minutes. Next, 1 mL of carbon tetrachloride was added to the precipitate, vortex mixed 

and centrifuged at 12,000 rpm for 10 minutes. A defined partition in the precipitate was 

clearly observed between the organic pigment layer and the denser extender/lightener. 

This light-coloured component was confirmed by Raman spectroscopy to be the rutile 

form of titanium dioxide, listed as C.I. 77891 on all ink bottles except Onyx Black. The 

precipitate was allowed to air dry for several days at room temperature. Separation from 

the carrier solution was a necessary step as overwhelming fluorescence was encountered 

when the tattoo inks were simply smeared onto glass slides and analysed by Raman 

spectroscopy. For future reference, in vitro analyses refer to experiments performed on 

pigments sampled directly from the pre-mixed bottle while in situ refers to analyses 

carried out on pigments post-tattooing, within the dermis of the pig skin. 

 

Table 2. Tattoo inks from Millennium Colorworks Inc. investigated in the experiment. 

 

 

Animal Study 

Many different animals have been used to investigate tattoos and their associated 

methods of removal; including pigs,34-37 mice,38 guinea pigs25, 39, 40 and rabbits.41 

Despite all animal models proving valid for tattoo studies, the pig was chosen for this 

study not only for the similarities between human and porcine integument systems, but 

primarily for the comparable ratio of skin surface area to body weight.42 As a model for 

the human body, factors such as the relative size of organic pigment particles, depth of 

Colour Colour Index Constitution Numbers provided on labelling 

Ice Blue C.I. 74160 

 C.I. 77891 

Piss Yellow C.I. 21095 

 C.I. 77891 

Viper Red C.I. 12475 

 C.I. 21095 

 C.I. 77891 

Green Gob C.I. 74260 

 C.I. 74160 

 C.I. 21095 

 C.I. 77891 

Onyx Black C.I. 77266 
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pigment penetration into the dermis and the surface area to be covered by tattoos are 

more accurately measured on a porcine system, than on a smaller laboratory animal. 

 

All animal experiments were conducted in the Large Animal Facility at the University 

of Western Australia (UWA). Two male pigs (Sus scrofa) were obtained from 

Wandalup Piggery (Mandurah, Western Australia) and allowed to acclimatise to their 

holding facility for a period of three weeks. After a 12 hour fasting period, one pig 

(weighing 31.5 kg) was prepared for the tattooing procedure via an initial intramuscular 

injection of 4.4 - 6 mg/kg Zoletil 100® (tiletamine/zolazepam) and 2.2 mg/kg of 

xylazine to induce sedation and anaesthesia. While under a mask induced flow of 

isofluorane/O2, target areas were shaved before a professional tattooist used traditional 

manual techniques to apply six ca. 2.5 cm diameter circles of tattooing (using the inks 

listed in Table 1b), approximately 3 cm apart along the upper left dorsum of the animal. 

Analgesia was provided post-procedure via a 0.5 mg dose of buprenorphine. Post-

procedural care involved lightly swabbing the tattooed areas on the animal with a dilute 

solution of antibacterial soap and water, along with a light application of topical balm 

derived from natural paw-paw extract to promote healing. After a healing period of 

approximately 30 days had elapsed, euthanasia was performed via an intravenous 

injection of Lethabarb® (sodium pentobarbital) by an approved animal researcher. The 

tattooed areas (along with an un-tattooed control area) were shaved and very carefully 

excised with a scalpel. Samples were immediately processed. 

 

Sample Processing 

Tattooed skin samples were divided into pieces of ca. 1 cm  0.5 cm and any excess 

subcutaneous fat (hypodermis) was carefully trimmed off with a scalpel. To avoid 

contamination, plastic disposable tweezers and new scalpel blades were used for each 

skin sample. The divided samples were oriented in custom-made aluminium foil moulds 

with the short (0.5 cm) side of the tissue facing downwards. Sakura Tissue-Tek® 

O.C.T. (Optimal Cutting Temperature) Compound was poured into the moulds until the 

tissues were completely submerged before being snapped frozen in isopentane (2-

methylbutane) sub-cooled to liquid nitrogen temperatures. Samples were then stored in 

a -80 °C biological freezer until ready to be sectioned. 

 

The chamber and object (arm) temperatures in a Leica CM3050S Research cryostat 

were set to -25 °C to accommodate for the fat content in the tissues and 50 sections of 
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five micron thickness were cut from each O.C.T. supported sample. Sections were 

mounted onto electrostatically charged Menzel-Glaser SuperFrost® Plus glass slides 

(25 x 75 x 1.0 mm) and allowed to stand and equilibrate at room temperature for a few 

hours. Before further cutting is undertaken, initially mounted sections were viewed 

under a light microscope to ensure that tattoo pigments were present in the tissue 

section. Five sections were mounted onto each glass slide in such a way as to provide a 

depth profile on each slide. Once the sections reached room temperature, the slides were 

carefully rinsed for approximately two minutes in a flowing de-ionised water bath to 

dissolve and rinse away the O.C.T. compound. This step is optional as it was later 

discovered that the O.C.T. compound did not contribute to spectra because it did not 

infiltrate the tissue (in contrast to embedding media such as paraffin). Coverslips were 

not placed over samples to maximise data acquisition from the sections. The slides were 

kept in sealed slide racks at -80 °C when not in use. 

 

Raman Spectroscopy 

Raman spectroscopy was performed on a ISA (Dilor) Dispersive Raman spectrometer 

equipped with an Olympus microscope, computer controlled mapping stage and remote 

sampling fibre optics using a 632.8 nm Helium-Neon visible laser. A high spatial 

resolution was achievable with the equipped objective lenses of 10 , 50  and 100 , 

however, all spectra were obtained using the 50  lens. A charge-coupled device (1024 

 256 pixels) was used to capture signals using a grating groove density of 600 line/mm 

to record full Raman spectra for the purposes of this investigation. Laser power was 

measured to c.a. 1.8 mW at the sample. The Raman signals were integrated between 1 – 

150 seconds depending on the strength of the scattered light received from various 

compounds with an assortment of neutral density filters employed to mitigate signal 

clipping. Calibration was achieved through the monitoring of emission lines from a 

neon discharge lamp during each measurement session. Raman analyses were 

performed on reference material and tattoo pigments separated from the pre-mixed ink 

by focusing the laser onto minute amounts of each sample mounted onto glass slides. 

Multiple spectra were recorded from each sample to ensure homogeneity. In situ 

analyses on the cryo-sectioned tattooed pig skin was performed by visually locating an 

aggregate of pigment particles located throughout the dermal layer under magnification. 

When a suitable group was found, the laser was focussed onto the particles and a 

Raman spectrum was recorded. Using a combination of bright and dark field sample 

illumination, the dense conglomeration of pigment granules were relatively easy to 
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identify in unstained tissue cryo-sections (Figure 1). Where appropriate, multi-point, 

linear or polynomial baseline subtraction was performed on spectra. 

 

 

Figure 1. Unstained cryo-sections of pig skin with (top left) blue tattoo pigments (20 ), (top right) yellow 
tattoo pigments (20 ), (bottom left) red tattoo pigments (20 ) and green tattoo pigments (20 ). Excitation 
was achieved using UV and blue light fluorescence cubes; BP 330–380 nm and 450–490 nm 
respectively). 

 

Fourier Transform Infrared Spectroscopy 

Fourier Transform Infrared Spectroscopy (FTIR) was also performed on both reference 

material and tattoo pigments in vitro (separated from the ink suspension) as a 

complementary technique to Raman spectroscopy to confirm the identity of the 

pigments. Spectra were collected on a PerkinElmer Inc. Spectrum One FTIR 

Spectrometer at a spectral resolution of 4 cm-1, between a spectral range of 4000 cm-1 

and 450 cm-1 in transmission mode. Samples were finely ground with analytical grade 

KBr and pressed into pellets using a die and laboratory press under vacuum. The 

instrument’s bundled software, Spectrum v5.0.1 (PerkinElmer Inc.), was used to process 

the spectral data. Peak wavenumbers and spectra were visually compared and cross-

referenced against the respective reference material and existing databases.19 For 

presentation purposes, spectra were processed with baseline subtraction and smoothing. 
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RESULTS 
 

The sensitivity of Micro-Raman spectroscopy is such that one has to take into account 

possible spectral interferences and artefacts that may arise from the processing of 

biological specimens. Huang et al.43 revealed spectral contaminations and interferences 

resulting from formalin-fixed human tissues. Yeni et al.44 discovered polymer based 

embedding media to convolute Raman spectra while Ó Faoláin et al.45 found paraffin 

wax embedded tissues to interfere with signals if not thoroughly de-waxed with an 

appropriate solvent. Immediate snap-freezing of tissue specimens prior to analysis 

eliminated the need for any chemical fixation. Subsequently, the use of Tissue-Tek ® 

O.C.T. compound was used as a supporting medium, rather than an invasive embedding 

medium. Furthermore, O.C.T. compound was analysed and found not to contribute to 

the Raman spectra of the inks and pigments in the study. Tissue sections were left 

unstained. 

 

FTIR and Raman Spectroscopy were used as complementary techniques to confirm the 

identity of the pigments used in the Millennium tattoo inks by cross-referencing with 

respective pure reference compounds and available spectral databases. Regarding inks 

containing a mixture of pigments, which in our case was Millennium ‘Viper Red’ and 

‘Green Gob’, the use of FTIR in conjunction with Raman Spectroscopy allowed for the 

successful discrimination of individual pigment components from the spectra. The 

individual chemical structures of the organic pigments dealt with in this study are given 

in Figure 2. For the in situ analysis of ink colours tattooed into the pig skin, a total of 10 

measurements were recorded from different tissue sections throughout various depth 

profiles. Peak positions were found to be highly reproducible, with any minor 

deviations coming from the subsequent use of the 600 line/mm grating, which results in 

lower resolution. Using standard acquisition times, the only difference observed 

between samples were recorded intensities (Table 3), which may be attributed to the 

density and orientation of pigment particles within their agglomerated colonies in the 

skin. Large deviations were encountered for the Millennium ‘Onyx Black’ ink because 

of the disordered nature of the pigment, which produced relatively unresolved spectra 

with a high level of noise.  
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Figure 2. Chemical structures of the organic pigments used to colour Millennium Colorworks Inc. tattoo 
inks. 

 

Millennium ‘Ice Blue’ Ink 

FTIR and Raman spectroscopy was carried out in vitro on pigment from the ‘Ice Blue’ 

tattoo ink and (Clariant) Hostaperm A4R pigment. Their respective spectra were found 

to match closely, confirming copper phthalocyanine (C.I. 74160) to be the primary 

colouring constituent in the tattoo ink. In situ Raman analyses carried out on the tattoo 

pigments located within pig skin sections resulted in spectra comparable to that 

obtained from the ‘Ice Blue’ ink bottle (Figure 3). Peaks which could be due to titanium 

dioxide were not observed in any of the spectra. 

 

Millennium ‘Piss Yellow’ Ink 

Figure 4 shows the various spectra for the Millennium ‘Piss Yellow’ series. A 

comparison of FTIR spectra between the in vitro tattoo pigment sampled from the bottle 

and (Clariant) Graphtol Yellow GXS identified diarylide yellow (P.Y. 14) to be the 

primary colorant in the tattoo ink. In situ Raman analysis of several sections of skin 

tattooed with the ‘Piss Yellow’ ink produced spectra which agreed well with those 

collected from the tattoo ink in vitro. In this instance, the Raman spectra associated with 

the ink (both in vitro and in situ) showed noticeable peaks at c.a. 607 cm-1 and 443 cm-1, 

indicating the presence of the lightening/extending ingredient, titanium dioxide (rutile).  
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Table 3. Mean Raman bands (wavenumber/cm-1) and intensities† of tattoo pigments acquired in situ from 
cryo-sectioned pig skin samples over a variety of cutting depths. (n = 10) 

 

‘Ice Blue’ ‘Piss Yellow’  ‘Viper Red’  ‘Green Gob’  ‘Onyx Black’  

1520.2 (vs) 1667.5 (vw) 1597.0 (ms) 1590.9 (mw) 1574.1 (br) 

1442.9 (m) 1593.8 (vs) 1547.1 (w) 1528.4 (vs) 1325.6 (br) 

1403.4 (vw) 1551.8 (vw) 1509.0 (mw) 1476.3 (vw)  

1332.3 (m) 1519.6 (vw) 1486.4 (w) 1440.5 (mw)  

1300.8 (w,sh) 1479.1 (vw) 1451.6 (vw) 1386.0 (vw)  

1207.4 (w) 1454.2 (vw) 1418.6 (vw) 1332.3 (m)  

1136.7 (w) 1396.5 (mw) 1387.9 (w) 1276.7 (mw)  

1102.1 (vw) 1284.9 (w) 1329.4 (vw) 1205.7 (s)  

947.6 (vw) 1254.8 (m) 1360.0 (s) 1137.4 (vw)  

825.1 (vw) 1177.1 (vw) 1285.2 (mw) 1103.9 (vw)  

769.6 (vw) 1141.6 (vw) 1254.7 (sh) 1076.2 (vw)  

741.9 (m) 1064.1 (vw) 1242.0 (mw) 972.3 (vw)  

674.4(mw) 1042.6 (vw) 1159.9 (m) 948.8 (vw,sh)  

590.0 (vw) 949.8 (vw) 1112.9 (w,sh) 812.3 (vw)  

478.6 (vw) 914.5 (vw) 1010.7 (w) 769.5 (w)  

 701.8 (vw) 959.9 (mw) 736.7 (w)  

 654.4 (vw) 912.6 (vw) 699.4 (vw,sh)  

 607.5 (w) 856.9 (vw) 678.8 (m)  

 534.8 (vw) 771.6 (vw) 637.6 (vw)  

 506.4 (vw) 725.6 (mw) 588.9 (vw)  

 443.1 (w) 604.3 (w) 537.8 (vw)  

 393.2 (vw) 570.0 (vw) 500.5 (vw)  

 341.4 (vw) 534.3 (vw) 477.2 (vw)  

 273.9 (vw) 505.8 (vw,sh) 286.3 (vw)  

  487.7 (w)   

  420.4 (w)   

  368.3 (vw)   

† Relative intensities: vs = very strong; s = strong; ms = medium strong; m = medium; mw = 
medium weak; w = weak; vw = very weak; sh = shoulder; br = broad. 
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Figure 3. Raman spectra recorded from (A) PB 15:1 copper phthalocyanine reference pigment; (B) 
pigment sampled from ‘Ice Blue’ ink bottle and (C) tattoo pigment within the tissue section (in situ). 
(D) and (E) are FTIR spectra of pigment from the ‘Ice Blue’ ink bottle and PB 15:1 copper 
phthalocyanine reference pigment respectively. 
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Figure 4. Raman spectra recorded from (A) PY 14 diarylide reference pigment; (B) pigment sampled 
from ‘Piss Yellow’ ink bottle and (C) tattoo pigment within the tissue section (in situ). (D) and (E) 
are FTIR spectra of pigment from the ‘Piss Yellow’ ink bottle and PY 14 diarylide reference pigment 
respectively. 
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Millennium ‘Viper Red’ 

The Millennium ‘Viper Red’ series featured a mix of pigments (Figure 5). The Raman 

spectrum collected from the Millennium ‘Viper Red’ in vitro sample indicated a major 

component of naphthol AS (P.R. 170) with smaller amounts of a diarylide yellow (P.Y. 

14). The Raman spectra stack plot of Clariant Novoperm Red F5RK, Clariant Graphtol 

Yellow GX and ‘Viper Red’ pigment (in vitro) revealed several features belonging to 

the listed diarylide yellow. One of these features appeared as shoulder on the naphthol 

AS amide III band (1242 cm-1) caused by the downshifted amide III band from the 

diarylide pigment. Another feature was a very weak band at c.a. 908 cm-1 seen in both 

the in vitro tattoo ink spectra and tattooed skin spectra, which originates from the 

diarylide yellow. The difficulty in resolving these individual pigments for this particular 

shade of ink can be attributed, first and foremost, to the quantity of red naphthol AS 

versus the yellow diarylide, causing signals from the red pigment to overwhelm those of 

the yellow. Many features of the relatively complex naphthol AS spectrum coincided 

and overlapped the few peaks deriving from the diarylide owing to similar structural 

vibrations. For example, the usually distinct 1290 cm-1 C – C diarylide stretch is masked 

by a relatively weak feature at 1281 cm-1 from the naphthol AS. The presence of the 

diarylide was more dominant in overlayed FTIR spectral comparisons (Figure 5). Peaks 

at 1516 cm-1, 1247 cm-1 and 1178 cm-1 in the ‘Viper Red’ in vitro FTIR spectrum were 

attributed to the diarylide yellow. Despite the complications, spectra collected from 

tattooed skin sections matched closely with in vitro ink samples. Peaks attributed to 

titanium dioxide were noticeably absent in the spectra acquired from the tissue sections. 
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Figure 5. Raman spectra recorded from (A) PR 170 naphthol AS reference pigment; (B) pigment 
sampled from ‘Viper Red’ ink bottle; (C) PY 14 diarylide reference pigment and (D) tattoo pigment 
within the tissue section (in situ). (E), (F) and (G) are FTIR spectra of pigment from the ‘Piss Yellow’ 
ink bottle; pigment from the ‘Viper Red’ ink bottle and PR 170 naphthol AS reference pigment 
respectively. 
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Millennium ‘Green Gob’ 

Millennium’s ‘Green Gob’ tattoo ink shade was the second mixed-pigment ink 

encountered. In situ Raman spectra collected from several tattooed skin sections once 

again agreed closely with those collected from the in vitro tattoo ink spectra (Figure 6). 

In terms of discrimination between the pigments in the ink, in vitro analyses revealed, 

chlorinated copper phthalocyanine pigment (P.Gr. 7) to dominate the Raman spectra. 

The presence of a diarylide pigment may be seen in the form of a strong phenyl group 

vibrational peak at c.a.1591 cm-1, but otherwise, any subsequent peaks were masked by 

the more abundant and higher tinting phthalocyanine. The supporting FTIR data was 

again able to confirm the presence of the diarylide yellow. Contrastingly, the FTIR 

spectra presented the yellow C.I. 21095 pigment to be the major colorant in Millennium 

‘Green Gob’. Since care was taken to obtain homogenous samples, the imbalance may 

indicate relative pigment abundances in the ink; however, quantitative measurements 

are beyond the scope of this paper. Despite titanium dioxide being detected in the 

yellow Millennium ink, no such feature was apparent in any of the above spectra. 

 

Millennium ‘Onyx Black’ 

The last Millennium Ink tested was the ‘Onyx Black’ series, which, according to the 

Raman spectra collected in vitro from the ink bottle, consisted of a simple carbon black 

pigment. As Figure 7 shows, the very broad and noisy spectral features from the ink 

(c.a. 1326 cm-1 and 1574 cm-1) indicated an amorphous or disordered form of carbon, 

comparatively similar to the spectrum obtained from soot. Once again, the Raman 

spectra collected in situ from several of the tattooed skin sections matched the in vitro 

samples of the pigment. 
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Figure 6. Raman spectra recorded from (A) PG 7 chlorinated copper phthalocyanine reference 
pigment; (B) pigment from sampled from ‘Green Gob’ ink bottle; (C) PY 14 diarylide reference 
pigment and (D) tattoo pigment within the tissue section (in situ). (E), (F) and (G) are FTIR spectra of 
pigment from the ‘Piss Yellow’ ink bottle; pigment from the ‘Green Gob’ ink bottle and PG 7 
chlorinated copper phthalocyanine reference pigment respectively. 
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Figure 7. Raman spectra recorded from (A) soot; (B) pigment sampled from ‘Onyx Black’ ink bottle and 
(C) tattoo pigment within the tissue section (in situ). 

 

 
DISCUSSION AND CONCLUSIONS 
 

The isolation process (outlined in the experimental section) not only separated the 

carrier solutions from the organic pigment but also visually separated the organic 

pigment from a denser, light-coloured pigment. This was confirmed by Raman 

spectroscopy to be the listed C.I. 77891 pigment (titanium dioxide). The separation was 

carried out to isolate the organic pigment from the carrier medium and any lightening/ 

extending ingredients to obtain spectra from only the pigments during in vitro FTIR and 

Raman analyses. However, the complete, unseparated pre-mixed ink was used in the 

tattooing process and hence titanium dioxide was expected in all tissue sections (except 

those tattooed with Onyx Black). In this experiment, peaks attributed to titanium 

dioxide (in the rutile form) were detected only in the Millennium ‘Piss Yellow’ shade of 

ink; this despite the sampling of many different pigment colonies within the pig skin 

sections over different lateral depth profiles. FTIR spectroscopy did not detect any 

discernable titanium dioxide peaks in all in vitro samples of inks due to the 

centrifugation process. The presence of titanium dioxide pigment in all inks (except 

Onyx Black) was confirmed by Laser Ablation Inductively Coupled Mass Spectrometry 

(LA-ICP-MS) analyses on samples smeared and dried onto glass slides. 
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Interestingly, we did not find in situ Raman analysis to be complicated by the pigments 

being encased in a relatively complex biological matrix such as skin. Specifically, these 

pigments lay within phagosomes or intracellular storage vacuoles, which in turn would 

be surrounded by a vast dermal array of collagen.46 The use of a laser wavelength in the 

visible region, known to cause strong native background fluorescence when analysing 

biological matrices was not found to be a problem. Two characteristic peaks 

synonymous to collagen Type I (1650 cm-1 (C=O) Amide I and 1444 cm-1 (CH2/CH3) 

respectively)47 were not detected in any of our spectra. This could be due to the choice 

of a 632.8 nm laser over a 785 nm near-Infrared laser, resulting in strong Raman signals 

from the pigments over any features that may have been produced from the biological 

system of the skin. Also, despite the sub-micron sizes of individual pigment particles9 

their agglomerate behaviour, coupled with tissue sections cut of sufficient thinness left 

the pigments relatively exposed, thus allowing the laser to acquire spectra comparable 

with that of the in vitro ink analyses. Very brief acquisition times (<5 seconds) were 

needed when analysing the tissue sections with no sample degradation detected. 

 

Since the tissue processing steps are relatively short, complete analyses may be 

achieved within 48 hours, especially if experienced technicians handled each step of the 

analyses. As with any chemical analyses of colour, one must be aware of the principles 

of hue, saturation and brightness in consideration of the extremely wide range of tattoo 

ink shades available and the multitude of organic pigments (and associated substrates) 

used in their manufacture. The perception of a tattoo ink’s ‘true’ colour through a 

patient’s skin will also be complicated due to light scattering effects and contiguous 

areas of skin causing misinterpretation due to colour differences.48 

 

Invasive biopsy sampling for the purposes of pigment identification is not ideal; 

however, punch biopsy samples are commonly obtained for histopathology. Rather than 

dividing the minute sample between chemical analyses and histopathology, cryo-

sections from the same specimen may be set aside for analyses and subsequent 

histopathological investigations through staining or UV-excited native fluorescence 

(Figure 1). Despite ultrastructural morphology not being a priority for solid Raman 

analyses, tissue sections still need to be of sufficient quality to provide the 

spectroscopist with relative positioning, orientation and alignment in relation to the 

various layers of the skin (epidermis, papillary/reticular dermis, hypodermis etc.). It is 

naturally assumed that the thinner the skin sections, the better the chance of obtaining 
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strong, fluorescence-free spectra. However, cutting thickness may be varied to ensure 

that pigment is actually contained in each section or to improve the quality of the 

sections for diagnostic means. 

 

The identity of the synthetic organic pigments used to colour a selection of tattoo inks 

were able to be verified through FTIR and Raman spectral comparison with pure 

reference compounds and further cross-referenced against spectral databases pre-

established for commonly used organic pigments in modern art and colouring 

applications. Using an animal model, it has been demonstrated that rapid, in situ Raman 

microanalysis of tattoo pigments may be carried out on cryo-sectioned skin samples that 

have been snap-frozen and supported with an optimal cutting temperature compound 

such as that used in this study. The Raman spectra obtained were comparable to that of 

in vitro samples of the inks themselves, with no apparent contributing factors from any 

of the processing steps and more importantly, from the biological matrix in which the 

pigments are encased. 

 

A case of pseudolymphoma presented by Gutermuth et al.49 is one example whereby the 

proposed methodology could be used to promptly identify the unknown pigment(s) used 

in the tattoo. As regulatory commissions plan to impose stricter controls over the 

chemicals used to manufacture pre-mixed tattoo inks, they may be aided in their task by 

medical practitioners who deal with patients suffering adverse reactions caused by 

tattoo inks. Instead of merely reporting case symptoms, the methodology described 

above will be able to provide administrative bodies with the actual identities of the 

pigments at fault. As previously employed metallic-based inks responsible for triggering 

inflammatory reactions were able to be identified in situ, the same may now be achieved 

with organic pigments. 
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Appendix III 

Light Microscopy Images 

Modern Organic Pigments In Situ 

 

The following images are unstained sections of pig skin tattooed with various 

Millennium (Colorworks Inc.) inks. 
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(Above) Unstained pig skin section tattooed with Millennium ‘Ice Blue’ ink under blue light 
excitation (Excitation 450 – 490 nm) 
(Below) Dark field image of an unstained pig skin section tattooed with Millennium ‘Ice Blue’ ink. 
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(Above) Unstained pig skin section tattooed with Millennium ‘Piss Yellow’ ink under ultraviolet 
excitation (Excitation 340 – 380 nm) 
(Below) Dark field image of an unstained pig skin section tattooed with Millennium ‘Piss Yellow’ 
ink. 
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(Above) Unstained pig skin section tattooed with Millennium ‘Viper Red’ ink under ultraviolet 
excitation (Excitation 340 – 380 nm) 
(Below) Dark field image of an unstained pig skin section tattooed with Millennium ‘Viper Red’ ink. 
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(Above) Unstained pig skin section tattooed with Millennium ‘Green Gob’ ink under ultraviolet 
excitation (Excitation 340 – 380 nm) 
(Below) Dark field image of an unstained pig skin section tattooed with Millennium ‘Green Gob’ 
ink. 
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Appendix IV 

FTIR Spectra 

 

FTIR Spectra of Modern Organic Pigments – Reference Material and  Tattoo Inks 
  
 Page 
Clariant  
Hostaperm Blue A4R (C.I. 74160) 319 
Graphtol Yellow GXS (C.I. 21095) 320 
Novoperm Red F5RK (C.I. 12475) 321 
Hostaperm Green GG01 (C.I. 74260) 322 
Permanent Red P-FK (C.I. 12477) 323 
Hansa Brilliant Yellow 2GX 70 (C.I. 11741) 324 
  
Millennium Colorworks Inc.  
Ice Blue 325 
Piss Yellow 326 
Viper Red 327 
Green Gob 328 
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Hostaperm Blue A4R (C.I. 74160) 
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Graphtol Yellow GXS (C.I. 21095) 
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Novoperm Red F5RK (C.I. 12475) 
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Hostaperm Green GG01 (C.I. 74260) 
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Permanent Red P-FK (C.I. 12477) 
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Hansa Brilliant Yellow 2GX 70 (C.I. 11741) 
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Millennium – Ice Blue 
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Millennium – Piss Yellow 
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Millennium – Viper Red 
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Millennium – Green Gob 
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Appendix V 

Raman Spectra 

 

Overlayed Raman spectra of various tattoo pigments analysed within pig skin models, 
which were subjected to four simulated mummification procedures. (n = 10) 

 

 Page  Page 

Flame Carbon – ‘Soot  Magnetite  

Natural Desiccation (DSA) 330 Natural Desiccation (DMA) 342 

Natron Desiccation (NSA) 331 Natron Desiccation (NMA) 343 

‘Freeze-Drying’ (FSA) 332 ‘Freeze-Drying’ (FMA) 344 

Heat-Smoked (SSA) 333 Heat-Smoked (SMA) 345 

    

Bone Black  Lapis Lazuli  

Natural Desiccation (DBA) 334 Natural Desiccation (DLA) 346 

Natron Desiccation (NBA) 335 Natron Desiccation (NLA) 347 

‘Freeze-Drying’ (FBA) 336 ‘Freeze-Drying’ (FLA) 348 

Heat-Smoked (SBA) 337 Heat-Smoked (SLA) 349 

    

Vine Charcoal    

Natural Desiccation (DVA) 338   

Natron Desiccation (NVA) 339   

‘Freeze-Drying’ (FVA) 340   

Heat-Smoked (SVA) 341   

    

 

Raman Spectra of Modern Organic Pigments – Reference Material and  Tattoo Inks 
  
 Page 
DuPont  
Ti-Pure® R-902+ 350 
  
Clariant  
Hostaperm Blue A4R (C.I. 74160) 351 
Graphtol Yellow GXS (C.I. 21095) 352 
Novoperm Red F5RK (C.I. 12475) 353 
Hostaperm Green GG01 (C.I. 74260) 354 
Permanent Red P-FK (C.I. 12477) – 785 nm Excitation 355 
Hansa Brilliant Yellow 2GX 70 (C.I. 11741) – 785 nm Excitation 356 
  
Millennium Colorworks Inc.  
Ice Blue 357 
Piss Yellow 358 
Viper Red 359 
Green Gob 360 
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Dupont Ti-Pure® R-902+ 



Appendix V 

 351

 

Hostaperm Blue A4R (C.I. 74160) 
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Graphtol Yellow GXS (C.I. 21095) 
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Novoperm Red F5RK (C.I. 12475) 
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Hostaperm Green GG01 (C.I. 74260) 
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Permanent Red P-FK (C.I. 12477) 
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Hansa Brilliant Yellow 2GX 70 (C.I. 11741) 
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Millennium – Ice Blue 
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Millennium – Piss Yellow 
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Millennium – Viper Red 
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Millennium – Green Gob 
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Appendix VI 

In Situ EDS Spectra of Lapis Lazuli Tattoo Pigments 

 

The following are overlayed replicate EDS spectra of lapis lazuli tattoo pigments 

analysed within sections of skin subjected to various simulated mummification 

procedures. Control sections of skin subjected to the same mummification procedures 

were analysed and are presented in red. 

 

 Page 

Natural Desiccation (DLB) 362 

Natron Desiccation (NLB) 363 

‘Freeze-Drying’ (FLB) 364 

Heat-Smoked (SLB) 365 
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