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Archaeological bones, found close to Mexico City (Tlatelcomila), with alterations due
to probable thermal exposure attributed to a possible case of cannibalism, have been
characterized by XRD, SAXS and SEM. It is shown how these non-destructive techniques,
which are not conventionally used in archaeological research, may provide useful
information. The deterioration degree of the bone structure is quantified through parameters
such as gyration radius or fractal dimension. As some of the reported modifications could
be attributed to diagenesis, a discussion is presented in terms of bone crystallinity and ionic
exchange. Furthermore, the hydroxyapatite crystallite size increased depending on colour:
this feature is not explained by diagenesis—it can only be attributed to temperature. We
conclude that the samples were thermally treated. Indeed, thermal treatment alters the
structure and morphology of bone at a very fine level (microscopic and nanometric), while
morphology follows the structural modifications. It is determined that the studied human
bones were treated at three different temperatures close to 100, 250 and 600

 

°

 

C. Therefore,
they were either boiled (

 

barbacoa

 

) or grilled.
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INTRODUCTION

 

During the study of several human skeletal samples from Mexico, we have observed that
some bones show modifications in colour, texture and morphology that could be interpreted as
alterations due to heat exposure. Indeed, Shipman 

 

et al

 

. (1984) have established a correlation
between colour and temperature. However, colours may also be due to bone interaction with
environmental materials. After burial, bone may be altered and may change colour as a result
of soil composition, sediment pH, temperature or moisture, and the changes may occur in the
bone tissue as ionic substitution. Thus, we need new techniques that distinguish between
diagenesis and thermal treatment and, if possible, that differentiate the various partial thermal
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exposures. However, as human skeletal materials showing this kind of treatment are unique,
these techniques should be as non-destructive as possible.

Collagen type I and hydroxyapatite are the organic and mineral constituents of bone. The
usual proportion of inorganic tissue in human healthy bone is between 55 and 62% (Bigi 

 

et al

 

.
1997). Hydroxyapatite, Ca

 

5

 

(PO

 

4

 

,CO

 

3

 

)

 

3

 

OH, ensures the rigidity of bone in the form of mineral
crystallites located in the 40 nm collagen gaps between the end of a type I collagen fibril and
the beginning of the following one (Glimcher 1959, 1968; McEwen 

 

et al

 

. 1992). The cross-
striated collagen fibrils, whose diameter is close to 200 nm (Parry and Craig 1980), are
constituted by collagen type I molecules, tropocollagen, which in turn consist of three 

 

α

 

chains, about 300 nm in length and 1.4 nm in diameter (Ramachandran and Ramakrishnan
1976). Each 

 

α

 

 chain has about 1050 amino-acid residues.
Bone structure is altered when exposed to heat. Rogers and Daniels (2002) have determined

by X-ray diffraction, in human fresh bone, that CaO is increasingly formed at temperatures
above 600

 

°

 

C. At lower temperatures, diffraction peaks may be broadened due to a significant
microstrain and the finite crystallite size. By thermo-gravimetric analysis (TGA), three
temperature intervals in air have been determined (Lozano 2002). From room temperature up
to 200

 

°

 

C water is lost, from 200 to 450

 

°

 

C organic matter is decomposed and, lastly, from 450
to 650

 

°

 

C organic residues are burned; above 650

 

°

 

C, only inorganic residues are found (Bigi

 

et al

 

. 1997; Lozano 2002). Thermal treatment is, of course, related to multiple variables
associated with anthropological research; in other words, incineration of the body as a means
of disposing of the dead (López 

 

et al

 

. 1976; Carpenter 

 

et al

 

. 2003), the incineration of dry
human bones found during an inhumation, or the roasting of body parts in the course of a
ritual or an act of cannibalism. The previously described alterations are related to structural
changes in the bone, associated with changes of texture and bone colour (Pijoan 

 

et al

 

. 2004).
However, among the cultural taphonomic modifications, the thermal treatment of human or

animal bones is difficult to determine, as similar modifications have been observed in non-
heated bones. Those modifications are attributed to interaction with the soil environment
where they were deposited; that is, diagenesis. An example would be the dark brown bones,
whose colour is due to manganese in the soil in which they were buried (Greenlee and Dunnell
1992, 887).

The purpose of the present work is to describe archaeological human bones, structurally and
morphologically, utilizing original characterization techniques; these bones differ in texture
and colour, and seem to have been thermally exposed. In this sense, conventional X-ray diffraction
(XRD), scanning electron microscopy (SEM) and small-angle X-ray scattering (SAXS) are
complementary physical techniques that can identify crystalline compounds, provide the
morphology of the bone constituents on the micron scale, and determine the morphology
as well as the fractal dimension on the nanometre scale. Bone is, indeed, a hierarchically
organized material (Weiner and Wagner 1998). The results of such determinations will allow
a clear differentiation of the alteration of bones due to thermal treatment, if any, with non-
destructive techniques (XRD and SAXS), or establish whether bones from the same period
and found in the same location may follow different diagenetic alterations. Of all the cultural
alterations that indicate the presence of cannibalism, one of the most important is that of
thermal treatment, especially when incomplete, which suggests boiling and/or roasting.
When the thermal treatment is complete and the bones are totally burned, with a black, grey
or white coloration, this is considered to be due to incineration. Nevertheless, a clear state-
ment of the nature of the heat alterations could allow a better understanding of the issue of
cannibalism.
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MATERIAL AND METHODS

 

Materials

 

The analysed materials all come from the archaeological site of Tlatelcomila, Tetelpan, D.F.,
close to Mexico City. These materials were dated to between 600 and 300 

 

bc

 

, with reference
to the associated ceramics, by the archaeologist who directed the excavation; that is, they
belong to the superior, or Late Preclassic, period. Reyna (unpubl. ms.) excavated a series of
1 m

 

2

 

 stratigraphic pits, two of which were contiguous and represent the same unit. As the
excavation only consisted of four stratigraphic pits, it was not an extensive exploration, so we
do not have all the cultural information in addition to the skeletal materials deposited in each unit.
The only associated cultural element worth mentioning is a 

 

metate

 

 with its 

 

mano

 

. All the bones
were collected in this one place. The human bones were sent to the Dirección de Antropología
Física, where they were washed with water, restored when possible and inventoried.

An extended description of the archaeological data, as well as the conditions of the skeletal
material, has been published elsewhere (Pijoan and Pastrana 1987, 1989). These materials
constituted several broken and incomplete skulls, and splinters of long bones. As this was not
an extensive exploration, we cannot know how many persons constituted the totality of the
sample. However, on the basis of the skull fragments, we made an estimation of the minimal
number of individuals. In this respect, the human skeletal sample is constituted by 18 individuals:
seven infants, one possibly female subadult (18–20 years of age) and 10 adults (six males, one
female and three whose sex could not be determined).

These materials show all the features that have been proposed as being characteristic of
cannibalism (Turner and Morris 1970, 321–8; Flinn 

 

et al

 

. 1976, 312–15; Turner 1983, 219–40;
Botella and Alemán 1998; Hurlbut 2000, 6–9). These features include the following (Pijoan
and Pastrana 1989):
• 

 

Perimortem intentional breakage, anvil abrasion and percussion impacts

 

. The skulls show
breakage due to impacts, usually on the right parietal. All the long bones, except one patho-
logical radius, have been reduced to splinters, usually around 10–15 cm long. The few epiphyses
present, as well as some of the bigger long-bone fragments, have percussion impacts. A few
of them also have anvil scars, usually in the side opposite the place of impact.
• 

 

Cut marks

 

. Cut marks are present in around 12% of the bone sample; however, they are usually
constant on the skulls, where we see long cuts that run from glabella to lambda, following the
sagittal suture, which would indicate that they were skinned. On the facial portion, the malar
bones are primarily affected. The mandibles have cut marks on the exterior surface of the
horizontal portion. Some of the long-bone fragments show them, usually immediately under
the epiphyses, which would indicate intentional dismembering.
• 

 

Facial mutilation

 

. All the skulls had the facial portion removed by means of impacts or
percussions.
• 

 

Missing elements

 

. In this sample there are different elements—vertebrae, coxae, bones of hands
and feet—that are missing, or are scarcely represented. The long-bone epyphises are also
missing, primarily those of the proximal humerus, the femur and the tibia. These portions have
more spongy tissue and those that are present show signs of crushing. White (1992, 345–6)
believes that this is due to the ingestion of these crushed parts as bone cakes or stews.
• 

 

Thermal exposure

 

. A large amount of the long-bone and skull fragments show a change in
colour as well as modifications of the trabecula, which indicates that they were thermally
exposed. Some of them have shifted to an orange-brownish hue, with a wrinkled and striated
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surface. A few of these have ash stuck to the surface, which would indicate that they were
thrown into a relatively cool hearth.
Other long-bone splinters are yellowish in colour, with a very smooth, somewhat oily, surface.
In addition, the majority of them show ‘pot polish’ on the edges, which would indicate that
they were boiled, as White (1992) has suggested. Botella

 

 et al

 

. (2000, 143) indicate that it
necessarily takes between 3.5 and 4.5 h of boiling to obtain these changes in the colour and
morphology of the bone cortex.

We were able to join two of these long-bone fragments, as well as several from the skulls
that show different colours and surface modifications, which would indicate that they were
exposed to different degrees of heat after being broken.

Nevertheless, it is very difficult to determine the nature of thermal exposure. Several anthro-
pologists have carried out experimental work to establish the changes that bone suffers when
exposed to different temperatures. This has usually been done with the purpose of interpreting
aspects of human cremation, especially the amount of shrinkage, deformation and changes
of morphology (Baby 1954; Van Vark 1974a,b; Guillon 1986; Buikstra and Swegle 1989;
Reverte 1999). The majority of these works distinguish between three kinds of materials:
fleshed, green defleshed and dry bones. However, they usually only study the changes of the
bones when cremated, rather than exposure to low temperatures with the probable purpose of
consumption. In those studies that characterize bone changes at low temperatures, there is
generally a determination of colour change.

Shipman 

 

et al

 

. (1984) burned sheep and goat mandibles and astragali in a ceramic kiln.
They determined that the change in colour could be divided into five stages. These go from a
neutral white or pale yellow, between 20 and 285

 

°

 

C, to white with a pale bluish grey at 940

 

°

 

C.
They also identified morphological changes with a SEM. These changes were also divided into
five stages, which run from normal tissue at between 20 and 185

 

°

 

C to a frothy appearance
between 800 and 940

 

°

 

C. However, the temperatures of the colour change stages and those of
morphological variation are not the same. This causes problems when trying to determine the
amount of heat to which a given bone was exposed.

Four adult long-bone fragments from the Tetelpan sample were chosen for this study. Due
to the fact that they were small splinters of bone, we could only determine that they are from
long bones. They may be described as follows:
• Tc (Tlatelcomila control) is a fragment of normal bone with a white colour, and no modification
either of the trabecula or the surface.
• Ta+ is a long bone of reddish colour with evidence of trabecular modification. The surface is
irregular and small granular asperities may be observed. Hence, on the one hand, the texture
of this material could correspond to stage I (185–285

 

°

 

C) proposed by Shipman 

 

et al

 

. (1984),
but on the other the colour could suggest stage II (285–525

 

°

 

C). However, a reddish brown
colour may represent bone that decomposed in the presence of flesh, as discussed by Beisaw
(2000), as well as the presence of minerals in the soil. For example, when in presence of iron
salts, these infiltrate the bones, dyeing them red (Reverte 1999), or dark brown due to the
presence of manganese (Greenlee and Dunnell 1992; Lyman 1996; Shahack-Gross 

 

et al

 

. 1997).
In open places or caves, fungi can leave black spots on the surface of the bones (Reverte
1999). Edward and Benfer (1993) suggest that darker-coloured bones may differ in composition
from those of a light colour; however, they do not have any burned bones in their sample,
as it is constituted by primary burials. Stiner 

 

et al

 

. (1995) and Weiner and Bar-Yosef (1990)
consider that the crystallinity of bone increases during diagenesis. On the other hand, Schultz
(2001) provides information on the different causes of bone destruction, such as the growth
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of fungi and algae inside the bone structure, while the presence of copper and manganese
protects it.
• Ta++ is a bone whose colour is black, the inner part being dark brown. It corresponds,
following Shipman 

 

et al

 

. (1984), to stage III in colour (525–645

 

°

 

C). The surface is cracked
longitudinally and some areas have a vitreous appearance that again corresponds to stage III
(285–440

 

°

 

C). The brown colour of the inner part could be due to the migration towards the
surface of small carbon particles (Schultz 1986).
• Th is a fragment of a yellow–orange long bone, the surface being very smooth, with a vitreous
texture. The trabecula was modified, showing that the thermal exposure, if any, was not direct
(i.e., grilled) but most probably indirect (i.e., boiled, or at a controlled temperature). We have
seen on bones that show these characteristics that the spongy bone’s trabecula is modified and
enlarged, becoming hard and losing its appearance; in this case it becomes so hard that it is
impossible to break it up with the fingers, as can be done in the case of dry normal bone. With
direct exposure, the bone surface becomes rough and striated, and sometimes we see ash sticking
to it; in these cases the trabecula can become hard, but it does not lose its spongy appearance
(Botella

 

 et al

 

. 2000; Pijoan 

 

et al

 

. 2004). Pijoan (1997) suggests the terms ‘indirect thermal
exposure’ when the bones, with or without meat, are either boiled or cooked in a humid
environment such as a 

 

barbacoa

 

 (cooked with cactus leaves in a preheated pit), and ‘direct
heat exposure’ when they are grilled or placed directly on the fire or hearth.

 

Methods

 

In this work, we chose three complementary methods that are not destructive. X-ray diffraction
was used to determine not only the compounds present in the sample but also the possible ion
exchange in those compounds through the shifting of the diffraction peaks. Also, the crystallite
size may be estimated from the broadening of the diffraction peaks. The crystallinity is a function
of the area of the background line, which may be shaped as a very broad peak. Therefore, this
conventional technique provides richer information than the recently proposed crystallinity
discriminations by infrared spectroscopy, which are said to be ‘minimally destructive’
(Shabeck-Gross 

 

et al

 

. 1997; Surovell and Stiner 2001). The second method is small-angle X-ray
scattering, which has been used recently in anthropology and archaeology, and prior to this has
been used since the mid-1980s in clinical investigations (Matsushima 

 

et al

 

. 1982; Wess 

 

et al

 

.
2001; Hiller 

 

et al

 

. 2004). In this way, innovative characterization parameters may be obtained
(Brown 2001), such as the gyration radius, particle size distributions or fractal dimension.
These values refer to the nanometre scale of the solid. Lastly, SEM is used to study the
materials on the micrometre scale. The differences in morphology are determined, and in the
following section, we discuss them in detail.

 

Conventional powder X-ray diffraction (XRD)

 

X-ray diffraction is a conventional analytical
method that identifies the crystalline compounds present in the sample, since each compound
has a unique diffraction pattern. The sample may be identified by comparing the experimental
pattern with those reported in the cards of the JCPDS (Joint Committee of Powder Diffraction
Standards). The information corresponds to the mean value of the composition of the sample.
As this technique depends on the order and distribution of atoms in space, it allows differentia-
tion between compounds with the same elemental composition; for instance, between graphite
and diamond. Each peak in the pattern corresponds to a set of crystallographic planes present
in the compound; these planes are designated by three indexes (

 

hkl

 

) known as Miller indexes.
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If the relative intensities of the diffraction peaks in the compound are not the expected ones,
then we are in the presence of preferred orientations, probably due to the shape of the crystals.
When the peaks are shifted in the pattern, it could happen that other atoms are present in the
corresponding crystallographic planes (Klug and Alexander 1974). If the diffraction peaks are
broad, the size of the crystals in the corresponding direction (determined by the Miller
indexes) is small.

X-ray diffraction patterns were obtained with a Siemens D500 diffractometer coupled to
a copper anode X-ray tube. K

 

α

 

 radiation was selected, with a diffracted beam monochromator.
In order to maintain preferred orientations, if any, the samples were not ground. The piece

of bone was carefully placed in a specially designed holder constituted by a window in which
the piece of bone was suspended in order to fulfil Bragg geometry conditions. Hence, the
technique is non-destructive.

 

Scanning electron microscopy (SEM)

 

In this technique, an electron beam is focused on the
sample in a vacuum environment. The retrodispersed electrons are collected to obtain an image
that comes from the surface of the sample. The information is local and corresponds to a
selected fraction of the bone. In this case, it is not possible to identify the compounds unless
their morphology is known. It is important to note that in SEM micrographs the observed
objects are in the micron range, whereas in SAXS the range is 1–50 nm and in XRD the
patterns are due to the structure of the compounds; that is, to the ordered arrangement of
atoms in space.

A Leica Stereoscan 440 scanning electron microscope was used. The samples were covered
with a gold film by sputtering to avoid conduction problems. The samples were studied at

 

×

 

200 and 

 

×

 

2000.

 

Small-angle X-ray scattering (SAXS)

 

The small-angle X-ray scattering is due to the inhomo-
geneities present in the sample, whose size is between 1 and 50 nm. This technique is sensitive
to the morphology (size and shape) of the dense inhomogeneities, in our case the mineral crys-
tals present in the bone. The renewed interest in this method is due to the possibility of deter-
mining the fractal dimensions of the scattering objects. The fractal dimension has been used
as an adequate parameter to describe connectivity in bone tissue: it is a parameter that is
closely linked to density and roughness.

A Kratky camera coupled to a copper anode tube was used to measure the SAXS curves.
The distance between the sample and the linear proportional counter was 25 cm, and a Ni filter
selected the copper K

 

α

 

 

 

radiation. The intensity 

 

I

 

(

 

h

 

) was measured for 9 min in order to obtain
good-quality statistics. Again, in order to maintain preferred orientations, if any, the samples
were not ground. They were sufficiently thin, as only the edge was exposed to the beam. The
small piece of bone was placed in front of the X-ray beam that was scattered in the transmission
geometry. Therefore, the sample could be recovered without damage.

The SAXS data were processed using the ITP program (Glatter 1981, 1988, 1991; Glatter
and Hainisch 1984; Glatter and Gruber 1993), where the angular parameter 

 

h

 

 is defined as

 

h

 

 = (4

 

π

 

 sin 

 

θ

 

)/

 

λ

 

, where in turn 2

 

θ

 

 and 

 

λ

 

 are the X-ray scattering angle and the wavelength,
respectively. The infinite slit height approximation was used to analyse the data. The radius of
gyration, 

 

R

 

g

 

, which is a parameter linked to size and is independent of shape, could then be
obtained from the slope of the Guinier plot of log 

 

I

 

(

 

h

 

) against 

 

h

 

2 (Guinier and Fournet 1955).
The globular or fibrous shape of the scattering objects, which in this case are the mineral

crystals of the bone, may be estimated from the Kratky plot; that is, h2I(h) against h (Kataoka
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et al. 1994). Assuming a particular shape (Glatter 1991), the distance distribution functions—
in other words, the size distribution—may be calculated.

Finally, it is often useful to estimate, from the slope of the log I(h) against log h curve, the
fractal dimensions of the scattering objects (Martin and Hurd 1987; Harrison 1995). For this
study, the background obtained with the Porod plot was subtracted from the experimental
intensity. This technique should provide information about the size, habit and arrangement of
mineral crystals in the bone (Wess et al. 2001).

A small piece of bone was placed in front of the X-ray beam that was scattered in the
transmission geometry. Therefore, the sample could be recovered without damage.

RESULTS AND DISCUSSION

All X-ray diffraction patterns (Fig. 1) present a broad and intense background that can be
attributed to collagen and organic compounds, whereas the peaks, as expected, are due to
crystalline hydroxyapatite. Small differences, such as peak resolution and relative intensity in the
angular interval 2θ = 31–35°, could indicate differences in the orientation of hydroxyapatite
crystals. Sample Ta++ differs most from the others, as the peaks of the triplet have almost the
same intensity, while in sample Tc the first peak, with a Miller index of 211, is around 35%
higher than the other two, where the Miller indexes are 112 and 300. Therefore, in this sample,
the hydroxyapatite crystals are oriented towards directions defined by the Miller indexes 112
and 300. Sample Ta+ confirms these remarks, its situation being intermediary. On the other
hand, sample Th reproduces the Tc diffractogram, although the triplet 211, 112 and 300 is not
resolved. Furthermore, if the relative intensities of the 002 and 310 peaks (I002/I310) are compared,
in Tc and Th the ratio is twice that in the Ta+ and Ta++ bones. This effect could be attributed
to the differences between adults and young people. Ravaglioli et al. (1996) have found that
in calcined bones (900°C for 1 h) this ratio does not change substantially after thermal
treatment in adults, but in young subjects it decreases significantly, since in young individuals
the deposition of elongated crystallites is in its original form. Moreover, crystallite size growth

Figure 1 X-ray diffraction patterns of (a) sample Tc, (b) sample Th, (c) sample Ta+ and (d) sample Ta++.
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due to calcination is significantly lower in young bones. Note that the bones come from different
individuals; hence samples Tc and Th correspond to adults, whereas samples Ta+ and Ta++
correspond to young people. Shipman et al. (1984) report similar X-ray diffraction patterns for
samples treated at temperatures lower than 645°C. For higher temperatures, the diffractograms
present narrow and clearly defined peaks, showing that hydroxyapatite crystals have sintered.
Rogers and Daniels (2002) found, in pulverized samples, that finite crystallite size and microstrain
contributed to the diffraction peak broadening below 600°C, but that if the bone was heated at
temperatures higher than 600°C, CaO was observed. Therefore, our samples initially present
small crystallite sizes and microstrain (peak size broadening) and, as no CaO was observed,
they must have been treated at temperatures lower than 645°C. Thus the purpose was not an
incineration, as this would need a much higher temperature (Stewart 1979; Krogman and Iscan
1986; Buikstra and Swegle 1989; Mayne 1997; Kennedy 1999; Botella et al. 2000). As the relative
intensities of the diffraction peaks vary, the shape of the crystallities is elongated and some of
the samples must correspond to young individuals.

Scanning electron micrographs are shown in Figure 2. The control sample Tc (Fig. 2 (a))
presents the well-known morphology of bone (Weiner and Wagner 1998), where the ordered
collagen fibrils can be clearly seen, as in other reported works (Owen et al. 1999; Armitage
2001; Osawa et al. 2002). In sample Ta+ (Fig. 2 (c)), the fibres are still ordered but thinner,
and the larger part of the sample is compact and smooth, with small particles on top. This
trend is followed by sample Ta++ (Fig. 2 (d)), whose main features are the compactness of
the bone and a rather smooth surface. The particles on top range from 6 to 0.5 μm and the
morphology is irregular. On the other hand, in sample Th (Fig. 2 (b)) the order is clear, the
orientation of the fibrils is regular and the channel entrance is clear of obstacles. The surface
is wrinkled. The long and ordered elements that can be observed in sample Tc are not present
(Fig. 2 (b) and 2 (d)). It seems as if the sample was ‘cleaned’ or ‘purified’—it is as if any
impurities were dissolved. After collagen and hydroxyapatite, water is the third major component
of bone. Weiner and Wagner (1998) report that water is located within the fibrils, in the gaps
and between the triple-helicoidal molecules: it is also present between fibrils and between
fibres. Therefore, a major difference should be observed between the thermal exposure of
bones in air or in the presence of water, even at temperatures lower than 100°C. This is the
difference observed between grilled and boiled bones. The first turn out to be compact masses,
as water evaporates from the tissue, while boiled bones maintain their structure.

An exogenous origin of the small particles on top of Ta+ and Ta++ has to be excluded.
Indeed, sample Th does not present them, and the four samples came from the same environment
and experienced the same washing with water.

In contrast, in diagenesis, as the bone interacts with the environment, mainly by ionic
exchange, no significant amounts of water are lost. Only the composition of apatite, indirectly
determined in this work through the cell parameters, should vary. Surovell and Stiner (2001)
have shown, using infrared spectroscopy, that diagenesis often results in a net increase in apatite
crystallinity. Bone mineral crystallinity can be assessed by infrared spectroscopy but also, as
in this work, by X-ray diffraction. The structure and density of samples Ta+ and Ta++ are
severely altered, as shown by SEM, probably through chemical reactions that concern mainly
the amorphous compounds. Therefore, the alterations to samples Ta+ and Ta++ cannot be
explained through a diagenetic mechanism. However, sample Th could be the result of either
exposure to a low temperature or diagenesis. The difference is not easily established. Roberts
et al. (2002) have proposed the possibility of using boiling as an analogue for bone diagenesis,
as boiling for long periods can mimic diagenetic effects observed in archaeological bone. In
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our case, sample Th comes from the same location as samples Tc, Ta+ and Ta++. As previously
discussed, the Ta+ and Ta++ materials do not present any significant diagenesis: therefore, as
sample Th was in the same environmental conditions, there is no reason to assume that
this sample suffered alterations by diagenesis. Furthermore, the X-ray diffraction peaks of
sample Th are not shifted if compared to those of sample Tc: thus there is no substitution of
ions in the apatite structure. Furthermore, if there is no ionic exchange, the differences are only
morphological, and we have to conclude that the sample has been treated at low temperature for
a short period. The results obtained by SAXS confirm these observations at the nanometre
level.

In small-angle X-ray scattering, the shape of the Kratky plot of the control sample, Tc, and
that of the treated sample, Ta+, clearly show that the mineral crystals are platelets, platelets
being typical of human bone (Fratz et al. 1996). On the other hand, the Ta++ Kratky plot turns
out to correspond to elongated particles. This is in agreement with the variation in the relative
intensities of the diffraction peaks previously discussed. Most probably, with increasing
temperature and time, the hydroxyapatite crystals either grow and elongate to become needles
or the platelets break down to form needles. The first option has been proposed by Rogers and

Figure 2 Micrographs of (a) sample Tc, (b) sample Th, (c) sample Ta+ and (d) sample Ta++.
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Daniels (2002); however, it seems that due to temperature the platelets cracked during a very
rapid temperature increase and over a longer exposure time. The Th material presents two
zones in the Kratky plot; hence all the crystals are not as regular as in the control sample
(Fig. 3). In a previous work (Rogers and Daniels 2002) using X-ray diffraction (XRD), it is stated
that, when heated to temperatures higher than 800°C, the small rod-like mineral crystallites in
fresh human bone change from a highly anisotropically strained state to one with significantly
larger equidimensional crystals that possess little microstrain. It has to be emphasized here
that XRD peak broadening is due to crystallite features (microstrain or crystallite size): on the
other hand, SAXS is due to particle features (a particle may be constituted by several crystallites),
as SAXS is based on the electron density contrast between two material phases.

Table 1 compares the shapes previously discussed, the radii of gyration that give an estimate
of the size, without any assumption about the shape of the crystals, and the fractal dimensions.
The gyration radius is the same, to within experimental error, in samples Tc and Ta+, at 17
nm. Again, sample Ta++ differs from the others, with a gyration radius of 18 nm. Sample Th
has a gyration radius of 15 nm. In this sample, then, the size of hydroxyapatite crystals is
smaller than in the control sample, indicating that the morphology of the bone has definitely
been altered. This again points towards a thermal treatment rather than to diagenesis. In sample
Ta++, the sintering of the crystallites is confirmed.

The values of the obtained gyration radii correspond to the diameters of the solid cylinders
of 4.80–5.10 nm. These values are in agreement with those mentioned by Matsushima et al.
(1982), who state that the apatite needle-shaped crystallites are approximately 30–100 nm in
length and 2.5–7.5 nm in diameter, and those obtained by Hiller et al. (2003). These last

Figure 3 SAXS curves, in the form of Kratky plots, of (a) sample Tc, (b) sample Th, (c) sample Ta+ and 
(d) sample Ta++.
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authors reported a needle-like shape in non-heated bone, but a plate shape in bone heated to
500°C for 15 min. When they maintained heating up to 45 min, the hydroxyapatite crystals
became thicker, but little additional shape change was observed. They propose that the sintering
process that produces hydroxyapatite crystals of a particular shape and size follows specific
heating regimes. Such a hypothesis may be valid in our case.

Hiller and Wess (2006) have recently reviewed the use of small-angle X-ray scattering to
study archaeological and experimentally altered bones. They correlated the measured crystal
thickness with the temperature and heating time. The control samples have thicknesses of 2.79
and 2.36 nm, but if the bones are heated for 15 min at 500°C the thicknesses turn out to be
5.24 and 5.65 nm; that is, twice the original values. Furthermore, if they are treated up to 45
min, the values are 7.81 and 6.71 nm. As we do not obtain very significant changes in radii of
gyration, we have to conclude that our samples were treated for less than 15 min. This point
is enhanced by the different behaviour of young and old bones discussed previously.

Fractal geometry can be used to describe these materials: fractal dimensions can be understood
as the degree of rugosity at the frontier of the hydroxyapatite crystals or, better, the evidence
for some dendritic formations of dense material around the hydroxyapatite particles. As the
fractal dimension in Tc and Ta++ is higher, it indicates that the frontier between crystals and
organic material is well defined and smooth. In the other two samples, mineral crystals have
to be in intimate contact with the collagen network. It has been proposed that the protein content
may regulate the remodelling of bone (Wess et al. 2001). The values can be compared to those
obtained in fresh dog bone (Lima et al. 2006), whose fractal dimension varied between 1.3
and 2.9, depending on the degree of bone densification. These values are just indicative.

Figure 4 compares the size distributions of all the samples, assuming the shape previously
determined through the Kratky plots. Samples Tc, Ta+ and Th present the same size distribution,
with a clear and sharp maximum at a platelet size of 11 nm. In sample Ta++, the distribution
was calculated assuming needle-like particles, and the maximum is at 7 nm, therefore the
corresponding needle radius is 7 nm. Thus, the mineral particles present in the Ta++ bone
clearly differ in shape and size from those of the other samples. These results also point to a
fracture of the initial platelets due to a high temperature increase and a longer exposure time.

Such differences may again be correlated with the colour and thermal observations of
Shipman et al. (1984) and Lozano (2002). Sample Th did not reach a high temperature (having
been heated to below 100°C) and the essential bone structure is maintained. Furthermore, it
turns out to be more defined and ‘cleaner’. Pijoan et al. (2004) have suggested that indirect
thermal exposure is due to heat exposure in a humid environment; in other words, boiling or
barbacoa (meat cooked with cactus leaves in a preheated pit). This type of modification is due
to relatively low temperatures, as water boils at 100°C at sea level. Instead, the Ta+ bone

Table 1 A comparison of the radii of gyration, fractal dimensions and shapes of the mineral crystals as determined 
by small-angle X-ray scattering (SAXS)

Sample Gyration radius (nm) Fractal dimension Shape

Tc 17 2.5 Platelets
Th 15 2.1 Undefined
Ta+ 17 2.5 Platelets
Ta++ 18 2.1 Needles
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seems to correspond, on the one hand, to colour stage II (185–285°C) and, on the other, to the
water loss reported by Lozano (2002) in the interval 200–450°C. Thus, it must have been
treated at ~250°C in air. In sample Ta++, organic matter is burnt. Following Lozano (2002),
this corresponds to a temperature interval of 450–650°C, but it fits into colour stage III (525–
645°C) of Shipman et al. (1984). Hence it was suddenly exposed to a temperature as high as
~600°C, which was then maintained for a long time. Therefore, both samples have been
grilled.

CONCLUSION

The SAXS and XRD techniques are important tools for the in-depth study of bones whose
structure has been modified by heat exposure or diagenesis. They are non-destructive methods;
hence, they are able to preserve unique objects and provide information at the nanometre level.
These results have to be complemented with scanning electron microscopy images (SEM),
which provide the morphology at the micrometre level.

The differentiation of normal, grilled or boiled human bones in archaeological materials
ensures an understanding of the practices to which they were subjected. Temperature alters the
bone structure and morphology of mineral crystals. In grilled bones, temperatures may reach
values as high as from 250°C up to 600°C. The effects on the bone structure are different, as
shown in this work. Two grilled materials can be differentiated through determining the mineral
crystallite shapes by SAXS. In boiled bones, the fractal dimension (2.1) is clearly different
and smaller, as the crystalline phase and the organic compounds are partially dissolved; the
same value was obtained for deeply grilled bones as, again, the interaction between the

Figure 4 Particle size distributions, determined by SAXS, of (a) sample Tc, (b) sample Th, (c) sample Ta+ and (d) 
sample Ta++.
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crystalline phase and organic material has been altered. The ability to determine these facts
will make it easier to ascertain the processes to which the bones were subjected, such as
cannibalism.

We conclude that the alterations in the studied samples were due to thermal treatments
rather than to a diagenetic phenomenon.

To summarize, we have been able, through the use of several physical techniques, to
characterize the bones from Tlatelcomila. The main point was to determine if such materials
had been thermally treated or if they were the result of a diagenetic phenomenon. In diagenesis,
the crystallinity of bone increases: such was not the case in our materials, which were all less
crystalline than the control sample. Furthermore, as diagenesis is due to an ionic exchange, the
X-ray diffraction peaks of hydroxyapatite should shift, and we did not observe such an effect.
The hydroxyapatite crystallite size (sintering) increased with colour; this feature is not
explained by diagenesis, and it can only be attributed to temperature. Last but not least, a common-
sense observation may be advanced. The four samples came from the same environment and
they suffered the same washing processes. In the presence, for example, of magnesium, the
samples would be black in progressive degrees. It is difficult to believe that the bones retained,
selectively, in one case iron (red) and in another magnesium (black). The features of these
anthropological bones correspond to the reported features of thermally treated bones. In this
way, it was possible to establish the temperatures at which they were treated.
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