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Abstract

This paper presents the aims, methods, and some initial results of the project ‘(Re)
Constructing the Archaeology of Mobile Pastoralism (CAMP)’, a multi-disciplinary
investigation into anthropogenic deposits from pastoral contexts in dryland regions.
Ethnoarchaeology has played a pivotal role in transforming the study of pastoralism,
particularly in environments where material traces are often ephemeral and under-
represented in the archaeological record. By linking contemporary practices with
their material signatures, ethnoarchaeology has reshaped both the interpretation of
pastoralist material remains and broader understandings of pastoral societies, reveal-
ing them as adaptive and innovative actors in highly variable environments. Build-
ing on recent theoretical and methodological advances—especially in geo-ethnoar-
chaeology—CAMP seeks to develop a robust interpretive framework for identifying
chemical proxies that can be linked to specific human activities. Research in the first
stage has focused on three ecologically and culturally distinct regions: Maitengwe
(Tutume Dist., Botswana), Khor Rori (Dhofar, Oman), and Loreamatet (Turkana,
Kenya), with supplementary test areas to evaluate the broader applicability of the
developed protocol. Fieldwork has targeted three site categories: inhabited camp-
sites, to document the relationship between activities and their anthropic markers;
abandoned campsites, to assess post-depositional and diagenetic transformations;
and key archaeological pastoral sites, to reinterpret ancient deposits using models
derived from present-day contexts. Preliminary results presented in this paper high-
light significant differences in the composition of chemical elements across activity
areas within settlements, underscoring the potential of these proxies to distinguish
activity-specific signatures. By integrating ethnoarchaeology, geoarchaeology, and
geochemistry, the project advances methods for detecting and interpreting pastoral
signatures in the archaeological record, while contributing to the repositioning of
drylands as dynamic centers of resilience and innovation.
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Introduction: Reframing Contemporary and Ancient Pastoralism

It has taken more than seventy years for the FAO (2021) to acknowledge that pasto-
ralism is a rational and reasonable livelihood system, especially in drylands, where
large-scale agriculture is not viable. The term ‘pastoralism’ refers to a wide range of
livestock-based livelihood and food production systems, which are highly diverse,
yet which all share a common specialization where animal welfare is improved by
managing their grazing itineraries at a variety of scales in time and space. Pastoral-
ism is a socio-ecological system based on animal husbandry, characterized by the
predominant — albeit not exclusive — role of livestock from the economic, ideo-
logical, cultural, and social points of view. Nowadays, extensive pastoralism occurs
on about 25% of Earth’s land area, mostly across the drylands of Africa and the
Arabian Peninsula, in the central Asian steppes, and in the highlands of Asia and
Latin America (FAO, 2020). Pastoralists are the main producers in these areas of
the world and create culturally unique and vibrant communities. Pastoral systems
enable the exploitation of natural resources with high variability by the use of highly
adaptive operational strategies, such as flexibility of movements, animal breeds, and
labor force. These help to minimize potential fluctuations in animal production and
health, and in households’ food security.

‘Poor understanding of pastoralism’ has long remained the most repeated cause
of setback in pastoral development, often resulting in maladaptive practices that gen-
erate, in a vicious cycle, further misunderstanding (FAO, 2020). Such misconcep-
tions originated in the ‘cattle complex’ construct of Herskovits (1926) that described
eastern African pastoralists as relentless accumulators of livestock with no concern
for sustainability nor efficiency. These views were later upheld by the influential
paper by the American ecologist G. Hardin (1968; see also Picardi & Selfert, 1977),
where herders were taken as an example of the unavoidable maximal exploitation
of common land in the ‘tragedy of the commons’ against the collective good (Boles
et al., 2019). The idea that pastoralism was an irrational socio-ecological system,
inherently tending to overstock and overgrazing (e.g., Davis, 2004), was progres-
sively contrasted from the late 1980s (Ellis & Swift, 1988; Sandford, 1983) with
the developments of models of non-equilibrium ecosystem dynamics formalized by
Behnke et al. (1993). Today, pastoralism is being re-evaluated as a time-tested, often
undervalued alternative path to food production with largely untapped potential for
income growth and employment in ‘marginal’ areas, such as arid or high altitude
lands, where agriculture is not feasible or less productive (but see Biagetti et al.,
2021a for a critique of the notion of drylands as marginal). According to suprana-
tional organizations (e.g., African Union, 2010; FAO, 2020, 2021), and special-
ists from different disciplines (e.g., Briske et al., 2020; Dong et al., 2016; Hesse &
MacGregor, 2006; Homewood, 2008; Kohler-Rollefson, 2021; Scoones et al., 2020;
Tessema et al., 2014), pastoralism has the potential to respond to the most compel-
ling challenges of our times, including climate change (e.g., Balehegn et al., 2019;
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Iticha & Huesen, 2019; Kratli et al., 2013), since it requires little fossil energy and
livestock walks to their naturally grown feed, with no (or very limited) cultivation
nor transportation of fodder required. Notwithstanding these latest developments,
Boles and colleagues (2019) noted that stereotyped narratives about the shortcom-
ings and drawbacks of pastoralism still plague academic (e.g., Hein, 2006) and pub-
lic (e.g., Shanahan, 2013) debates, specifically in respect to land degradation and, as
such, these stereotypes still influence policy interventions (Gilbert, 2013).

Current pastoralism is the legacy of the processes of animal domestication that
started before the beginning of the Holocene in several parts of the world, and rep-
resents one of the most ancient food production systems. Such a system allowed
humans to adapt and live in drylands and to produce food under often extreme and
variable environmental conditions. During the last ten millennia, pastoral economies
have evolved to function with the natural environment and therefore with high vari-
ability of ecological settings (e.g., Bollig et al., 2013; Capriles & Tripcevich, 2016;
Kardulias, 2015). During the last thirty years, the archaeology of pastoral societies
has seen the application of new techniques (e.g., remote sensing, ancient DNA, iso-
tope analysis, dung studies) that have improved our understanding of the long-term
dynamics of pastoral landscapes, patterns of mobility, and livestock management
practices. For instance, large-scale studies of pastoral landscapes and land use (e.g.,
Boles et al., 2019; Phelps & Kaplan, 2017) and their influence on current ones (e.g.,
Marchant & Lane, 2014) have been essential to understand pastoral dynamics at
macro-scale. The application of remote sensing and automatic detection techniques
has improved the study of pastoral burial landscapes (e.g., Biagetti et al., 2017; Chen
et al., 2021; Hildebrand et al., 2018). Advances in analytical approaches have ena-
bled us to further expand our understanding of early pastoralism. For instance, the
study of dung (e.g., Egiiez & Makarewicz, 2018; Egiiez et al., 2020; Makarewicz,
2016; Shahack-Gross et al., 2004, 2008) and isotopic analyses of faunal remains
(Janzen, 2022; Janzen et al., 2020) have provided information on diet and mobil-
ity of ancient herds, and on the use of livestock byproducts (e.g., Amicone et al.,
2021), while organic residues (e.g., Dunne et al., 2012; Grillo et al., 2020) are shed-
ding light on ancient food preparation and consumption. Furthermore, new research
programs in areas with an important archaeological presence of pastoral societies
have brought to light the pivotal role of such societies in state formation (e.g., Gatto,
2011), the development of sedentary societies (Arbuckle & Hammer, 2019), the
spread of domestic animals (e.g., Prendergast et al., 2019), and the shaping of trade
routes and networks (Frachetti et al., 2017).

Between the macro (landscape) scale and the micro scale, the site level as a unit
of analysis has been comparatively underexplored. The lifeways of pastoral socie-
ties have generated an unconventional and diverse archaeological record, markedly
different from that of sedentary farmers living in towns and villages. Habitation
sites of mobile pastoralists have long been regarded as producing only ephemeral
traces: little or no permanent architecture, shallow or absent deposits, and scatters
of mostly perishable materials. As a result, pastoral sites have traditionally been
characterized as ‘invisible’ (Robertshaw, 1978), ‘leaving no traces’ (Smith, 1992),
or ‘too ephemeral to be archaeologically recoverable’ (Smith, 1980). This elusive-
ness—together with the paucity of common archaeological markers—has frustrated
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attempts to identify and interpret pastoralist domestic areas (Chang & Koster, 1986;
Cribb, 1991).

Early ethnoarchaeological work in Africa reinforced this view by stressing the
ephemerality of pastoralist homesteads (David, 1971; Robbins, 1973). Yet later
studies highlighted that durable traces do exist, even if subtle, and can be detected
through appropriate methods (Grillo, 2012, 2014; Mbae, 1990; Shahack—Gross
et al., 2004). This shift reframed the problem: rather than assuming invisibility, the
challenge lies in developing new techniques capable of identifying, recording, and
interpretiKync¢lovang these material signatures.

In recent decades, a wide range of techniques and approaches has pushed the
study of pastoral archaeological sites to new limits. Houle’s (2024) edited volume
synthesizes recent advances, showing how microscopic and actualistic methods are
transforming the study of pastoral contexts. Such approaches make it possible to
reconstruct the complex and nuanced histories of mobile groups once thought to
leave little trace. Ethnoarchaeology has been particularly influential in this transfor-
mation, especially in dryland regions where the record is subtle, fragmented, and
difficult to interpret. By linking contemporary practices with material signatures,
ethnoarchaeology has not only enhanced our capacity to read elusive remains but
also reshaped broader understandings of pastoralist social, economic, and ecological
strategies. This research has challenged enduring stereotypes, repositioning mobile
pastoralists as adaptive innovators who developed flexible strategies for food secu-
rity and social organization in some of the world’s most variable environments.

Within this evolving framework, theoretical and methodological innovations
have expanded the ways in which pastoral archaeological sites are approached. One
particularly promising direction is geo-ethnoarchaeology, which applies geological
principles to ethnographic contexts in order to link human activities with site forma-
tion processes (Friesem, 2016). First introduced in relation to the study of ancient
pastoral deposits in Sicily (Brochier et al., 1992), geo-ethnoarchaeology was later
applied to pastoralist sites in eastern Africa, particularly for identifying ancient
livestock enclosures (Shahack-Gross et al., 2003, 2004; see also Shahack-Gross,
2011). As Shahack-Gross (2017) has argued, anthropogenic sediments should be
understood as artifacts in their own right, providing a powerful basis for interpreting
deposits beyond site-specific contexts and for building broadly applicable models of
pastoral lifeways. New geochemical research has demonstrated that anthropogenic
sediments (such as nutrient “hotspots”) at pastoral sites can, in fact, persist for thou-
sands of years (Marshall et al., 2018; Storozum et al., 2021).

Over the past decade, the archaeology of mobile pastoralism has increasingly
emphasized the importance of habitation sites and household-level analysis within
broader landscapes (Anthony et al., 2016; Biagetti, 2014; Frachetti & Mar’yashev,
2007; Grillo et al., 2018; Wright, 2016). New field and analytical methods now
reveal domestic behaviors, socioeconomic activities, ritual practices, and political
organization. Rather than focusing only on artifacts, researchers also investigate eco-
logical impacts through soil and vegetation data—phytoliths, pollen, organic matter,
and soil chemistry—which help reconstruct site use and identify variations across
occupation areas (Boles & Lane, 2016; Marshall et al., 2018; Portillo et al., 2012;
Shahack-Gross et al., 2003, 2004). Analyses of herbivore dung further illuminate
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spatial organization, seasonality, and economic practices such as dung fuel use,
manuring, and stabling (Biagetti et al., 2021b; Brochier et al., 1992; Egiiez et al.,
2018, 2020; Egﬁez & Makarewicz, 2018; Seitsonen & Egiiez, 2021; Shahack-Gross,
2017; Shahack-Gross et al., 2008). Complementary techniques—such as fluxgate
gradiometry to detect magnetic anomalies (Fitton et al., 2022; Hu et al., 2019) and
soil geochemistry to distinguish activity areas—are expanding the methodological
toolkit. Agent-based and other computational models now provide powerful means
to explore pastoral household decision-making, adaptation, and resilience to climate
and social challenges (Cioffi-Revilla et al., 2010; Clark & Crabtree, 2015; Kuznar
& Sedlmeyer, 2008; Rogers et al., 2012, 2015). Multi-element geochemical analy-
sis, combined with complementary proxies and post-processed using purpose-built
geostatistical code, offers a sensitive approach for identifying anthropogenic signa-
tures and distinguishing activity areas in pastoral contexts. Its application to pastoral
archaeology remains limited, particularly in drylands. The CAMP project addresses
this gap through a comparative, multi-regional framework.

Materials and Methods
Hypothesis

Mobile pastoralist groups tend to leave behind ephemeral material traces—such
as dung layers, lightweight structures, and surface scatters—that are easily eroded
or dispersed by environmental and human processes. Our project—(Re)Construct-
ing the Archaeology of Mobile Pastoralism (CAMP)—focuses specifically on the
anthropogenic deposits resulting from pastoral occupations. CAMP adopts a multi-
disciplinary approach that moves beyond traditional interpretations by identifying
chemical proxies that can be directly linked to human activities within settlements.
Such activities leave measurable signatures in the form of chemical elements (Oonk
et al., 2009), which are incorporated into archaeological sediments through repeated
and routine behaviors (Wilson et al., 2008). The interpretative framework we pro-
pose is grounded in two working assumptions. First, that specific and recurrent
activities may generate recognizable chemical signatures, even when their cultural
or procedural expression varies. Second, that these signatures may be expected to
display a general consistency within and across sites, while still allowing for local
variation (Lubos et al., 2016; Oonk et al., 2009). In order to build a robust refer-
ence framework for the spatial distribution of chemical elements at pastoral sites,
our research begins in the ethnographic present, where observable practices can be
directly linked to their sedimentary outcomes.

Case Studies
In the first stage of the project, research has focused on three distinct regions: Mait-

engwe, in the northern part of Botswana’s Northeastern District; Khor Rori in the
coastal area of Dhofar, in southern Oman; and Loreamatet, located in Turkana
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County, Kenya (Fig. 1). Maitengwe is characterized by a semi-arid climate with low
and unpredictable rainfall; Dhofar experiences a subtropical desert climate influ-
enced by seasonal monsoons; while Loreamatet in Turkana is situated in a hot arid
zone with extremely limited precipitation. These regions were selected for their eco-
logical variability, cultural diversity, and long-standing pastoral traditions. In addi-
tion to these core study areas, supplementary test locations have been established
to broaden the dataset and assess the wider applicability of the analytical protocol
across diverse environmental and cultural contexts.

Area 1—Botswana

In northeastern Botswana, the CAMP project collaborates with Bakalanga agro-
pastoralists living in Maitengwe village (Northeast District), first contacted in late
2021. This community practices opportunistic mobility, primarily centered on cattle
herding. While the main settlement is permanent, cattle are often relocated to sec-
ondary settlements (cattle posts) located 15-30 km away, where they may remain for
most of the year. Archaeologically, the project focuses on Makolontwane, a Stone
Walled Site dated to 1700-1800 CE (Huffman, 2007; Morton, 2014) set in southern
Botswana. This agro-pastoral settlement is characterized by monophasic occupa-
tion spans of approximately 15 years, represented by thin yet extensive anthropo-
genic deposits. A successful pilot study conducted at the similar stone-walled site of
Seoke (Biagetti et al., 2021b) served to test the methodological approach proposed
for CAMP.

Area 2—Oman

In the Khor Rhori area of southern Oman, pastoralists follow a seasonal transhu-
mant regime shaped by the khareef, a monsoonal period occurring from mid-June to
mid-September (Ball & Tzanopoulos, 2020). During this time, excessive moisture,
saturated soils, and biting flies make conditions unsuitable—especially for camels,
which are relocated alongside goats and cattle to the plateau or coastal plains. Fol-
lowing the khareef (September—January), livestock descend to graze on natural veg-
etation, supplemented by feedstuff. During the dry season (January—June), herds are
kept near camps or villages and rely largely on stored feed. Archaeological research
in the region, led by the DHOfar Map and Inqgitat Archaeological Project (DHO-
MIAP, Lischi, 2025), focuses on human occupation of the area from the Bronze Age
through Late Antiquity and has revealed a landscape characterized by permanent
settlements with monumental architecture and seasonal open-air sites.

Area 3—Kenya

In northwestern Kenya, the Turkana pastoralists of the Loreamatet area primar-
ily raise sheep, goats, and camels, which have largely replaced cattle. The area
lies within the Turkana Basin, a region currently under investigation by the mul-
tidisciplinary Later Prehistory of West Turkana (LPWT) project. Their research
explores the development of pastoral social, ecological, and mortuary landscapes

@ Springer



Developing Geo-Ethnoarchaeological Methods for Studying... Page70f31 29

500 km

250

Aridity Index

Value [ ] semi-arid (0.20 <Al < 0.50) I Humid (0.80 <Al < 1.5)
I Hyper-arid (Al < 0.03) [l Dry sub-humid (0.50 <Al < 0.65) [l Very humid (Al = 1.5)
[ Arid (0.05 <Al <0.20) [ Sub-humid (0.65 <Al < 0.80)

Y

5 10 km 0 1 2 km 0 1 2km
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during the Pastoral Neolithic (PN, ca. 5000 BP) in the Turkana Basin. Known
open-air settlement sites from the PN in the Turkana Basin are very rare (see only
Dongodien on the eastern side of Lake Turkana (Ashley et al., 2017; Marshall
et al., 1984) and recently identified sites located in the Nakwaperit area on the
western side of Lake Turkana (Hildebrand et al., 2022), underscoring a need for
additional archaeological survey and investigation.

The selection of inhabited and abandoned campsites was guided by the need
to capture the diversity of pastoral settlement types and their associated anthro-
pogenic signatures (see Table 1). In each study area, inhabited campsites were
chosen to reflect the range of activities and spatial configurations typical of set-
tlements, as identified through ethnographic observation. These sites provide the
basis for documenting the relationship between daily practices and the chemi-
cal, biological, and physical markers they produce. Abandoned campsites were
selected to represent different stages of abandonment and varying environmental
exposures, allowing for the assessment of how anthropogenic chemical signatures
change or persist over time. Together, these site types offer a diachronic perspec-
tive on the formation and transformation of pastoral sites, essential for developing
robust interpretive models applicable to the archaeological record. Finally, key
archaeological sites associated with pastoralism are being studied, with anthropo-
genic deposits reinterpreted through analytical models developed from the ethno-
graphic present. Together, this multi-tiered approach bridges present-day pastoral
practices with archaeological contexts, providing a robust framework for identify-
ing and interpreting pastoral signatures in the archaeological record.

Between 2024 and 2025, fieldwork was conducted in the three main study
regions. In Botswana, two separate expeditions were executed: the first, an eth-
noarchaeological campaign in June 2024, and the second, an archaeological cam-
paign in November 2024. Fieldwork in Oman was carried out in January 2025,
while research in Kenya took place in June 2025. In Kenya, in addition to the suc-
cessful fulfillment of the planned ethnographic investigations, chemical analysis
of samples from the archaeological site of Nakwaperit, excavated in 2023 by E.
Hildebrand and the LPWT team, was carried out as well.

Table 1 Summary of samples collected so far

Location Ethno inhabited Ethno Archaeological Control samples N total
aban-
doned
Central/SE Botswana 10 1 300 4399
Dhofar, Oman 10 5 1 150 1441
Turkana, Kenya 10 10 1 150 2759
Sindh, Pakistan 1 - 1 41 209
Tigray, Ethiopia 1 - 1 (to be sampled) - 220
W. Maghreb, Morocco - - 1 (to be sampled) - -
Total 32 19 5 641 9,028
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Beyond the three core regions, CAMP has also integrated comparative material
from other contexts. These include samples collected in 2021 by A. Ruiz-Giralt and
S. Biagetti from an ethnographic settlement in Ethiopia, as well as material gath-
ered in 2025 by M. Madella and his team from an ethnographic settlement in Paki-
stan. So far, CAMP has amassed a corpus of 9,055 sediment samples from a wide
range of ethnographic and archaeological contexts (Table 1). To date, fieldwork has
covered 32 inhabited settlements, 19 abandoned settlements, and 5 archaeological
sites across Botswana, Oman, Kenya, Pakistan, Ethiopia, and Morocco. For each
major study area, a series of control samples (c. 150 per region) were collected oft-
site to provide comparative baselines against which anthropogenic signatures can
be assessed. While most ethnographic and archaeological samples from Botswana,
Kenya, and test areas have already been measured with portable X-ray fluorescence
(pXRF), those from Oman and other regions are currently under study.

Methods
Fieldwork

In each of the study areas, we collaborate with local authorities and local communi-
ties. Initial meetings and encounters are organized, where the project is explained
with the help of interpreters. Once the settlements have been identified (Fig. 2), they
are surveyed and topographically mapped on-site using a high-precision differen-
tial GPS. Such maps (Fig. 3a and b) incorporate all the macro features such as vis-
ible domestic structures (e.g., huts, kitchens, stores, fireplace) as well as the diverse
activity areas identified with the support of local informants (areas of food prepara-
tion and consumption, workshops, middens, etc.). Furthermore, the maps include
livestock structures and features (e.g., pens, corrals, secondary areas of dung accu-
mulation) along with scatters of portable artifacts. These digital products represent
the working baseline within which data can be contextualized throughout the pro-
ject. Samples are collected following a multi-scalar approach. Regular lattice grids
are employed across the area, while samples from anthropogenic deposits are taken
at variable intervals to adapt to specific contexts (see for instance Save et al., 2020).
For large areas, such as open spaces between structures, a 4 X4 m or 2X2 m grid
is used, whereas smaller features are sampled with finer grids of 1X1 m or even
0.5x0.5 m. This flexible strategy avoids excessive sampling in large areas but also
ensures sufficient resolution within small and often ephemeral structures, which
would otherwise yield only a single data point under a coarser lattice. Each sample
is geolocated using the DGPS and consists of c. 20 g of sediment that have been
stored in sealed double polyethylene bags.

In order to meaningfully compare the elemental composition of on-site samples,
a series of off-site soil samples from the areas surrounding both the ethnographic
settlements (inhabited and abandoned) and the archaeological sites are addition-
ally collected. These control samples are essential for distinguishing anthropogenic
signatures from background geochemical variability, allowing us to identify which
chemical signals are the direct result of specific human activities. A total of 150
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Fig.2 An inhabited ethnographic settlement (E1) in Loreamatet, Turkana (Kenya)

off-site samples are collected in each study area (see Table 1), providing a robust
comparative dataset between zones affected by settlement activities and those with-
out persistent anthropogenic presence. The sampling strategy is designed to mini-
mize potential contamination or bias. Areas showing clear evidence of modern
occupation (e.g., recently abandoned villages), heavily disturbed zones (such as dirt
roads or pathways), and landscapes altered by extractive activities (including tree
cutting, overgrazed pastures, charcoal production areas, or cultivated fields) are sys-
tematically avoided.

Multi-element Analysis by pXRF

The study of chemical elements in anthropogenic sediments is a fundamental
advance of current archaeological research. Since the seminal works of Barba and
Ortiz (1992) and Middleton and Price (1996), the analysis of chemical elements in
anthropogenic sediments has found a variety of applications in archaeology (e.g.,
Biagetti et al., 2021a, 2021b; Save et al., 2020) and ethnoarchaeology (Lancelotti
et al., 2017; Negre et al., 2016; Rondelli et al., 2014) with the particular aim of
identifying the chemical signatures of human activities (see Bintliff & Degryse,
2022 for a recent review). Indeed, chemical markers represent an invaluable proxy
to bring to light past and recent activities, to understand the spatial dynamics of
such activities, and to interpret architectural structures in relation to their functions.
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Fig.3 a, b Examples of mapping and sampling strategy followed at an ethnographic settlement (E1) in

Loreamatet, Turkana (Kenya)

The potential of this approach resides in that the elemental chemical signatures are
proxies for activities that were carried out in a repetitive way in a determined space
(Rondelli et al., 2014). Contrary to many other approaches, the chemical signature
is not defined by the absolute value of a given chemical element or elements, but by
their combination and, especially, by the anomalies created by the deviation from
the average of the samples. The archaeological use of portable X-ray fluorescence
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devices (pXRF) is rapidly growing because of the advantages offered by portable
devices that provide inexpensive and fast results. Such characteristics as well as the
non-destructive nature of pXRF are obvious benefits for examining archaeological
items that must not be damaged or cannot easily be transported to a laboratory, and
its potentials have been widely demonstrated also for the study of archaeological
sediments (e.g., Davis et al., 2012; Ginau et al., 2020; Janovski et al., 2022). More
specifically, pXRF is currently being used for site prospection and for the characteri-
zation of activity areas in different archaeological contexts. Lubos et al. (2016) and
Frahm et al. (2016) compared the performance of pXRF analysis on sediment sam-
ples in respect to other techniques and found that the current generation of pXRF
instruments is highly suitable for multi-element analysis. Other studies focused on
the use of pXRF to reconstruct prehistoric settlement patterns (Gauss et al., 2013),
to map anthropogenic deposits (§mejda et al., 2018), and to perform large-scale sur-
veys (Hayes et al., 2013; Poggi et al., 2025; Save et al., 2020). Furthermore, the
combined use of pXRF and geostatistical techniques to analyze archaeological sites
spatially, represents a promising field for the interpretation of past human occupa-
tions (Biagetti et al., 2021b; Williams et al., 2021).

The use of pXRF in archaeological settings raises technical and methodological
concerns. Since the 2010s, scholars have called for the elaboration of standardized
and systematized protocols in the use of pXRF for archaeological purposes (e.g.,
Frahm, 2013, 2024; Goff et al., 2020; Hunt & Speakman, 2015; Johnson et al., 2024;
Shackley, 2010; Williams et al., 2020). In any case, it is clear that pXRF enables
rapid, non-destructive, and cost-effective analysis of massive amounts of samples,
which would be challenging to analyze with alternative, though more accurate, tech-
niques such as mass spectrometry or laboratory XRF. In the course of our fieldwork,
we have both exported sediment samples (Botswana, Oman) and analyzed them in
our lab at UPF, or brought the machine to the field (Turkana) and set it up in the
facilities of the Turkana Basin Institute. This choice of on-field or laboratory analy-
sis was largely influenced by the ability to import and export sediments from a given
country and has resulted in an adapted on-field protocol in addition to our standard
laboratory protocol.

The chemical analyses of this project are performed using a Bruker CTX 800
portable benchtop XRF analyzer (pXRF), which is equipped with a Rh target X—Ray
Tube (4 W, 6-50 kV, 5-200 pA) and a large-area silicon drift detector (SDD). The
Bruker CTX 800 instrument was chosen for the project due to its versatility. This
contained unit (which does not feature an open beam of radiation compared to the
design of hand-held units) provided a portable and safe solution, allowing for its use
by multiple operators either in a laboratory setting or in-field when the exportation
of samples is not possible.

The laboratory protocol consists of sieving air-dried bulk sediment samples with
a 1 mm sieve directly into plastic sample cups prepared with polypropylene 4.0 um
thin film. Sieving is conducted in order to increase reliability and reproducibility, to
reduce variation, and to provide a level of homogenization of the samples by remov-
ing any potential large plant materials within the soil samples and casts larger than
sand (Middleton, 2004; Williams et al., 2020). Sieves and funnels are then cleaned
between each sample to remove dust from the previous sample. The pXRF machine
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is set to the Bruker application ‘GeoExploration’, using the ‘Oxide3phase’ method
(calibrated for SiO,-rich samples), which combines the results of three different
measurements performed with different filters, applied voltages and currents, allow-
ing for the detection of up to 48 elements, from Mg to U. The integration time for
each measurement range is adjusted with the following settings: Phase 1 (Voltage:
30 kV, Current: 12 pA, Filter: Ti/Al) and Phase 2 (Voltage: 50 kV, Current: 17 pA,
Filter: Cu/Ti/Al), which are optimized to detect intermediate and heavy elements,
respectively, are set to run for 30 s each. Phase 3 (Voltage: 15 kV, Current: 10 pA,
Filter: N/A), which corresponds to the light element range, is set to run for 100 s to
allow for more reliable readings from light elements such as Mg and P which lie on
the edge of the detection limits for pXRF. In total, each reading takes 160 s. Initially,
the pXRF is warmed up for about 1015 min using Bruker check samples before the
first sediment samples are measured. The main difference between the laboratory
and in-field protocol is the reduction in cleaning of sieving materials between sam-
ples and the time spent to warm up the detector, which is reduced to around 5 min. It
must be borne in mind that the method of pXRF is semi-quantitative due to a num-
ber of factors including pore space and particle size, considering factory calibrations
are based on ideal (flat, dense, homogenous) samples. The employed protocol aims
to balance these limitations through minimal sample preparation while remaining
convenient given the large quantity of samples measured for the project.

Geostatistics

The CAMP project employs a structured workflow in R for analyzing the multi-
element datasets generated through portable X-Ray Fluorescence (pXRF), publicly
available at https://github.com/project-camp/camp-public. The process begins with
data preparation, which involves pre-processing and systematically organizing the
measurement data to ensure quality, consistency, and comparability (see Filmozer
et al., 2018; Pawlowsky-Glahn & Buccianti, 2011). pXRF instruments using Bruker
calibration settings produce a report on all elements within the elemental detection
range (Mg to U). These results of all data will report no empty values unless the
detected signal is below the limit of detection (LOD) of the device. The report will
consequently include records of element measurements with a large error or which
are below the LOD (<LOD). Therefore, elements that are reported below the LOD
or below the confidence range (i.e., when the measured compositional value is lower
than three times the reported error) are not included in subsequent statistical analy-
ses. Also, possible interferences between XRF signals of different elements (like, for
instance, Cl and Rh or Sr and Zr) are taken into account by direct inspection of the
XREF spectra.

To ensure data closure to 100%, a residual component (“Res”) is introduced,
representing the proportion of unaccounted elements. This is necessary to main-
tain the mathematical requirements of compositional data analysis and prevent
statistical distortions or spurious correlations in subsequent log-ratio analyses (see
Martin-Fernandez et al., 2015 for further details). Because the data are inherently
compositional—i.e., carrying only relative information—the use of log-ratio coor-
dinates ensures that closure no longer affects their covariance structure, allowing
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multivariate statistics to be performed in a valid Euclidean space. The structure of
the data was opened using log-ratio transformations from the Aitchison geometry.
Different transformations were applied depending on the type of analysis. Centered
log-ratio (CLR) coordinates were used for PCA and cluster analysis. Isometric log-
ratio (ILR) coordinates were used for outlier detection as well as for Inverse Distance
Weighting (IDW) and cokriging, due to their suitability for modeling covariance
structures in Euclidean space. For correlation analysis we applied the symmetric-
balance transformation proposed by Kynclova et al. (2017), which provides valid
correlation coefficients for compositional data. Below limit of detection (<LOD)
replacement is carried out using multiplicative replacement or log-ratio expecta-
tion—-maximization (EM) algorithms depending on the number of values to be
imputed. Mahalanobis distances are used to detect multivariate outliers and identify
data anomalies that may indicate potential sampling or measurement errors. Explor-
atory data analyses are subsequently applied. This involves calculating descriptive
statistics as well as applying correlation analysis (Fig. 4 left), principal component
analysis (Fig. 4 right), and unsupervised cluster analysis to detect broader patterns
of elemental compositional covariance (see Filzmoser et al., 2018). Together, these
steps clarify the internal structure of the dataset and allow us to identify which ele-
ments are most informative for subsequent spatial and functional interpretations. All
these steps are implemented in modular R scripts, allowing users to adapt thresh-
olds, transformations, and imputation strategies as needed.

Building on this foundation, exploratory spatial analyses are carried out (see
Tolosana-Delgado & Mueller, 2021). This stage includes the creation of elemen-
tal maps, including the application of Inverse Distance Weighting (IDW) interpo-
lation, which transforms point-based pXRF measurements into continuous surface
models (Fig. 5). These interpolated maps reveal concentration gradients across the
study area and make visible spatial patterning that corresponds to human activity.
In the workflow, however, IDW is used as an exploratory; therefore, the resulting
maps are descriptive rather than inferential and are not used for statistical interpreta-
tion. Still, because IDW is computationally light and straightforward to implement,
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Fig.4 Examples of (left) compositional correlation analysis and (right) principal component analysis
from an ethnographic settlement (E1) in Loreamatet, Turkana (Kenya)
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it provides an efficient way to obtain preliminary spatial visualizations, allowing
functional zones such as cooking areas, living spaces, and external open areas to be
distinguished on the basis of elemental distributions. Alongside IDW, swath plots
and spatial anisotropy analysis are used to examine directional variation and assess

whether spatial patterns are isotropic or influenced by orientation (Fig. 6).

In addition to these exploratory stages, the project also incorporates full geosta-
tistical modeling to refine and validate spatial interpretations (see Tolosana-Del-
gado & Mueller, 2021). Pre-processed data obtained from multi-element analysis
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are analyzed using multivariate geostatistics, specifically kriging techniques. Since
we work with multivariate data, we apply cokriging: spatial continuity is modeled
through a linear model of coregionalization (LMC), which extends univariate vari-
ogram modeling to multiple variables by jointly describing their spatial autocorrela-
tion and cross-correlations (Fig. 7). The statistical assumptions relevant to cokriging
—including second-order stationarity, coherent and positive-definite cross-covari-
ance structures, linearity of the estimator, the presence of spatial cross-correlation
between variables, and the use of variables defined in an appropriate Euclidean
space—are evaluated through the inspection of empirical variograms and cross-
variograms, the successful fitting of a Linear Model of Coregionalization (LMC),
and the use of ILR coordinates, which provide approximately Gaussian behavior.
Fitting an LMC involves computing experimental and cross-variograms, selecting
base models (e.g., spherical, exponential, Gaussian), and ensuring coherence of the
coregionalization matrix. In the proposed workflow, we do this automatically by fit-
ting direct and cross-variograms for all variables, selecting candidate models based
on their empirical fit, and then applying the Goulard and Voltz (1992) algorithm
to enforce positive-definite sill matrices and a coherent multivariate structure (see
Biagetti et al., 2021b for further details). Only LMCs that successfully converge and
meet these constraints are retained for cokriging prediction. This procedure itera-
tively adjusts the nested components until a valid multivariate model is obtained,
ensuring that shared ranges and nested structures remain geostatistically admissible.
This automated approach reduces subjective model selection and provides a repro-
ducible foundation for cokriging across heterogeneous archaeological datasets. In

Fitted variogram

tisvis

16

distance

Fig.7 Example of experimental and cross-variograms with fitted LMC from a domestic area from an
ethnographic settlement (E1) in Loreamatet, Turkana (Kenya)
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some cases, we apply Maximum/Minimum Autocorrelation Factors (MAF) before
cokriging to reduce noise and emphasize structured spatial signals. By extracting
linear combinations of variables with maximal or minimal spatial autocorrelation,
MAF can improve the robustness and performance of the subsequent cokriging anal-
ysis. Once the LMC is established, it provides the basis for cokriging (CK), which
incorporates both the spatial structure of each variable and their cross-correlations
to predict chemical element distributions (Figs. 8 and 9). Model quality is assessed
through cross-validation and standardized residual diagnostics implemented directly
in the R pipeline, which outputs error metrics and variance surfaces for inspection
following the procedure outlined by Tolosana-Delgado and Mueller (2021).
Although more computationally demanding than simpler interpolation methods,
CK explicitly models spatial autocorrelation, integrates relationships between ele-
ments, and generates uncertainty estimates. This makes it especially suited to link-
ing geochemical patterns generated by anthropic activities to settlement features
such as architectural structures, while producing more precise predictions at unsam-
pled locations. Widely employed in soil science and geology, kriging techniques
generate estimated surfaces from scattered points, under the assumption that the dis-
tance between samples reflects a spatial correlation that can explain broader varia-
tion. These techniques have already shown promise in archaeological contexts, hav-
ing been pioneered at a small scale to model chemical markers from a contemporary
house in Northern India (Rondelli et al., 2014) and later applied to the archaeologi-
cal site of Seoke in Botswana (Biagetti et al., 2021b). In both cases, kriging proved
effective in identifying activity areas and distinguishing between different domestic
spaces, demonstrating its potential for advancing the study of pastoral settlements.

Further Laboratory Work: Phytoliths, Organic Residues, Mineralogy, Stable Isotopes,
aDNA, and Remote Sensing

Building on the multi-element dataset generated through pXRF and subsequent
geostatistical modeling, CAMP will pursue additional lines of analysis designed
to capture different dimensions of pastoral lifeways. These include phytolith and
organic residue analysis, as well as mineralogy, stable isotope analysis, and aDNA.
By focusing on well-contextualized samples that already display relevant chemical
signals, these complementary approaches will maximize interpretative potential and
ensure a robust integration of botanical, biomolecular, and geochemical evidence.
Although pastoralism is often conceived as revolving primarily around animals,
recent research has highlighted the central role of plants in sustaining pastoral live-
lihoods, even in drylands (FAO, 2020). The disregard of plant use has sometimes
contributed to misunderstandings of pastoral socio-economic systems, as reflected
in long-standing debates over the idea of “pure pastoralism” (Salzman, 1972).
CAMP addresses this by producing activity signatures for plant proxies, particularly
phytoliths, in order to reconstruct how plants were used in daily life—whether as
fodder, food, fuel, dung temper, or raw materials for craft and construction. Phyto-
liths, which are microscopic opal silica bodies formed in plant tissues, are highly
informative because they can provide taxonomic and anatomical information, offer-
ing important insights into plant use and related activities. More importantly, they
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survive in sediments almost regardless of preservation conditions, making them one
of the most ubiquitous remains in archaeological sites ( Lancelotti & Madella 2012).

In parallel, CAMP will explore whether organic residue analysis can shed light
on pastoral uses of livestock byproducts, particularly dairying and food prepara-
tion. While this method has most commonly been applied on pottery (e.g., Dunne
et al., 2012, 2018), here we extend its application to ethnographic contexts in order
to explore whether residues can also be recovered from anthropogenic sediments.
This line of inquiry has the potential to broaden the scope of residue analysis, offer-
ing new possibilities for identifying activity areas and reconstructing food practices.
The arid environments of our study regions may favor the preservation of lipids,
and although systematic applications to sediments remain rare (Bull et al., 1999;
Heron et al., 2010; Kanthilatha et al., 2014), the field is clearly expanding (Mallol
et al., 2025). By means of gas chromatography—mass spectrometry (GC-MS) analy-
ses of lipids, particularly fatty acids, we aim to assess whether diagnostic differences
between mammalian, plant, and fish fats (Barnard et al., 2007) can be meaningfully
applied to anthropogenic soils.

In the later stages of the project, we will also evaluate whether more experimental
lines of research—such as stable isotope analysis, aDNA, and mineralogy—can be
applied to well-preserved ethnographic and archaeological contexts. Stable isotopes
may help identify dung inputs and reconstruct animal feeding regimes (Shahack-
Gross, 2011), while aDNA could provide taxonomic information about livestock and
plant species (Gu et al., 2023; Shillito et al., 2020). Yet both approaches are sensi-
tive to contamination, and ethnographic contexts provide an ideal testing ground for
assessing these challenges (see Gur-Arieh & Madella, 2024). Mineralogical char-
acterization by powder x-ray diffraction of control sediments will assist in ascer-
taining what elements are most related to the geological background of the areas to
distinguish them from those of anthropogenic origin, while the characterization of
corral sediments may additionally aid in the identification of archaeological live-
stock enclosures or dung deposits through mineralogical indicators such as opal or
calcium phosphates (Shahack-Gross, 2011; Shahack-Gross et al., 2003, 2008). Ulti-
mately, the aim is to use the ethnographic record both to explore the methodological
feasibility of these approaches and to provide a comparative framework for inter-
preting the archaeological record.

To address the challenge of landscape-scale detection in pastoral contexts, remote
sensing techniques will be employed to investigate whether macro-scale insights can
be obtained. Remote sensing offers a potential solution to the logistical constraints
of extensive ground survey by enabling the analysis of large areas through satellite
data. Building on studies by Chabrillat et al. (2020, 2024) and Gomez et al. (2018),
which successfully characterized soil properties utilizing hyperspectral imagery, this
research will develop a Random Forest classification model. The model will inte-
grate ground-truthing pXRF geochemical data with corresponding hyperspectral
data to evaluate the potential for scaling site-specific chemical patterns to regional
detection capabilities (Thabeng et al., 2020). In parallel with the geochemical remote
sensing analysis, an automated detection methodology for pastoral structures will
be developed using high-resolution (30 cm) optical satellite imagery. This spatial
resolution theoretically enables the potential identification of architectural features,
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including stone alignments and foundation structures. The research will prioritize
the detection of livestock enclosures (corrals), employing both computer vision
algorithms and remote sensing techniques to systematically identify these features
across the landscape.

Discussion

The methodological framework presented here demonstrates the potential of inte-
grating standardized pXRF protocols, systematic baseline sampling, and geostatis-
tical approaches for the study of pastoral archaeological sites in dryland regions.
While the data presented are preliminary and not yet intended as definitive results,
the initial outcomes indicate that rigorous field protocols are essential for ensuring
data reliability, particularly given the compositional variability and context-depend-
ent nature of elemental signals (Wells, 2010). These procedures are therefore foun-
dational in building a comparative geoarchaeological dataset capable of supporting
future analytical and interpretive work across multiple pastoral landscapes.

Early applications of this framework at Maitengwe (Botswana), Khor Rori
(Oman), and Loreamatet (Kenya) indicate the presence of significant geochemical
variability, which may ultimately relate to differences in local geology, environmen-
tal conditions, and cultural practices. However, at this stage, such variability can-
not yet be confirmed or attributed with confidence, underscoring the importance of
maintaining methodological rigor to distinguish natural background signatures from
culturally derived signals. This highlights the necessity of well-designed control
samples surrounding both inhabited and abandoned settlements. Such controls are
critical for establishing geochemical baselines that allow the differentiation between
anthropogenic enrichment and natural background conditions—an especially impor-
tant step in dryland contexts where taphonomic processes (e.g., leaching, sediment
reworking, bioturbation) can obscure or modify original chemical signatures.

Early spatial results indicate that the integration of geochemical, ethnographic,
and ethnoarchaeological data provides a robust analytical pathway for detecting and
interpreting pastoral activity areas. In the published example, distinct enrichment
patterns clearly correspond to livestock enclosures and waste-related activities, mir-
roring known pastoral practices. These findings strongly suggest that such activity-
linked geochemical signatures represent a reproducible pattern and are therefore
likely to emerge across additional sites sampled within the project. The key chal-
lenge moving forward will be to scale up this approach across further settlements
and regions, ensuring that methodological consistency is maintained while accom-
modating local environmental and cultural variability. While such observations can-
not yet be interpreted as definitive behavioral signatures, they point to promising
avenues for refining proxies—particularly phosphates, carbonates, and lipid-related
compounds—linked to livestock management, stabling, resource processing, and
other domestic activities.

Given the exploratory nature of these initial results, we emphasize that interpre-
tations remain provisional and must be validated through expanded datasets, labo-
ratory confirmation (e.g., lipid residue, phytolith, and mineralogical analyses), and
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further ethnographic alignment. The discussion presented here should therefore be
understood as a methodological proof of concept rather than a complete interpretive
framework.

Despite these limitations, this work demonstrates that pastoral sites—often con-
sidered materially subtle and archaeologically “invisible”—present recoverable and
meaningful geochemical signatures when investigated through integrated geo-ethno-
archaeological strategies. By establishing standardized methodological foundations,
this study contributes to future comparative research and strengthens the analyti-
cal potential of dryland pastoral archaeology. As the project progresses, expanded
sampling, multi-scalar comparison, and refined data modeling will be essential for
moving from preliminary observations to robust, regionally and culturally grounded
interpretations of pastoral lifeways.

Concluding Remarks

Limited archaeological visibility has historically contributed to the underrepre-
sentation of pastoral societies in archaeological narratives. Ethnoarchaeological
approaches, by linking contemporary practices with material signatures, have not
only enhanced our capacity to interpret these elusive remains but also reshaped our
broader understanding of pastoralist social, economic, and ecological strategies.
Crucially, this line of research has challenged enduring stereotypes, recasting mobile
pastoralists not as marginal or static populations but as adaptive innovators who
developed flexible strategies for food security and social organization in some of
the world’s most variable environments. This shift has refined archaeological meth-
ods—especially for investigating non-permanent settlements—and contributed to
broader epistemological changes that question Eurocentric assumptions and repo-
sition drylands as dynamic centers of resilience and innovation. Ethnoarchaeology
has played a crucial role in transforming the study of pastoralism, particularly in
dryland regions where the archaeological record is often subtle, fragmented, or dif-
ficult to interpret. CAMP addresses the challenges posed by typically elusive pas-
toral sites by developing a standardized and adaptable research protocol. Although
originally tailored to capture the subtle material traces of mobile pastoral communi-
ties, this protocol is designed to be transferable to archaeological sites from other
socio-economic groups across different chronological and geographic contexts. The
combination of a repository of chemical signatures from anthropogenic deposits
and geostatistical tools provides archaeologists with innovative resources to inves-
tigate complex site formation processes. Once fully implemented, the protocol will
allow real-time, in-situ pXRF analyses, guiding prospection and excavation with
immediate data on deposit composition. By making these tools and methods widely
applicable, CAMP not only advances the archaeology of pastoralism but also offers
a versatile framework for studying human occupation and activity in a variety of
archaeological settings.

In this regard, CAMP can be considered transformative in three aspects. First,
the proposed methodology enables rapid visualization of chemical pattern-
ing with direct implications for prospection and excavation. Also, it provides a
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standardized geostatistical modeling workflow that facilitates post-excavation
interpretation and comparison between sites. Second, it produces a cumulative
repository of chemical signatures, offering a comparative reference framework
that can be used beyond case studies, as it is based on ethnographic informa-
tion and complemented by robust off-site baselines. Third, CAMP provides a dia-
chronic bridge between human activities and their materiality, which will make
post-depositional trajectories an explicit part of interpretation rather than an
afterthought.

At the same time, we highlight the most important constraints that must guide
future applications. Elemental signals are compositional and context-dependent;
hence their interpretive strength lies in multivariate relative patterns rather than
absolute values. Further, pXRF data require transparent reporting and process-
ing to ensure data quality. Geographical setting is important since background
geology, soil composition, as well as pre- and post-depositional processes can
strongly affect elemental distributions and even mask anthropogenic signals if not
carefully controlled for. Similarly, cultural variability matters: the same activity
can involve different materials depending on cultural contexts, and models must
remain sensitive to such diversity. CAMP therefore treats its protocol as a ref-
erence framework—structured enough to ensure comparability but adaptable to
local practices and geology.

Finally, the project is committed to openness and collaboration. Standard operat-
ing procedures, code for data processing and spatial modeling, and (where permis-
sions allow) anonymized datasets will be shared to produce a database that facili-
tates data FAIRification to promote reutilisation and comparability. Equally, the
protocol has been developed with, and will continue to rely on, partnerships with
pastoral communities and local institutions; ethical engagement and co-production
of knowledge are integral to both data quality and interpretive relevance.
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