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A B S T R A C T

This study provides a thorough characterization of the stone and earth-based construction materials from the 
Bronze Age funerary site of Bocapucheros (Almagro, Spain), emphasizing their composition, structural roles, 
absolute dating (14 C) and degradation processes. The load-bearing system consists exclusively of masonry walls 
built with locally sourced quartzitic blocks, shaped and assembled using manual techniques. Structural elements, 
including lintels and corbelled vaults, display different types of fracture modes caused by long-term mechanical 
and environmental stresses. Despite these damages, the overall stability is preserved thanks to a robust design 
that effectively distributes compressive loads.

A multi-phase construction sequence is proposed, encompassing site preparation, foundation laying, wall 
assembly, and corbelled pseudo-dome roofing. The mortars are earth-based, primarily composed of alumino
silicate clays such as muscovite and kaolinite, combined with varying proportions of quartz aggregates, alongside 
traces of carbonates and iron oxides. Analyses performed using radiocarbon dating, X-ray diffraction, Fourier- 
transform infrared spectroscopy, Raman spectroscopy, X-ray fluorescence, and backscattered electron micro
scopy coupled with energy-dispersive X-ray spectroscopy confirm the compositional diversity and the presence of 
volcanic and metamorphic components consistent with the local geological context. Thermogravimetric and 
calorimetric data reveal dehydration and decarbonation processes aligned with the behavior of clay minerals and 
carbonates. This integration of mechanical resilience, material heterogeneity, and advanced corbelling tech
niques reflects sophisticated architectural knowledge within Bronze Age society. These findings advance the 
understanding of prehistoric construction technologies and support ongoing efforts in cultural heritage 
preservation.

1. Introduction

Earth has played a fundamental role in the history of construction, 
serving as one of the earliest and most widely used building materials. 
Since ancient times, humans have utilized naturally available resources 
such as stone, wood, and earth—either in their raw state or subjected to 
varying degrees of processing. These materials were combined using 
construction techniques that varied in complexity, from relatively 

simple or rudimentary methods to carefully executed approaches, 
resulting in structural forms specifically adapted to both functional re
quirements and environmental conditions (Gómez Morgade et al., 
2021).

Earthen mortars have been used since the Neolithic period as both 
binding agents and protective coatings for stone or earthen architecture 
(Gómez Morgade et al., 2021; Pastor Quiles, 2017; Jover Maestre et al., 
2016). These mortars often included lime and organic additives, 
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enhancing their performance (Pastor Quiles, 2017; Jover Maestre et al., 
2016). Despite the increasing use of stone during the Bronze Age, earth 
remained indispensable, especially in foundations and masonry mortars. 
Frequently, stone walls were erected atop dry-laid or earthen-mortar- 
bound foundations, while other structural components continued to 
employ traditional earth-based techniques (Gómez Morgade et al., 
2021).

By the second millennium BC, monumental architecture, particularly 
associated with funerary practices, demonstrated advanced technical 
skills and deliberate spatial organization. These constructions—requir
ing considerable labor and planning—reflected both engineering 
knowledge and social symbolism (García Amengual, 2006). Site selec
tion was based on symbolic and functional considerations, including 
topographic prominence, visibility, access to raw materials and prox
imity to existing settlements. Stone was commonly used as the primary 
construction material, obtained from nearby sources (García Amengual, 
2006).

The structural complexity observed in Bronze Age funerary sites of 
the Iberian Peninsula suggests prior architectural planning and 
emerging sociopolitical organization. These characteristics, previously 
identified in Copper Age contexts, point to the existence of early hier
archical societies, where access to resources and labor was unequally 
distributed (Díaz del Río Español, 2004). Monumental architecture thus 
represents a valuable archaeological indicator of power structures and 
collective identity. The use of cyclopean masonry—comprising large 

stone blocks laid dry or bonded with earthen mortar—was the pre
dominant construction technique. Foundations were established on 
bedrock or stone socles, with initial courses stabilized using wedges and 
subsequent stones laid horizontally. Earth ramps or basic pulley systems 
facilitated vertical construction (García Amengual, 2006).

Despite the prominence of stone, earthen materials remained inte
gral due to their accessibility, versatility, and adaptability. Since the 
Neolithic, earth mortars were widely used in the southwestern Iberian 
Peninsula, initially to coat pits and later, during the Copper and Bronze 
Ages, as binders in stone masonry, mudbrick construction, and coverings 
or fillings in vegetal structures, as well as likely in solid walls (Bruno and 
Faria, 2008). Studies of prehistoric sites in southern Portugal document 
diverse techniques—clay renders, mortars with branch imprints, hand
made or moulded mudbricks, and stacked-earth walls—preserved by fire 
and providing key insights for technological reconstructions (Bruno 
et al., 2010). Notable examples include La Encantada (Ciudad Real, 
Spain) (Fig. 1), with large quartzite blocks bonded with mortar (Sánchez 
Meseguer et al., 2004), and Cabezo Pardo (Alicante, Spain), where El 
Argar settlements likely employed earth mortars (Pastor Quiles, 2017) 
or clay-lime mortars in walls and floors at La Almoloya (Murcia, Spain) 
(Lull et al., 2021). In Los Llanetes (Huelva, Spain), monuments were 
constructed with stones bonded using clay mortars (Linares-Catela et al., 
2023), while at Castro de Santa Trega (Pontevedra, Spain), Iron Age 
walls reveal exclusive use of local earth mortars and plasters (Gómez 
Morgade et al., 2021). Small collective Copper Age tombs, such as La 

(b) (c)

(a)

Fig. 1. La Encantada settlement, Bronze Age (Granátula de Calatrava, Ciudad Real, Spain): (a) general view of the walled settlement (Sánchez Meseguer et al., 2019); 
(b) view from the upper part of the site (Estudio Arqueología, 2025); (c) detail of quartzitic stone masonry sourced from the surrounding mountain range (Estudio 
Arqueología, 2025).
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Fig. 2. Bocapucheros funerary complex (19–17 th centuries BC): (a) location on the map of Spain (source: mapSpain); (b) location within the municipality of 
Almagro (source: mapSpain); (c) aerial view of the monumental complex (source: Bocapucheros Project); (d) aerial view of the complex and the surrounding 
quartzitic hills in the southern volcanic sector of Campo de Calatrava, Spain (source: Bocapucheros Project).

Table 1 
Radiocarbon and isotopic analysis of two human individuals buried in Bocapucheros.

Id Material Radiocarbon lab code 14C BP Cal BC (1σ) Cal BC (2σ) δ13C (‰) δ15N (‰) %C %N C:N

BP-1 Human phalanx Beta-574064 3470 ± 30 1876–1703 1884–1692 − 18.8 11.04 42.95 15.68 3.2
BP-2 Human jaw Beta-604904 3440 ± 30 1871–1689 1878–1632 − 18.4 9.26 37.45 13.35 3.3

Fig. 3. Masonry of the monumental complex constructed with quartzite stone blocks of varying sizes: (a) detail of corridor wall; (b) detail of chamber walls.
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Orden-Seminario (Huelva), also utilized mud and clay mortars (Linares- 
Catela and Vera-Rodríguez, 2023). Collectively, these cases illustrate the 
widespread and versatile use of earth mortars in prehistoric contexts 
across the Iberian Peninsula (Pastor Quiles, 2021). Typical formulations 
included soil and water, often modified with plant fibers or organic 
additives such as dung, animal fats, or even human remains, which 
enhanced mechanical performance and durability (Gómez Morgade 
et al., 2021; Pastor Quiles, 2017; Jover Maestre et al., 2016). Techniques 
such as wattle-and-daub or hand-molded earth persisted until more 
standardized earthen wall construction methods became widespread 
(Gómez Morgade et al., 2021).

During Late Prehistory, the production and use of lime as a binder 

constituted a major technological innovation, applied in mortars, floor 
and wall coatings, and decorative finishes to enhance durability and 
mechanical performance (Pastor Quiles, 2017; Jover Maestre et al., 
2016). Lime and gypsum were among the first materials intentionally 
modified through chemical processes, representing a significant step in 
prehistoric material technology (Brysbaert, 2007; Jover Maestre et al., 
2016; Pastor Quiles, 2021; Hobbs and Siddall, 2011). In the Iberian 
Peninsula, lime use may have begun as early as the late 3rd millennium 
BC, particularly in the Levantine region, and became more selective 
during the 2nd millennium BC, reflecting differences in structural func
tion and social importance (Jover Maestre et al., 2016; Pastor Quiles, 
2021; Garfinkel, 1987). Contrary to earlier hypotheses suggesting the 

Fig. 4. Representative sampling of earth-based mortars from selected masonry joints in the monument: (a) upper section of the tumulus; (b) earth mortar or earthen 
concrete used as a bonding material within the masonry (detail showing tool marks on worked stone surfaces, highlighted within the blue oval).

Fig. 5. Monumental spatial design: (a) large lintel with oversized cross-sections in a corridor; (b) large lintel with oversized cross-sections and heavy covering at the 
entrance of a chamber.
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use of lime or advanced treatments in Bronze Age mortars (Rodríguez, 
2018), recent analyses at sites such as Castro de Santa Trega indicate 
that local saprolitic soils were used without lime addition, highlighting a 
practical approach based on material availability (Gómez Morgade 
et al., 2021; De la Peña, 1992). For instance, at the Argaric Bronze Age 

site of La Almoloya (Murcia, southeastern Spain), stone walls and floors 
in specific rooms were coated with clay-and-lime mortars, illustrating a 
clear technological advance (Lull et al., 2021). These examples under
score the uneven spatial and temporal distribution of lime technology 
across the Iberian Peninsula and highlight the interplay between 

Fig. 6. Different fracture modes observed in the monumental complex: (a) detail showing an interior lintel fractured in mode I at the entrance to a chamber; (b) 
detail of a mixed-mode open fracture inside one of the chambers; (c) detail of a mixed-mode open fracture on one of the corridor lintels.

Fig. 7. Location of Stone Resources: (a, b) quarry site located near the construction area, exploited for stone extraction; (c) tool marks (red arrows) indicating 
controlled fracturing techniques used to detach stone blocks; (d) close-up view of tool marks (red arrows) related to the same fracturing process. In all images, black- 
colored lichen colonization (yellow circle) is visible on soil residues left behind after the removal of rock fragments.
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material innovation, functional requirements, and regional practices.
Architectural elements—including form, dimensions, materials, and 

surface treatments—offer critical insights into social behavior, cultural 
values, and technological knowledge (Winter-Livneh et al., 2013). While 
many studies emphasize architectural typologies or settlement patterns 
(Winter-Livneh et al., 2013), fewer focus on the physicochemical and 
microstructural characterization of building materials, which are 
essential for understanding the technological capabilities of ancient 
societies.

This study investigates the construction materials used in the 

Bocapucheros funerary complex, a Bronze Age monumental site in the 
Campo de Calatrava region, near the fortified settlement of La Encan
tada (Granátula de Calatrava, Ciudad Real, Spain, Fig. 1). The use of 
lime in mortars, plasters, renderings and various structures, such as 
pavements and walls, has been previously described in La Encantada, 
although without the presentation of any kind of analysis (Nieto Gallo 
and Sánchez Meseguer, 1980). The focus of our paper is specifically on 
the characterization of earthen mortars to evaluate whether lime or 
other advanced treatments were employed to enhance their perfor
mance. Additionally, the properties of the stones used in the masonry are 

Fig. 8. Samples of earth mortar extracted for analysis: (a) BP-25-2, (b) BP-25-3, and (c) BP-25-5.

Fig. 9. SEM images at different magnifications showing the morphological characteristics of sample BP-25-2.
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(a)

(b) (c)

Fig. 10. (a) SEM micrograph of sample BP-25-2; (b) and (c) EDX elemental analyses corresponding to the marked regions.
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examined to contextualize raw material selection and construction 
techniques. This study presents an integrated methodology that com
bines geological, physicochemical, and microstructural analyses of 
construction materials from a prehistoric funerary site. By bridging 
materials science, Fracture Mechanics, and archaeology, this approach 
enables a comprehensive interpretation of prehistoric construction 
techniques and contributes to a deeper understanding of Bronze Age 
masonry, as well as early earth mortar and concrete technologies.

The originality of this study lies in its multidisciplinary approach, 
combining materials science and archaeology, to advance the 

understanding of ancient construction practices. Moreover, studies and 
analyses of this kind remain relatively uncommon in research on recent 
prehistoric contexts in Spain (Gómez Morgade et al., 2021) and more 
broadly in the Iberian Peninsula (Bruno and Faria, 2008; Bruno et al., 
2010).

Key contributions include the first-ever characterization of earthen 
mortars from the Bocapucheros complex to determine the possible use of 
lime or other additives as binders; the evaluation of raw stone materials 
and their geological sourcing within the immediate environment; and 
the assessment of potential binding agents, including lime, using 

BP-25-2
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Fig. 11. X-ray diffraction (XRD) analysis of sample BP-25-2.

Table 2 
Comparative semi-quantitative XRF analysis of samples BP-25-2, BP-25-3, and BP-25-5, with detection thresholds defined by the significance factor.

Compound BP-25-2 BP-25-3 BP-25-5 Compound BP-25-2 BP-25-3 BP-25-5

Na2O 0.284 0.241 0.330 V2O5 0.020 0.022 0.026
MgO 0.735 0.751 0.529 Cr2O3 0.020 0.017 0.017
Al2O3 23.941 22.691 25.482 MnO 0.028 0.019 0.017
SiO2 51.764 57.155 55.070 Fe2O3 3.534 4.587 4.239
P2O5 1.044 0.554 0.474 Co3O4 — 0.010 0.010
SO3 0.230 0.104 0.377 NiO 0.009 0.011 0.011
Cl 0.013 — 0.025 CuO 0.006 0.006 0.005
K2O 3.943 3.236 4.480 ZnO 0.005 0.004 0.003
CaO 4.444 2.379 0.810 Ga2O3 0.004 0.003 0.004
TiO2 1.270 1.175 1.257 As2O3 0.006 0.006 —
Rb2O 0.014 0.013 0.016 SrO 0.066 0.054 0.060
Y2O3 0.004 0.004 0.005 ZrO2 0.049 0.059 0.053
Nb2O5 0.003 0.003 0.003 BaO 0.047 0.036 0.051
CeO2 0.020 — — La2O3 — 0.025 —
PbO 0.005 0.003 — CO2 8.494 6.832 6.649
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advanced analytical techniques. These findings aim to provide new ev
idence on the technological capabilities of Bronze Age communities in 
the Iberian Peninsula and to refine current interpretations of construc
tion practices in prehistoric monumental architecture.

2. Description of the Bocapucheros archaeological site

The Bocapucheros site, also known as Fuente de los Pucheros (Blanco 
de la Rubia and Martínez García, 2022), is a monumental Bronze Age 
funerary complex (19–17 th centuries BC) located in the municipality of 
Almagro (Ciudad Real, Spain – Fig.2 (a), (b)). It lies in the southern 
sector of the volcanic Campo de Calatrava region, immediately south of 
the La Yezosa volcano. Strategically situated on the southern slope of a 
hillside composed of Ordovician quartzites and pink sandstones—part of 
the so-called Purple Series (Instituto Geológico y Minero de España 
IGME, 1988)—the site occupies a dominant topographic position, of
fering extensive visual control over the surrounding landscape (Fig.2 (c), 
(d)).

This elevated vantage point offers broad visibility toward the south 
and southwest, across the Jabalón river valley, as well as to the north
west. The visual domain includes lower-altitude areas such as Negrizales 
Grandes, Haza de Fraguas and Cañada del Gato, extending as far as the 
Sierra del Moral. The proximity of the Añavate stream, a tributary of the 
Jabalón, enhances the strategic value of the site, providing both hy
drological resources and a strong visual and territorial presence. The site 
effectively oversees a natural corridor connecting the southern Meseta 
with Upper Andalusia (Benítez de Lugo Enrich et al., 2021).

The funerary complex was constructed through extensive modifica
tion of the original rocky promontory (Benítez de Lugo Enrich et al., 
2022). The core area was reshaped to create a levelled platform by 

Table 3 
Mineral phases identified by XRD in samples BP-25-2, BP-25-3, and BP-25-5, 
along with their crystal system and relative abundance (Y).

Sample Phase Chemical formula Crystal system Percentage (Y)

BP-25- 
2

Quartz SiO2 Hexagonal 55.97%

BP-25- 
2

Muscovite KAl3Si3O10(OH) 2 Monoclinic 7.00%

BP-25- 
2

Rutile TiO2 Tetragonal 2.33%

BP-25- 
3

Quartz SiO2 Hexagonal 81.43%

BP-25- 
3

Muscovite KAl3Si3O10(OH) 2 Monoclinic 10.18%

BP-25- 
3

Rutile TiO2 Tetragonal 1.98%

BP-25- 
5

Quartz SiO2 Hexagonal 50.00%

BP-25- 
5

Muscovite KAl3Si3O10(OH) 2 Monoclinic 6.25%

BP-25- 
5

Rutile TiO2 Tetragonal 2.08%

Fig. 12. Thermal analysis of earth-mortar sample BP-25-2.
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systematically carving and terracing the natural quartzite ridge, result
ing in an artificial elevation of approximately 10 meters. This inter
vention provided a stable base for monumental construction while 
simultaneously enhancing the site’s visibility and symbolic prominence.

Various types of masonry structures have been preserved at the site. 
Architectural features within the complex include a large tumulus 
(Benítez de Lugo Enrich et al., 2022; Blanco de la Rubia and Martínez 
García, 2022) with passageways and at least three burial chambers, a 
central artificial platform, a pentagonal enclosure, a terrace, a cave, two 
clustered architectural units, and integrated water catchment systems 
(Benítez de Lugo Enrich et al., 2022). Collectively, these elements reflect 
a high level of technical sophistication and ritual intentionality, char
acteristic of Bronze Age funerary landscapes (Benítez de Lugo Enrich 
et al., 2022). The remains of several individuals have been recovered in 
and around the burial chambers. Radiocarbon dates have been obtained 
for two of them (Benítez de Lugo Enrich et al., 2022) (see Table 1). BP-1 
was found buried within Chamber 2, whereas BP-2 was discovered out of 
context—on the surface, rolled and located halfway up the hillside.

The central structure comprises a platform constructed from 
quartzite blocks of varying dimensions, sourced through the deliberate 
reduction of the surrounding bedrock. This platform served both struc
tural and symbolic purposes—elevating and stabilizing the terrain to 
support the superimposed funerary architecture. The tumulus erected 
atop this foundation features chambers with dry-stone pseudo-vaults 
and masonry constructed from locally available stone and earthen 
mortars (Benítez de Lugo Enrich et al., 2022). The construction tech
niques employed demonstrate advanced knowledge of materials and site 
planning, revealing the cultural and symbolic complexity of the com
munity responsible for the monument (Benítez de Lugo Enrich and 
Mejías Moreno, 2017).

3. Materials and methods

3.1. Materials

3.1.1. Stone materials
The monumental complex was built using large stone blocks of 

variable size extracted and roughly shaped from local bedrock (Fig. 3

(a), (b)). The surrounding geology comprises schists, slates, quartzites, 
and sandstones of the Purple Series (Lower Ordovician), belonging to 
the Central Iberian Zone of the Iberian Variscan Massif, together with 
olivine-bearing basalts associated with the Calatrava Volcanic Field 
(Villafranchian–Holocene) (Instituto Geológico y Minero de España 
IGME, 1988). The builders’ selection of materials and geometries re
flects an empirical optimization of load redistribution and compressive 
load paths, resulting in structurally robust systems that anticipate 
fundamental principles of stress management and failure prevention.

3.1.2. Earth mortars
A representative sampling of earth-based mortars was conducted on 

selected joints of the quartzitic masonry of the monument during the 
2024 excavation campaign (Fig. 4). The sampling strategy ensured 
adequate spatial and stratigraphic coverage to enable analysis of the 
various construction phases and their microstructural characteristics. 
Sample BP-25-2 was collected from the lower section of a masonry wall 
segment located within one of the corridor structures. Sample BP-25-3 
was extracted from the base of the masonry wall adjacent to the 
entrance of one of the funerary chambers. Sample BP-25-5 was obtained 
from the lower part of the masonry wall inside one of the chambers. It 
should be clarified at this stage, to avoid confusion, that BP-1 and BP-2 
(Table 1) refer to human remains, while BP-25-2, BP-25-3, and BP-25-4 
correspond to mortar samples.

3.1.3. Fauna remains consumed
The mortars contain remains of cooked domesticated fauna, identi

fied as ovicaprid fragments and interpreted as food waste discarded by 
the builders during construction and subsequently incorporated into the 
mortar matrix. This organic material is archaeologically significant, as it 
enables radiocarbon dating of the associated inorganic sediment. Iso
topic and radiocarbon analyses were conducted on two samples: BP-25- 
1, an organic carbon stain containing a distal ovicaprid humerus frag
ment collected from the northern base of the eastern wall of Corridor 1, 
and BP-25-2, a probable ovicaprid rib fragment recovered from the 
southern base of the same wall.

cm-1

BP-25-2

Fig. 13. FTIR spectra of the BP-25-2 sample, highlighting the characteristic vibrational bands used to identify the main mineral phases present in the earth mortars.
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Fig. 14. Raman spectra of sample BP-25-2: (a), (b), (e), and (f) microscope images captured using a reflection microscope; (c), (d), (g), and (h) corresponding 
Raman spectra.
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3.2. Methods

Masonry stone was assessed through qualitative in situ visual ex
amination, whereas earthen mortars were investigated using combined 
macroscopic observations and quantitative mineralogical, spectro
scopic, thermal, and microstructural analyses. In addition, two previ
ously unpublished radiocarbon dates obtained from cooked ovicaprid 
remains embedded in the mortars are reported.

3.2.1. Methodologies for the analysis of stone materials used in masonry
Fracture Mechanics provides an effective framework for interpreting 

quartzite extraction and shaping in Bronze Age megalithic construction, 
despite the limited number of studies focused specifically on quartzite 
lintels. Due to pre-existing microcracks and environmental stressors, 
quartzite is prone to subcritical crack growth and progressive embrit
tlement under stresses below its fracture toughness, making Fracture 
Mechanics particularly suitable for assessing the long-term durability 

and preservation of archaeological stone structures (Chau et al., 2010). 
Archaeological evidence further indicates that ancient builders empiri
cally exploited fracture principles through controlled crack initiation 
and propagation using wedges and impact forces (El-Sehily, 2016). At 
Bocapucheros, natural fracture networks in local quartzite were sys
tematically exploited for block extraction, and typological, use-wear, 
and diagnostic tool-mark analyses were employed to reconstruct quar
rying and stone-working operational sequences and broader construc
tion practices (Boleti, 2018).

3.2.2. Methodologies for the analysis of earth mortars
Earth mortars were characterized using a multidisciplinary analyt

ical approach integrating visual examination, scanning electron micro
scopy with backscattered electron imaging and energy-dispersive X-ray 
spectroscopy (SEM–BSE–EDX), X-ray fluorescence (XRF), X-ray diffrac
tion (XRD), thermogravimetric and differential scanning calorimetry 
analyses (TGA–DSC), Fourier-transform infrared spectroscopy (FTIR), 

(a) (b)

BP-25 Mortar 1 BP-25 Mortar 2

Fig. 15. Calibrated ages of mortars. (a) BP25 Mortar 1 and (b) BP25 Mortar 2, estimated from faunal remains incorporated during the construction of Bocapucheros.

Fig. 16. SEM images at different magnifications showing the morphological characteristics of sample BP-25-3.

Á. De La Rosa Velasco et al.                                                                                                                                                                                                                 Journal of Archaeological Science: Reports 71 (2026) 105608 

12 



and Raman spectroscopy. SEM–BSE–EDX analyses were performed 
using a Zeiss system equipped with an Oxford Instruments detector; bulk 
chemical composition was assessed by XRF using a Bruker spectrometer; 
and crystalline phases were identified by XRD using a Bruker D8 
Advance diffractometer with CuKα radiation. Thermal behavior was 
evaluated by TGA–DSC (TA Instruments SDT Q600) under a nitrogen 
atmosphere, while molecular characterization was conducted by FTIR 
(Nicolet 6700, KBr pellet method) and Raman spectroscopy (WITec 
Alpha 300R, 785 nm laser). Radiocarbon and stable isotope (δ13 C, δ15 

N) analyses were carried out at Beta Analytic using NEC accelerator 
mass spectrometers and Thermo isotope ratio mass spectrometers, 
following internationally accredited protocols (ISO/IEC 17025:2017).

4. Results and discussion

To enhance clarity and avoid overloading the main text, images from 
earth mortar samples BP-25-3 and BP-25-5 are presented in the Ap
pendix, whereas those corresponding to BP-25-2 are included in this 
section.

4.1. Stone materials used in masonry

Fracture Mechanics provides a framework for interpreting quartzite 
extraction and construction processes at the Bocapucheros monument 
quarry, where pink quartzite blocks were obtained by exploiting natural 
fissures in locally available rock formations (Instituto Geológico y 
Minero de España IGME, 1988). Quarrying likely involved wedges, 

(a)

(b)

(e)

(c)

(d)

Fig. 17. (a) SEM micrograph of sample BP-25-3; (b)–(e) EDX elemental analyses corresponding to the marked regions.
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chisels, and impact tools, with wooden wedges inducing tensile stresses 
through swelling to promote controlled crack propagation. Brittle frac
ture in quartzite is governed by pre-existing microcrack networks that, 
under wedge-induced tensile stresses, propagate predominantly in mode 
I, in agreement with Griffith’s fracture theory (Griffith, 1920).

The structural system is supported exclusively by load-bearing ma
sonry walls, without internal supports, and incorporates large lintels 
with oversized cross-sections and redundant bearing elements (Fig. 5
(a), (b)). Fractures are observed in corridor lintels and chamber en
trances (Fig. 5), as well as within masonry walls, displaying mode I and 
mixed-mode (I–II) fracture patterns (Fig. 6 (a)–(c)). These fractures are 
attributed to time-dependent processes such as differential settlement, 
partial collapse, or erosion and do not compromise overall structural 
stability.

The use of irregular polygonal masonry (Figs. 2 and 4) promotes 
effective load redistribution, reduces stress concentrations, and en
hances crack deflection, reflecting an empirical understanding of 
quartzite fracture behavior comparable to early stoneworking practices 
documented in other prehistoric contexts (El-Sehily, 2016).

4.1.1. Hypothesized construction sequence and techniques
The hypothesized construction sequence at Bocapucheros, grounded 

in scientific literature on Bronze Age architectural practices (García 
Amengual, 2006; Márquez-Romero and Jiménez-Jaimez, 2013; Pastor 
Quiles, 2021; Sánchez Meseguer et al., 1983) encompasses a multi-phase 
process reflecting deliberate planning and advanced building methods. 
The proposed sequence includes: 

a) Initial cleaning, clearing, and leveling of the selected site.
b) Preparation of the ground surface to establish a stable foundation.
c) Construction of supporting masonry walls using stone slabs and 

fragments, arranged to sustain the superstructure.
d) Erection of a low, hemispherical pseudo-dome through concentric 

corbelling of quartzite slabs bonded with earth mortar.

Archaeological evidence, particularly the collapsed remains of one 
structure, indicates the use of advanced construction techniques, 
notably corbelled vaults built without centering through the systematic 

overlap of beveled stone slabs arranged in radial courses. In some cases, 
an alternative roofing system consisting of transverse stone slabs sealed 
with clay or mud layers was employed. The load-bearing system relied 
exclusively on perimeter masonry walls, without internal supports, 
reinforcing the monumentality and enclosed character of the funerary 
spaces (García Amengual, 2006). Earth mortar was selectively used in 
structurally critical areas such as burial chambers, whereas corridors 
and lintelled entrances predominantly employed dry interlocking ma
sonry, reflecting a deliberate structural differentiation adapted to 
functional requirements.

4.1.2. Local stone resources
Understanding the fracture network of a rock mass, including 

bedding planes, joints, and fissures, is essential for effective quarry 
planning, as these discontinuities control block size and extraction 
orientation (Riquelme et al., 2022; Levytskyi et al., 2017). Under these 
geological conditions, several masonry structures at Bocapucheros were 
built using locally sourced quartzite, reflecting a strategic use of nearby 
lithological resources (Fig. 7 (a), (b)). Stone extraction likely involved 
the insertion of wooden stakes into natural fissures or drilled holes 
(Fig. 7 (c), (d)), which, upon wetting, generated tensile stresses that 
facilitated controlled fracturing, followed by block detachment using 
wedges and levers (García Amengual, 2006). Extracted blocks were 
transported by human or animal traction or by mechanical means such 
as rollers and levers, indicating an efficient logistical organization 
(García Amengual, 2006).

The tumulus was erected on a stepped annular base of dry-stone 
masonry and earth mortar, and its architectural complexity and con
struction scale indicate a hierarchically organized society with advanced 
technical and planning capabilities (Benítez de Lugo Enrich et al., 2022). 
The monument comprises multiple access corridors and at least three 
rectangular burial chambers with lintelled entrances, load-bearing ma
sonry walls, and roofing systems capable of sustaining significant 
superimposed loads. The quartzite lintels function as simply supported 
beams subjected to bending and tensile stresses; despite visible mode I 
and mixed-mode cracking, overall structural stability is ensured by 
compressive loads from the superstructure and lateral confinement by 
surrounding masonry walls.

Fig. 18. SEM images at different magnifications showing the morphological characteristics of sample BP-25-5.
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The structures predominantly employ pink to purplish quartzites 
from the Purple Series, whose color and fracturability suggest a delib
erate balance between aesthetic selection and functional suitability. 
Evidence of well-developed lichen colonization on quarried and exposed 
rock surfaces (Fig. 7 (a)–(d)) indicates prolonged surface stability and 
exposure, consistent with ancient extraction or stone-working activities 
rather than purely natural processes (Aragón Rubio et al., 2024; Chen 
et al., 2000). These patterns support the interpretation of anthropogenic 
modification and long-term weathering of the stone materials. A plau
sible, though tentative, identification of the observed saxicolous lichen 
is Xanthoparmelia pulla, a widely distributed species in the Iberian 
Peninsula, noting the high lichen diversity of the Campo de Calatrava 
region (Calatayud et al., 2011; Becerra-Ramírez et al., 2020; Ancochea 
and Huertas, 2021).

4.2. Earth mortars

4.2.1. Morphological, grain size, texture, and color analysis
Sample characterization focused on morphology, texture, and color. 

The overall appearance of samples BP-25-2, BP-25-3, and BP-25-5 is 
shown in Fig. 8 (a)–(c). The mortars consist of moderately cohesive clay- 
rich matrices with heterogeneous aggregate grain sizes ranging from 
millimeter- to centimeter-scale particles, with fine clay fractions pro
moting aggregate cohesion. Based on granulometric features, some 
areas, particularly within the tumulus domes, can be classified as 
earthen concretes rather than simple mortars (Fig. 2).

Sample surfaces are predominantly smooth and rounded, with 
localized rough and angular textures associated with quartzite aggre
gates. Minor vacuolar porosity observed in BP-25-3 and BP-25-5 is 

(a)

(b)

(e)

(c)

(d)

Fig. 19. (a) SEM micrograph of sample BP-25-5; (b)–(e) EDX elemental analyses corresponding to the marked regions.
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attributed to drying or shrinkage processes. Chromatically, the mortars 
exhibit brownish to reddish tones, with occasional lighter particles 
related to partially altered quartzitic fragments and calcareous crust 
residues derived from the surrounding soil matrix.

4.2.2. Analysis by scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) was used to examine the 

microstructure and elemental distribution of samples BP-25-2, BP-25-3, 
and BP-25-5. SEM–BSE images (Figs. 9, 16, and 18 , the latter two in the 
Appendix) reveal a heterogeneous elemental distribution and a well- 
developed lamellar morphology characteristic of clay-based materials, 
clearly visible from the 30 µm scale and increasingly distinct at 10 and 
5 µm.

EDX analyses of BP-25-2 (Fig. 10 (b), (c)) show dominant Al and Si 
peaks with minor K and O, indicating aluminosilicate-rich clay matrices. 
Sample BP-25-3 exhibits a broader elemental spectrum, including Mg, 
Fe, Na, K, and minor Ca in addition to Al and Si (Fig. 17 (b)–(e)), sug
gesting the incorporation of ferromagnesian phases related to iron-rich 
clays, with Ca likely derived from carbonation or calcareous soil in
clusions. In BP-25-5 (Fig. 19 (b)–(e), Appendix), Al and Si again domi
nate, with minor Ti, Fe, Na, K, and Ca; Ti is attributed to accessory 
phases such as anatase, rutile, or ilmenite in volcanic-derived soils.

Overall, SEM–EDX results confirm the predominance of aluminosil
icate phases in all samples, with BP-25-3 and BP-25-5 showing greater 
compositional diversity than BP-25-2, likely reflecting differences in raw 
material selection, fabrication practices, or post-depositional diagenetic 
alteration.

4.2.3. X-ray fluorescence (XRF) analysis
Table 2 summarizes the X-ray fluorescence (XRF) results, showing 

that all samples are dominated by high SiO2 (51–57%) and Al2O3 
(22–25%), with notable Fe2O3 contents (3.5–4.5%). The relatively 
elevated iron levels indicate the presence of hematite, confirmed by 
mineralogical analyses, and possible incorporation into phyllosilicate 
phases such as muscovite or kaolinite through Al–Fe isomorphic sub
stitution (Álvarez-Rozo et al., 2018). Potassium concentrations correlate 
with muscovite abundance, whereas Na occurs only in trace amounts, 
likely related to exchangeable clay cations, minor feldspar inclusions, or 
the amorphous fraction (Álvarez-Rozo et al., 2018; Bergaya and Lagaly, 
2006).

The low CaO contents (0.8–4.4%), together with moderate CO2 
values (6.6–8.5%), indicate that lime was not intentionally added, 
supporting the interpretation of earth mortars derived from local clay- 
rich soils, possibly with siliceous sand additions (Álvarez-Rozo et al., 
2018). Trace oxides (TiO2, ZrO2, V2O5) suggest a contribution from 
weathered volcanic materials consistent with the regional geology, 
while detectable phosphorus may reflect the incorporation of organic 
additives of animal origin during mortar preparation.

4.2.4. X-ray diffraction (XRD) analysis
X-ray diffraction (XRD) analysis (Table 3; Figs. 11, 20, and 21, the 

latter two in the Appendix) confirms muscovite as the dominant phyl
losilicate phase in all samples (Álvarez-Rozo et al., 2018; Wilson, 2010). 
Muscovite, commonly associated with metamorphic and volcanic li
thologies, contributes to the plasticity of the mortars (Álvarez-Rozo 
et al., 2018; González et al., 1983; Lecomte-Nana et al., 2011). Quartz 
(SiO2) is also present, derived from both local quartzitic aggregates and 

BP-25-3
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Li
n 

(C
ou

nt
s)

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

11000

12000

13000

2-Theta - Scale
20 30 40 50 60 70

Fig. 20. X-ray diffraction (XRD) analysis of sample BP-25-3.
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soil-related components, while rutile (TiO2) occurs as a minor accessory 
phase linked to titaniferous minerals or natural pozzolans of volcanic 
origin. Overall, the mortars are characterized by high phyllosilicate 
contents, dominated by muscovite, together with substantial quartz 
proportions, supporting their classification as earth-based mortars.

4.2.4.1. Thermogravimetric analysis and differential scanning calorimetry 
(TGA–DSC). Figs. 12–23 present the TG–DSC results for samples BP-25- 
2, BP-25-3, and BP-25-5 (the latter two in the Appendix), while Table 4
summarizes the corresponding mass losses and thermal events. All 
samples display low total mass losses (≈ 5%), and all thermal events up 
to 950 ◦C are endothermic. BP-25-2 shows the highest mass loss (Fig. 12; 
Table 4), consistent with its higher clay mineral content inferred from 
XRD data (Table 3) and the hygroscopic behavior of layered phyllosili
cates (Álvarez-Rozo et al., 2018; Grim, 1939; Hendricks, 1942).

In BP-25-3, a mass loss near 200 ◦C (Fig. 22; Table 4) is attributed to 
dehydration of smectite-group clays, particularly montmorillonite 
(Álvarez-Rozo et al., 2018; Smykatz-Kloss, 1974; Földvári, 2011). An 
endothermic peak around 300 ◦C observed in BP-25-2 and BP-25-5 is 
associated with hydrated iron phases, such as goethite, rather than 
organic matter oxidation (Álvarez-Rozo et al., 2018; Smykatz-Kloss, 
1974; Földvári, 2011). A further mass loss at 550 ◦C in BP-25-3 re
flects kaolinite dehydroxylation, with possible contributions from 
muscovite (Álvarez-Rozo et al., 2018; Smykatz-Kloss, 1974; Földvári, 
2011). Although muscovite typically dehydroxylates at 820–920 ◦C, 
comparable endothermic events were recorded in all samples, consistent 
with reported reductions in dehydroxylation temperature due to me
chanical grinding (Álvarez-Rozo et al., 2018; Rodriguez and Soto, 1991; 
Mendelovici, 1997; Balek, 2007).

In BP-25-5, a minor mass loss near 700 ◦C (Fig. 23; Table 4) is 
attributed to trace calcite. The endothermic peak at 570 ◦C in all samples 
corresponds to the α–β quartz transition, while reactions around 650 ◦C 
in BP-25-2 and BP-25-3 are linked to the decomposition of minor cal
cium carbonate (Álvarez-Rozo et al., 2018).

4.2.4.2. Fourier Transform Infrared Spectroscopy (FTIR). Fourier Trans
form Infrared (FTIR) spectroscopy was used to identify mineral phases in 
samples BP-25-2, BP-25-3, and BP-25-5 (Figs. 13–25, the latter two in 
the Appendix). All samples display an absorption band near 455 cm − 1 

attributed to Al–O vibrations in aluminosilicate frameworks, commonly 
associated with Si–O–Si bending in clay minerals, particularly smectites 
(Maravelaki et al., 2021; Farmer, 1974). Peaks at 529–530 and 778 cm 
− 1 correspond to Si–O bending and stretching modes (García-López 
et al., 2023; Saikia et al., 2008; Bosch-Reig et al., 2017), while bands 
near 690 cm − 1 indicate the presence of anorthite (Maravelaki et al., 
2021).

Kaolinite is identified by characteristic bands at 3620, 1000, 790, 
and 460 cm − 1 (Maravelaki et al., 2021), and illite is indicated by a 
distinct absorption at 1638 cm − 1 in BP-25-2. Diagnostic bands of calcite 
and aragonite were not detected (Kirboga and Oner, 2013; Maravelaki 
et al., 2021; Munawaroh et al., 2019; Singh et al., 2016; Toffolo et al., 
2019; García-López et al., 2023), indicating the absence of well- 
crystallized carbonate phases and supporting the interpretation that 
lime was not intentionally added. Any carbonates observed are therefore 
attributed to naturally occurring calcium carbonate in the raw materials.

Overall, the FTIR spectra indicate a mineral assemblage dominated 
by quartz and clay minerals, mainly kaolinite and illite, with only minor 
poorly crystalline or altered carbonate components.

BP-25-5
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Fig. 21. X-ray diffraction (XRD) analysis of sample BP-25-5.
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Fig. 22. Thermal analysis of earth-mortar sample BP-25-3.
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4.2.4.3. Raman Spectroscopy. Raman spectra of samples BP-25-2, BP- 
25-3, and BP-25-5 are shown in Figs. 14–27 (BP-25-3 and BP-25-5 in the 
Appendix). All samples display low-frequency bands (<300 cm − 1) 
attributed to clay minerals and metal oxides, with additional signals 
between 400 and 600 cm − 1 related to silicates, feldspars, and iron- 
bearing phases. Clay minerals exhibit characteristic Raman-active 
bands between 170 and 710 cm − 1, corresponding to internal SiO4 
and Al2 O3 vibrations, with OH bending modes detected between 840 

and 925 cm-1 (Tanbakouei and Michalski, 2023).
Kaolinite is identified by diagnostic bands at 141–148, 197–205, 

270–277, 394–397, 460–475, 503–515, 633–639, and 745–757 cm-1 

(Figs. 14–27) (Ikehata et al., 2021), with the prominent 144 cm-1 peak 
attributed to Al2 OH vibrations (Tanbakouei and Michalski, 2023). 
Anatase was confirmed by overlapping bands at 141–143, 392–395, 
512–514, and 635–636 cm-1 (Ikehata et al., 2021). Montmorillonite- 
related bands occur at 172–176, 199–205, 287–293, 425–441, and 
701–710 cm-1, with variations among samples indicating differing 
smectite contents (Tanbakouei and Michalski, 2023); (Ikehata et al., 
2021) . Minor clay phases include palygorskite (180 and 258 cm-1) and 
hectorite (688 cm-1).

An intense band near 1085 cm-1 in BP-25-2 and BP-25-3 is attributed 
to calcite (Smith et al., 2013). Both anatase and rutile TiO2 polymorphs 
are detected through characteristic Ti–O vibrations, while bands at 1309 
and 1600 cm-1 in BP-25-5 indicate carbonaceous compounds, suggesting 
the presence of organic carbon-rich material within the mortar matrix 
(Chen, 2020).

4.2.4.4. Role and application of lime in earthen mortars. Since the 
Neolithic, earthen mortars have been widely used as binding and pro
tective materials in stone and earthen architecture (Gómez Morgade 
et al., 2021; Pastor Quiles, 2017; Jover Maestre et al., 2016). A major 
technological innovation during Late Prehistory was the intentional 
production and use of lime and gypsum, marking an important step in 

Fig. 23. Thermal analysis of earth-mortar sample BP-25-5.

Table 4 
Summary of mass losses from TGA and thermal events observed by DSC in the 
analyzed samples.

Sample Temperature range (◦C) Mass loss / Thermal event

BP-25-2 Ambient–400 0.517%
BP-25-2 400–800 5.038%
BP-25-2 800–900 0.360%
BP-25-2 DSC Endothermic peaks: 573.71 ◦C, 655.91 ◦C
BP-25-3 Ambient–200 0.334%
BP-25-3 200–500 1.340%
BP-25-3 500–850 2.447%
BP-25-3 850–900 0.098%
BP-25-3 DSC Endothermic peak: 567.19 ◦C
BP-25-5 Ambient–400 0.386%
BP-25-5 400–700 3.214%
BP-25-5 700–900 1.081%
BP-25-5 DSC Endothermic peaks: 569.80 ◦C, 654.60 ◦C
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BP-25-3

cm-1

Fig. 24. FTIR spectra of the BP-25-3 mortar sample.

BP-25-5

cm-1

Fig. 25. FTIR spectra of the BP-25-5 mortar sample.
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material transformation technologies and improving mechanical per
formance and durability (Brysbaert, 2007; Jover Maestre et al., 2016; 
Pastor Quiles, 2021; Hobbs and Siddall, 2011). In the Iberian Peninsula, 
lime use has traditionally been linked to Protohistoric influences from 
the Eastern Mediterranean (Pastor Quiles, 2021; Díes Cusi et al., 2001), 
although evidence suggests earlier applications from the late 3rd mil
lennium BCE, with a selective and uneven distribution during the 2nd 

millennium cal BCE related to functional and social factors (Jover 
Maestre et al., 2016; Garfinkel, 1987). Notable examples include the 
clay–lime mortars documented at La Almoloya (Lull et al., 2021), con
trasted with sites such as Castro de Santa Trega, where lime is absent and 
mortars rely exclusively on local raw materials (Gómez Morgade et al., 
2021).

Distinguishing intentionally produced lime from naturally occurring 
carbonates requires a multidisciplinary analytical approach (Jover 
Maestre et al., 2016). At Bocapucheros, the carbonate phases identified 
are consistent with raw material sources rather than deliberate lime 
addition. By contrast, the nearby contemporaneous site of La Encantada 
shows extensive use of lime plasters in walls, floors, and architectural 
finishes, including waterproof external coatings and pigmented lime 
renders (Sánchez Meseguer et al., 2004; Nieto Gallo and Sánchez 
Meseguer, 1980; Sánchez Meseguer and Galán Saulnier, 2019; Sánchez 
Meseguer et al., 1983; Sánchez Meseguer and Galán Saulnier, 2001). 
Although architectural parallels between both sites are plausible, the 
analytical results indicate that at Bocapucheros lime was not inten
tionally incorporated into earthen mortars in quantities sufficient to 
enhance structural performance, suggesting its use—if present—was 
limited to superficial protective or aesthetic applications.

4.3. Fauna remains integrated in the mortars

Two mortar-associated samples from the funerary tumulus were 
analyzed: BP-25 Mortar 1 (Beta-755875) and BP-25 Mortar 2 (Beta- 

755874). The bone from BP-25 Mortar 1, identified as a heat-altered 
ovicaprid distal humerus, failed to yield a separable collagen fraction 
due to advanced degradation and could not be dated. Consequently, the 
surrounding organic sediment was dated following acid pretreatment to 
remove carbonates. As organic sediments may behave as open systems, 
the radiocarbon date obtained of BP-24 Mortar 1 sample, 1746 (1685) 
1544 BC, reflects the bulk organic carbon matrix rather than a discrete 
material and should therefore be interpreted with caution. In contrast, 
the BP-25 Mortar 2 sample, identified as an ovicaprid rib, preserved 
sufficient collagen for radiocarbon dating. The corresponding radio
carbon and isotopic results are reported in Table 5.

Figure 15 and Table 5 present the calibrated radiocarbon ages ob
tained from faunal remains incorporated into the mortars. The two new 
dates are internally consistent and compatible with previously published 
chronologies. The calibrated ages range between 1887–1695 BC and 
1746–1544 BC, and the offset between the two mortar dates suggests 
that the construction of the funerary tumulus extended over multiple 
phases. BP-25 Mortar 2 (1887 [1859–1771] 1695 BC) slightly predates 
the earliest buried individual, BP-1 from Chamber 2 (1884 [1767–1751] 
1692 BC), whereas the date of BP-2 (1878 [1741] 1632 BC), recovered 
out of context, falls between the two mortar dates.

5. Conclusions

This study presents a multidisciplinary investigation and methodol
ogy focused on the stone materials and earthen mortars used in the 
Bronze Age tumular architecture at the Bocapucheros site (Almagro, 
Ciudad Real, Spain).

The large burial mound of Bocapucheros was built on a natural 
promontory with excellent visibility to the south and west, particularly 
the pass connecting the Southern Plateau with Upper Andalusia. Apart 
from the Bronze Age fortified settlement of Cerro de la Encantada, 6 km 
away, several motillas (fortified settlements) are located within a day’s 

Fig. 26. Raman spectra of sample BP-25-3: (a), (b) microscope images captured using a reflection microscope; (c), (d) corresponding Raman spectra.
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walk: Los Palacios (Almagro) at 15.4 km, Torralba de Calatrava at 22.9 
km, and El Azuer (Daimiel) at 26.7 km. The levelled stone platform on 
which the mound was built rises 10 m above the natural ridge of roughly 
hewn quartzite, with a diameter of 30.9 m and an area of 2.344 m2, 
occupying the upper and central part of a 3.31-hectare hill. The tumulus 
features a central corridor 11.8 m long and 1.2 m wide, from which 

several chambers open, each with an access corridor and lintel en
trances. The main chamber is Chamber 2, which was partially looted. It 
was here that the most superficial individual, BP1, a young adult male, 
dating to the Bronze Age, 1884-1632 BC. Other chambers include 
Chamber 3, where in-situ remains of two female burials have been 
recovered, and Chamber 4, which had also been looted. The 

Fig. 27. Raman spectra of sample BP-25-5: (a), (b), (c), (g) and (h) microscope images captured using a reflection microscope; (d), (e), (f), (i) and (j) corresponding 
Raman spectra.
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unexcavated portion of the tumulus suggests the existence of one or two 
additional burial chambers.

The novelty of this research is highlighted by the integration of 
archaeological, Fracture Mechanics and Materials Science methodolo
gies, offering valuable insights into ancient building techniques. More
over, the analysis of earthen mortars and related materials in recent 
prehistoric contexts of Spain remains a scarcely explored area, under
scoring the significance of the findings. The analysis of the masonry 
stones follows a qualitative approach, based on direct visual inspection 
conducted in situ. In contrast, the characterization of the earthen mor
tars combines macroscopic evaluation with a range of quantitative 
analytical techniques, including mineralogical, spectroscopic, thermal, 
and microstructural analyses.

The results demonstrate the deliberate selection and processing of 
local quartzitic blocks, as well as the use of advanced construction 
techniques, such as corbelled pseudo-domes executed without 
centering. The identification of tensile and mixed-mode fractures within 
the stonework provides insight into the long-term mechanical behavior 
and structural resilience of these load-bearing systems, despite sustained 
environmental and anthropogenic stresses accumulated over millennia.

The analyzed earthen mortars exhibit a complex aluminosilicate 
mineralogy, with muscovite as the dominant phase, accompanied by 
variable amounts of kaolinite, quartz, and calcite. These compositions 
align with the use of locally sourced clay-rich soils and volcanic addi
tives. Morphological and chemical analyses confirm that the mortars 
functioned effectively as binding agents, demonstrating tailored for
mulations adapted to diverse architectural demands. Thermogravi
metric and spectroscopic data further corroborate the presence of 
hydrated minerals and carbonates, both essential for mortar durability 
and longevity.

Furthermore, the results obtained from the various analytical tech
niques employed in this study support the conclusion that lime was not 
intentionally incorporated into the earthen mortars at Bocapucheros. 
Instead, the detected carbonates—identified through both macroscopic 
observation and advanced instrumental analyses—are most likely 
derived from naturally occurring calcium carbonate inherent to the raw 
materials used in mortar production.

For the first time, prehistoric earth-based mortars have been directly 
dated using radiocarbon methods, providing a robust chronological 
framework. The dated mortar construction phase, 1887–1695 BC (me
dian probability 1859–1771 BC), is likely earlier than the dated indi
vidual buried in the main chamber (Chamber 2), 1884–1692 BC (median 
probability 1767–1751 BC).

Finally, this study demonstrates how combining Fracture Mechanics 
and Materials Science with archaeological toolmark analysis can pro
vide a precise understanding of prehistoric buildings’ materials and 
construction processes. This interdisciplinary approach not only enables 
the reconstruction of ancient building techniques in the absence of 
textual or iconographic evidence but also underscores the continuing 
relevance of mechanical and materials science for the study and con
servation of ancient architecture.
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Appendix 

The present Appendix contains images obtained from different ana
lyses conducted on samples BP-25-3 and BP-25-5.

Table 5 
Radiocarbon and isotopic results from mortars of the Bocapucheros funerary tumulus (Almagro, Ciudad Real).

Site / context BP ± δ13C / C:N Max. cal. BC 
(2σ)

Median Min. cal. BC 
(2σ)

Lab. no. & material

North corridor 1, East wall, BP- 
mortar 2

3480 30 − 19.76; 
3.3

1887 1859; 1845; 
1771

1695 Beta-755874 / Bone (ovicaprid)

North corridor 1, West wall, BP- 
mortar 1

3380 30 − 26.10; — 1746 1685 1544 Beta-755875 / Charcoal–sediments

Chamber 2 3470 30 − 18.8; 3.2 1884 1767; 1761; 
1751

1692 Beta-574064 / Human bone phalanx (young adult 
male)

Middle terrace, surface 3440 30 − 18.4; 3.3 1878 1741 1632 Beta-604904 / Human bone mandible (mature 
female)
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Analysis by Scanning Electron Microscopy (SEM)

X-ray diffraction (XRD) analysis

Thermogravimetric analysis and differential scanning calorimetry 
(TGA–DSC)

Fourier Transform Infrared Spectroscopy (FTIR)
Raman Spectroscopy

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jasrep.2026.105608.

Data availability

Data will be made available on request.
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Aragón Rubio, G., Giménez, G.F., Negrón, V., Vicente, M., Rincón, M., 2024. La conquista 
silenciosa de los líquenes en los volcanes del Campo de Calatrava. Revista Medio 
Ambiente Castilla-La Mancha 38.

Balek, V., et al., 2007. Effect of grinding on thermal reactivity of ceramic clay minerals. 
Journal of Thermal Analysis and Calorimetry 88 (1), 87–91.

Becerra-Ramírez, R., Gosálvez, R.U., Escobar, E., González, E., Serrano-Patón, M., 
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Á. De La Rosa Velasco et al.                                                                                                                                                                                                                 Journal of Archaeological Science: Reports 71 (2026) 105608 

24 

https://doi.org/10.1016/j.jasrep.2026.105608
https://doi.org/10.1016/j.jasrep.2026.105608
https://doi.org/10.1016/j.bsecv.2018.04.002
https://doi.org/10.1007/s41513-021-00167-y
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0170
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0170
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0170
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0250
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0250
https://doi.org/10.3390/geosciences10110441
https://doi.org/10.3390/geosciences10110441
https://doi.org/10.1007/s10040-017-1607-z
https://doi.org/10.1007/s10040-017-1607-z
https://doi.org/10.12795/spal.2022.i31.19
https://doi.org/10.12795/spal.2022.i31.19
https://doi.org/10.30827/cpag.v32i0.26713
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0140
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0140
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0140
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0140
https://doi.org/10.1016/j.saa.2017.02.012
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0030
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0030
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0030
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0030
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0035
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0035
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0035
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0070
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0070
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0070
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0180
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0180
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0180
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0130
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0130
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0130
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0130
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0130
https://doi.org/10.1038/s41467-020-18561-3
https://doi.org/10.1038/s41467-020-18561-3
https://doi.org/10.1016/S0341-8162(99)00085-5
https://doi.org/10.1016/S0341-8162(99)00085-5
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0025
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0025
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0320
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0320
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0320
https://doi.org/10.1016/j.prostr.2016.06.365
https://www.estudio-arqueologia.es/
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0260
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0235
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0235
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0235
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0020
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0020
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0020
http://refhub.elsevier.com/S2352-409X(26)00043-X/h9040
http://refhub.elsevier.com/S2352-409X(26)00043-X/h9040
http://refhub.elsevier.com/S2352-409X(26)00043-X/h9040
http://refhub.elsevier.com/S2352-409X(26)00043-X/h9040
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0075
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0075
https://doi.org/10.1016/j.jasrep.2021.102931
https://doi.org/10.1016/j.jasrep.2021.102931
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0210
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0210
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0210
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0145
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0145
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0145
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0220
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0220
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0225
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0225
https://doi.org/10.1016/j.vibspec.2021.103247
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0115
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0115
https://doi.org/10.3989/arq.arqt.2016.005
https://doi.org/10.3303/CET1332354
https://doi.org/10.3303/CET1332354
https://doi.org/10.1016/j.clay.2011.01.007
https://doi.org/10.1016/j.clay.2011.01.007
https://doi.org/10.5593/sgem2017/23/S10.031
https://doi.org/10.1515/opar-2022-0294
https://doi.org/10.1515/opar-2022-0294
https://doi.org/10.1007/s12520-023-01799-0
https://doi.org/10.15184/aqy.2021.8
https://doi.org/10.3390/heritage4040214
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0155
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0155
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0245
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0245
http://refhub.elsevier.com/S2352-409X(26)00043-X/h0245


Munawaroh, F., Muharrami, L., Triwikantoro, K., Arifin, Z., 2019. Synthesis and 
characterization of precipitated CaCO3 from ankerite prepared by bubbling method. 
In: KnE engineering: International conference on basic sciences and its applications, 
pp. 98–104. https://doi.org/10.18502/keg.v1i2.4435.

Nieto Gallo, Sánchez Meseguer, J., 1980. Excavaciones arqueológicas en España: El Cerro 
de la Encantada, Granátula de Calatrava (Ciudad Real). Ministerio de Cultura, 
Dirección General de Bellas Artes. In: Archivos y Bibliotecas, Subdirección General. 
de Arqueología, Madrid. 

Pastor Quiles, M., 2017. La construcción con tierra en arqueología: Teoría, método, 
técnicas y aplicación. Publicaciones de la Universitat d’Alacant, Alicante. 

Pastor Quiles, M., 2021. Procesos constructivos y edificación con tierra durante la 
Prehistoria reciente en las tierras meridionales valencianas. Serie de trabajos varios. 
Diputación de Valencia, Valencia, Spain. 

Riquelme, A., Martínez-Martínez, J., Martín-Rojas, I., Sarro, R., Rabat, A., 2022. Control 
of natural fractures in historical quarries via 3D point cloud analysis. Engineering 
Geology 301, 106618. https://doi.org/10.1016/j.enggeo.2022.106618.

Rodríguez, R.M., 2018. Re-excavando Santa Trega (A Guarda, Pontevedra). Nuevos datos 
y conclusiones del Barrio Mergelina. Férvedes 9, 107–116.

Rodriguez, J.P., Soto, P.S., 1991. The influence of the dry grinding on the thermal 
behaviour of pyrophyllite. Journal of Thermal Analysis and Calorimetry 37 (7), 
1401–1413.

Saikia, B.J., Parthasarathy, G., Sarmah, N.C., 2008. Fourier transform infrared 
spectroscopic estimation of crystallinity in SiO2-based rocks. Bulletin of Materials 
Science 31, 775–779. https://doi.org/10.1007/s12034-008-0123-0.

Sánchez Meseguer, J.L., Galán Saulnier, C., 2001. Restos, huellas y evidencias. Complejos 
de Culto en el Cerro de La Encantada. In: Büchner, D. (Ed.), Studien in memoriam 
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