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Abstract

Red and black were the two colours around which
Palaeolithic art was organised. Manganese oxides
and charcoal were the black pigments and hematite
(a-Fe>03) the red one. The latter mineral is natu-
rally abundant, but archaeological observations
nevertheless suggest that the well-known colour
change accompanying the dehydration of yellow
goethite (a-FeOOH ) to red hematite may have been
employed by Prehistoric artists to obtain red pig-
ment. In order to confirm this assumption, a study
was carried out on synthetic goethite samples using
XRD and TEM. In particular, the goethite-to-
hematite transformation was observed in situ and
provided useful information about both dehydration
and recrystallisation processes. The existence of
water up to high heating temperatures was found
to be coherent with the typical porous microstructure
accompanying the phase transformation. Similar
studies were carried out on archaeological hema-
tites coming from Troubat, a French Pyrenean
Palaeolithic site. Characteristic features of pre-
vious heating were identified, such as pores or
small amounts of maghemite (a-Fe,03), which
confirms that Prehistorics had acquired this tech-
nical know-how. © 1999 Elsevier Science Limited.
All rights reserved
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Introduction

Yellow goethite and red hematite were, besides
charcoal and manganese oxides, the pigments used
during the Palaeolithic times by the very first
artists. The most remarkable traces they left behind
are the famous paintings which decorate numerous
caves in the South West of Europe (e.g. Lascaux in
France and Altamira in Spain). The dehydration of
goethite to hematite, when heated to about 250°C,
has been a well-known property for ages, since it
was described by the Roman painters as a ‘recipe’
to prepare red pigment. No written document can
testify that our prehistoric ancestors had dis-
covered the colour change and employed this
‘recipe’, but archaeological discoveries have sug-
gested that they may have resorted to it occasion-
ally. If confirmed, it would be a proof of the
technological and mental development attained by
prehistoric societies, coupled with a thorough
knowledge of mineral resources. From an archae-
ological point of view, the relevant question is,
therefore, whether hematite obtained by dehydra-
tion of goethite and natural hematite can be dis-
tinguished. We tried to answer this question using
physico-chemical methods, namely X-ray diffrac-
tion (XRD) and transmission electron microscopy
(TEM).

The first method provided structural informa-
tion, and was selected because of the non-uniform
broadening that can be observed on the diffraction
peaks of a low-temperature dehydrated goethite.
Numerous hypotheses, either of a structural or of a
morphological kind, were suggested'™ to account
for this anomalous behaviour. The main structural
explanation was given by Wolska and Schwert-
mann,*> who assigned the peak broadening to the
formation of an intermediate non-stoichiometric
compound, called hydrohematite, in which some
oxygen anions are replaced by hydroxyl ions,
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entailing a cation deficiency. In contrast, Watari et
al.* proposed a morphological origin, due to the
formation of twinned crystallites of nanometric
dimensions. Another unsolved problem is the nat-
ure of the water detected in hematite at high heating
temperatures. Structural water would confirm the
existence of hydrohematite,> but chemically adsor-
bed water is another possibility.°

In the first part of the present paper, we will
briefly present the XRD study. Then, we discuss
the in-situ dehydration of synthetic goethite, fol-
lowed by TEM. Finally, we apply XRD and TEM
to the study of archacological samples coming
from a French Pyrenean site, Troubat, dated from
the very end of the Upper Palaeolithic period.

Experimental

The experiments were first carried out on synthetic
acicular goethite (see Fig. 1), which was prepared
using Fe(III) precursors (Fe(INO3)3). Then, 200 mg
goethite powder samples were heat-treated in a
china crucible for 18h at temperatures ranging
from 200 to 1000°C, in air. XRD patterns were
recorded using either a Siemens D5000 or a Philips
PW1070 diffractometer.

TEM observations were conducted using a
100kV Jeol for the synthetic samples, or a 200 kV
Jeol with a Link EXL X-ray analysis attachment
for the archaeological samples. The in-situ dehy-
dration of goethite was observed and recorded on a
video tape on a 200 kV Philips CM20 transmission
electron microscope with a high-temperature
(1000°C) specimen holder. The heating rate was
about 5°C min~!; the maximum temperature was
960°C (at this temperature, the grid carbon support
film is destroyed).

Results

XRD data
The diffraction pattern of hematite obtained from
low-temperature dehydration of goethite exhibits a
very typical selective peak broadening frequently
mentioned in previous papers.'™ The (102), (104),
(204), (116), and (214) peaks are very broad for
temperatures lower than 400°C, whereas the (110),
(113) and (300) peaks remain comparatively narrow
throughout the transformation (Fig. 2). This beha-
viour has been evidenced on natural samples’-® and
is not a sufficient criterion to identify an ex-goethite
hematite. We therefore searched for other traces of
the transformation.

Measurements of the full width at half maximum
and of the integrated intensities on hematite main

36nm

Fig. 1. Synthetic acicular goethite [synthesis from Fe(III) sys-
tem], observed by TEM.

peaks show that the relative integrated intensities
[for instance (104)/(110) or (104)/(113)] do not
change, whatever the heating temperature, and
that the main phenomenon is the important change
in peak widths with temperature.” Such non uni-
form broadening of XRD peaks is encountered in
the case of particles with a strongly anisotropic
shape, since the contribution of the coherently dif-
fracting domain size to the peak width is inversely
proportional to that size. We, therefore, attempted
to model the newly formed hematite with aniso-
tropic particles, but no model could account for
the experimental broadening.

A Rietveld refinement!® was carried out on the
heated goethites to obtain structural information
about the cell parameters, the atomic positions, or
the occupation rates. No changes significant
enough to be used as a distinctive sign of pre-
vious heat treatment could be pointed out. The
high values of the occupation rates, illustrated in
Fig. 3, are nevertheless an interesting result,
inasmuch as they demonstrate that the cation
deficiency is low, which precludes an explanation
of non-uniform broadening by the presence of
‘hydrohematite’.

Besides the coherently diffracting domain size,
the parameters influencing the peak width are the
atomic positions, which are involved in the struc-
ture factor. We therefore tried to relate the selec-
tive broadening to the structure factor, which can
be written in the case of hematite:

Fra = 6fvess (1 + €™) cos 2mlzpe + Fy

where F, is the anionic sublattice contribution zg,
is the cationic position in the ¢ direction, and fre3+
is the diffusion factor of the ferric cation.

For a reflection (hkl), two cases can be con-
sidered. If ‘I’ is odd or zero, the cationic contribu-
tion to the structure factor is zero or constant
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Fig. 2. X-ray diffraction diagrams on synthetic goethite heat-treated at 290 and 1000°C for 18 h.
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Fig. 3. Cationic occupation rate in hematite obtained by heating synthetic goethite as a function of temperature.

(12ffe3+), and does not depend on the iron posi-
tion. If ‘I’ is even, this contribution depends on the
atomic position.

Figure 4 shows the changes in the width of
hematite main peaks as a function of heating tem-
perature. Two groups can be distinguished: a first
group (reflections 110, 113 and 300) where the
widths do not change much and a second group
(reflections 102, 104, 116, 214...) in which the

peaks are very broad for low temperatures but
become as narrow as those of the first group for high
temperatures. We can notice that the first-group
reflections all correspond to the cases where the
structure factor does not depend on the iron atomic
position, whereas the second-group reflections cor-
respond to the case where the structure factor
depends on the iron atomic position. This suggests
that selective broadening is due to cationic disorder.
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Fig. 4. Full width at half maximum of the main peaks of hematite obtained by heating synthetic goethite as a function of
temperature.

One hypothesis to explain the phenomenon is the
existence of two variants for hematite.* The var-
iants differ by their cationic-plane stacking order,
which can be either ‘abc’ or ‘acb’, according to the
position of the iron vacancies. Newly-formed
hematite particles would thus be constituted by
many twinned crystallites with the two configura-
tions in statistically equal proportions. For the
peaks whose indices do not discriminate between
the two variants (that is when ‘I’=3n), the coherent
zones are large and, therefore, the peaks are nar-
row. In contrast, for the peaks whose indices dis-
criminate between the two variants (that is when
‘I’#£3n) the coherent zones are restricted to the tiny
variants and, therefore, the peaks are wide. This
explanation fits our data quite well, except in the
case of the (116) reflection. This peak should theo-
retically remain as fine as the (110), (113), and
(300) lines, which is not what we observed. This
could be due to stacking defects inside each crys-
tallite, with for example a pseudoperiodic order of
a, b, and ¢ cationic planes. The Rietveld program,
because it implies a periodic repetition of the unit-
cell, is inadequate to model such a structure. A
simulation similar to that carried out on ferrihy-
drite!! should next be tried on hematite.

TEM observations

The dehydration of goethite to hematite has been
the subject of numerous TEM studies.!>!3 They all
evidenced a typical porous microstructure, com-
mon to a wide family of oxyhydroxides (Al, Mg,

Mn..."*17) a microstructure which derives from
the mechanism of dehydration.

Sample selection
Previous studies were mainly carried out on well-
crystallised, cleaved samples, for which the crystal
orientation was known.!? This enabled high-reso-
lution TEM. In our case, the selected materials
were either synthetic goethite consisting of small
needles (about 1x0-1um) or poorly crystallised
natural goethite (isotropic crystallites of about
10nm in diameter). Since the method had to be
easily applicable to archaeological samples, which
are generally poorly crystallised, the use of high-
quality crystals was excluded and, therefore, high-
resolution TEM was not considered
Archaeological samples being frequently pol-
luted with quartz or clay particles, we used a
microscope equipped with an X-ray energy-dis-
persive analysis to discriminate between iron oxides
and other minerals.

Electron-beam damage

The observations on synthetic samples were done
using either 100 or 200kV microscopes. Previous
to the study, we checked that beam heating did not
have any influence on the transformation. On the
100 kV microscope, even with the largest condensor
diaphragm and after an exposition of about 15 min,
no changes were detected on the initial goethite
crystals. With 200kV microscopes, a prolonged
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beam heating with the largest condensor dia-
phragm resulted in the formation of very thin
longitudinal pores, but these pores did not evolve
later on. In order not to disturb the observation of
the dehydration stages, we used the smaller con-
densor diaphragm. We can consider, therefore,
that the TEM observations were free of any per-
turbation due to beam damage, and that the fea-
tures we observed were due to the controlled
heating only.

Near-equilibrium observations

The observation of the synthetic goethite samples
heated at various temperatures between 200 and
1000°C for 18h (duration long enough to obtain
an homogeneously-transformed powder) enabled
us to characterise the main stages of the transfor-
mation.

Cavity formation At 200°C (Fig. 5), some
spheroidal nanopores (from 1 to 10nm) develop
inside the acicular goethite crystals. At 250°C,
more pores appear throughout the crystals (Fig. 6).
The transformation is nearly complete at this tem-
perature, since there is very little goethite left, as
indicated by the XRD and controlled by electron
diffraction. After 18h at 400°C (Fig. 7), the pores
have coalesced and their size is now about 50 nm.
All the goethite is transformed into hematite, yet
the external shape of the crystals is still the acicular
shape of the original goethite crystals.

Recrystallisation process At 650°C, a recrys-
tallisation process can be observed on some crys-
tals that have lost the acicular shape. On Fig. 8, a
crystal whose extremities are different (rectangular
on one side, forming a 120° angle on the other side)
lies besides a rounded recrystallised particle. Pores
remain in some crystals (Fig. 9) and we can note
the difference in diffraction contrast, corresponding
to a new orientation, between both longitudinal
sides and the internal part of the crystal. At 800°C,
recrystallisation is more advanced. Figure 10 shows
three kinds of crystals: a first crystal which has
retained an acicular shape; a second crystal, also
acicular, but whose faces exhibit 120° angles; and a
third crystal, hexagonal, typical of the hematite
structure.

Recrystallised state After 18h at 1000°C
(Fig. 11), recrystallisation is complete, and all the
crystals are isotropic. They are much larger, thicker
and no more transparent to the electron beam:
their size is about one micrometer, whereas in the
previous stages it was about 50 nm.

These observations enabled us to underline the
main stages of the dehydration and recrystallisa-
tion. They were relative to materials which had been
heated for a long duration (18 h) and were therefore
expected to be in a near-equilibrium state.

36nm

Fig. 5. Synthetic acicular goethite heat-treated at 200°C for
18 h, observed by TEM.

T T———

Fig. 6. Synthetic acicular goethite heat-treated at 250°C for
18 h, observed by TEM.

In-situ observations In order to obtain dynami-
cal information, we used in-situ observation during
heating of goethite. The advantages of the method
are that the temperature is accurately controlled,
and that all the stages of the transformation,
including the final recrystallisation, can be
observed. The whole experience was recorded on a
video tape, and the main elements are summarised
on a diagram (Fig. 12).

Water segregation The first sign of the dehy-
dration is the occurring (at 300°C) of a 1 nm-wide
longitudinal pores array. As the temperature
increases, these pores become spheroidal. At
450°C, the crystals contain non-connected, spher-
oidal pores of about 10 nm. During this first stage,
the goethite is entirely transformed to hematite, as
demonstrated by electron  microdiffraction
[Fig. 13(a)—(c)]: Goethite is characterised by two
rings at 0-498 and 0-418 nm corresponding to the
(020) and (110) diffracting planes, respectively.
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Fig. 7. Synthetic acicular goethite heat-treated at 400°C for
18 h, observed by TEM.

50nm

Fig. 8. Synthetic acicular goethite heat-treated at 650°C for
18 h, observed by TEM.

Hematite is characterised by the 0-366 nm ring of
the (012) plane and its next ring (0-269 nm) is
common to the two crystalline structures: (130)g
and (104)y planes for goethite and hematite,
respectively.

e In Fig. 13(a), corresponding to a 200°C heat-
treatment, goethite structure only is revealed
by the (020)g ring.

e In Fig. 13(b), corresponding to a 250°C heat-
treatment, the first ring of hematite structure,
(012)y, is already present and two (020)g
internal points show that goethite is still pres-
ent.

e In Fig. 13(c), corresponding to a 450°C heat-
treatment, the transformation is complete, the
(012)y ring is intense and no more goethite
diffraction trace is visible.

During the transformation, the main part of the
dehydration water remains inside the pores. After
the transformation is complete, hematite domains
are still separated by pores filled with water (see

Fig. 9. Synthetic acicular goethite heat-treated at 650°C for
18 h, observed by TEM.

TT—

50nm

Fig. 10. Synthetic acicular goethite heat-treated at 800°C for

18 h, observed by TEM.

Fig. 11. Synthetic acicular goethite heat-treated at 1000°C for
18 h, observed by TEM.

Fig. 14 later on). The external shape of the crystals
remains acicular.

Water  evacuation The pores progressively
migrate towards the surface, where the water
they contain is evacuated. At the air-hematite
interface, the minimisation of the surface energy
results in a smoothing of the pores (probably by
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Fig. 12. Schematic representation of synthetic goethite dehy-
dration successive stages as observed in situ.

surface autodiffusion). The observation of the
phenomenon versus time enabled us to make a
rough estimation of the surface diffusion coeffi-
cient, as discussed later on. The migration of pores
is associated with a decrease in their number.
Recrystallisation — process As temperature
increases, every original crystal of goethite breaks
into several grains, with an out-of-equilibrium
grain-boundary configuration. At 950°C, an inter-
granular rupture is observed, giving rise to indivi-
dual isotropic hematite crystals. At the end of the
process, all crystals exhibit an isotropic shape.

Estimation of the surface diffusion coefficient
through observation of surface smoothing

When pores migrate towards the surface, the water
they contained is liberated and the concave air—
hematite interface thus created has a small curva-
ture radius. This surface is unstable, and its profile
is subsequently modified in order to minimise the
surface energy. Three processes can be responsible
for this atomic migration: surface autodiffusion,
bulk diffusion, or evaporation—condensation.

A metallurgical model established by Mullins'®
can be adapted to pore smoothing in order to cal-
culate the surface diffusion coefficient. Four
hypotheses were made by Mullins: (i) the various
mechanisms are independent, (ii) there is no matter

Fig. 13. Electron microdiffraction patterns on: (a) heat-treated
goethite at 200°C for 18 h; (b) heat-treated goethite at 250°C
for 18 h; (c) heat-treated goethite at 450°C for 18 h.

loss by sublimation, (iii) the surface tension y; is
isotropic, and (iv) the radius of curvature is small.
A mathematical law describing the decreasing
amplitude of sinusoidal oscillations on the surface
can thus be established. We consider here the case
of an isolated scratch whose width (amplitude) is
called L (d). If we suppose that surface autodiffu-
sion is the main phenomenon, the following equa-
tion can be used:

L=69(EnN"*
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Fig. 14. Thermogravimetric curve representing the water loss of
synthetic heated goethite as a function of heating temperature.

where ¢ is time, and E = DsysQ38/kT; Dy is the sur-
face diffusion coefficient,  the atomic volume, §
the layer thickness of the diffusion path, & Boltz-
mann’s constant, and 7 the temperature. Provided
one can measure L at two different moments, one
can estimate D, since

E= (L3 - L})/6:9%(tr— t1)

where L; (L,) is the scratch value at #; (,).

Taking r=0 at the moment when the pore
reaches the surface, we measured L=17nm for
t=1800s, and L=13nm for t=1980s.

A typical value of 1Jm~2 was chosen for y,. T
was about 600°C. We then obtain D§ = 2-4x
102 cm?s~!. Supposing the surface diffusion layer
i1s about 1 nm thick, we have as an estimation of
Dg: 2:4x107 1% cm?s— 1.

This value is very low, as compared to typical
values of 1072 cm?s~! in similar materials. It must
be considered with caution, since it was calculated
with two values only. The complete kinetics of the
smoothing should be determined in order to know
whether surface diffusion is really the main phe-
nomenon. Further studies are presently being con-
ducted to clarify this point.

Discussion

Both XRD and TEM experiments confirm the
presence of non-structural water in hematite at
high temperatures. The cationic occupation rates
refined by the Rietveld’s analysis are close to
100%, which indicates that there is no cationic
vacancy and, therefore, no substituted hydroxyl
ions. TEM observations show that dehydration
water and hematite are segregated at the very early
stages of the transformation, and that the water is

situated in pores, first elongated, then spheroidal.
DTG (Differential ThermoGravimetry) experiments
(18 h at 1000°C) confirmed that water evacuation is
not immediate, even at this temperature. Figure 14
shows that about 10% of total water was instantly
liberated at 1000°C. Then, the water loss slows
down to reach about 15% after 1 or 2h. All these
data are consistent with the observation that some
pores are still observed after treatments at tem-
peratures as high as 700 or 800°C. At 950°C, how-
ever, all those pores have disappeared and every
original goethite crystal is transformed into poly-
crystalline hematite. Our hypothesis is that the
water that is still present at this temperature, as
indicated by DTG, is segregated along the grain-
boundaries, and was, therefore, responsible for the
grain decohesion. The nature of high-temperature
residual water is not elucidated yet, and this point
would require complementary studies.

Archaeological application

Archaeological hematites discovered in the site of
Troubat'® (French Pyrenees) were examined in
order to determine whether they were natural or
resulted from heated goethite. Troubat is dated
from the end of Palaeolithic ages (around
8000 BC). Two different cultures, Magdalenian and
Auzilian, successively occupied the place, which is
constituted of two parts: a shelter and a cave.
X-ray diffraction on 12 hematite samples selected
to be representative of the whole site enabled us to
classify them into two groups: a first one with no
selective broadening and a second one where all the
peaks were selectively broadened as observed in
synthetic samples. First-group hematites were
often associated with goethite, whereas second-
group hematites were almost always associated
with maghemite (y-Fe,O3). This latter mineral is
an interesting clue inasmuch as its main formation
mode on Earth’s surface is heating goethite toge-
ther with organic matter. The result is hematite
associated with maghemite. Maghemite is thus a
trace of goethite heating. As maghemite was not
systematically associated with the samples of the
second group, all the samples were examined by
TEM to detect other signs of previous heating. We
thus observed pores in three hematite samples out
of five in the second group. In one case, the pores
were large and rounded, which corresponds to the
end of the first dehydration stage observed in syn-
thetic samples. Moreover, those pores were located
in acicular crystals, typical of goethite (Fig. 15).
These two elements confirmed that this sample had
been heated. The other two samples exhibited
elongated pores, characteristic of the very early
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Fig. 15. Archaeological hematite from Troubat (France).
Spheroidal pores in acicular crystals can be observed.

dehydration stage, which demonstrated that they
had been heated at a lower temperature or for a
shorter time than the first one. No pores were
found in the last two samples of the second group,
but in one of them, the crystallites had a recrys-
tallised aspect, as observed in synthetic samples
heated at about 600°C. The absence of pores in the
last sample was attributed to the very small size of
the crystallites (inferior to 10nm), which acceler-
ated the dehydration process. To check this last
assumption, we verified that there was no pore in
10 nm goethite crystallites that had been heated at
250°C for 18 h. We conclude that all the hematites
of the second group resulted from heated goethite.
On the opposite, no such features as pores or
recrystallised aspect were observed on the first-
group samples, which implies their natural origin.
This conclusion is strengthened by the frequent
presence of goethite associated with hematite, since
these two minerals are often mixed in natural
deposits.

The whole procedure we used (XRD study of
peak broadening, TEM observations of pore and
grain morphology, presence or absence of maghe-
mite) may be considered as a ‘strategy’ to deter-
mine whether a hematite sample is natural or
artificial. To summarise the archaeological results,
we were able to establish that the Prehistorics in
Troubat occasionally used heated goethite, with no
marked difference between Magdalenian and Azi-
lian people. An interesting observation is, however,
that all the samples excavated from the cave were
ex-goethite, which could suggest that the ‘furnace’
was located in the cave.

Conclusion

The goethite-to-hematite transformation was stud-
ied using XRD and TEM. Low-temperature heated

goethite is characterised by a non-uniform broad-
ening of XRD peaks and a porous microstructure,
which is relevant to the dehydration mechanisms.
XRD data (with or without Rietveld refinement)
indicate that the selective broadening is not due to
a non-stoichiometric, intermediate hydrohematite,
but to the presence of cationic-plane stacking
defects, perpendicular to the hematite c-axis. In-
situ observations of the porous microstructure up
to 1000°C have evidenced a two-stage process, the
first stage consisting in the transformation itself
with water segregation and the second stage con-
sisting in water loss, then recrystallisation. The
water still observed in materials treated at high
temperatures (1000°C) can thus be trapped water
inside residual porosity.

The study of prehistoric hematite samples was
carried out to determine whether they were of nat-
ural origin or transformed goethite. Non-uniform
broadening of XRD peaks and pores with special
morphology were observed in certain samples
which, together with the presence of maghemite,
enabled us to validate an artificial origin in certain
samples, although this was not systematic. More
generally, we think that the strategy we have
established to study the Troubat materials is
applicable to any hematite-containing prehistoric
materials.
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