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A B S T R A C T   

This manuscript seeks to facilitate meta-analysis of cross-disciplinary ochre studies by advocating for a common 
vocabulary and clarifying the definition of “ochre” as used by archaeological scientists across cultural and 
geographic specialties. This work reviews the current state of ochre archaeometry, spanning the beginning of its 
major period of growth in the late 20th century through the present. Here, the focus is on the main areas of ochre 
archaeometry as represented in the published literature, with characteristic example studies and best practices 
for each. These areas include methodological approaches to characterization and provenience, instrumental data 
interpretation and its relation to experimental design and sampling, experimental archaeology, and chronometry. 
A key focus of this manuscript is highlighting emerging areas of research, such as biological processes and 
phenomena, and extant but understudied applications in the field including isotopic systems, genomic analysis, 
and experimental archaeology of ochre.   

1. Introduction and background 

1.1. Global significance of ochre 

The use of ochre as a color pigment stretches back to early humans 
hundreds of thousands of years ago (e.g., Brooks, et al., 2018). Red ochre 
is one of the oldest archaeologically durable media, along with white 
and black pigments, used by humans to communicate and store infor-
mation using material symbolism (Wreschner et al., 1980). Over time, 
people across the globe have capitalized on ochre’s key properties of 
bright, bold color, ability to tint and color a variety of substrates, and for 
that color to remain undimmed at nearly the same intensity over thou-
sands of years in many cases. 

The long arc of mineral pigment use continues through today and 
into the future with both traditional means of expression and contem-
porary uses of iron oxide minerals. The collection and use of ochre are 
deeply ancient practices, with the earliest evidence occurring in sub- 
Saharan Africa during the Middle Stone Age. Hodgskiss’s entry in the 
Oxford Research Encyclopedia of Anthropology is a valuable overview 
of Middle Stone Age ochre use and introduction to prehistoric archae-
ological ochre in general (Hodgskiss, 2020). Ochre is present but 
inconsistently used in the Northern Cape of South Africa by ~500 ka and 
becomes a more regular occurrence after ~300 ka based on evidence 

from Kathu Pan 1, Wonderwerk, and Canteen Kopje (Watts et al., 2016). 
In East Africa, the oldest anthropogenic modified ochre occurs at Olor-
gesailie, Kenya around 300 ka and chemical analysis suggests that it was 
not derived from the closest geological source (Brooks et al., 2018). In 
Europe, at Maastricht-Belvédère in the Netherlands, Roebroeks et al. 
recovered ochre “concentrates”, possibly the remains of spilled 
ochre-containing liquid, which date to between 250 and 200 ka (Roe-
broeks et al., 2012). Madjedbebe rock shelter provides the oldest evi-
dence for the human occupation of Australia, around 65 ka, with ground 
ochre as a prominent part of the material culture assemblage (Clarkson 
et al., 2017). In North America, ochre was widely used since at least 13 
ka during the Paleoindian period, with painted grave goods in Clovis 
burials in Montana (Lahren and Bonnichsen, 1974) and ochre mining in 
Wyoming (Stafford et al., 2003; Zarzycka et al., 2019). On the Pacific 
coast of Chile (Salazar et al., 2011) and in the Yucatán Peninsula of 
Mexico (MacDonald et al., 2020), the oldest evidence of ochre mining 
dates to ~10–12 ka. In Asia, recent papers document the use of ochre in 
rock art up to 40,000 years ago and review physicochemical studies of 
some of the oldest rock art in the region and in the world generally 
(Aubert et al., 2014; Brumm et al., 2017; Brumm et al., 2021; Ilmi et al., 
2020). 

Ochre use spans a wide range of functional, symbolic, and dual ap-
plications across time and space (Hovers et al., 2003). Manuscripts 

* Corresponding author. 
** Corresponding author. 

E-mail addresses: rachel.popelkafilcoff@unimelb.edu.au (R.S. Popelka-Filcoff), andrew.zipkin@asu.edu (A.M. Zipkin).  

Contents lists available at ScienceDirect 

Journal of Archaeological Science 

journal homepage: www.elsevier.com/locate/jas 

https://doi.org/10.1016/j.jas.2021.105530 
Received 22 July 2021; Received in revised form 21 November 2021; Accepted 21 November 2021   

mailto:rachel.popelkafilcoff@unimelb.edu.au
mailto:andrew.zipkin@asu.edu
www.sciencedirect.com/science/journal/03054403
https://www.elsevier.com/locate/jas
https://doi.org/10.1016/j.jas.2021.105530
https://doi.org/10.1016/j.jas.2021.105530
https://doi.org/10.1016/j.jas.2021.105530
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jas.2021.105530&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Archaeological Science 137 (2022) 105530

2

dealing with archaeological ochre often open with a summary of such 
applications, accompanied by a hefty list of references. Recent sum-
maries of this sort can be found in (Garilli et al., 2020; Pierce et al., 2020; 
Siddall, 2018; Velliky et al., 2021b). An illustrative, but not compre-
hensive selection of documented and hypothesized ochre applications, 
modern and ancient, includes mosquito repellent (Rifkin, 2015), sun-
screen (Rifkin et al., 2015a; Rifkin et al., 2015b), hide preservative 
(Audouin and Plisson, 1982; Rifkin, 2011), ingredient in composite tool 
hafting adhesives (Lombard, 2007), red pottery slip (Eiselt et al., 2011), 
personal adornment/cosmetic/medicine (Thackeray et al., 1983; Velo, 
1984), grave good (Ronchitelli et al., 2015), engraving substrate (Hen-
shilwood et al., 2009), and rock art pigment (Chalmin and Huntley, 
2018; Huntley, 2021). Since the subject of this review is the archaeo-
metry of ochre, it will suffice to say here that ochre use is a global 
phenomenon that has been practiced by multiple hominin species and 
diverse modern human cultures across a variety of applications. 
Through its global ubiquity, archaeological visibility, and continuing 
utility in present day, ochre is unsurprisingly a material class with sus-
tained anthropological interest. 

1.2. Premise of this paper 

The study of ochre using archaeological science methods has un-
dergone dramatic growth in the last twenty years. Such studies have 
used a multitude of techniques from the physical and natural sciences, 
seeking to achieve widely varying objectives such as compositional 
characterization, identifying source provenience, investigating the 
technology of ochre use practices, and dating the ancient use of ochre. 
There has not been a comprehensive review of work in this area that 
surveys the research questions asked, the methods used to answer them, 
and identifies best practices for experimental design, method applica-
tion, and data analysis. For a recent review of archaeological ochre 
studies from a strictly methodological perspective, we recommend 
Dayet (2021). 

Furthermore, there has been little discussion in the published liter-
ature about the increasingly nebulous definition of ochre. Narrow and 
contextually dependent definitions may specify particular elemental and 
mineralogical compositions that are characteristic of ochre in regional 
contexts such as “Natural red ochre” defined by the presence of Si, Al, 
Ca, and Fe with clay minerals but lacking Mn (Franquelo and 
Perez-Rodriguez, 2016) and “Vaucluse ochre” derived from glauconitic 
sand (Pradeau et al., 2016). In contrast, we, and other authors, have 
embraced a broad definition of ochre that emphasizes the presence of an 
iron mineral chromophore and the suitability of the material for use as 
pigment (Dayet, 2021; Huntley, 2021; Rosso et al., 2016). Even more 
broadly, some authors, particularly in Australian contexts, have used 
ochre to describe mineral pigments generally; for example, “white 
ochre”, which usually refers to kaolin, huntite, aluminosilicate, or other 
pigments where an iron chromophore is absent or insignificant to 
pigment color (Clarke, 1976; Huntley et al., 2018; O’Connor et al., 
2013). Therefore, due to varying contexts and uses, the term “ochre”, as 
it has been deployed in the archaeological literature, is at risk of 
becoming misleading. 

As a first step towards clarifying the terminology employed by re-
searchers, we propose the following definition, under which ochres 
should be more specifically identified by their composition and forma-
tion processes. “Ochre sensu lato encompasses natural materials with an 
iron mineral chromophore that are culturally significant in symbolic and 
applied roles.” This phrase makes explicit the broad definition of ochre 
and distinguishes it from other uses of “ochre” that are more narrowly 
defined subordinate categories of ochre sensu lato. To conduct research 
that advances anthropological archaeology objectives and simulta-
neously maintains the rigor of the scientific method by facilitating 
replication of results and meta-analyses, we all must more clearly define 
our specific ochre of interest in terms of formation and composition. 

This work strives to discuss the scientific analysis of archaeological 

and cultural ochre through three major objectives: 1) Defining the vo-
cabulary of ochre archaeometry, 2) identifying the major research 
questions and associated methodological approaches including best 
practices, and 3) highlighting key areas for future research and method 
development. The manuscript that follows is organized accordingly: 
what materials fall under ochre sensu lato, a review of research themes 
including characterization, provenience, experimental archaeology, and 
chronometry, and where we believe the young field of ochre archaeo-
metry should look to the future. For the sake of coherence, we exclude 
consideration of ochre materials in the context of metallurgy and in 
artwork and adornment traditions that have been extensively consid-
ered in other fields (e.g., art history and conservation, Classical/Euro-
pean art, Egyptology, Asian art history and culture). We are 
predominantly concerned with iron mineral pigments as they are 
encountered and studied in prehistoric archaeology and ethno-
archaeology. Human processed ochres are frequently encountered in 
composite materials that include organic and inorganic binders and 
extenders. This review emphasizes the analysis of the inorganic mineral 
colorants themselves. 

2. Characterization 

Ochre characterization studies, broadly defined, are concerned with 
identifying constituents (e.g., presence/absence of specific elements, 
minerals, or bacterial structures), determining composition (i.e., quan-
tification of minerals or elements in a sample), and measuring material 
properties (e.g., colorimetry/reflectance spectroscopy). Characterization 
studies are a prerequisite to provenience studies but may be undertaken 
independently of sourcing and have scientific merit in their own right. 
Projects focusing on characterizing the material properties of ochre also 
may be experimental in nature (Dauda et al., 2012; Rifkin, 2015). 
Characterization studies are fundamentally linked to the issue of ochre 
typology and categorization. If a provisional term must be used, 
consistently referring to ochre sensu lato will convey that a more specific 
identity is unknown. We advocate for further identifying ochre by its 
formation process and environment when this is known. One literature 
example of usefully identified ochre follows: “‘Snuffbox shale’ has its 
origin in the Pietermaritzburg Shale Formation near Sibudu. These 
irregular ‘boxes’ containing iron oxides and iron oxyhydroxides formed 
when iron within the shale dissolved and migrated into the joint and 
bedding planes of the rock (Hughes and Solomon, 2000).“ (Hodgskiss, 
2010). This concise description contains a locally used colloquial term, a 
geologic formation, a geographic association, and, critically, details 
about formation process which are instructive for design of future 
studies. In the Supplementary Information, and in Fig. 1 below, we 
propose a subordinate typology to ochre sensu lato. This represents a 
framework which can be adapted by researchers to reflect the variety of 
ochres and ochre genesis worldwide, while maintaining a common 
emphasis on formation process as the classifying criterion. 

The majority of recent quality archaeological ochre studies have 
some physicochemical analysis component; the most rigorous incorpo-
rate quantitative instrumental data with appropriate assessment of un-
certainty and limits of quantification/detection. Methods commonly 
accessible in university, museum, and commercial laboratories include 
scanning electron microscopy-energy dispersive spectroscopy (SEM- 
EDS), electron probe microanalysis (EPMA), X-ray fluorescence (XRF), 
inductively coupled plasma-mass spectrometry (ICP-MS), inductively 
coupled plasma-optical emission spectroscopy (ICP-OES), Raman spec-
troscopy, infrared (IR) spectroscopy, X-ray diffraction (XRD), optical 
microscopy (in petrography, for example), visible spectroscopy, and 
colorimetry, among others. Many of these characterization techniques 
are utilized in a comprehensive recent review of ochre in rock art con-
texts (Domingo and Chieli, 2021). There is also value in 
infrastructure-intensive, but powerful and well-established, techniques 
found in a more limited number of facilities, such as neutron activation 
analysis (NAA) and particle induced X-ray emission (PIXE). Instrumental 
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approaches require appropriate reference materials for calibration, 
standardization, and quality control (Supplementary Information). 
However, it is surprisingly rare to see the explicit identification of 
reference materials in published studies of ochre. However, there are 
some recent and welcome examples in the literature. (Aura Tortosa 
et al., 2021; MacDonald et al., 2018; Moyo et al., 2016). Semi-
quantitative data also offers new knowledge not previously available in 
the relatively young field of ochre analysis. For instance, a semi-
quantitative analysis of elemental composition by SEM-EDS/XRF or 
identification of mineral components by XRD without Rietveld re-
finements can still provide valuable information about an individual 
sample set or study assemblage; however, this depends on the key 
research question as some require quantitative data (Dayet et al., 2016; 
Wallis et al., 2016). Essential aspects of experimental design for any 
characterization study include: 1) suitable choice of technique for 
measuring the intended physicochemical properties, 2) ensuring sam-
ples meet method requirements such as required sample mass and di-
mensions, limits of detection (LODs), compatibility of sample with 
technique, and potential for sample alteration over time, 3) obtaining an 
appropriate number of samples and replicate measurements to address 
research questions, and 4) collection of the appropriate data type for use 
with the intended data interpretation methods (e.g., quantitative con-
centration data referenced to certified referenced materials for a study 
seeking to build a multivariate source discrimination model that can be 
applied by other researchers). 

Ochre characterization studies generally use either an identification 
(presence/absence) or compositional analysis (quantitative concentra-
tion) approach; the intent of each study needs to be clear from the outset 
to select the appropriate analytical technique. The majority of charac-
terization studies focus on identification of constituent materials (Fro-
ment et al., 2008), while a smaller number of studies focus on 

compositional data (MacDonald et al., 2018; Mauran et al., 2021; Zipkin 
et al., 2020). Compositional data, or CoDa, is a numeric set in which 
each measured observation for each variable is a portion of a whole 
(Aitchison, 1986; Buxeda i Garrigós, 2018). For the purposes of 
archaeometry, this means all types of data generated by approaches that 
quantify the complete content of a material (e.g., sums to 100% or 1,000, 
000 ppm) or a sub-set that adds up to a known value, such as mineral-
ogical and elemental characterization. Examples of applicable quanti-
tative instrumental techniques for ochre include NAA, ICP-OES, ICP-MS, 
XRF, EPMA, SEM-EDS, PIXE, and XRD (with Rietveld refinement) which 
yield elemental or mineralogical concentrations or percent composi-
tions. As CoDa is defined by the existence of a constant sum, a greater 
value for one variable necessitates an equivalent reduction among the 
other measured variables, potentially yielding a unique chemical 
“fingerprint” that permits source discrimination. 

Mineralogical analyses (XRD, microscopy, near-IR, Raman micro-
scopy, petrography) are useful for a preliminary investigation or as a 
component of a multi-method study; these often begin with petrographic 
analysis (Iriarte et al., 2009; Popelka-Filcoff et al., 2015). Understanding 
the amounts of hematite and goethite relative to aluminum phyllosili-
cate clays and/or mineral structure is important for interpreting other 
properties such as color or potential for heat treatment of the material 
(Cavallo et al., 2018; Cavallo et al., 2017; Chanteraud et al., 2021; 
Helwig, 1997; Pomies et al., 1999; Salomon et al., 2015). Raman and IR 
methods are often complementary towards the identification of not only 
the minerals present but also the identification of the fundamental 
stretching/bending modes and polarizing changes (Froment et al., 2008; 
Hernanz et al., 2008; Popelka-Filcoff et al., 2014). Most mineralogy 
methods are relatively low-cost and accessible in analytical chemistry or 
geology research laboratories. Usually, a small (milligram to gram) 
sample must be taken to the laboratory for analysis (XRD, IR 

Fig. 1. Ochre sensu lato and subordinate categories defined by formation context and processes. Images in the figure are illustrative key examples and not inclusive 
of the diversity of rocks in these categories nor comprehensive for every region and occurrence. For further discussion, see the SI. 
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spectroscopy, Raman spectroscopy); however, some methods have been 
adapted into more portable variants, for instance ochre on Aboriginal 
Australian cultural materials by field portable near-IR and rock art 
pigments in Altamira Cave by hand-held Raman (Gázquez et al., 2017; 
Popelka-Filcoff et al., 2014). Methods like conventional XRD, typically 
performed on a homogenized powder, also have variants that can be 
performed on unhomogenized pigments attached to a substrate, such 
parietal art exfoliated through weathering (Arocena et al., 2008). 
Outside of taking a sub-sample, these methods can be considered 
non-invasive in the sense that the material is not damaged or consumed 
by the analysis (Mondragón et al., 2019). As will be further illustrated 
with other techniques below, it is important to distinguish between 
wholly non-destructive and non-invasive methods, methods which 
require destructive sampling but do not subsequently consume that 
sample, and methods that are both invasive and consume the sample 
during analysis. 

Data processing and analysis often follows conventional geological 
methods using standard databases and reference materials (e.g., Rietveld 
refinement or spectral databases) (Jercher et al., 1998; Popelka-Filcoff 
et al., 2014). It should be noted that most databases and reference ma-
terials are based on geological or industrial applications, which do not 
account for human alteration of the material or temporal changes or 
degradation. Therefore, care should be taken in database and reference 
matching to ensure that the correct comparisons are being made. A 
recent initiative in this area is the Pigmentothéque program in France, 
which is oriented towards characterization of regional geological ma-
terials relative to archaeological ochre pigments (Chalmin et al., 2018). 

Elemental analysis (e.g., XRF, pXRF, SEM-EDS, PIXE, NAA, ICP 
methods) is another method for the identification of constituents, in 
addition to its use in provenience (see section 3). Outside of provenience 
studies, elemental analysis may be used to infer mineral identities in 
ochre when used in tandem with other evidence like streak color, luster, 
and hand specimen morphology. For all elemental methods, experi-
mental design must include the appropriate instrumental and data setup 
for either quantitative or semi-quantitative or presence/absence data, as 
each method has differing levels of quantification ability, sensitivity, 
limits of detection, accuracy, and precision. X-ray and plasma chemistry 
(i.e., ICP) methods require matrix-matched standards or in the case of X- 
ray methods, accurate fundamental parameters methods matched to 
geological reference materials. SEM-EDS has the advantage of both 
analyzing the microscopic structure of the sample in addition to 
elemental analysis by EDS (Lebon et al., 2019; MacDonald et al., 2019). 
X-ray methods (XRF, pXRF), due to their fundamental interactions of 
X-rays passing through the bulk of the sample, also often have in-
teractions deeper in the substrate (50–100 μm or more depending on the 
element) whereas PIXE can be considered a near-surface technique. 
PIXE also has potential for elemental mapping on artifacts (Lebon et al., 
2018). SEM-EDS, pXRF, and LA-ICP-MS may be adapted to depth 
profiling methods through cross sections of pigments or from the suc-
cessive analysis of the surface into the interior of the target (Bu et al., 
2013; Chalmin et al., 2017; Huntley, 2012; Lebon et al., 2019). 

In recent years, pXRF has become a cost-effective and accessible 
method for the analysis of several categories of archaeogeomaterials, 
including ochre and other mineral pigments (Craig et al., 2007; Huntley 
et al., 2015; Kingery-Schwartz et al., 2013). However, pXRF may not be 
appropriate for analysis of ochre on rock art faces, as the differentiation 
between the ochre and the substrate/encrustation signal cannot be 
achieved, especially with the relatively large spot sizes in most 
commercially available instruments (~1 cm for hand-held and ~1 mm 
for portable instruments depending on the manufacturer) (Chanteraud 
et al., 2021; Gay et al., 2015; Huntley, 2012). In addition, many studies 
often use the manufacturer-created software and settings only which are 
not optimized for rock art or other ochre analysis applications and lack 
matrix-matched standards. pXRF possesses significant weaknesses rela-
tive to ICP and NAA for ochre elemental analysis but, with method 
development such as building empirical calibrations for multiple types 

of ochre and conducting experiments to optimize pXRF operating pa-
rameters for elements of interest, it may come to thrive in specific ap-
plications (Chanteraud et al., 2021). pXRF may be used to pre-screen 
ochre samples slated for analysis by ICP techniques to ensure that 
appropriate matrix-matched reference materials are used later, or to 
answer basic identification questions such as differentiating mercury 
sulfide from iron oxide pigments. With investment in ochre-specific 
optimization, pXRF has the potential to generate reliable, quantitative 
concentration data that could answer more complex research questions 
and can also be used as a first, non-destructive step to see if more 
invasive methods are warranted (Zipkin et al., 2020). 

XFM (X-ray fluorescence microscopy) capitalizes on parametric 
analysis and small spot sizes (5–50 μm) to generate elemental maps of 
ochre and other mineral pigments on cultural heritage objects. Based on 
previous studies of the analysis of parchments and paintings, this 
method has also been demonstrated with Indigenous Australian bark 
paintings and boomerangs (Popelka-Filcoff et al., 2016; Popelka-Filcoff 
et al., 2015). While this method has the advantage of very high spatial 
resolution and direct analysis of objects and artifacts, it may not always 
have the same level of quantification as other particle (PIXE) or X-ray 
(XRF)-based methods due to the lack of standards and limitations on 
modeling for non-reproducible systems. In addition, XFM may be costly, 
and access limited as it requires travel to and use of national facilities. 
However, this technique has potential for high-resolution non-destruc-
tive analysis of ochre and related natural pigments on relatively flat 
cultural heritage objects that can be transported to an appropriate 
synchrotron beamline. Laboratory based micro-XRF systems are 
becoming more common and provide an accessible approach for 
micro-XRF, although potentially not as high resolution as 
synchrotron-based methods (Haaland et al., 2020). 

Color analysis often provides not only a quantitative measure of a 
key material from a behavioral standpoint, but also insights into the 
structure and mineralogy of ochre pigments. Quantitative colorimetry 
and visible reflectance spectroscopy can be useful for identifying 
composition and making comparisons between artifacts and reference 
assemblages/data sets; however, care must be taken to identify the 
signal from the pigment, substrate, and changes to this over time. 
Reflectance spectroscopy can be used to identify the difference between 
red and yellow oxides, which is related to their electronic transitions and 
therefore composition (Chalmin et al., 2021; Popelka-Filcoff et al., 
2014). Additionally, quantitative color analysis can identify differences 
between pure hematite and goethite pigments and those mixed with 
other minerals (Aura Tortosa et al., 2021). In some cases, particle size is 
related to color and authors have used this property to identify differ-
ences in ochre particle sizes due to their color properties (Dubiel et al., 
2011; Marshall et al., 2005). Color may also be an indicator of thermal 
alteration of yellow ochre to red; however, color analysis alone is not 
sufficient to detect anthropogenic heat treatment (Cavallo et al., 2018; 
Cavallo et al., 2021; de Faria and Lopes, 2007; Garilli et al., 2020; 
Godfrey-Smith and Ilani, 2004; MacDonald et al., 2019; Plutino and 
Simone, 2021). 

Spectroscopic analysis broadly utilizes the interactions of electro-
magnetic radiation with the sample. Reflectance of light in the visible 
spectrum (~380–740 nm) underlies color as perceived by humans and 
therefore has direct information about human criteria for ochre use, in 
addition to molecular interactions and composition of the ochre itself. 
Visible reflectance spectroscopy is non-destructive in most setups and 
available at accessible price points. Key factors for such experiments 
include the use of calibration and lighting parameters to ensure con-
sistency and standardization across measurements (Plutino and Simone, 
2021; Ruiz and Pereira, 2014). In particular, authors emphasize the 
utility of CIEL*a*b* color space for quantification of color and over-
coming the problem of subjectivity in visual color measurements made 
with the Munsell chart (CIE, 1978; Plutino and Simone, 2021). Color-
imetry is a complementary technique for most ochre archaeometry ap-
plications; a potential exception is the standalone use of colorimetry 
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with archaeological assemblages to assess ochre source extraction and 
use preferences. 

Additional properties of ochre used for analysis include the docu-
mentation and characterization of the “fabric” of the ochre, as well as 
the microstructure, through transmitted and polarized light microscopy, 
particularly of polished thin sections (Attard Montalto et al., 2012; 
Pradeau et al., 2016; Velliky et al., 2018). This approach is similar in 
philosophy to the characterization of the fabric of ceramics, and de-
scribes the particle and void shapes, sizes, and characteristics. Some 
studies take this a step further and define types of ochre, normally within 
the limits of the data set from a given study rather than as a regional or 
global analysis. These characterizations are best accompanied by addi-
tional archaeological and contextual data as well as elemental and 
mineral characterization where possible to enhance the synthesis of 
visual and physicochemical data (Dayet Bouillot et al., 2017; Román 
et al., 2015). Early studies in ochre analysis often explored the use of 
single or a pair of instrumental methods for characterization, e.g., an 
elemental and a mineralogical method. More recently, time and re-
sources allowing, studies have capitalized on the integration of multiple 
methods on the same samples and or locations (Aura Tortosa et al., 
2021; Chalmin and Huntley, 2018; Huntley et al., 2021; Ilmi et al., 2020; 
Moyo et al., 2016). As ochre is a diverse material with susceptibility to 
both elemental and mineralogical diagenesis and enhancement, 
multi-method studies provide a more holistic characterization of the 
material. 

3. Provenience 

Characterization studies are a prerequisite to a sourcing study, as the 
latter research requires a physicochemical understanding of both the 
cultural and source materials. Determining the geographic source of 
archaeological ochre has important implications for understanding past 
land use, extractive technologies, preferential use of specific sources for 
particular applications, transport practices, and exchange and trade 
networks, much the same as sourcing studies do for materials like 
obsidian, ceramics, and other archaeogeomaterials. Source assignment 
conclusions from provenience studies are contingent upon which sour-
ces of ochre are sampled and included in the training/reference data set. 
Selection of sources to be sampled may be informed by historical and/or 
ethnographic data, when available, or in prehistoric studies may need to 
rely upon other types of evidence (Eiselt et al., 2011). For example, 
mineralogical characterization of ochre artifacts can point the way to-
wards relevant geologic deposits to sample. In addition, if evidence of 
long-distance exchange in other archaeogeomaterials is present, it may 
be necessary to iteratively expand the geographic range of ochre sources 
sampled for comparison to artifacts (e.g., “local”, “regional”, and 
“distant” sources) (Velliky et al., 2019). 

What constitutes a “source” is a more complex question than it may 
seem upon first consideration. We recommend reviewing Frahm’s 
writing in the area and the references therein as a starting point situated 
in more mature areas of archaeological provenience research (Frahm, 
2012, 2014). From our perspective, a source is a project and study 
area-specific construct defined by the intersection of archaeological, 
historical, and ethnographic information about human use of landscape 
resources, the composition of such materials, and the spatial scale at 
which resources from different locations can be discriminated among. 
For example, ethnographic and historical records may indicate that 
people in each region exploited mineral resources from three, spatially 
discontinuous, rock outcrops. However, from the perspective of the 
ochre analyst, if material from these three locations cannot be 
discriminated among with the techniques employed in their research, it 
is not possible to assign archaeological ochre to one such outcrop and 
the three locations can only be considered together as a group. 
Conversely, there may be no applicable historical or ethnographic 
context available, but it is possible to discriminate among ochre from 
every sampled outcrop within the study area. In this scenario, it could be 

viable to assign archaeological ochre with fine spatial precision but at 
the risk of overinterpreting the results in ways divorced from how past 
people conceived of and extracted landscape resources. Consequently, it 
is incumbent upon the analyst to define their use of the term source in 
each study. 

The fundamental prerequisite to assigning source provenience is 
upholding the conditions of the Provenience Postulate (Weigand et al., 
1977). Rather than just characterizing different sources of ochre, a 
provenience study seeks to identify which variables can discriminate 
among the sampled deposits to make source assignment possible for 
archaeological artifacts. This typically involves measurement of miner-
alogy, spectroscopic properties, elemental composition, or isotope ra-
tios, and then construction of graphical plots or statistical models that 
attempt to aggregate source sample observations into groups and sepa-
rate the groups from one another. If this discrimination phase is suc-
cessful, ochre of unknown origin can be analyzed by the same 
techniques and the resulting observations classified using the model 
previously built with the source sample training data. While all 
archaeometric research benefits from data transparency, we concur 
specifically with Killick that minimally processed, observation-level 
data underlying characterization and provenience studies of ochres 
should always be reported to permit readers to assess data quality, and 
intra-specimen, intra-source, and inter-source variability for themselves 
(Killick, 2015). 

Elemental analysis has been a major contributor towards the study of 
ochre, with the underlying hypothesis that “elemental fingerprints” can 
uphold the provenience postulate (Weigand et al., 1977). A deeper 
discussion of the postulate, and the distinct concepts of provenance and 
provenience in the context of ochre can be found in recent work by 
Zipkin (Zipkin et al., 2020). Several studies over the years have 
demonstrated that the postulate can be upheld, whether by analysis of 
geological or cultural source ochre (Attard Montalto et al., 2012; Beck 
et al., 2011; Beck et al., 2012; Bu et al., 2013; Dayet et al., 2016; Eiselt 
et al., 2011; Erlandson et al., 1999; Huntley, 2021; Mauran et al., 2021; 
Pierce et al., 2020; Popelka-Filcoff et al., 2012a; Popelka-Filcoff et al., 
2012b; Popelka-Filcoff et al., 2007; Velliky et al., 2019). As discussed in 
Section 6, the experimental design must consider quantitative or semi-
quantitative data use in subsequent statistical analyses. A recent review 
provides a compilation of key ochre provenience studies (Dayet, 2021). 
Similarly, to characterization (Section 2), widely available elemental 
methods used in provenience studies include XRF and pXRF, SEM-EDS, 
ICP-MS, and ICP-OES, whereas methods available at national facilities 
include NAA, XFM and PIXE. Methods such as SEM-EDS and pXRF can 
be useful for a preliminary study as they are both cost effective and 
minimally invasive. However, pXRF methods are only sensitive enough 
to identify elements in the major and minor (≥1 wt percent) range. To 
date, a study has not demonstrated that pXRF can be used to prove-
nience ochre back to individual sources, due to insufficiently low LODs 
for measuring trace elements that can be used to differentiate sources 
(Chanteraud et al., 2021; Olivares et al., 2013). 

Nuclear and accelerator methods (NAA and PIXE) in many cases offer 
improved sensitivity, precision, and accuracy, and have been success-
fully demonstrated in provenience studies. Use of these methods re-
quires the investigator to apply for instrument time at one of a limited 
number of facilities with the relevant capability (Beck et al., 2012; David 
et al., 1993; Eiselt et al., 2011; Kingery-Schwartz et al., 2013; Popel-
ka-Filcoff et al., 2012a; Popelka-Filcoff et al., 2007; Velliky et al., 
2021b). University or commercial laboratory-based X-ray and 
electron-based methods such as SEM-EDS, and benchtop XRF, although 
they may have a comparatively limited number of elements analyzed 
and/or lower precision, can still be used to provenience ochre to 
geological sources, determine the variation between geological sources, 
and differentiate between archaeological samples in a well-designed 
study (Attard Montalto et al., 2012; Dayet, 2021; Mauran et al., 2021; 
Moyo et al., 2016). In addition, ICP-OES and ICP-MS are elemental 
methods that are often accessible in academic research and commercial 
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facilities, and offer high sensitivity, precision, and accuracy for many 
elements of interest, often at the same levels as NAA. However, this is 
most often realized with full digestion of the sample into solution 
(destructive) as well as with laser-based sample introduction methods 
(minimally destructive). While analysis of as many elements as practical 
provides the investigator with the greatest opportunity for understand-
ing potential similarities and differences between sources, regional 
geological source chemistry and genesis will determine the key differ-
entiating elements of interest. The “major” elements such as Si, K, Ca, 
and Al, which are usually present in accessory ochre minerals such as 
aluminosilicates and kaolinites, are often not of much use in prove-
nience studies (MacDonald et al., 2020; Popelka-Filcoff et al., 2012b; 
Popelka-Filcoff et al., 2007; Velliky et al., 2021b; Zipkin et al., 2020). 
Mineral properties have not been used as extensively as elemental 
methods for ochre provenience. Some key examples in this area include 
the use of XRD to identify local sources around the archaeological site 
Tagliente rock shelter in Italy and analysis of sources near the Middle 
Stone Age South African site Diepkloof Rock Shelter (Cavallo et al., 
2017; Dayet et al., 2013). Unlike elemental provenience studies which 
use supporting statistical analyses to identify sources of ochre, mineral 
properties are used primarily for matching mineralogical profiles to 
sources. While valuable for finding sources matching archaeological 
ochre, provenience studies also are important in that they can identify a 
characterizable yet unsampled source represented among the archaeo-
logical ochre, rather than constraining the conclusions of the study to 
the source samples that are available. 

As ochres all inherently contain Fe, magnetic susceptibility and 
related methods are a further approach to examining the composition of 
such materials. By examining the antiferromagnetic minerals hematite 
and goethite relative to the ferromagnetic minerals such as magnetite 
and maghemite, further information may be obtained to explore the 
origins and history of the materials. There are limited studies on this 
with the key example being Mooney and colleagues’ exploration of the 
use of several methods to investigate if they can be used to provenience 
ochre in Australia (Mooney et al., 2003). As many of these techniques 
can be considered non-destructive, these approaches remain an under-
studied area of ochre archaeometry. 

Outside major geochemical methods, new approaches utilize addi-
tional aspects characteristics of ochre for provenience. Based on the 
principles demonstrated in forensic soil chemistry, a proof-of-concept 
study has demonstrated that the microbial profile of ochre sources can 
be used as unique profiles that can be used to distinguish between sites, 
thus establishing a method for provenience of ochre (Lenehan et al., 
2017). This approach is yet to be fully explored and an opportunity to 
utilize data from the more recent time periods in addition to provenience 
data based on geological contexts. 

The application of stable and radiogenic isotope ratio approaches to 
ochre has been limited, even for traditional, well-studied systems like 
87Sr/86Sr and 18O/16O. Smith and Pell (1997) investigated the use of 
stable isotope ratios of oxygen in quartz grains as reflecting the parent 
rock type. This case study used ochre samples from an archaeological 
site to determine possible similarities with known ochre samples. 
Felitsyn et al. employed 87Sr/86Sr and 143Nd/144Nd approaches to iron 
artifacts from northwest Russia and to regional ore bodies which 
included material they referred to as “ocher”, successfully discrimi-
nating two broadly defined units of ore (Felitsyn et al., 2019). Eerkens 
et al. explored the use of Fe isotopes for provenience of red and black 
ferruginous pigments on pottery from Nasca, Peru (Eerkens et al., 2014). 
Red and black iron pigments could be discriminated on this basis, but 
the source characterization aspect of the study was limited and found 
significant intra-source variation. In a recent review of non-traditional 
isotope systems in archaeometry, Stephens et al. question the utility of 
Fe, Cu, Sb, Ag, Sn and Hg isotope approaches to inorganic material 
provenience with rare exceptions for specific materials or for comple-
mentary roles with other techniques (Stephens et al., 2021). In sum-
mary, isotope systems generally will require substantial method 

development before it is possible to determine if any systems are reliable 
approaches to ochre provenience. 

3.1. Statistics 

Most mineralogical and chemical studies of ochre feature objectives 
from among three categories: identification, exploration, and predic-
tion. Identification studies are the most common. While they may use 
statistical methods for comparing collected observations to reference 
data, such methods are rarely, if ever, an explicit focus. Exploratory 
research investigates the structure of data sets composed of multiple 
observations reflecting a project study area or archaeological assem-
blage; for example, the intra- and inter-source chemical variation for 
ochre deposits in a region (Zipkin et al., 2017) or detecting clusters of 
similarity among archaeological artifacts (Beck et al., 2011). Predictive 
classification studies take this a step further by assigning membership in 
a group (such as geologic provenience) to unknown/unlabeled obser-
vations (Velliky et al., 2021b), while predictive regression studies of 
ochre remain uncommon. Most ochre archaeometry publications that 
explicitly utilize statistical techniques are focused on exploratory and/or 
predictive objectives in the context of compositional data sets. 

Compositional data best practices for statistical analysis of ochre 
elemental data was recently addressed in Zipkin et al. (2020); an applied 
example with archaeological ochre is Mauran et al. (2021). A major 
issue in CoDa is how to handle “rounded zeroes” (i.e., censored data), or 
observations measured below the applicable limit of quantification or 
detection. For non-chemist ochre analysts collaborating with physical 
scientists, it is critical to request that such limits are reported alongside 
results. Ochre compositional data is often subjected to logarithmic 
transformations to reduce differences in magnitude between major, 
minor, and trace element variables or to improve multivariate normality 
(Zipkin et al., 2014). These may be a simple log base 10 transformation, 
the popular log 10 (Element X ppm/Fe ppm) transformation introduced 
by Popelka-Filcoff et al. (2007) that accounts for the elemental Fe and 
Fe2O3 relationship, or options originating in the CoDa literature such the 
ALR (additive logratio) and CLR (centered logratio) transformations 
(Popelka-Filcoff et al., 2007; Thió-Henestrosa and Martín-Fernández, 
2005). This is relevant to the rounded zero issue because the logarithm 
of a value equal to or less than zero is undefined. For a general treatment 
of rounded zeroes and associated replacement strategies in CoDa, see 
(Martin-Fernandez et al., 2003). In addition to the rounded zero issue 
specific to log transformations, other simple strategies for replacing 
below LOD observations, like substituting 65% of the limit, risk inducing 
bias in a data set by altering the ratio relationship between variables. 
The CoDa approach to rounded zeroes emphasizes strategies that pre-
serve the relationship among measured variables. The simplest and most 
conservative method that can be employed by anyone, if the costliest 
from a loss of information perspective, is to exclude variables with many 
below detection limit observations from statistical analysis entirely. 

Exploratory and predictive ochre provenience studies from the last 
~15 years exemplify statistics-forward approaches to ochre archaeo-
metry, with the majority primarily focused on elemental data sets. The 
workhorses of such studies are Principal Components Analysis (PCA) 
and Discriminant Function Analysis (DFA, i.e., Linear Discriminant 
Analysis, Canonical Discriminant Analysis). PCA and related methods 
are “unconstrained” analyses, while DFA is “constrained” by informa-
tion like known sample groups as demonstrated in several studies (Eiselt 
et al., 2011; MacDonald et al., 2018; Popelka-Filcoff et al., 2007). For 
researchers seeking an alternative to DFA for “wide” data sets in which 
there are more variables than observations, Partial Least 
Squares-Discriminant Analysis (PLS-DA) is an underutilized method in 
elemental studies of ochre, though it is occasionally used with spec-
troscopy data sets. A recent example is the use of PLS-DA to predict the 
class assignment in the data fusion of micro-Raman and XRF data sets 
(Ramos et al., 2008). Cluster analysis approaches, such as Ward’s 
method Hierarchical Cluster Analysis (HCA), complement PCA and DFA 
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as illustrated by MacDonald et al. (2018) and Eiselt et al. (2011), but are 
uncommon relative to other multivariate approaches. A notable excep-
tion is the recent use of k-means clustering by Aura Tortosa et al. (2021). 

The overwhelming majority of extant ochre provenience studies rely 
on multivariate statistical tests of elemental compositional data. Mo-
lecular spectroscopy has largely been used for identification studies but 
also has potential as a tool for source provenience. While there are 
several examples of ochre compositional analysis using spectral analysis, 
an extensive literature search revealed limited examples of spectral data 
used for provenience studies of ochre sensu lato within the definition of 
this manuscript. Ramos et al. (2008) demonstrated Raman and pXRF 
data fusion for the differentiation of artist pigments and Linderholm 
et al. (2015) used near IR to differentiate rock art pigments from the 
substrate using PLS-DA (Linderholm et al., 2015; Ramos et al., 2008). A 
valuable general review of chemometrics methods for vibrational 
spectroscopy, among other approaches, is (Peris-Díaz and Krężel, 2021). 
Genomic evidence represents another new approach to source discrim-
ination and ochre classification. Lenehan et al. (2017) capitalized on the 
powerful statistics behind large genetic data sets to provenience four 
known ochre sources based on associated microbiota. This study used 
canonical analysis of principal coordinates (CAP; constrained) and 
non-metric multidimensional scaling (NMDS; unconstrained) statistical 
approaches. Hyperspectral imaging in the context of art conservation is 
one area in which pigment identification-focused studies explicitly 
employ chemometrics approaches like support vector machines, 
k-nearest neighbors classification, and random forests; such methods 
may also prove useful in studies of archaeological ochre with spectral 
and elemental data sets in the future (Grabowski et al., 2018). For an 
excellent recent review of statistical analysis and approaches to a variety 
of chemical data in forensics, which shares many goals and methods 
with provenience studies, we recommend (Sauzier et al., 2021). 

4. Experimental archaeology 

Experimental approaches to ancient ochre use provide a hypothesis 
generation and testing vehicle for cases in which archaeological evi-
dence is insufficient. Experimental studies comprise work in which 
ochre is used, manipulated, or transformed by the investigator in a 
model system (the experiment) to test a hypothesis (Reynolds and 
Harding, 1999), in contrast to interpreting archaeological ochre with an 
ancient object biography. We have identified fewer than two dozen 
peer-reviewed journal articles about experiments on ochre and highlight 
some notable research themes below. Despite the paucity of published 
studies, the experimental archaeology of ochre exhibits a diverse array 
of objectives and approaches warranting in-depth consideration. 

Actualistic experiments comprise attempts to replicate or reconstruct 
past human behavior or technology, or to construct a plausible model of 
a past phenomenon (Outram, 2008). In contrast, controlled experiments 
are less distinguishable from archaeometry: studies designed to measure 
narrowly defined properties in a well-regulated environment and 
reproducible manner. These represent two poles of what in practice is a 
continuum. Studies of the potential role of ochres in adhesives range 
from actualistic replications and reconstructions of hafting technologies 
(Wadley, 2005b) to controlled material science laboratory experiments 
(Kozowyk et al., 2016; Zipkin et al., 2014) and in between (Wadley 
et al., 2009). The motivation for these studies is the repeated identifi-
cation of ochre residues on stone tools accompanied by mastic residues 
and/or found in locations suggestive of hafting (Ambrose, 1998; Helwig 
et al., 2014; Lombard, 2007; Wojcieszak and Wadley, 2018). 

Wadley (2005b) seeks to replicate the formulation and application of 
compound adhesives for composite tool construction and test their 
effectiveness through a functional task. Wadley and colleagues’ follow 
up work similarly uses natural materials appropriate to their South Af-
rican study area and Middle Stone Age research questions and includes a 
functional test of composite tools, but also incorporates standardized 
commercially available iron oxide and uses instrumental methods to 

precisely measure properties of the adhesives (Wadley et al., 2009). 
Further towards the controlled pole we find Zipkin et al. (2014) and 
Kozowyk et al. (2016), both of which use the same reductionist model 
system: a standardized wooden overlap joint (representing a haft) glued 
with various adhesives and broken in a testing apparatus that measures 
the force required to induce joint failure. Hafting adhesives are the most 
mature research area in the experimental archaeology of ochre. 

There is substantial potential for new experimental use-wear studies 
of ochre to develop trace evidence criteria for identifying ancient ochre 
processing techniques. Only a handful studies with a primary focus in 
this area have been published, all using ochre from South African 
geologic sources (Hodgskiss, 2010; Rifkin, 2012; Wadley, 2005a). While 
studies outside of South Africa have applied use-wear analysis to 
archaeological ochres (e.g., Namibia: (Mauran et al., 2020), Timor-Leste: 
(Langley and O’Connor, 2019), Zambia: (Zipkin et al., 2015), France 
(Dayet et al., 2014):), they heavily relied on findings from the experi-
mentally modified ochre assemblages of Rifkin and Hodgskiss for 
interpretation. Given the diversity of ochre sensu lato, we advocate a new 
investment of effort to generate experimental reference assemblages on 
a greater range of materials, especially those local to study areas where 
use-wear analysis of archaeological ochres will be undertaken. This issue 
is pointed out by Mauran et al. (2020); no experimental modification 
studies of “pure” iron oxides (e.g., massive hematite) such as they 
encountered in their Namibian study have been published. The study of 
ochre use at Porc-Epic Cave, Ethiopia by (Rosso et al., 2016)) featured a 
small ochre grinding experiment using local material to aid interpreta-
tion of the archaeological ochre; this should become a common practice 
in future work. One promising development to watch is “The MAMOR 
database: Measuring Anthropogenic Markings on 3D Ochre Surface 
Renderings” project through which Velliky and colleagues seek to pro-
duce an open access database of micro-photogrammetry 3D models of 
experimentally modified ochre surfaces (Velliky et al., 2021a). 

Design of experiments intended to construct plausible models for 
ancient ochre processing practices should be informed by ethnographic 
and historical information about modern ochre processing and use 
whenever possible. For example, Rifkin’s experimental study of ochre as 
a mosquito repellent was contextualized by work with the Ovahimba 
people of Namibia and includes documentation of ochre processing from 
cohesive rock into a mixture with clarified butter for application to the 
body (Rifkin, 2015). Experimental archaeology studies need not include 
new ethnographic work; they can use existing research such as May and 
colleagues’ first-hand account of rock art painting in Australia or Brandt 
and Weedman’s short piece on present-day stone tool production and 
hide working with ochre in Ethiopia to shape experimental conditions 
(Brandt and Weedman, 2002, May et al., 2019). 

The investigation of ochre heat treatment technology is an area that 
further illustrates the overlap of experimental archaeology with 
archaeological chemistry and mineralogy. While Helwig used commer-
cial samples of natural and calcined mineral pigments, Pomies et al. 
synthesized goethite in a laboratory and heated it (Helwig, 1997; Pomies 
et al., 1999). Both remain important early works that underlie more 
recent efforts to detect heat treatment in the archaeological record by 
exploiting the dehydroxylation of goethite into hematite and the 
resulting differences in crystallinity of heated goethite from natural 
hematite (Wolska and Schwertmann, 1989). These studies relied on XRD 
and transmission electron microscopy. de Faria and Lopes used experi-
mentally heated natural and synthetic goethite in conjunction with 
Raman spectroscopy and other instrumental techniques; their results 
indicated that at higher temperatures thermally altered goethite be-
comes indistinguishable from natural hematite (de Faria and Lopes, 
2007). In contrast to the controlled laboratory research cited above is 
Wadley’s study of post-depositional color change in yellow ochre, which 
featured an actualistic design using locally collected ochre samples 
buried in waste sediment from the archaeological excavation at Sibudu, 
South Africa with campfires were ignited above them (Wadley, 2010). 
More recent research by Wojcieszak et al. employed a combination of 
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actualistic and laboratory heating experiments on locally sourced ochre, 
coupled with a multi-instrumental approach to detecting heat treatment 
(Wojcieszak et al., 2017). A notable finding from this work is that 
identification of certain non-ferruginous accessory minerals present in 
ochre may be viable proxies for detecting thermal alteration, in addition 
to targeting the products of goethite dehydroxylation. 

5. Chronometry 

Direct dating of ochre remains a major outstanding challenge in 
ochre archaeometry. As noted by Hodgskiss, much of the research and 
dialogue about the oldest archaeological ochre has occurred in the 
context of a protracted debate over symbolic and functional uses 
(Hodgskiss, 2014). While such research may be helped by advances in 
ochre chronometry, the central issues are human motivations for using 
and ultimate application of ferruginous materials, not age. At present, 
direct dating of ochre is not possible as there is not an accepted chro-
nometric method for iron-based compounds. Instead, chronometry of 
ochre is often determined by secure relationships with other materials 
that can be dated, in stratigraphic contexts and archaeological sites 
including but not limited to rock art, burials, and pigment processing 
workshops. The date of the cultural use of the ochre can be identified 
through correlation with the site stratigraphy or other securely dated 
contexts (David et al., 2019a). 

Rock art is unambiguously symbolic and dating the oldest examples 
is an important step towards understanding the evolution of the human 
capacity for the extra-somatic storage of information. Assigning dates to 
particular styles provides further information about the chronology of 
rock art expression (Aubert, 2012; Roberts et al., 1997). Identifying 
examples of overpainting in rock art and dating paint from each 
superimposed layer has the potential to shed light on the chaîne 
opératoire of a rock art gallery, including use and reuse over time, and 
even competing claims to the same space by different groups (Smith 
et al., 1998). Similarly, as in archaeological stratigraphy, secure dates 
above and below the paint layer can be used to bracket the minimum 
and maximum use of the ochre pigment (Chapot et al., 2012; Finch et al., 
2019). Many dating studies often use two or more chronometric 
methods (such as C-14 and OSL); for a review in the Australian context 
see (David et al., 2013), for Africa see (Gallinaro and Zerboni, 2021), 
and for Europe see (Ochoa et al., 2021; von Petzinger and Nowell, 2014). 

A recent example is the relative dating of the Gwion rock art tradition 
to 12,000 BP, identifying a kangaroo as the oldest rock art in the Kim-
berley, northwestern Australia via carbon-based dating C-14 analysis of 
associated wasp nests below and above the art to establish date ranges 
for the pigments (Finch et al., 2021; Finch et al., 2020). A different 
approach to the relative dating of Fe-based pigments in rock art is using 
uranium-series dating of oxalate weathering crusts, below and above 
ochre based pigments in rock art, to determine the earliest or latest 
possible date ranges for the art. These methods require micro-sampling 
and analysis of the micron-thick crusts associated with the rock art 
pigments (Green et al., 2017). Additional examples include the dating of 
Chinese rock art (~3800–2700 BP), which also featured carbon dating 
in the study (Shao et al., 2021), a recent review in the area of the 
Kimberley, Australia (Aubert, 2012), and the oldest rock art in Sulawesi 
and Neandertal rock art in Iberia (Aubert et al., 2014; Brumm et al., 
2021; Hoffmann et al., 2018; Pitarch Martí et al., 2021). 

An emerging area of rock art chronometry is the use of cosmogenic 
isotopes (36Cl, 10Be, 26Al), to date events relative to the rock art (rock 
falls of entrances to caves). While not applicable to every site worldwide, 
this approach should be further developed (David et al., 2013; Sadier 
et al., 2012). The chronometry of ochre has primarily been explored in 
rock art and site stratigraphy, with significant advances in both areas in 
recent decades. Where well-documented areas of known rock art se-
quences are incorporated with archaeological stratigraphic studies, AMS 
dating of associated carbon-based pigments, and matching of ochre 
materials with grinding evidence and stratigraphy, relative dates for 

pigments can be obtained (David et al., 2019b). Emerging research areas 
include the adaptation of existing dating methods to new archaeological 
questions and contexts, as well as developing and testing new technol-
ogies for the accurate dating of ochre and associated materials outside of 
the rock art context. 

6. General best practices 

We encourage as best practice the design of experiments and studies 
with an emphasis on the multi-modal analysis of the same specimen to 
fully understand its characteristics where possible (Aura Tortosa et al., 
2021; Garilli et al., 2020; Ilmi et al., 2020). Researchers must be 
conscious that the application of some invasive or destructive methods 
are prohibitive to the future use of others and take steps to ensure that 
ochre assemblages can be studied by future researchers (Zipkin et al., 
2020). While multi-modal approaches are preferable, this is not to 
disparage studies that can answer a specific research question with the 
data generated by one or similar techniques (e.g., ICP-OES and 
ICP-MS/MS) (Mauran et al., 2021). A source characterization study with 
the goal of producing a high-accuracy data set of major, minor, and trace 
elemental concentrations can utilize a single destructive technique such 
as NAA or solution ICP-MS as a first-line method, provided that an 
adequate reference assemblage is preserved. When analyzing irre-
placeable materials like artifacts, however, it is critical to proceed using 
the least invasive approach first to preserve future paths of investigation. 
In all cases, we encourage researchers to consider subsequent work that 
could connect multiple projects through meta-analyses and systematic 
reviews, as well as the cross-compatibility of data sets. There may also be 
considerations for future studies, such as weathering of pigments 
(notably in rock art) and post-depositional alteration of non-cohesive 
ochre in burial contexts, that research thus far has not addressed in 
depth but that can be tackled later using existing geological and 
archaeological assemblages (Dayet, 2021). 

Ideally, researchers undertaking archaeometric ochre studies will 
have a firm grounding in the technical approaches selected for appli-
cation. Where a third-party is contracted to undertake instrumental 
analysis, the study lead will benefit from understanding the advantages 
and outcomes as well as the disadvantages and limitations of the 
methods employed. While leveraging state-of-the-art approaches to 
ochre analysis is important for understanding this complex material, 
powerful instrumental techniques are only as useful as the assemblage to 
which they are applied. Fig. 2 illustrates the various types of research 
questions that may be answered using a specimen, depending on how it 
was acquired and what contextual information is associated with it. 

A largely unexplored area is best practices for ochre source sampling; 
how does the analyst collect a representative specimen in the field and 
how many such specimens are required to produce a data set amenable 
to statistical analysis? Considering archaeological assemblages, smaller 
sample numbers can still be utilized to answer larger questions about 
provenience, characterization, chronometry, and other questions. As 
there are not many applicable parallels with other archaeological ma-
terials, with perhaps the exception of weathered clays, a clear rationale 
is needed for sampling geological source and archaeological assem-
blages and this reasoning should also be made explicit in publications. 
Sampling procedure is often unaddressed in the peer-reviewed literature 
or at best is limited to generalities such as sampling different colors of 
ochre in the same formation (Dayet et al., 2016; Popelka-Filcoff et al., 
2007; Zipkin et al., 2017). 

Last but certainly not least, additional aspects must be considered 
around the cultural uses of ochre subjected to archaeometric study, 
including being informed through partnerships with Indigenous com-
munities and traditional owners, and by ethnographic and written 
documentation, and potentially in consultation with modern artisans 
working with ochre in new ways. Otherwise, archaeological science 
conclusions risk becoming divorced from human behavior (Marti-
non-Torres and Killick, 2015). Communities and jurisdictions 
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worldwide have differing approaches to cultural and legal permissions 
for sampling and analyzing ochre; these must be obtained for research 
studies. A non-exhaustive list of some examples partnering with com-
munities and incorporating ethnographic information includes a review 
of Australian ochre studies that covers several examples of ethnographic 
documentation, analysis of ochre in excavations relative to Kimberley 
rock art, analysis of ochre sources in the Hohokam and O’odham lands in 
the American Southwest compared to archaeological samples, and Rif-
kin’s in vivo investigation of the photoprotective properties of ochre 
(David et al., 2019b; Eiselt et al., 2011; Huntley et al., 2021; Rifkin et al., 
2015a; Rifkin et al., 2015b). These effective studies should serve as 
examples for future researchers and can be improved upon further. Seek 
to consult the widest range of sources that can place ochre archaeometry 
research in cultural context, inclusive of Indigenous peoples, traditional 
owners, descendant communities, experimental archaeologists, anthro-
pologists, art conservators, artists and artisans and local historians, for 
example. 

7. New directions in ochre analysis 

Emerging areas in ochre archaeometry include a diversity of ap-
proaches including investigating biological processes and phenomena, 
and extant but understudied applications in the field including isotopic 
systems, genomic analysis, and experimental archaeology of ochre. 
Recent studies continue to use physicochemical methods, as well as 
analyzing characteristics associated with ochre but not the iron 

chromophore itself, such as genetic and isotopic profiling (Lenehan 
et al., 2017; Smith and Pell, 1997). Outside the realm of geological 
formations, bacterially mediated formations are emerging area of 
archaeological and archaeometric investigation (MacDonald et al., 
2019). 

Considering ochre sensu lato as a category unified by the presence of 
an iron chromophore, magnetic properties are an underutilized 
approach. While magnetic properties have not been used extensively for 
characterization, MacDonald et al. demonstrated the use of SQUID 
(superconducting quantum interference device) magnetometry for 
magnetic responses to heat treatment of Fe oxides (MacDonald et al., 
2019). SQUID has the advantage of higher sensitivity and utilizes sam-
ples on the order of 5–50 mg, depending on the sample. In a related area 
of magnetic environments, Mössbauer analyses are an ideal application 
to understand the mineral composition, oxidation states, chemical and 
magnetic environments; however, the majority of these studies have 
been concerned with soil or mineral analysis rather than cultural ochre 
(Dubiel et al., 2011). An exception to this is a recent paper by Meneses 
Lage et al. who utilized a portable Mössbauer spectrometer on Brazilian 
rock art to identify different compositional types of hematite-based 
pigments (Meneses Lage et al., 2016). XPS (X-ray photoelectron spec-
troscopy) also has the potential to identify oxidation state of Fe and 
other elements, in particular around heating studies, yet this remains a 
largely unexplored area (Garilli et al., 2020). 

While dating the human use of ochre pigments remains a challenge, it 
may be possible to use radiometric dating of component minerals of 

Fig. 2. Flowchart of ochre study design from the view of an archaeological scientist. For key examples from the literature of studies inserted into this framework, see 
SI Table 1. 
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ochre as a proxy for geological provenience when other methods prove 
ineffective. A suggestive example can be found in (Weber et al., 2020), 
which extracted zircon crystals from Columbian pottery and used 
LA-ICP-MS to conduct U–Pb radiometric dating. The authors claimed 
that U–Pb zircon dating, combined in their study with thin section 
petrography, can be an effective provenience method for archaeological 
pottery if the candidate source clay deposits have parent rocks with 
well-constrained ages. We see no prima facie reason why this cannot be 
applied to sedimentary ochre deposits and cohesive ochre artifacts with 
a reasonable probability of success; it is a worthy area of method 
development to explore for appropriate study areas. 

8. Conclusion 

The young field of ochre archaeometry has evolved dramatically in 
the last two decades. Here, we promote a common vocabulary, highlight 
major trends and essential best practices, and identify where the future 
holds promise. Continual development and refinement of analytical 
methods and study designs constitutes a necessary and exciting avenue 
for understanding the cultural and symbolic uses of ochre in the past by 
extracting the maximum amount of behavioral information from the 
material culture record. Key best practices for ochre archaeometry draw 
on the literature about related geological and cultural materials; how-
ever, there are additional considerations for ochre due to complexity in 
its formation and diversity of cultural uses. Similarly, new methodolo-
gies and approaches from ochre analysis can inform other related areas 
of archaeological science. From the deep past, ochre sensu lato continues 
to be an important cultural material worldwide, through which 
archaeological science informs the present and future. 
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