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A B S T R A C T

Fingerprinting of iron-rich natural pigments commonly known as ochre, provides the opportunity to trace the cultural movement of these ochres in the archaeological 
past. This manuscript presents a proof-of-concept approach to the analysis and characterisation of ochre deposits, through the application of magnetic analytical 
methods. The use of measurements such as room temperature – saturation isothermal remnant magnetisation (RT-SIRM), isothermal magnetisation sweeps (hys
teresis loops) and zero-field-cooled/field-cooled (ZFC-FC) remanence allow for the identification of a magnetic mineral profile in the ochre samples, which can, in 
turn, be used to fingerprint sources. Using low-temperature remanence and hysteresis measurements, we have demonstrated the ability to discriminate between 
geological contexts and thereby contribute to the greater goal of tracing cultural exchange via the movement of ochre from their original sources.

1. Introduction

Ochre has been used throughout history by cultures worldwide as a 
natural colour pigment, appearing in the archaeological record as early 
as 250 kya (Barham, 2002) and habitually as early as 140 kya (Wolf 
et al., 2018). Archaeologically and ethnographically, there is evidence 
for the use of ochre not only as a pigment in symbolic behaviour such as 
rock art, but also in a wide range of ritual and medicinal practices, 
playing a significant role in the lives of people of the past (Hodgskiss, 
2020). Provenance studies trace the movement of these ochre pigments, 
yet some existing methodologies are limited in their ability to charac
terise or provenance ochres. However, the ochre itself presents an 
analytical challenge due to the inherent heterogeneity of the material.

Ochre is any rock, clay or soil rich in colouring iron oxides, with 
varying iron and metal oxides concentrations within and between de
posits (Mastrotheodoros and Beltsios, 2022; Popelka-Filcoff et al., 
2007). More broadly in the context of archaeology, the term ochre ex
tends to the wide range of Fe-based natural pigments that are observed 
in the archaeological record as artefacts as well as known sources 
(Popelka-Filcoff and Zipkin, 2022). The ochre sources presented in this 
paper are geological deposit sites that are culturally significant for 

pigment procurement in the archaeological past as well as the present. 
The Fe-oxides and Fe-hydroxides found in most ochre pigments are 
responsible for the observed vibrant colours, with the red ochres con
taining mainly hematite (α-Fe2O3), yellow ochres mainly goethite 
(α-FeOOH), while magnetite (Fe3O4) can be red-brown in colour 
(Mastrotheodoros and Beltsios, 2022). For most ochre deposits the 
mineral composition is often a mixture of two or more iron oxides 
and/or iron hydroxides, usually resulting in colour variation that is 
further altered by their accessory minerals of clays and sands (Ward 
et al., 2001). The colour of the iron oxides themselves are impacted by 
particle size (e.g. nanosized hematite appears red and turns more purple 
with increasing particle size) (Mastrotheodoros and Beltsios, 2022; 
Schwertmann, 1993). Mineral magnetic measurements provide a unique 
opportunity to differentiate between the iron mineralogy of ochres.

Non-destructive methodologies for fingerprinting artefacts are pop
ular among archaeological scientists due to ethical considerations 
relating to the imperative to preserve cultural materials (Pálsdóttir et al., 
2019). However, there are few truly non-destructive methodologies. In 
contrast, mineral magnetic measurements are completely 
non-destructive when heating is not involved and are suitable for very 
small sample sizes (5–50 mg). To date, there have only been a small 
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number of studies that have used environmental magnetism on ochres (i. 
e. Kukkonen et al. (1997), Mooney et al. (2003) and Tsatskin and Gen
dler (2016)). The use of mineral magnetic measurements to provenance 
ochres was first demonstrated by Mooney et al. (2003), where a com
bination of different measurements was utilised to fingerprint sites. This 
study determined that room temperature hysteresis loops, SIRM, 
anhysteric remnant magnetisation and magnetic susceptibility could 
provide absolute magnetisation values for the different measurement 
types, however multiple different magnetometers were required to 
collect these data. In addition, their ascription of the different iron oxide 
types to the ochres was done based on the colours of the sources (i.e. 
yellow ochres contain goethite and red contain hematite), rather than on 
the magnetic data. Further, the study did not address the major 
complexity of working with iron oxide containing ochres, which is that 
Fe-based pigments are often mixtures of multiple Fe-based minerals, and 
that ochres and their deposits are most often heterogenous in their 
composition.

This paper presents a novel method for characterising the iron oxide 
components of ochre pigments using a modified version of the mea
surement protocols by Lagroix and Guyodo (2017) to separate the 
magnetic mineralogy of complex natural mineral assemblages using low 
temperature experiments. The use of these methods allows for the 
identification of unique magnetic properties that can be attributed to the 
presence of magnetic minerals (mainly goethite, hematite and magne
tite) that are found in complex samples such as iron-rich ochre pigments. 
These iron-bearing minerals can go undetected using other analytical 
methods such as X-ray diffraction (XRD) or Mössbauer spectroscopy due 
to the small amounts of minerals often found in bulk mixtures, while 
mineral magnetic measurements can detect magnetic minerals at con
centrations as low as 1 ppm and are predominantly unaffected by the 
diamagnetic clay matrix that is often associated with ochres (Lagroix 
and Guyodo, 2017). The approach in this work maximises efficiency and 
data acquisition where a single instrument can perform all steps of the 
analysis, which is not possible with standard vibrating sample magne
tometers (VSM). This approach reduces the amount of time spent 
measuring the sample and allows the user to deconvolute complex 
mixtures of iron oxides using room temperature (RT) and low temper
ature (LT) measurements (Appendix A). In doing so, mixed signals can 
be unmixed both qualitatively and, in some cases, quantitatively to 
reveal the dominant magnetic minerals and thus a fingerprint which can 
be attributed to the site or sample. In addition, this paper presents a new 
approach to the processing and interpretation of room temperature – 
saturation isothermal remnant magnetisation (RT-SIRM) measurements, 
particularly for the semi-quantitative determination of goethite con
centration in mixtures.

2. Materials and methods

2.1. Archaeological source ochre samples

Source ochre samples were obtained from locations in Australia and 
in Kenya. Australian ochre samples were collected from three different 
geographical regions: White Cockatoo, Northern Territory; Tom Price, 
Western Australia and Overland Corner, South Australia (Roberts et al., 
2022) (Fig. 1 and Table 1). These three ochre outcrop sites were chosen 
due to their archaeological and cultural significance and documentation 
(i.e. traditional quarry sites), their geographic and geological differ
ences, and because of the strong research partnerships with the 
Aboriginal communities who collaborated on this project to enable 
seasonal access to the sites for re-sampling. The Northern Territory 
samples were collected by Aboriginal people from Barunga, Northern 
Territory, the Overland Corner samples collected with River Murray and 
Mallee Aboriginal Corporation (RMMAC) community members in South 

Fig. 1. Locations of ochre sources studied.

Table 1 
Summary of sources analysed in this study.

Site Number of 
samples

Geological setting Sample Description

Overland 
Corner

2 Weathered fine to medium 
sandstone of the Parilla 
Sands (Tertiary)(Roberts 
et al., 2022)

Yellow and red 
weathered 
sedimentary rock

Tom Price 3 WADP and WARE samples 
are from the banded and 
laminated Marra Mamba 
Iron Formation (Early 
Proterozoic)(Klein and 
Gole, 1981) 
RR samples are from the 
banded iron formation of 
the Brockman Iron 
Formation (Early 
Proterozoic)(Pickard, 
2002)

Yellow and red weakly 
aggregated flakes

White 
Cockatoo

2 Cretaceous weathering 
surface in sedimentary rock 
(Sweet et al., 1994)

Surface ferricrete 
nodules, yellow and 
red mottled

Kenyan 
Rift 
Valley

2 Weathered and/or 
geothermally altered 
volcanic rocks 
(Quaternary) (Zipkin et al., 
2017)

Soft to lithified 
alteration products 
(See Zipkin et al. 
(2017), Table 2)

M.L. Crombie et al.                                                                                                                                                                                                                             Journal of Archaeological Science 179 (2025) 106222 

2 



Australia, and the Tom Price samples collected with Yinhawangka and 
Wintawari Guruma people in Western Australia. Within each site a set of 
subsites were defined, and within subsites samples were taken to allow 
the investigation into both intra-site and inter-site variation. Due to 
cultural permissions, exact locations and photos cannot be provided for 
these sites.

The Kenyan samples were from a collection of well-characterised 
ochres from the Kenyan Rift Valley (KRV), also representing sites 
which have archaeological significance (Zipkin et al., 2015, 2017). 
These samples were taken from three distinct volcanic regions along the 
KRV, the Mount Suswa Volcano, the Eburru Volcanic and the greater 
Olkaria Volcanic Complex. At each of the sites the ochre samples were 
taken to represent as much intra-site variation as possible, with the focus 
on obtaining a range of iron-based pigments (Zipkin et al., 2017).

The samples presented in this study have been selected to represent 
the variation in magnetic measurement data observed across a larger set 
of samples from each of the sites: Overland Corner, Tom Price, White 
Cockatoo, and Kenyan Rift Valley.

2.2. Mixture standards

To better understand the contribution and quantification of varying 
amounts of magnetic minerals in mixtures in archaeological ochre for 
RT-SIRM measurements, model pigments of varying amounts of hema
tite and goethite were prepared. Mineral standards for hematite and 
goethite were synthesised chemically in a laboratory based on protocols 
from literature (Jaiswal et al., 2013; Lassoued et al., 2017). Subse
quently, mixtures of goethite and hematite were created by varying the 
amounts of each component (99:1, 95:5, 90:10, 75:25, 50:50, 25:75 
goethite to hematite) to represent the likely concentration of goethite in 
the archaeological samples measured. XRD analysis was performed on 
each mixture to validate the concentration of each component 
(Appendix B and section 2.3).

2.2.1. Hematite synthesis
The synthesis of hematite was conducted using the precipitation 

method outlined by Lassoued et al. (2017). Solid Fe(NO3)3⋅9H2O was 
used as a precursor and 2 M ammonia solution (NH4OH) as a precipi
tating reagent. A sample of Fe(NO3)3•9H2O (20.2 g, 0.05 mol) was hy
drated in 1 L of RO water and heated to 80 ◦C. Ammonia solution was 
added dropwise after an initial addition of 50 mL until a pH of 11 was 
reached. The solution was stirred continuously for 3 h at 80 ◦C. The 
precipitate was filtered using vacuum filtration, washing with RO water. 
The paste was dried overnight in a 110 ◦C oven. In a furnace the powder 
was heated to 1100 ◦C for 4 h, resulting in a solid lump of hematite. This 
was ground into a powder using an agate mortar and pestle.

2.2.2. Goethite synthesis
The goethite synthesis was performed following the method outlined 

in Jaiswal et al. (2013) with the addition of further washing steps. Solid 
Fe(NO3)3•9H2O was used as a precursor and 2.5 M potassium hydroxide 
(KOH) as a precipitating reagent. A sample of Fe(NO3)3•9H2O (25 g, 
0.06 mol) was hydrated in 250 mL of RO water, mixing for 24 h. Po
tassium hydroxide (KOH) solution was added (75 mL), then dropwise 
until a pH of 12 was reached. The solution was aged for 5 days in a 60 ◦C 
oven. After five days, the solution was washed with RO water six times 
to ensure the removal of any unreacted iron and potassium nitrate and 
vacuum filtered. The remaining goethite was dried for 24 h in a 60 ◦C 
oven and ground to a fine powder using an agate mortar and pestle.

2.2.3. Other standards
A geological magnetite sample was sourced from the South Austra

lian Museum mineral collection. The commercially available pigment, 
“Yellow Ochre Dark” from Rublev Colours was measured as an Al- 
goethite standard.

2.3. X-ray diffraction (XRD)

The XRD data were collected using a Bruker D8 Advance Eco X-ray 
diffractometer with Co Kα radiation (1.7890 Å). The diffractometer was 
operated at a generator voltage of 35 kV and a current of 28 mA. The 
optics included a 0.6 mm divergence slit, a Fe-filter, and both primary 
and secondary 2.5◦ Soller slit. An anti-scattering knife was also used, 
which was positioned 7 mm above the sample surface. The data were 
collected in a 2θ range of 35–135◦ by Lynxeye XE position-sensitive 
detector in 1D mode, with a step size of 0.03◦ and a dwell time of 1.8 
s per step, corresponding to 345.6 s per step with the 192-line detector 
strips. Mineral identification was done using DIFFRAC.TOPAS software 
to obtain quantitative phase analysis (Appendix B). Cobalt XRD was 
performed to quantify the amount of Al-goethite in the sample to ensure 
that no other iron oxides were present to alter the signal (Appendix B).

2.4. Colour measurements

The RGB colours of the nine archaeological samples were measured 
using a Spectro 1 colour measurement device (Appendix D, Fig. 2). 5–10 
mg of pigment was mixed with 3–5 drops of water to create a paint and 
applied to a canvas. Colour measurements were taken from the centre of 
the dried paint squares.

2.5. Magnetic mineral analyses

2.5.1. Sample preparation
All ochre material was ground to a fine powder using an agate mortar 

and pestle. Approximately 30 mg of ochre powder was weighed into a 
polycarbonate gel capsule from AGC Chemicals. The capsule was then 
packed with cotton wool to ensure that the powders were restrained. 
Any additional materials used (i.e. scissors, spatulas and Kapton tape) 
were all non-magnetic to minimise the potential for contamination. A 
cotton blank was measured to confirm that all materials used were non- 
magnetic. Where samples could not be adequately restrained, eicosane 
was added, however this was avoided where possible due to the 
destructive nature of adding a binder to the ochres. The capsule was then 
mounted in a plastic straw. For the preparation of enhanced SIRM 
measurements between 5 and 30 mg of ochre powder was added to VSM 
powder sample holders from Quantum Design, which were then placed 
in a brass sample mount.

2.5.2. Superconducting quantum interference device (SQUID)
The characterisation of the ochres was performed on a Quantum 

Design MPMS3 SQUID magnetometer at the University of Melbourne. 
The protocol has been optimised from Lagroix and Guyodo (2017) to 
minimise measurement time while allowing high-resolution data to be 
collected. The full measurement protocol can be found in the Supple
mentary Information (Appendix A).

Hysteresis measurements were performed in a 7 T field with a sweep 
rate of 100 Oe/s to enhance the likelihood of magnetic saturation of the 
magnetic minerals, compared to routine environmental magnetism 
studies often limited to 1–2 T (eg. Liu et al. (2012)). However, in this 
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study no samples reached saturation, which is not surprising since 
goethite and hematite can remain non-saturated in fields as high as 57 T 
(Rochette et al., 2005).

The RT-SIRM measurements (Fig. 2) were performed with an initial 
applied field of 5 T. The field was then returned to 0 T and a magnet reset 
was performed in an attempt to remove any remanent field from the 
superconducting magnet. Small residual fields can remain after a mag
net reset, and therefore remanence measurements may be biased with a 
small paramagnetic contribution if paramagnetic materials are present 
in the sample (Qian et al., 2021). Measurements were collected on 
cooling to 10 K with a step size of 4 K and a sweep rate of 2 K/min. The 
samples were then measured as they warmed back to room temperature 
using the same step size and sweep rate. This protocol probes how a 
sample’s remanent magnetisation acquired at room temperature 
changes with temperature and enables mineralogical determinations 
based on the shape of the curves and temperature transitions (e.g., the 
Verwey transition (TV) of magnetite and the Morin transition (TM) of 
hematite (Dunlop and Özdemir, 1997; Jackson and Moskowitz, 2020)). 
Importantly, temperature transitions vary depending on stoichiometry 
and cation substitution. For example, in maghemite (oxidised magne
tite) common in soils, the Verwey transition is often subdued or sup
pressed by surface oxidation (Özdemir et al., 1993). In the case of 
hematite, it has been shown that decreasing particle size and/or Al 
substitution lowers the temperature at which the transition occurs 
(Özdemir et al., 2008).

The zero-field-cooled, field-cooled (ZFC-FC) remanence measure
ments were performed by cooling the sample to 10 K then applying a 
field of 5 T, returning to 0 T and then resetting the magnet. The response 
was measured as the sample warmed to 300 K (ZFC) with a step of 4 K 
and sweep rate of 2 K/min. Following this a field of 5 T was applied and 
the sample was then cooled from 300 K to 10 K, then the field was 
returned to 0 T and a magnet reset was performed. The response was 
then measured when heating the sample from 10 K to 300 K (FC). A 
small number of samples were measured between 10 K and 320 K with a 
2 K step, however this was later changed to reduce the measurement 
time. Similarly to RT-SIRM, the ZFC-FC protocol informs mineral de
terminations based on the shape of the curves and temperature transi
tions, but for remanent magnetisations acquired when cooling within a 
field. This is especially useful for identifying goethite, which is known to 
have higher moments in FC than ZFC due to the acquisition of rema
nence during the cooling process (Liu et al., 2006).

Enhanced SIRM measurements were performed as detailed by 
Lagroix and Guyodo (2017) whereby an initial acquisition of an IRM was 
achieved in a 5 T field at 300 K, the response monitored as the tem
perature was cycled from 300 K to 10 K, 10–400 K, 400 to 10 K and 
10–300 K. This was done to identify the presence of goethite in the 
sample mixtures dominated by the presence of hematite and magnetite 
by cycling the temperature through its Néel temperature at 393 K (see 
Appendix D, Fig. 2).

2.5.3. Data manipulation
All data were mass-normalised and hysteresis parameters were 

calculated from HystLab without any drift or slope correction (Paterson 
et al., 2018). The first point for each ZFC and FC curve was removed 
prior to analysis as initial points were identified as artefacts from the 
cooling cycle. The Al-goethite sample was mass-corrected for the 
iron-oxide component (Al-goethite) as approximately 31 % of the total 
sample determined through quantitative XRD (Appendix B). Therefore, 
a calculated mass of 9.591 mg for the Al-goethite standard is used for all 
corrections rather than the original measured bulk mass of 30.94 mg.

3. Results and discussion

3.1. Low-temperature behaviour of iron oxide standards

The adapted method from Lagroix and Guyodo (2017) was applied to 
the synthesised hematite and goethite samples, their mixtures and the 
geological magnetite sample, producing a set of standard data which can 
be compared to the archaeological samples (Fig. 2). The resultant SIRM 
curve shapes are consistent with those presented by Lagroix and Guyodo 
(2017), however the absolute values for the magnetic parameters 
(Table 2) differ. The overall trend of the parameters is the same between 
the literature and this work (i.e. hematite is the most coercive mineral 
and magnetite is the least), and therefore the difference in absolute 
values likely represents the range of magnetisation values that can be 
observed for any given mineral (Özdemir and Dunlop, 2014). The 
coercivity (Bc) of the iron oxide standards is indicative of the force 
required to resist demagnetisation in the presence of a field. As a result 
of this, different iron oxides will produce either low-coercivity (closed) 
loops, open (high-coercivity) loops, or a mixture of these which can be 
useful tools to understand the domain states for the different iron oxides. 
In addition to the hematite, goethite and magnetite, Al-goethite was also 
measured to explain the variation observed in the source samples.

3.1.1. Hematite
Hematite is a high coercivity mineral characterised by a hysteresis 

loop open at high fields (up to about 2 T in Fig. 2). In low temperature 
thermomagnetic experiments, hematite is readily identifiable with low 
magnetic remanence at low temperatures and the Morin transition at 
250 K ((Özdemir et al., 2008); Fig. 2). This phenomenon occurs as the 
antiferromagnetic hematite changes to weakly ferromagnetic at 250 K 
(Morin, 1950). The synthetised hematite has a magnetisation ratio 
(Mr/Ms = 0.125; Table 2) and coercivity (Bc = 260 mT; Table 2); values 
indicative of fine single domain (SD) nanosized particles (Özdemir and 
Dunlop, 2014), which likely resemble what is found in ochre.

3.1.2. Goethite
Goethite displays higher magnetic moments at low temperatures, 

reversible RT-SIRM and a large opening in ZFC-FC experiments (Liu 
et al., 2006). The coercivity (Bc = 39 mT; Table 2) is in the lower range 
of natural and synthetic goethite (e.g. Peters and Dekkers, 2003). Since 
magnetic coercivity is directly related to particle size in goethite (Peters 
and Dekkers, 2003), the low coercivity value suggests very fine particle 
sizes were synthetised, which aligns with archaeological ochre analysis.

3.1.3. Magnetite
Magnetite is a low-coercivity ferrimagnetic mineral characterised by 

strong magnetic memory and the Verwey transition (TV) around 120 K 
(Jackson and Moskowitz, 2020). The geological magnetite sample dis
plays a hysteresis loop saturated at a low field (<0.5 T; Fig. 2), which is 
the highest magnetic remanence of the standards analysed (Table 2) and 
TV visible in RT-SIRM and ZFC-FC (Fig. 2). The closed hysteresis shape, 
low magnetisation ratio Mr/Ms (<0.02; Dunlop (2002)), and a ZFC 
curve above the FC curve (Kosterov, 2003) are indicative of large multi 
domain (MD) particles.

3.1.4. Al-goethite
The low temperature behaviour of Al-goethite closely resembles 

goethite in Fig. 2, except for a change in slope at temperatures >250 K 
(Fig. 2). In addition, Al-goethite returns higher magnetic moments, 
especially at low temperatures (Table 2). Al substitution in goethite 
decreases particle size and increases coercivity up to several hundreds of 
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Fig. 2. Summary of magnetic data profiles for synthesised goethite, hematite, geological magnetite and Al-goethite samples. (Left) hysteresis loops, (middle) RT- 
SIRM and (right) ZFC-FC.
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Fig. 3. RT-SIRM measurements for goethite and hematite mixture standards. Grey bars denote the range in which the Morin transition occurs (241–261 K) (Özdemir 
et al., 2008).
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mT; however, Liu et al. (2006) reported that for content >11–13 mol% 
Al, the opposite effect is observed and coercivity sharply drops below 
100 mT as particle sizes approach ultrafine superparamagnetic sizes. 
The Al-goethite sample presented in this study has a low coercivity of 
68.8 mT (Table 2), which can likely be attributed to high Al substitution 
in the commercial sample. This is supported by quantitative XRD which 
suggests approximately 31 % of the bulk sample can be attributed to 
Al-goethite (Appendix B).

Analysing the mixtures of synthesised hematite and goethite reveal 
that at least 90 % goethite is needed to observe a downward sloping 
effect in RT-SIRMs when mixed with hematite (Fig. 3). Using the dif
ference in magnetic moment (M) between 10K and 300K in the RT-SIRM 
cooling curve (ΔRTSIRM), a linear relationship can be observed (Fig. 4). 

ΔRTSIRM=M(10 K)cooling − M(300 K)cooling 

Similar to the RT-SIRM measurements, ZFC-FC measurements qual
itatively identify distinct transitions for the main iron oxide components 
(i.e. magnetite and hematite) in mixed samples. These transitions are 
often seen most easily in the first derivative functions for ZFC-FC plots, 
however they can also be observed in the raw data as shown in Fig. 5. 
The Morin transition for hematite can be observed at 260 K, with the 
transition visible in concentrations of 5 % or more hematite when mixed 
with goethite (Figs. 3 and 5). In natural mixtures of hematite and 
goethite it has been shown that in a 5 mT field, ZFC-FC curves are 
thermally irreversible (Carbone et al., 2005). The magnetometry results 
indicate that our hematite and goethite standards are composed of very 
fine particles of single domain (SD) towards superparamagnetic (SP). 
The measurements performed in this study did not probe for SP particles 
specifically, however it is likely that SP particles, if present, do not 
dominate the magnetic particle assemblage. This is because SP would be 
expected to return reversible ZFC-FC curves above 30 K and separating 
below 26 K (Carbone et al., 2005).

3.2. Low-temperature behaviour of natural ochre pigments

The calibration curve developed (Fig. 6) to determine semi- 
quantitative amounts of goethite is a proof of concept for further work 
in this area, whereby magnetic measurements could be used to decon
volute mixtures based on quantitative measures rather than only qual
itative observations. The application of this model is best suited as 
supplementary to other qualitative assessments, and when applied to 
goethite dominant samples, can give an indication for the goethite 
content.

The linear calibration curve was applied to the measured pigment 
samples revealing that most of the source samples have a magnetic 
component characterised as 90–99 % goethite. The use of ΔRTSIRM as a 
semi-quantitative measure of the goethite concentration in a sample 
should be used cautiously on samples which do not display a clear 
goethite shape and instead is best used in conjunction with qualitative 
observations. The samples that indicate goethite character >100 % 
synthetic goethite can be attributed to Al-substitution due to the quali
tative similarities in the RT-SIRM and ZFC-FC measurements for those 
samples and the measured Al-goethite standard. As shown in Fig. 2, the 
presence of Al-goethite results in an RT-SIRM plot which appears qual
itatively similar in shape to goethite, with a subtle feature around 280 K, 
however the remanent magnetisation is significantly higher. This in
crease in bulk magnetisation is due to the unbalanced moments resulting 
from the clustering of aluminium ions along the sublattice (Dekkers, 
1989; Pollard et al., 1991).

One challenge of using mineral magnetic measurements is that 
magnetite is known to dominate the response in a mixture, where even 
small amounts of magnetite can obscure the presence of other minerals 
(Liu et al., 2012, 2019). One method to partially overcome the domi
nance of magnetite is to use enhanced SIRMs (Fig. 7), which allow for 
the identification of goethite, if present, by sampling a higher temper
ature range (up to 400 K) even if unobservable in a traditional RT-SIRM. 
As shown in Fig. 7, the initial cooling (blue) and warming (red) curves 
show some hematite character, however once the demagnetisation oc
curs at 400 K the following cooling and warming curves become almost 
reversible, suggesting the presence of goethite. This temperature is high 
enough to impart a thermal remanent magnetisation (TRM) onto the 
goethite components as the sample cools through the Neél temperature 
(~393 K) when exposed to a magnetic field. This produces a distinct 
response which can easily be interpreted to determine the presence or 
absence of goethite when other qualitative assessments may be ambig
uous (Lagroix and Guyodo, 2017).

3.2.1. Analysis of archaeological sources
Hysteresis, RT-SIRM and ZFC-FC measurements were performed for 

a subset of samples from each study site to identify (1) the degree of 
variation between sites and (2) the variation within sites and the sub
sites. This resulted in plots from which the key parameters could be 
summarised as per Table 2 (Appendix D, Table 1). The subset of this 
dataset presented here (Figs. 7–10 and Table 3) shows the dominance of 
goethite in most cases, as well as the presence of other iron oxides such 
as hematite and magnetite.

The interpretation of the hysteresis loops is done by evaluating how 
open the loop is, as this relates to the coercivity (Bc) of the minerals. Low 
coercivity ferrimagnetic minerals produce narrow loops (e.g. magne
tite), while high coercivity antiferromagnetic minerals create more open 
loops (e.g. hematite) (Mooney et al., 2003). For hematite, Bc is typically 
>100–300 mT, goethite is less coercive, and magnetite and maghemite 
are the least (Liu et al., 2012). Nearly straight and closed loops are 
characteristic of goethite (Lagroix and Guyodo, 2017). Wasp-waisted 

Fig. 4. Calibration curve showing the linear relationship between the per
centage goethite present in the mixture and the difference between the mag
netic moment at 10K and 300K (ΔRT-SIRM) in the RT-SIRM 
cooling experiment.
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Fig. 5. ZFC-FC curves for goethite and hematite mixtures.
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loops are interpreted as being the result of magnetic grains having 
extremely different coercivities (Zhang et al., 2016). Pot-bellied loops 
are those where the width of the loop becomes broader approaching 
zero, and then closes again. These are interpreted as there being at least 
two minerals, where at least one has a much higher coercivity (Bennett 
and Della Torre, 2005).

The interpretation of the RT-SIRM and ZFC-FC curves is done by 
identifying the dominant shape (Fig. 3) and by identifying any transi
tions that may be present (Table 3). The colour of the ochres measured 
(Table 3) are provided supplementary to the mineralogical assessment. 
While colour is an important parameter to consider, it is also difficult to 
control and therefore less accurate than the mineralogical assignments 
used for fingerprinting.

The Overland Corner (OVR) samples (Fig. 8), associated with 
strongly pigmented ochres on Tertiary sandstone (Table 1) are charac
terised by low (Fig. 8a) to high (Fig. 8d) coercivity hysteresis loops and 
low temperature vs moment shapes resembling goethite and hematite. 
While OVR-a-1-919 displays characteristic goethite features in the RT- 
SIRM, OVR-a-5-0421 displays changes near the Morin transition, with 
shapes resembling hematite (Fig. 2) as well as pot-bellied hysteresis 
typical of SD-SP mixtures (Tauxe et al., 1996).

White Cockatoo (WCO) samples, taken from surficial ferricrete on 
Cretaceous weathering profile (Table 1) are characterized by wasp- 
waisted hysteresis loops (Fig. 9a–d) indicating magnetic mineral mix
tures of different coercivities (Tauxe et al., 1996). The temperature vs 
moment curves (Fig. 9b, c, e, f) resemble the shapes of goethite, hematite 
and magnetite (Fig. 2) in varying degrees. While some samples are 
dominated by goethite, as evidenced by high magnetic moment at low 
temperatures and almost reversible RT-SIRM (e.g., WCO-e-1-819; 
Fig. 9), other samples display both the Verwey transition of magnetite 
and the Morin transition of hematite (e.g., WCO-a-1-819; Fig. 9).

The Tom Price (RR, WADP and WARE) samples are all from three 
different ochre outcrops of Proterozoic Banded Iron Formations (BIFs) 
(Table 1) and therefore each has unique magnetic signals. A striking 
feature of the RR site is the cation substitution in goethite. The RR 
sample (Fig. 10a–c) is predominantly goethite in character with clear 
indications for the presence of Al-goethite, sharing the same distinctive 
features as the Al-goethite sample presented in Fig. 6. This includes the 
subtle change in slope at 250 K in the RT-SIRM and the approach to 
asymptote beginning at 260 K in the ZFC-FC measurement. WADP07 
also likely contains Al-goethite due to the high ΔRTSIRM value and high 
moment (Fig. 10e), however an alternative explanation for this would be 
the presence of maghemite which would increase the overall bulk 
magnetisation. WARE is once again characterised by the distinct 
goethite signal, however there is evidence for the presence of hematite 
in the RT-SIRM and hysteresis loop (Fig. 10g and h).

The Kenyan (KEN) samples (Fig. 11), taken from weathered volcanic 
deposits are interpreted as largely goethite dominant (Fig. 10d–f). 
KEN001 (Fig. 11a–c) exhibits the downward sloping effects in the RT- 
SIRM, which can be associated with the presence of goethite however 
the overall shape observed cannot be attributed to goethite, hematite or 
magnetite alone. The low coercivity hysteresis loop, shapes of thermo
magnetic curves with non-reversible RT-SIRM and FC above the ZFC 
closing near TV clearly indicates the likely presence of an iron oxide not 
represented in the measured standards such as maghemite.

The dominance of goethite in the ochres presented is not all that 
surprising as the formation of goethite in oxidising soils occurs ubiqui
tously irrespective of climatic environments (Schwertmann, 1993). 
Similarly, in soils, hematite ordinarily coexists with goethite, and 
therefore the observation of hematite features (see Fig. 10, sample 
WARE27-RS-16Y-0821) present in conjunction with a dominant 
goethite signal is to be expected (Schwertmann, 1993). Hematite can be 
easily identified in the RT-SIRM due to (1) Tm at 260 K and (2) the 
bifurcation of the heating and cooling curves at 100 K (see Figs. 8e, 9b 
and 10h, samples OVR-a-5-0421, WCO-a-1-919 and 
WARE27-RS-16Y-0821). However, the absence of a hematite signal in 

Fig. 6. Calibration curve for the RT-SIRM standard measurements (black), Al- 
goethite (blue) and archaeological source samples (orange). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.)

Fig. 7. Enhanced SIRM measurement for sample KEN034 demonstrating the 
ability to qualitatively identify goethite in a hematite or magnetite domi
nant sample.

M.L. Crombie et al.                                                                                                                                                                                                                             Journal of Archaeological Science 179 (2025) 106222 

9 



many cases across multiple sites does not preclude the presence of he
matite in the ochres, but it is likely that if present, it is in small quantities 
(less than 1 % of the magnetic component) as determined through the 
standard mixtures.

In the case of hematite, Tm is generally around 260 K, however it has 
been shown that with decreasing particle size and/or Al substitution the 
temperature at which the transition occurs also decreases (Özdemir 
et al., 2008). Therefore, it can be interpreted that the transitions be
tween 200 and 260 K observed in samples OVR-a-5-0421 and 
WCO-a-1-919 (Figs. 8e and 9b) are likely due to hematite with a small 

particle size, however substitution cannot be precluded.
A comparison of all sites shows that each geological setting analysed 

is magnetically unique from one another while all the sites are charac
terised by a dominance of goethite. For example, the dominance of 
goethite character in the hysteresis and RT-SIRM plots for Overland 
Corner (Fig. 8), while White Cockatoo is characterised by wasp-waisted 
loops and hematite transitions in the ZFC-FC (Fig. 9). The WA sites 
represent variability of mineral magnetic properties within the BIFs in 
the Tom Price area where the RR sample displays clear indications for 
the presence of Al-goethite, while the WADP and WARE samples can be 

Table 2 
Summary of hysteresis and low-temperature properties for standards and mixtures.

Parameter Units Magnetite Al- 
Goethitea

Goethite 99 % 
Goethite 1 
% Hematite

95 % 
Goethite 5 
% Hematite

90 % 
Goethite 10 
% Hematite

75 % 
Goethite 25 
% Hematite

50 % 
Goethite 50 
% Hematite

25 % 
Goethite 75 
% Hematite

Hematite

Mass mg 3.32 9.59 28.65 28.65 30.54 27.3 35.17 37.14 33.14 35.39
M(7T) Am2/kg 6.87 ×

10− 2
3.57 ×
10− 3

2.26 ×
10− 3

2.53 ×
10− 3

2.51 ×
10− 3

2.33 × 10− 3 2.19 × 10− 3 2.08 × 10− 3 1.84 × 10− 3 1.55 ×
10− 3

Mr Am2/kg 1.04 ×
10− 2

6.91 ×
10− 5

1.33 ×
10− 5

1.61 ×
10− 5

2.35 ×
10− 5

3.17 × 10− 5 5.97 × 10− 5 1.08 × 10− 4 1.51 × 10− 4 1.94 ×
10− 4

Mr/M(7T) Dimensionless 1.51 ×
10− 1

1.92 ×
10− 2

5.87 ×
10− 3

6.37 ×
10− 3

9.34 ×
10− 3

1.36 × 10− 2 2.73 × 10− 2 5.21 × 10− 2 8.17 × 10− 2 1.25 ×
10− 1

Bc mT 26.8 68.8 39 41.7 70.2 87.6 146.3 200.3 230.6 260.2
RT-SIRM 

(5T)
Am2/kg 9.22 5.67 ×

10− 2
1.02 ×
10− 2

1.28 ×
10− 2

2.04 ×
10− 2

2.86 × 10− 2 5.73 × 10− 2 1.06 × 10− 1 1.48 × 10− 1 1.92 ×
10− 1

10K ZFC 
(5T)

Am2/kg 9.98 3.59 5.50 ×
10− 2

5.98 ×
10− 2

5.89 ×
10− 2

5.34 × 10− 2 4.84 × 10− 2 4.10 × 10− 2 3.18 × 10− 2 2.09 ×
10− 2

10K FC 
(5T)

Am2/kg 9.16 3.92 8.66 ×
10− 2

9.34 ×
10− 2

9.18 ×
10− 2

8.25 × 10− 2 7.37 × 10− 2 6.00 × 10− 2 4.42 × 10− 2 2.51 ×
10− 2

a Corrected for Al-goethite contribution based upon quantitative XRD results (Appendix B and section 2.5.2).

Fig. 8. Representative samples from Overland Corner, South Australia. (a) low-coercivity hysteresis loop, (b) RT-SIRM indicative of goethite (c) ZFC-FC with no 
transitions, (d) pot-bellied hysteresis loop, (e) RT-SIRM with hematite transition and (f) ZFC-FC with mixed goethite and hematite shape. Grey bars denote the 
temperature ranges for the Morin transition (241–261 K) (Özdemir et al., 2008) and the Verwey transition (80–125 K) (Jackson and Moskowitz, 2020).
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Fig. 9. Representative samples from White Cockatoo, Northern Territory. (a) Wasp-waisted loop, (b) RT-SIRM indicative of magnetite (c) ZFC-FC with hematite 
transition, (d) wasp-waisted hysteresis loop, (e) RT-SIRM indicative of goethite and (f) ZFC-FC with no transitions. Grey bars denote the temperature ranges for the 
Morin transition (241–261 K) (Özdemir et al., 2008) and the Verwey transition (80–125 K) (Jackson and Moskowitz, 2020).
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Fig. 10. Representative samples Tom Price, Western Australia. (a) low-coercivity hysteresis loop, (b) RT-SIRM indicative of Al-goethite (c) ZFC-FC with Al-goethite 
transition, (d) pot-bellied hysteresis loop, (e) RT-SIRM indicative of goethite (f) ZFC-FC with no transitions, (g) wasp-waisted hysteresis loop, (h) RT-SIRM with 
goethite shape and hematite transition and (i) ZFC-FC with no transitions. Grey bars denote the temperature ranges for the Morin transition (241–261 K) (Özdemir 
et al., 2008) and the Verwey transition (80–125 K) (Jackson and Moskowitz, 2020).
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characterised by a high Bc (Fig. 10 and Appendix D, Table 1) and 
goethite dominance. Both Kenyan samples while characterised by a low- 
coercivity loop are unique from all other sites presented in the clear 
influence of another iron oxide type such as maghemite in the RT-SIRM 
curves (Fig. 11).

The qualitative characterisation of source ochres presented in this 
manuscript suggests that the magnetic properties are unique to the 
different geological settings and can be used to characterise the iron 
mineralogy of the ochre deposits. Goethite is the most abundant and 
most stable iron hydroxide and can be found in almost all soils 
(Vodyanitskii, 2010). The formation of hematite is associated with dry, 
oxidised soils, but also with tropical soils, residual weathering profiles 
and iron crusts (Maher, 1986). As such, goethite and hematite are 
commonly found in Australian surface and near-surface geological de
posits and soils and is well represented in the presented dataset (Hu 
et al., 2020). A comparison of the SIRM values from archaeological data 
presented in this study and the Australian ochre samples from Mooney 
et al. (2003) reveals comparable SIRM values for all of the samples. For 
most of the samples, this is not indicative of any regional signal, but 
rather a result of the varied deposits measured in both studies. Simi
larities between the Tom Price samples presented here (WADP, WARE 
and RR) and the Wilgie Mia samples from Mooney et al. (2003) could be 
indicative of regional similarities, with SIRM values higher for these 
sites relative to the other measured samples (3.02 × 10− 1 and 7.50 ×
10− 1 Am2/kg, WARE and WADP respectively) (Appendix D, Table 1). 
The argument for regional similarities is further supported by Hu et al. 
(2020) continental-mapping of Australian soils, where parts of Western 
Australia are characterised by overall higher susceptibility.

While it is postulated that the soil magnetic signal contribution can 

Table 3 
Qualitative interpretation of magnetic measurements for the archaeological 
ochres.

Sample Colour 
(RGB)

Hysteresis RT-SIRM ZFC-FC

OVR-a-1-919 209.2, 
130.7, 
85.5

Nearly 
straight and 
closed

Goethite shape No 
transitions

OVR-a-5- 
0421

154.2, 
97.3, 
75.8

Low- 
coercivity

Hematite shape Transition at 
240 K

WCO-a-1- 
819

118.1, 
65.9, 
61.4

Wasp- 
waisted

Hematite and 
magnetite shape

Transition at 
230 K

WCO-e− 1- 
819

158.1, 
94.7, 
61.3

Wasp- 
waisted

Goethite shape 
with hematite 
features

No 
transition

RR21(RS)- 
1Y-0821

232.7, 
180, 
113.4

Nearly 
straight and 
closed

Al-goethite shape Al-goethite 
tail

WADP07-15- 
b-3-0821

204.5, 
128.1, 
35.9

Pot-bellied Goethite shape No 
transition

WARE14-32- 
RS-16Y- 
0821

181.4, 
124.1, 
74.1

Wasp- 
waisted

Dominant goethite 
shape with 
hematite features

No 
transition

KEN001 181.2, 
96.8, 
53.8

Low- 
coercivity

Goethite shape 
with unknown 
features

No 
transition

KEN021 171, 
94.17, 
68.7

Low- 
coercivity

Goethite shape 
with unknown 
features

No 
transition

Fig. 11. Representative samples from the Kenyan Rift Valley, Kenya. (a) low-coercivity hysteresis loop, (b) RT-SIRM indicative of goethite (c) ZFC-FC with no 
features, (d) low-coercivity hysteresis loop, (e) RT-SIRM indicative of goethite (f) ZFC-FC with no transitions. Grey bars denote the temperature ranges for the Morin 
transition (241–261 K) (Özdemir et al., 2008) and the Verwey transition (80–125 K) (Jackson and Moskowitz, 2020).
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in most cases be attributed to magnetite, hematite and goethite 
(Table 3), other primary and secondary iron-bearing minerals such as 
maghemite, lepidocrocite and ferrihydrite occur readily in soil deposits 
and can contribute to the complex magnetic mixtures (Maher, 1986; 
Mastrotheodoros and Beltsios, 2022). In the case of lepidocrocite, this is 
unlikely to be found in conjunction with hematite due to the different 
pedoenvironments needed for formation (Schwertmann, 1993). While 
most of the ochres measured can be interpreted using the three-mineral 
model (hematite, goethite and magnetite) due to their strong and 
distinctive magnetic signals, there is the potential for influences from 
these other iron oxide types and thus further work is required to be able 
to identify all iron oxides which may be present. The identification of 
Al-goethite in the Tom Price samples supports the need to consider 
elemental substitution within these iron oxides when unmixing mag
netic curves (Fitzpatrick and Schwertmann, 1982; Vodyanitskii, 2010). 
In addition to Al-goethite, Al-hematite is also known to form readily in 
soils and may contribute to the magnetic responses measured (Cornell 
and Schwertmann, 2003; Fontes and Weed, 1991; Friedl and Schwert
mann, 1996). While qualitative comparisons between sites can be made 
from the distinctive RT-SIRM curves which are often a strong indicator 
for the major iron oxides present, the real challenge is the ability to find 
representative absolute values which can be compared between sites. 
Data presented in Figs. 8–11 and Table 3 strongly support the assump
tion that each site has a characteristic set of magnetic properties which 
can be used to differentiate between the sites. The use of qualitative 
assessments rather than SIRM and Ms values (parameters provided 
Appendix D, Table 1) is due to the inherent bias that comes from the 
mass of the iron component being unknown. When a sample is 
measured, the magnetisation values are corrected to the mass of sample 
in the capsule, however in natural ochre samples, the iron content of 
these ochres can range from 2 to 50+ %, where two ochres from the 
same site might have identical magnetic properties, however the SIRM 
and Ms values might be drastically different depending on the concen
tration of iron oxides present. The qualitative attribution of iron oxides 
present in ochre samples should be driven by the presence and absence 
of transitions, the relative intensity of the magnetisation curves and the 
coercivity of the minerals as these parameters are independent of mass.

4. Conclusion

This proof-of-concept study establishes mineral magnetic measure
ments as a means to characterise iron-rich minerals from known ochre 
sources and thus can be part of a larger approach to provenancing cul
tural and archaeological ochre. The use of the RT-SIRM, ZFC-FC and 
hysteresis plots together is one part of a multi-proxy approach, where 
future work could include the combined use of other magnetic mea
surements such as first-order-reversal-curve (FORC) diagrams or AC- 
susceptibility, while microscope imagery of the particles can generate 
a more holistic picture of the overall magnetic properties of samples. In 
practice, this method could be applied to nodules of ochre that are 
regularly found in archaeological sites where non-destructive analyses 
are required. Mineral magnetic measurements have several advantages 
in that they utilise very small sample sizes (<30 mg), are non-destructive 
and are immune to the challenges of working with less crystalline ma
terials. Unlike XRD, mineral magnetic measurements have the sensi
tivity to detect iron oxides such as goethite, even when present in very 
small quantities (as low as 1 ppm) (Lagroix and Guyodo, 2017), and can 
be used on ochre in any form, allowing the non-destructive analysis of 
culturally sensitive materials. The magnetic measurements used in this 
study allow for the qualitative detection of goethite even in the presence 
of other magnetically dominating iron oxide phases, which is almost 
impossible with other conventional analytical methods such as XRD. The 
novel approach to semi-quantitative data (goethite percentage in mix
tures) interpretation uses a simple model to provide insight into the 
complexity of ochre mixtures, and how greater understanding of the iron 
oxide mixtures found in natural deposits is required. The interpretation 

of the hysteresis, RT-SIRM and ZFC-FC results for all samples indicate 
that all sites can be distinguished from one another using the proposed 
method. Using the combination of all three measurements, even two 
sites which may be goethite dominant, can be separated from one 
another with the use of complementary measurements.

For future work, a larger dataset should be developed to assess the 
extent of intra-site variation, towards future provenance studies. The 
combination of RT-SIRM, ZFC-FC and hysteresis measurements is 
essential for differentiating between archaeological sources. Further 
studies incorporating ochre from known sources worldwide and within 
Australia will further develop the capabilities of the method by 
exploring different proportions of key iron-bearing minerals and there
fore refine the ability of the method to discriminate ochre sources.
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