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Abstract: Hematite, the mineral that gives color to bright red iron ochres, occurs naturally, but there
is much evidence that early humans sometimes artificially produced hematite by heating a related
mineral, goethite, in wood fires. This represents an important cognitive and technological advance
in early human prehistory. Thus, there is a need to distinguish natural hematite from hematite
generated by heating goethite in a wood fire. Measuring the line widths of powder X-ray diffraction
(XRD) in hematite has been explored, and synthetic goethite heated in a modern furnace has been
used as a model system for studying this process. We now show that to be an inappropriate model.
Although chemically identical, natural goethite is physically different from and much more variable
than goethite produced in a laboratory. Furthermore, by replicating the process using Stone Age
technology, we show that heating goethite in a wood fire complicates the interpretation of XRD line
widths of the resulting hematite. We conclude that strategies other than powder XRD are necessary
to draw conclusions about the ancient processing of iron ochres.

Keywords: pigment; ochre; X-ray diffraction; experimental archaeology; goethite; hematite; fire;
replication

1. Introduction

The human use of ochre began long ago, and the technology of its processing and use
is documented globally [1-23]. Iron ochres are quintessentially pigments (although other
uses have been inferred, including as a polishing agent, sunblock, and a component of
glue [2—4]), and there is considerable evidence that they were among the earliest pigments
used by humans. Provenance, mining, processing, practical use, Paleolithic cave art, and
symbolic use are of special interest to archaeologists [4-23].

While the term “ochre” is used in a variety of contexts, an excellent definition for the
context of this study is “a geological product containing iron oxide and/or oxyhydroxides”,
which “leaves a colored streak when rubbed against a harder material” [23] (p. 1). A range
of color terms are often used, including red, yellow, orange, and brown, [2,20,22,23], and
the presence of other minerals, especially silicates, carbonates, and/or quartz is often noted.

The two most common minerals in ochre are goethite (FeO(OH)), which forms a
yellowish-brown pigment, and hematite (Fe;O3), which forms a bright red pigment. A
frequent observation by archaeologists is that humans often preferred red ochres, and sev-
eral explanations for this have been offered [1,13,16]. Historical documentation establishes
that humans have known at least since early Roman times that yellowish-brown ochre
can be converted to a bright red one by heating [24]. Material scientists demonstrated that
yellowish-brown goethite, FeO(OH), is converted to red hematite Fe;O3, by heating above
300 °C (Equation (1)).

FeO(OH)(S) — F8203(s) + HzO(l) 1)
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For how long have humans intentionally converted goethite to hematite? As hematite
occurs naturally, archaeologists need to be able to distinguish natural hematite from the
hematite produced by heating goethite. They are chemically identical, but powder X-ray
diffraction (XRD) can detect differences in crystallinity, so this is one strategy that has
been pursued.

During the transformation of goethite, water is lost, and the remaining iron and
oxide ions must rearrange themselves into the crystalline pattern of hematite. As the
rearrangement occurs in the solid state, the movement of ions and the release of water are
impeded by the rigid crystalline matrix. Thus, if goethite is heated to 1000 °C, complete
recrystallization occurs [24-27]. However, if goethite is heated at temperatures from 300
to 900 °C, hematite is formed, but the crystals are partially disordered, resulting in the
selective or non-uniform broadening of the XRD lines [14]. More specifically, in the hematite
produced by heating goethite, four XRD lines (012, 104, 024, and 214) may be broad, while
other lines (e.g., 113, 116, etc.) are not. As ancient campfires were typically limited to no
more than 750 °C [25,26], in 1985, Onoratini and Perinet [27] recognized that the selective
broadening of XRD peaks may offer a clue as to whether ancient hematite pigments were
natural or resulted from artists heating goethite. In their study, 25% of the red ochre
samples found at archaeological sites in France contained hematite with non-uniform peak
broadening. This is especially interesting in Upper Paleolithic cave art because of the
presence of goethite and hematite in the caves; for example, in the paintings in Lascaux
Cave, ochres range in color from yellow to purplish red (5, 14, 15, 27).

Pomies et al. [14,28-30] measured the widths (FWHM) of eight lines in hematite that
they produced by heating synthetic goethite in a muffle furnace. They found that the
broadening was dramatic, especially after heating between 300 and 600 °C. However,
the applicability of these studies to the pigments of ancient artists is unclear because
they reported results almost exclusively on synthetic goethite, which, of course, ancient
artists did not have. “Synthetic” goethite refers to that made in the chemistry laboratory
under controlled pH and temperatures [31]. In contrast, “natural” goethite formed in the
geological past under complex environmental conditions over a much longer time. Both
are FeO(OH).

Loffler and Mader [32] studied the conversion of both natural and synthetic goethite
via powder XRD, and they found that the non-uniform line broadening was much less
apparent in their natural goethite than in synthetic goethite. This suggests that the XRD
studies of selective broadening may not be as reliable or useful as hoped [28]. The signif-
icance of this has not been widely recognized in the archaeological literature, with two
important exceptions. Cavallo et al. [5] recognized the differences in XRD, noting that
“selective broadening. . .is not sufficient” to demonstrate the anthropogenic heating of ochre.
In a follow-up study, Cavallo et al. [33] heated natural goethite from the same source used
by ancient artists. In contrast to the natural goethite studied by Loffler and Mader [32],
the goethite from northern Italy displayed non-uniform broadening after heating that was
similar to heated synthetic goethite.

In addition to non-uniform line broadening in XRD, other strategies have been used
to determine whether Stone Age ochre contains natural or anthropogenic hematite. For
example, Salomon et al. [34] argued that hematite from the Middle Paleolithic had been
made by heating goethite, and they studied crystal morphology, pore size, the composition
of accessory minerals, and color to make this argument. More persuasively, in a later pa-
per [35], they combined careful archaeology, spatial analysis, scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and the matching of mineralogical compo-
sition to local outcrops to demonstrate that at least three types of ochre—goethite, natural
hematite, and hematite intentionally prepared by heating goethite—were used in Solutrean
and Magdalenian “workshops”.

In a series of landmark papers, Cavallo, Gialanella, and colleagues [5,7,33,36-39] estab-
lished that Paleolithic artists at multiple sites in northeastern Italy heated goethite to prepare
red hematite pigments. For example, Riparo Dalmeri is known for an abundance of red-
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painted stones. The characterizations of the artifacts using Raman spectroscopy, TEM, and
SEM—combined with a comparison of their results with those of natural goethite, which
the researchers heated in the laboratory—were all consistent with the red pigment being
hematite prepared by heating goethite [7,39]. Furthermore, careful geological prospecting
around Riparo Dalmeri demonstrated that no sources of natural hematite were available to
the artists [7].

Similarly, in the Aurignacian layers in Fumane Cave and the Late Epigravettian lay-
ers at the Tagliente rock shelter, the accessory minerals mixed with hematite pigments
correspond to local goethite sources, not the sources of natural hematite. By firmly es-
tablishing the provenance of the ochre, the authors demonstrated that it resulted from
heated goethite [5,36-38]. Using the non-uniform broadening of the 104 peak in XRD and
the results reported by Pomies et al. [28,29] for synthetic goethite, they estimated heating
temperatures ranging from 300 to 950 °C [37].

Conversely, similar strategies can be used to demonstrate that hematite pigments
are natural and were not produced by heating goethite. For example, using Raman spec-
troscopy, XRD, SEM, and geological prospecting, the ochre found in a Magdalenian burial
in Mirén cave was shown to result from natural hematite in local outcrops, not from heated
goethite [40].

Replication is an important experimental strategy for understanding ancient technolo-
gies. To test hypotheses about lost technologies, researchers often attempt to recreate ancient
processes, and they then compare the resulting materials to those found by archaeologists.
Replication experiments have proven invaluable in understanding the ancient technology
of fire, e.g., [22,25,41,42]. Similarly, replication experiments have revealed much about the
processing and use of ochres [4,20,23,26,43-45]. Thus, it is surprising that studies using
the replication of the heating of ochres in natural fires are relatively few. Lorblanchet [46]
demonstrated that natural ochre can be rubified in a wood fire. In a remarkably thorough
and controlled series of experiments, Wojcieszak et al. [22] used Raman spectroscopy and
SEM to characterize the effect of wood fires on manganese minerals and clays in dark
ochres. In a very influential paper, Wadley [26] demonstrated that brown ochres become
red even when buried under wood fires.

Recently, we heated natural goethite in wood fires using Stone Age technology and
recorded the Munsell colors and diffuse reflectance spectra of the goethite and the resulting
hematite [47]. We found that clean, red hematite pigments were easily generated, and
heating solid lumps of goethite rather than its powder makes it easier to avoid the contami-
nation of the pigment in the fire. Subjective color terms are widely used in virtually all the
literature on ochres. However, recent studies have recorded Munsell colors, e.g., [5,20,23,26],
which is a coded system of reproducibly printed colors that can be consulted by scientists
around the world. Even better, the reflectance profile of visible light can be measured as the
percent of light reflected as a function of the wavelength of light (i.e., the visible reflectance
spectroscopy), and several recent papers have made use of this technology [47-49]. For
example, Elias et al. used Ay, the wavelength at which the increase in reflectance is at its
steepest, to characterize ochres [48]. For the natural goethite that we studied, the Munsell
color of heated ochre is consistently 2.5YR 3/4-6 and Ap, = 582-590 nm [47].

To further explore the heating of natural goethite, we now report the replication
of the process in the laboratory and in outdoor wood fires, and we describe the X-ray
diffractograms of the resulting hematites. To our knowledge, no one has integrated XRD
with experimental replication in natural fires. In this study, we present two lines of
investigation of heating ochres. First, we show that the selective broadening of the XRD
lines in heated natural goethite is more variable than has been widely appreciated, and
that line broadening is often much less intense for natural goethite than that of synthetic
goethite. Second, through the replication of the process in wood fires, we show that the
non-uniform or selective line broadening is not a promising strategy for estimating the
temperature of the fires in which ochre was heated.



Colorants 2022, 1

366

2. Materials and Methods
2.1. X-ray Diffractometry (XRD)

Powder X-ray diffractograms (XRD) were recorded in air at ambient temperature
(22 &+ 2 °C) on a Rigaku diffractometer with a Multiplex goniometer and a RINT fixed
monochromator (Applied Rigaku Technologies, Inc., Austin, TX, USA). A copper anode
operating at 40 kV and 30 mA generated the X-rays, and the monochromatic K4 line
(1.54 angstroms) was selected. Scan speed was 1.0°/min, and the range was from 26 = 15°
to 80° (65 min acquisition time). Scans were analyzed using the Materials Data Jade
6.0 software (MDI Materials Data; Livermore, CA, USA) including FWHMSs, which are
calculated by fitting the peaks and reporting the widths in tabular form. All measurements
are reported as 26.

2.2. Ochre Samples

Natural goethite was purchased from Wards Scientific (mined in Hibbing, MN, USA),
and it came as lumps of approximately 100 g. Through macro- and microscopic inspection,
the goethite was variable in purity, cementation, and crystallinity. Thus, to measure the
dependence of line width on temperature, it was necessary to make a homogeneous sample
from which multiple, identical subsamples could be taken. A single lump was crushed
between hardened steel plates, ground in a mortar and pestle, and passed through a
200-micron sieve. Using XRD and polarized light microscopy (PLM), the homogenized
sample was shown to contain only goethite and quartz. No carbonates or silicates were
detected using PLM or FT-IR spectrometry. Using gravimetry, the sample was found
to contain 63% goethite and 37% quartz [47]. Initial experiments were performed using
this homogenized powdered subsample, and follow-up experiments involved heating
solid lumps of the ochre. The lumps were all from the same lot purchased from Wards
but contained different percentages of goethite and quartz. In no case was the natural
goethite purified.

To name samples, we used the same system as in [47]. For each sample, a unique
integer was assigned, followed by N for natural goethite, Fire or Furn(ace) for the method
of heating, and P for powder or L for solid lump. For example, 10-NFireP is sample 10 with
the appended abbreviation indicating that it is natural goethite heated in a fire as a powder.

2.3. Sample Heating

The details of the fires have been described [47] but are summarized here. In
the laboratory, samples were heated in a thermostat-controlled Fisher Isotemp Muffle
Furnace. Outdoors, the fires (60-80 cm in diameter) were made of well-seasoned wood in
a simple, flat hearth [25,26,41,42]. The diameters of the fuel were from 4 to 12 cm, and the
lengths were from 40 to 80 cm. Except for Fire 1, the temperatures of the samples were
measured every 15 min in triplicate using an Etekcity Lasergrip 800 IR Thermometer;
accurate measurements required being within 50 cm of the sample. Fire temperature was
controlled by the amount of wood and the rate of stoking. In this configuration, the fires
were slightly reducing in the flames, and they were strongly reducing in the coals [47].
Figure 1 illustrates a fire with samples at its center. Figure 2 shows an unheated sample
of natural goethite (on the right) and four lumps that had been heated in the fire. A
color card from the International Federation of Rock Art Organizations is included as a
reference and scale.
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Figure 2. Four lumps of ochre heated in a wood fire before grinding (top and bottom rows, Munsell
color 2.5YR 3/4-6). Lump of unheated goethite (right, Munsell color 10YR 5/6).

3. Results

Eight XRD lines of hematite were selected for study (see Table 1) using the following
criteria: sufficient intensity to measure widths accurately and precisely, avoidance of
interfering lines, and comparability to measurements reported in the literature. The peak
location of hematite lines had a standard deviation of £0.003°.
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Table 1. Miller indices (h k 1), atom spacing (d), and location (26) of eight hematite lines in
heated ochres.

hkl d/A 20/°
012 3.705 23.96
104 2.713 32.96
110 2.528 35.42
113 2.215 40.66
024 1.846 49.31
116 1.699 53.88
214 1.489 62.26
300 1.456 63.82

As examples of our analysis, the XRD pattern for natural goethite powder heated
at 450 °C is illustrated in Figure S1, and the data are listed in a tabular form in Table S1.
Similarly, the XRD pattern for natural goethite powder heated at 900 °C is illustrated in
Figure S2, and the data are listed in a tabular form in Table S2.

For optimum precision and accuracy in the XRD measurements, we found it neces-
sary to dry samples at 150 °C for two hours immediately before loading them into the
diffractometer. All reported measurements are from one-hour scans. For the furnace-heated
samples, the reported FWHMSs are the average of two or three replicates. In this way, the
standard deviation on replicate peak widths was £0.007°. (Exposure to ambient air for
more than an hour allowed humidity to artificially increase peak widths by up to 0.05° and
increased the standard deviation on peak widths by up to a factor of four).

To establish the accuracy, resolution, and precision of the instrument independent of
the complications of iron oxides, we measured the locations and widths of four quartz
lines in 42 ochre samples. The average width of all four lines was 0.135°, comparable to
literature values and indicating the excellent resolution of our Rigaku diffractometer. The
standard deviation of the location of the quartz lines was +0.004° and of the width was
£0.02°, indicating excellent precision. The widths of quartz peaks were independent of
ambient humidity and the temperature at which samples were heated.

We converted natural goethite into hematite in a furnace at 300, 450, 600, 750, and
900 °C and then measured the peak widths for the eight selected lines. These widths
(FWHM) are plotted vs. temperature in Figure 3. All the lines at all temperatures are
wider than expected for well-crystallized hematite, and the FWHM values show little or no
dependence on temperature. In fact, to our surprise, the widths of only two of the lines
(012 and 024) demonstrated a narrowing trend from 300 to 600 °C.

These results for natural goethite are dramatically different from the results from
heating synthetic goethite [14,28,32]. In the studies of synthetic goethite, the FWHM vs. T
plots of synthetic goethite show a steady decrease in peak width from 300 to 600 °C over a
range from about 1.0 to 0.3° for four of the lines (012, 104, 214, 204), lines, which correspond
to those predominantly resulting from the lattice of iron ions [28,32]. (For easy comparison,
Figure 3 in our study is at approximately the same scale as the corresponding figure in [28].)
In contrast, well-crystallized hematite shows widths of 0.13 to 0.15° for these lines [14,32].

In Figure 4, we display the dependence on temperature for the width of line 012
for three natural goethites: our sample (black square), that of Loffler and Mader (red
diamond) [32], and the sample used in Cavallo et al. (yellow triangle) [33]. Two synthetic
goethites are also plotted: that of Loffler and Mader (purple circle) [32] and Pomiés et al.
(blue dash) [28]. The comparison of results from five different goethites clearly illustrates
two points: 1. the three natural goethites are highly variable (purple, red, and yellow lines),
ranging from a dramatic dependence of FWHM on temperature to almost no dependence,



Colorants 2022, 1 369

and 2. the two synthetic samples (black, blue) are similar to each other in that both show a
strong dependence of FWHM on temperature.
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Figure 3. Line widths for eight selected lines of hematite prepared by heating natural goethite from
Hibbing, MN, USA, vs. the temperature at which the sample was heated: 012 black, solid square;
104 orange, solid diamond; 110 purple, open triangle; 113 yellow, open square; 024 blue, solid circle;
116 green, open circle; 214 grey, solid triangle; 300 red, open diamond. Each point is the average of

two or three replicates.
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Figure 4. Dependence of the width of line 012 on temperature for three natural and two synthetic
goethites: natural goethite, this study, black square; natural, Loffler and Mader [32], red diamond;
synthetic, Loffler and Mader [32], purple circle; synthetic, Pomiés et al. [28], blue dash; natural,

Cavallo et al. [33], yellow triangle.

For a semi-quantitative comparison of the dependence of temperature for all the four
selectively broadened lines, we calculated approximate slopes of the plots of FWHM vs. T
from 300 to 600 °C where the relationship is quasilinear for the five heated ochres (see
Table 2). We achieved this by minimizing the deviation in the y-axis between the points
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and a straight line. These slopes indicate that the trends illustrated in Figure 4 for line 012
are repeated for 104, 024, and 214. The dramatic differences documented in Figures 3 and 4
and in Table 2 indicate that synthetic goethite makes a poor model for understanding the
XRD of natural goethites.

Table 2. Slopes of width vs. temperature for four selectively broadened XRD lines (FWHM vs.
T (°/°C)-(—1 x 10%)) for five hematite samples generated from heated goethite from 300 to 600 °C.

hkl Natural 2 Natural b Natural ¢ Synthetic 4 Synthetic ¢
012 22 0.52 12 17 11
104 0.26 0.07 16 20. 11
024 37 0.42 8.4 18 9.2
214 —0.78 —-1.2 6.6 22 14
average 1.3 —0.05 11 19 11

a This study; P [32] (Figure 2); © [33] (Figure 2); ¢ [32] (Figure 4); © [28] (Figure 2).

Chemically, all five goethites are FeO(OH), so these results are initially surprising.
However, iron oxide formation is notoriously complex [31] and very dependent on the
conditions under which they are formed. Crystallinity [47,50], crystal size [51], crystal
morphology [39,51-53], and impurities [31] all significantly affect the physical properties
of goethite, so the variability in XRD line widths demonstrated here is consistent with
these observations.

To extend our findings to Stone Age ochres, we replicated the heating of natural
goethite in wood fires. We compared the XRD peak widths of natural goethite heated in a
furnace to the widths of samples heated in a wood fire. To our knowledge, these are the
first XRD results reported for fire-heated goethite.

In our first effort (Fire 1), we heated two samples of the homogenized, powder goethite
(described in Section 2) in a campfire for one hour (samples 10-NFireP and 11-NFireP). The
XRD lines of goethite had completely disappeared and been replaced by the expected lines
for hematite, indicating complete conversion. The widths of those lines are recorded in
Table 3. We then compared these widths to those of goethite heated in a furnace (illustrated
in Figure 3) to determine the apparent temperature of the fire. The results varied wildly,
and different lines led to grossly different predictions of temperatures, including some that
are too high for a campfire or too low to have led to complete conversion to hematite in an
hour. The difference between furnace-heated and fire-heated samples may be due to the
varying temperatures achieved in a fire (see below for more on fire temperatures) or to the
complex chemical environment of a fire. In either case, these data suggest that XRD line
width is not a promising strategy for determining the temperature at which ochres were
heated, especially for goethite that shows little dependence of FWHM on temperature, like
the goethite here.

Table 3. Widths (FWHM) of four XRD lines for two powder samples heated in a fire in crucibles and
the apparent fire temperatures as estimated from the width using plot in Figure 3.

10-NFireP 11-NFireP
hkl FWHM/° Temp./°C FWHM/° Temp./°C
012 0.40 600 0.41 600
104 0.32 <300 0.40 >900
024 0.36 >900 0.49 350
214 0.51 <300 0.47 <300

As we had not measured the temperature of Fire 1, we followed this initial effort by
recording the XRD patterns for samples in four additional fires. The sample names and
fire temperatures are listed in Table 4. The first two, 14-NFireP and 20-NFireP, were from
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the large batch of the homogenized natural goethite powder. Similar to the results of the
powders in Table 3, the width of the lines of the XRD lines did not serve as an accurate
proxy for determining the temperature at which the samples were heated. In fact, most of
the lines were outside the range of the widths recorded in furnace-heated samples (Table 5).

Table 4. Heating procedure for six samples of natural goethite.

Sample Heat Time/h Temp/°C Powder or Lump
14-NFireP Fire 2 2 300-600 Powder
20-NFireP Fire 3 2 250-600 Powder
27-NFireL Fire 4 2 300-500 Lump
28-NFireL Fire 5 1.5 600-750 Lump

36-NFurnL Furnace 1 600 Lump
37-NFurnL Furnace 1 600 Lump

Table 5. Temperatures in °C predicted by four XRD lines for samples heated in wood fires.

hkl 14-NFireP 20-NFireP 27-NFireL 28-NFireL
012 500 350 350 >900
104 >900 >900 750 >900
024 NP >900 350 500
214 <300 <300 <300 <300

We then took two new lumps of goethite from the same box of goethite purchased from
Wards, 27-NFireL and 28-NFireL, and heated them as lumps directly in a fire (as opposed to
heating ground and sieved powders). After heating, we brushed the ash from their surfaces
and ground and sieved them. As previously reported, this produced pigments of virtually
the same color as those produced by heating in a furnace [47]. We recorded the XRD, and
again, the widths did not accurately predict the temperature of the fire (Table 5). Half of
the lines were outside the range of the widths recorded in furnace-heated samples.

To measure the variability in three different lumps of goethite taken from the same
source of natural goethite independent of any effect of fire, we took two more new lumps
from the same box of goethite purchased from Wards, and we heated them in the furnace at
600 °C (samples 36-NFurnL and 37-NFurnL). Although ground via the same procedure and
heated for the same amount of time in the same furnace, these samples had XRD line widths
very different from those of the first sample. The widths are listed in Table 6. Differences
ranged from +0.22° (the 214 line in 36-NFurnL) to —0.21° (the 104 line in 37-NFurnL). These
differences are much larger than can be explained by the uncertainty of the measurement,
which is better than +0.01° (see Section 2). This demonstrates that hematite made by
heating different pieces of goethite from a single source may have very different line widths
due to the natural variability within the source.

Table 6. Line widths in degrees measured for three different subsamples of the same natural goethite
after heating at 600 °C for one hour in a furnace.

hkl 5-NFurnP 36-NFurnL 37-NFurnL
012 0.412 0.371 0.398
104 0.414 0.465 0.204
024 0.405 0.425 0.494

214 0.353 0.573 0.430
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4. Discussion

Taken together, these results demonstrate that the selective broadening of XRD lines
of heated natural goethite is much less dependent on temperature than for the lines of
heated synthetic goethite, questioning the use of synthetic goethite as a model. Fur-
thermore, there is dramatic variation among different sources of natural goethite, prob-
ably resulting from differences in crystal size, crystallinity, impurities, and accessory
minerals [24,31,32,39,48,52]. To use selective broadening at all requires the measurement of
the broadening in the same source of natural goethite as the artists used [33], but, due to
the high variability in a single geological source, even this strategy is risky. Furthermore,
heating in wood fires yields quite different degrees of broadening than heating in laboratory
furnaces. Instead of relying on XRD, a combination of careful archaeology, sourcing of local
goethite, and a battery of analytical methods, as exemplified by research groups in Europe,
is necessary for firm conclusions [5,7,17,33-35,53,54].

The mineralogy of iron oxides is very complex, partly because so many varieties
are possible (in addition to goethite and hematite, there are magnetite, maghemite, lepi-
docrocite, ferrihydrite, etc.) [31]. As emphasized in the literature, the reproducible synthesis
of iron oxides requires careful control of pH, reagent concentrations, reagent purity, tem-
perature, convection, and even the material of the container (plastic versus glass), again
because of the complexity of their chemistry, e.g., [31,32,50]. In contrast with the clean,
controlled environment in laboratories, the formation of natural goethites occurs over
geological time scales in complex and uncontrolled environments. We hypothesize that
the complex and changing environments in which natural goethites form may disrupt the
crystalline structure sufficiently to affect ion rearrangement during the goethite-to-hematite
transition. Rietveld’s refinement of X-ray diffractograms may offer a strategy to test this
hypothesis in the future.

In particular, the crystallinity of goethite—crystal size and morphology [14,32,35,37,50,51],
water content [50], cationic impurities (e.g., Al, Ca, K, etc.) [37,39,52], surface-area-to-
volume ratio [32,51,52], crystalline twinning [32,50], accessory minerals (especially other
iron oxides) [14,32,37,39,51], crystal aggregation [51,52], and crystal strain [31]—all affect
the physical properties of goethite, including the goethite-to-hematite transformation.
Given these variables, the differences between natural and synthetic goethite are not
surprising. As Goss writes, “Goethites in the natural environment have different grain
sizes, shapes, varying degrees of crystallinity and excess water...”, and “a continuous
range of goethites exist. .. Direct comparisons between natural and synthetic goethites
cannot be made” [50] (p. 449). Similarly, variations between one natural source of goethite
and another are not surprising. In fact, the complexity of natural environments suggests
that even goethite from a single geological source will exhibit variation from one subsample
to another, consistent with the variability from one lump to another exhibited in Table 6.

Although the interpretation of the XRD of iron oxides is so fraught with complications,
several other strategies have proven effective in identifying whether hematite ochres found
in archaeological contexts are natural or result from the anthropogenic heating of goethite.
As reviewed in the Introduction section, a provenance study (the characterization of the total
mineral content in ochres combined with geological prospecting) is an excellent strategy.
For example, red ochre found in the Tagliente shelter contained a mix of hematite, quartz,
and calcite in proportions that did not exist in any local sources. However, goethite, quartz,
and calcite were found in a local source. In combination with careful archaeology and other
analyses, the evidence is very persuasive that the ochre was intentionally heated [37]. In
another case, the complex mineral composition of hematite ochre found in a Magdalenian
burial in El Mirén Cave corresponded closely to a nearby source, demonstrating that the
hematite did not result from heated goethite [40].

Another strategy that may prove helpful is the determination of pore size using
transmission and scanning electron microscopies [5,32-35], even possibly to estimate the
temperature at which the goethite was heated. However, more work is needed. In some
studies of pore size, as for the broadening of XRD peaks, synthetic goethite was used as
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a model [14,29]. In contrast, the studies comparing laboratory-heated natural goethite to
archaeological ochres have yielded more promising results [5,33,39].

5. Conclusions

The XRD line widths of hematite produced by heating natural goethites are very
different from those of heated synthetic goethite. Within natural goethites, line widths are
highly variable between sources and even within a single source. Heating goethite in a
fire complicates selective line broadening compared with heating in a furnace, probably
because of the variability in temperatures achieved in an open, wood fire. Thus, the XRD
results from heating synthetic goethite in a furnace are shown to be an inappropriate model
for understanding natural goethites heated in a wood fire. Whether the TEM and SEM
studies of pore size and crystal morphology of heated synthetic goethite are appropriate as
models for naturally heated goethite remains a question for future work.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/colorants1030022/s1, Figure S1: XRD pattern of natural goethite
powder heated at 450° in oven for 1 h; Figure S2. XRD pattern of natural goethite powder heated at
900° in oven for 1 h; Table S1: XRD data in tabular form of natural goethite powder heated at 450° in
oven for 1 h; Table S2: XRD data in tabular form of natural goethite powder heated at 900° in oven
for1h.
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