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bioerosion in Spanish Civil War lime
graves
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Bacterial bioerosion is a key taphonomic process affecting bone remains in diverse environments.

This study presents the anthropological and taphonomic study of two clandestine lime graves from
the Spanish Civil War (1936-1939) with two individuals in each burial. These individuals were buried
with lime, often used to make bodies disappear in clandestine graves. There is also a popular belief
that lime prevents bacterial growth during decomposition and prevent infectious diseases, but we
observed that lime does not cause bodies to disappear or mummified, but it dehydrates bone tissue
and it did not inhibit the proliferation of microorganism (fungi and bacteria). We reinforced the use

of non-invasive techniques in the histotaphonomic study of the ribs of these victims of the Spanish
Civil War because not all the cross-sections prepared for SEM analysis consistently revealed microbial
attack. However, the bioerosion could be observed along the entire ribs using microCT. Therefore, the
shape, distribution and concentration areas of bioerosion were contrasted with both low-vacuum SEM
and microCT images. The type and location of bioerosion observed in the ribs of these victims supports
endogenous origin of bacteria, which modified bones despite the presence of lime. Bacterial bioerosion
is, consequently, a key taphonomic process and potential invaluable forensic criterion of post mortem
condition.

Keywords Bacterial attack, Histotaphonomy, Imaging techniques, Lime burials MicroCT, Multidisciplinary
approach

Lime burials have been recognised since the Bronze Age and in the Egyptian, Greek, Roman and Medieval
periods. However, the purpose of lime burials remains a subject of debate. Some authors considered that lime
accelerated decomposition, while others observed that lime was rather used to preserve bodies'~. Although
experimental research has examined the impact of lime in controlled settings?, its role in bacterial bioerosion
within real burial contexts remains unclear. Lime has been found in different contexts including burials of
victims of natural disasters (e.g., tsunamis), infectious diseases (Middle Age Black Death) or even as a method to
mummify bodies. Limes is also extensively used in clandestine burials (e.g., the two World Wars and the Spanish
Civil War)?%-8, as observed in the case we are studying here.

Lime (pH = 12-14) could appear in different forms such as limestone (CaCO,), quicklime (CaO) or hydrated
lime (Ca(OH),), and all of them are related to each other in the lime cycle?. Various experimental studies in the
field or in the laboratory were carried out by Schotsmans et al.>!? in order to understand the effects of lime
on corpses. The results of these studies conclude that lime could retard the rate of decomposition in a burial
environment. More recent studies in Taphos-m archaeological and anthropological experimental facilities in
Spain confirmed that after five years buried bodies were skeletonized, independently of being buried with or
without lime!!. Therefore, once the lime was inactive the decomposition process continues to skeletonization
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stage”!2. Taphos-m confirm that lime did not dehydrated corpses, however, microscopic analysis of pig carcasses
buried with lime confirms that it desiccates the cortical surface of the bones. In fact, the result of this dehydration
process was observed as deep cracks on the cortical surface of the bones. Therefore, the lime in the burial did not
desiccate the body but it did cause bone dehydration that we can observe as cracking!!.

Bioerosion is the most common alteration observed in bone histology, including fossil remains. Microbial
bioerosion was systematized and described by Hackett'® and according to that, there are four types of bioerosion
modifications or micro-foci of destruction (MFD): Wedl tunnelling caused by fungi, and three forms (linear
longitudinal, budded and lamellate) of non-Wedl tunnelling produced by bacteria!>!*. Linear longitudinal
and budded MFDs (surrounding the Haversian channels) represent the 85% of bacterial attack'>!¢. The most
historically controversial issue is the origin of these bacteria: either they are from body’s gut bacteria (endogenous
origin)'®17 or from the deposit site (exogenous origin)'8. Most of the investigations of bioerosion were focused
on clarifying this topic, while there is an increasing recognition that both endogenous and exogenous bacteria
modifybones!'®-2!. The endogenous bacterial attack occurs during the decomposition process while the exogenous
bacterial attack both during and after decomposition of soft tissues'®. The decomposition process starts very
soon from inside the body, and during the short anaerobic phase of the gut putrefaction, an environment is
created for the proliferation of endogenous gastrointestinal bacteria, such as Staphylococcus, Escherichia coli,
Bacteroides and Clostridium??. The rapid transmigration of these bacteria into the body via the vascular network,
Haversian and Volkmann canals!” is favoured by the increased physical permeability of decaying biological
barriers (e.g., intestine walls, endothelia, cell membranes) and deterioration of the immune system. Because
of that, endogenous bacterial attack is usually described around the Haversian canals used to gain access
throughout the bone!”?. Bones close to the abdominal area (e.g., floating ribs) are usually more altered because
they are near to the intestines where the bacterial putrefaction starts®. Bioerosion caused by gut microbiota
indicates that the body was exposed to putrefaction'®?. Bacteria from the deposit site (soil or water) also cause
decomposition of the body from the outside to inside'® and may enter the Haversian system through nutritional
foramens or cortical fissures (from outside)?’. The external bacteria are inhibited in particular circumstances,
such as extreme temperatures, rapid desiccation/mummification of the soft tissues, or in absence of endogenous
bacteria (e.g., infants)”-?>. There are also differences in bacterial proportion in relation to the depth of the burial
and, consequently, availability of oxygen and access of entomofauna®. Although, it is not clear if bacteria were
inhibited in presence of lime during a long period of time.

Unlike the medical-legal histological studies which focuses on diagnosis of the death establishing the
cause, mechanisms and manner of death, anthropological and archaeological reports focus on identifying
and distinguishing between human and nonhuman bones?® estimating the age of the individual at death?”
or diagnosing injuries or pathological features on bones?*-*°. Nowadays, the histotaphonomic studies need a
complete study to distinguish ante mortem and post mortem history of the individuals, that is, combining analyses
on the cortical surface and the histological cross sections of bones with the archaeological and anthropological
data’32, These combined studies will help us to understand, for example, why in warm areas the bodies were
skeletonized with wet putrid matter, why unbroken bones cannot be identified genetically or why two bodies
buried in the same deposit site were in different cadaveric states (i.e.,'>**3%). In this sense, combining the results
of the anthropological and taphonomic study will allow us to better understand the post-depositional processes
in lime burials.

The present paper includes an integrated anthropological and taphonomic study of two clandestine lime
burials from the Spanish Civil War. This situation made us to emphasize the use of non-invasive techniques
to study these four victims. This case is particularly relevant to the objectives of this study because in war
situations bodies are often buried immediately after death in the ground (without coffins) and covered with lime.
By combining traditional osteological assessments with non-invasive imaging techniques (SEM) and micro-
computerized tomography (microCT), this study provides novel insights into bacterial bioerosion and post
mortem modifications related to lime burials which might be of special relevance in past and modern conflict
burials. This research aims to clarify bioerosion activity and the role of lime in bone-diagenetic processes,
bridging forensic, taphonomic and archaeological perspectives.

Results of taphonomic observations
The two double graves exhumed were irregular in size, less than 1 m deep and 4.5 m from each other. Two of the
victims were buried in the same direction, with individual 1 (RAF01) slightly on top of individual 2 (RAF02).
The right side of individual 1 was in contact with the sediment and lime, and their left side was in contact with
the right side of individual 2, who was lying on their left side on the ground (Fig. 1a). The other two victims were
buried one (individual 3, RAF03) on top of the other (individual 4, RAF04) in opposite directions. Individual 3
was on his right side in contact with the sediment and a large amount of lime, and his left side in contact with
individual 4, who was completely underneath individual 3 (Fig. 1b). These four victims were buried with lime
covering the bodies, in fact, remains of lime (cast) were recovered. Some lime casts were preserved covering and
shaping some anatomical regions (Fig. 1c). Moreover, textile printing was also obtained from the internal part
of some lime casts (Fig. 1d) and several personal items belonging to the individuals were also recovered near the
skeletons: buttons, clothing fragments, a pen, shoe soles and some metal objects.

The ribs from both sides of the four victims were macro and microscopically analysed, both on surface and
histologically. The results will be presented separately.

Bone cortical surface optical microscope analyses

Different modifications were observed on the cortical surface of the ribs (Fig. 2): white and yellow particles
produced by fungal colonies, insect puparia remain (entomofauna), branched and linear root marks, parallel
linear brush marks, deep cracks by the permanent exposure to lime (signs of dehydration), flaked and

Scientific Reports |

(2026) 16:2795 | https://doi.org/10.1038/s41598-025-32729-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fig. 1. Photographs of the two graves with lime here studied: (a) the first grave with two individuals RAF01
and RAF02 and (b) the second grave with individuals RAF03 and RAF04. Some lime casts had (c) the
transversal shape of the leg and (d) the textile printing. Images captured by digital camera.

cracked cortical surface with different colour patterns, black mineral stains from the soil and a reddish-brown
coloration (signs of oxidation of any metal). Moreover, ribs RAF01i, RAF02i and RAF03i present signs of recent
fragmentation.

The SEM analysis of the bone surface showed an intense bacterial attack mainly underneath the outer cortical
lamellae (Fig. 3a). This intense attack could be distinguished in the inspection of the bone surface through the
cracks and flaking of the cortical surface. In addition, the SEM analysis allowed us to distinguish grooves and
perforations larger than those produced by bacteria (Fig. 3b) which could likely correspond to the characteristic
Wedl tunnels (measured in Fig. 3c) that were proposed to be produced by fungi. This is potentially consistent
with the presence of fungi on the bone surface observed with the optical microscope (Fig. 2a).

Cut-section histological SEM analyses

The histological cut sections of the ribs in the ventral and dorsal edges showed atypical granular white
modifications were observed with the naked eye (Fig. 4a-c). The SEM analysis of the cross sections confirmed
that these whitish and granular texture were caused by bacteria (Fig. 4b-d). In fact, the Oxford Histological Index
(hereinafter referred to as OHI) results provided a grade between 0 (less than 5% of the intact bone) to 2 (less than
33% of intact bone) in most samples (Table 1), compatible with widespread bacterial attack (hereinafter referred
to as BAI). However, RAF01d and RAF02i were well preserved and no bacterial bioerosion was observed in the
cut sections at the SEM (OHI =5, >95% intact bone).

Different modifications by bacterial attack distinguished in the same sample. Microscopical focal destruction
(MFD) hyper-mineralised rims (Fig. 5a) involve microperforations and microtunnelling, which are different
views of the bacteria trajectories that conform the bacterial colonies. Bacterial modifications cover entirely the
compact bone from the edge of the bone to the cancellous bone tissue which trabeculae are also affected (Fig. 5b).
When the bacterial attack is very intense, lacunae surrounding the Havers canals are destroyed, bacteria may
break the wall of the Havers canals (Fig. 5¢) and they disperse through the Haversian system across the bone.
The overlapping of specific colonies around Haversian canals (Fig. 5d) indicate different bacterial generations
affecting these bones. Moreover, the bone tissue broke after the bacterial attack due to the colonies appeared
broke (Table 1, GHI and CRI=3 and 4). Microcracks had different sizes, and most of them broke down bacterial
colonies and Haversian canals (Fig. 5e).
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Fig. 2. Taphonomic modifications in the cortical surface of ribs: (a) fungal colonies in rib RAF01d, (b) rib
RAFO01i with insect puparia remains and black stains from some mineral of the soil (*), (c) root linear marks
in rib RAF03d, (d) parallel linear marks in RAF01i produced during the cleaning of the bones (inside the box)
with brush and some black stains of the soil (*), (e) RAFO01i also with deep cracks by the alkaline environment
of the burial with lime and black stains from the soil (*), (f) flaking surface in rib RAF02i, (g) flaking and
cracking in RAF03d and (h) red-brown stain due to the oxidation of metals in rib RAF04i. Iinages captures by
the binocular light microscope camera.

Histological MicroCT analyses

Although no signs of bacterial attack were observed in the histological section of the ribs RAF01d and RAF02i
(OHI=5), modifications compatible with bacterial attack (OHI=3) could be identified in compact and
trabecular bones analysing the complete ribs with microCT (Fig. 6). Table 1 shows this improved identification
of areas affected by bacteria when analysed with microCT, which scans the entire sample (OHI microCT),
compared to those analysed in histological sections (OHI SEM). Therefore, all the ribs analysed, that is, all the
individuals, presented bacterial bioerosion. The 3D model also allowed us to identify the distribution of bacteria
modifications as thin canals or tubes along the ribs, demonstrating their connection to the Haversian canals at
different levels.

Discussion

Lime is an element that has been used in burials from war conflicts, such as the one presented here. Lime is
an element that has been used in burials from war conflicts, such as the one presented here. Previous studies
have confirmed that lime can slow the initial stages of decomposition, but bodies become skeletonized over
time>”%1%12, The four bodies studied here confirmed this statement, because all of them were skeletonized after
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Fig. 3. Images of the bone cortical surface: (a) higher intensity of bacterial attack (white arrow) could be
observed at the interior of the outer cortical lamellae, here observed through a flaked area of the cortical
surface of the bone (broken line); (b) view of the outer cortical bone surface showing large and longer
tunnelling than those caused by bacteria (which potential agent could be fungi) and perforations when fungi
penetrate perpendicularly to the cortical; and (c) measurement of the larger tunnelling and detail of the
perforations (perpendicular tunnelling) note the background is covered by dispersed bacteria tunnelling.
Images captured by SEM camera.

been buried with lime for more than 80 years. However, lime causes desiccation of bone tissue, which can be
observed as deep cracks on the cortical surface of the bones, as we previously described in an experimental
work!!. Unfortunately, histological cracks caused by lime dehydration cannot be distinguished in microCT
images to evaluate dryness in the sample as a whole. By analysing the bones microscopically, it was possible to
determine which bones were buried with lime. Therefore, it is possible to identify the burial practices through
histotaphonomic analysis®*2. Nevertheless, the effects of lime in bone histology are not yet well understood, and
we did not know if lime affects or not to bacterial bioerosion.

Both graves had abundant remains of lime and lime casts covering and around the skeletons as described in
other exhumation of the Spanish Civil War burials and in some experiments with lime”°-!!. The lime cast was
formed during the active stage of the decomposition and it adheres to the soft tissues of the body. During the
emphysematous phase of the decomposition, the body and the lime cover increased their volume forming the
lime cast?. Once this phase is over, the body deflates and reduces in size. The upper part of the lime cast breaks off
and falls onto the cadaveric remains, as we also observed previously''!? in the Taphos-m experimental project.
At this point lime loses its effect and the decomposition process continues to skeletonization. In fact, here we
described two double simultaneous primary burials from the Spanish Civil War where four bodies were buried
with lime. After a long period of burial (80 years) they were skeletonized. Therefore, this work confirmed the
observations made in experimental works>'!12 and in real burials with lime from the Spanish Civil War with
lime2.

The two graves here studied correspond to burial of four males between 25 and 39 years old. The gold dental
prostheses that RAF02 and RAF03 individuals may suggest high-cost treatments. These dental treatments were
not carried out in Spain in this epoch and most probably could correspond to dental work and treatments carried
out abroad?. The two separate graves suggest that they were not killed at the same time, although possibly not
much time elapsed between the two events. The skeletons were articulated, most likely due to the small size of
the graves and the need to fit the bodies into them. Further, clothing and the lime cast maintained the skeletal
elements jointed in these strict positions without any skeletal displacement, corroborating what was previously
described in other human burials®®.

The taphonomic modifications observed on the cortical surface of the bones were all related to a burial context
lime (bone coloration, root marks, flaking, cracking, attached soil spots), to the decomposition process (bone
coloration and texture, remains of entomofauna and fungal colonies, flaking, cracking and fragmentation) and
with the processing of the cadaveric remains after the exhumation [i.e., 2,7,11-12,33-34]. These modifications,
location of the graves and the arrangement of the skeletons of the four individuals indicate the same pattern
of death and burial”*’, and confirm that the bodies have decomposed in situ (primary burials). Moreover, the
results of the preservation index (63.6% see methods) indicate the absence of some bones (e.g., cranium or
lower extremities). These bones were possibly removed during previous building works. It is common to find
incomplete skeletons in burials in construction areas because some bones haven been previously removed™.

The fungal colonies observed on the cortical surface of RAF01d (Fig. 2) only affect the outer cortical bone
as it was observed at the SEM inspection of the bone surface, absent in the cross section (Fig. 3). These tunnels
have the size of most hyphae diameters (1.2 to 18 um)>!, much larger than bacteria tunnelling (0.6 to 1.2 pm)*
observed in the background of Fig. 3c.

Despite of all these taphonomic modifications on the cortical surface of the ribs (Fig. 2), their overall
macroscopic appearance was good. However, at the microscopic level, the taphonomic indexes (specially OHI
and BAI) showed high levels of bacterial bioerosion (Table 1; Fig. 5). The OHI values varied depending on
whether the bones were analysed with SEM or microCT. In general, all bone sections showed low OHI values,
related to bacterial bioerosion, except for two samples (RAF01d and RAF02i) that showed good preservation
of bone tissue (Table 1). This was striking because all four bodies had been buried under the same conditions.
Therefore, we decided to analyse these two ribs with microCT and reported OHI values of 3, more similar with
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Fig. 4. The granular and white alterations observed with the naked eye in the cross sections of the ribs (a and
¢) coincided with areas affected by bacteria at SEM (b and d). Images captures by the binocular light microscope
camera (a-c) and SEM camera (b-d).

the values of the rest of the ribs (Table 1). The presence of bacterial modifications in the histology supports the
idea that lime does not inhibit the decomposition of the bodies because the bacteria have already decomposed
the soft tissues. These differences in bacterial intensity may respond to the different seasonal time period of
burial when these bodies were killed and buried. More experimental work is needed to confirm this temporal/
seasonal differences between graves and, therefore, between deaths.
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Code OHI GHI BAI | WT | CAl | CRI
(SEM/mi

croCT-

scan)
RAFO01d 5/3 3 5 5 5 3
RAFO1i 1 4 1 5 5 4
RAF02d 2 4 2 5 5 4
RAFO02i 5/3 4 5 5 5 4
RAF03d 1 4 1 5 5 4
RAFO03i 0 4 0 5 5 4
RAF04d 1 4 1 5 5 4
RAFO04i 1 4 1 5 5 4

Table 1. Results of the histotaphonomic indexes: OHI (Oxford histology Index), GHI (General histological
Index), BAI (bacterial attack), WT (Wedl tunnelling), CAI (cyanobacterial attack) and CRI (cracking pattern).
All the scores are in the scale of 0 maximum damage to 5 mild or absent. Figures are schematic representation
of Fig. la-b, modified from Esther Medina. Abbreviatures: d: right; i: left.

The position of the bodies in the graves had effect on the bacterial damage. Ribs of RAF01 and RAF02 in
contact with soil (i.e., left rib of RAF02 and right rib in RAF01, see drawings of Table 1) showed lower intensity
of bacterial attack, whilst the highest intensity of bacterial attack occurs in ribs between the bodies (i.e., right rib
of RAF02 and left rib in RAFO01, see drawings of Table 1). Bacteria intensity and organization observed in the
contact areas between corpses suggest, therefore, that these bacteria were endogenous or at least, soil bacteria
were unlikely to have acted in this grave. RAF03 and RAF04 (in supine position) have both the highest extreme
intensity of bioerosion (OHI=0-1, see drawings of Table 1). More comparative studies of multiple graves with
lime are needed to confirm this.

We have associated the cracking pattern in bone histology with the dehydration of bone tissue during
decomposition (moisture changes)!™® or it could have been caused by the histological processing of the
samples in the laboratory®. The changes in moisture of the bones during decomposition, also affects bacterial
activity. In fact, overlapping colonies have been observed (Fig. 5d, white arrows), indicating different bacterial
generations?®3,

Most of the studies about bone bioerosion are based on optical microscopy, SEM and CT'*
The inclusion of microCT analysis in this study represents a significant methodological advance in the study of
the graves from the Spanish Civil War. This is a non-destructive method* and several authors have optimized
this technique!®>?*4%4! applied to bone diagenesis. The identification of bacterial attack using the microCT
images is based on the lower density of bioerosion, which appears as grey areas on slides?#**!. However, the
dispersion and organization of MDFs in the Haversian system is currently only visible in histological sections
under a microscope (optical or electron). Better identification of bioerosion using microCT will be possible with
technical improvements (nanoCT) and by applying artificial intelligence when there are more cases to refine the
results.

When we make histological sections, we arbitrarily choose an area to cut, and the results presented here
demonstrate that examining only one bone section does not reflect the reality of post-depositional processes.
That is, if we had not performed microCT on those ribs, we would have deduced erroneously that there was no
bioerosion in one grave and there was in the second one. However, the microCT results confirm the presence of
bacterial bioerosion in another area of the bone that we had not cut. We demonstrate the importance of analysing
the bones in their entirety and not conclude only with the information obtained from bone sections. This
agrees with other authors who confirmed the importance of using both techniques to obtain histotaphonomic
information®#31-3, In this case, it was not possible to perform multiple rib sections because the bones, once
identified, will be returned to the family. Therefore, we considered microCT analysis more useful for obtaining

16,18,23,31,32,38,39
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Fig. 5. Details of the bacterial attack: (a) modifications caused by bacteria in the form of tubes (*) and dots and
comas (**); (b) both compact and cancellous bone were modified; (c) the Haversian canals were also changed
and removing; (d) different bacterial generations could be distinguish due to the overlapping of the colonies
(white arrow); and (e) after bacterial attack samples broke (white arrows). Abbreviature: H: Haversian canal.
Images captures by SEM camera.
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Fig. 6. Images of microtomography of RAF01d and RAF02i (a-b) were dark zones compatible with modified
areas (white arrow) could be identified, and details of the 3D models (c-d) were the Haversian canals and
bacterial canals could be differentiated (black arrows). Images captured by software. Abbreviature: H: Haversian
canal.

reliable results. Likewise, Trenchant’ concluded that the intra-skeletal variation was limited, so, we may assume
that the ribs here analysed can be considered representative of each individual. We believe that in the near future,
histotaphonomic studies should be conducted exclusively with microCT or nanoCT. Currently, there are studies
that confirm the objectivity and reliability of histotaphonomic analyses using microCT [i.e., 15,24,40-41], and
we will continue to improve these techniques and apply them to more real cases as the one presented here,
demonstrating the importance and usefulness of taphonomic studies with advanced technology for resolution
forensic cases.

Finally, the presence of lower bioerosion intensity on the ribs in contact with sediment and higher (maximum)
intensity on the ribs in contact with another body, with MFDs surrounding the Haversian canals, suggests that
the bioerosion observed in these individuals has an endogenous origin caused by the gut bacterial biome!®17:2,

The combination of osteological and taphonomic results presented here confirms the importance and
necessity of conducting multidisciplinary studies to contextualize death®"*2. In this case, the combination of
different techniques (optical microscopy, SEM, and microCT) has been relevant to understand the effect of lime
in these two graves from the Spanish Civil War.

Conclusions

The combination of anthropological and taphonomic studies provides a better understanding of human burials
from the Spanish Civil War. Despite of the small sample size, we could conclude that the lime did not conserve
the bodies but it maintains the anatomical connection of the skeletons, keeping the bones in their original burial
positions without displacement, and it causes bone dehydration. The presence of lime in the burials did not stop
the bacterial activity during decomposition because we saw bacterial modifications in bone histology. Further
research and experiments need to be done to increase the sample size, but these results about the intensity and
dispersion of bacterial damage on bone histology suggest that the microbial origin fits with an endogenous
origin. Methodological advances in taphonomy made possible to increase the analyses of microbial activity
in bones using microCT. The complete scan of the ribs using a non-destructive method allowed us to confirm
that all ribs were altered by bacterial bioerosion. These findings underscore the complex role of lime in burial
environments and highlight the value of integrating advanced imaging techniques in forensic and archaeological
investigations.

Materials and methods

Historical context of the Spanish Civil War

The Spanish Civil War (1936-1939) was a major conflict in Spain between the Republicans (communists,
socialists, and anarchists who wanted to maintain the Republic) and the Nationalists (led by General Franco to
abolish the Republic). The war began on July 18th with a military rebellion against the democratically elected
government. The war was marked by significant mass executions, bombings of civilian areas and widespread
repression. The Nationalist won the war, and General Franco established a dictatorial government that lasted
until his death in 1975. It is estimated that there are around 2,500 to 3,000 mass graves from the Spanish
Civil War and ulterior executions by Franco throughout the country*2. Different associations, organizations
and companies work to locate, exhume and identify the remains buried in these graves frequently with lime,
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Code | Sex | Age | Pathologies and traumatism Dental conditions

Anodic enlargement of the diploid (11.50 mm) and orbital cribra
and dissymmetry in the lower extremities (the left femur

RAF01 | @ | 25-29 | 12 mm longer than right femur, periostitis in the right femur No data
and tibia, bilateral femoral cribra, bilateral external
tibial torsion and tarsal fusion of the right foot)

Fusion of the C5 and C6 vertebrae (Klippel-Feil syndrome), Some ante mortem loss, 4 dental
RAF02 | @ | 30-35 | bilateral periostitis in femurs and ante mortem fracture prostheses on maxilla (2) and
of the left radius (Colles’ fracture) mandible (2) and some caries

Some ante mortem loss, dental

RAF03 | 8 | 30-39 | Anodic enlargement of the diploid and porosity in the cranium prosthesis on maxilla and caries

Porosity in the cranium, left medium ribs and left foot,

RAFO4 | @ | 30-39 myositis ossificans in right femur (45.50 x 14 mm), fistula Some ante mortem loss and
in the left tibia and deformation dental fractures

and thickening of the feet

Table 2. Living conditions of the individuals: information about sex, age, pathologies, traumatism and dental
condition of individuals buried in the two double graves.

Code | PI3 Bone coloration State of the cortical surface

10YR 4/6 with some orange
and green spots

10YR 4/6 with green
discoloration Bone fragmentation, flaking

and cracking

RAFO1 | 86.4%

RAF02 | 100%

RAFO03 | 63.6% | 10YR 6/6

10YR 6/6 and green
discoloration

RAF04 | 90.9%

Table 3. Taphonomic information about the completeness (PI3), bone coloration (according to Munsell soil
colour Chart) and macroscopic modifications on the cortical surface of the bones.

providing the families of the victims with the opportunity to recover and offer them a dignified burial”’. In
addition, the study of these burials offers valuable archaeological, historical and taphonomic data, serving as a
retrospective study.

Excavation, the site and human remains

In 2019 during the construction of luxury buildings in a residential area (X426186.5/Y4583711.8/7133.72) of the
city of Barcelona (Catalonia, Spain) appeared human remains which part of one of the skeletons exposed by the
machinery. These bone remains were exhumed following a rescue excavation that discovered four individuals
buried in lime in two separate graves and they apparently corresponding to the context of the Civil War. The
sediment was dark brown with a clayey matrix, loose consistency, abundant organic matter, some small pieces of
coal, snails and elements of terrestrial fauna.

The excavation and exhumation of the cadaveric remains were carried out by a team of archaeologists and
anthropologists led by de General Direction of Democratic Memory from the Catalonia Government (Pla de
fosses de la Generalitat de Catalunya). After that, the remains were transferred to the Palaeoanthropology and
Paleopathology laboratory of the Archaeological Museum of Catalonia (MAC) where the anthropological study
was carried out. It consisted on the estimation of the biological profile (sex and age), the description of the
pathological or traumatic traits and dental condition. The results of this study have been previously published*
and the information is included in the present work (Table 2). All the skeletons were adults males and different
bone pathologies associated with metabolic (i.e., orbital cribra), degenerative disorders (i.e., dissymmetry of the
lower extremities), congenital (Klippel-Feil syndrome) or dental disorders and infections (porosity and fistulas)
were observed in the skeletons. It should be noted that RAF02 had a remodelled Colles’ fracture of the left radius
and RAF04 presented an ossificant myositis in the right femur (45.50 x 14 mm). Individuals had lost several
teeth during their life and presented some caries, although individuals RAF02 and RAF03 wore gold prostheses.
The four individuals also showed peri mortem fractures in the skull, mandible and teeth, compatible with the
shot of a firearm projectile. These lesions would correspond to the manner of death of all of them. Moreover,
genetic studies are been conducted at the Autonomous University of Barcelona (UAB).

Macroscopic taphonomic analysis

The description of the cadaveric state was based on the classification by Nociarové®® and the Bradford score!. The
spatial distribution of the skeleton was evaluated as articulated, disarticulated or displaced*®. The completeness
of the body was estimated with the preservation index (PI)**. The coloration of bones was described according
to the Munsell Soil Colour Charts* and the taphonomic alterations on the cortical surface and histology were
identified and described using the Atlas of Taphonomic Identifications®®. The results of this analysis are also
included in the present work (Table 3).
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The first grave contained the cadaveric remains of individual RAF02 buried on the left side with legs bent
and RAFO1 above the previous one and in the same anatomical position (Fig. 1a). The individuals of the second
grave, RAF03 and RAF04, were in supine position and placed one on top of the other in the opposite way
(Fig. 1b). Therefore, all of them were strictly articulated, maintaining forced positions. The cadaveric remains
were completely skeletonized, although, individual RAF02 still preserved some remains of soft tissues attached to
the bones. Bradford scores were > 90%, with heavy changes compatibles with bodies in advanced decomposition
process. The four skeletons were incomplete, especially, the individual RAF03 which had only the superior
part of the body (IP3=63.6%). The lack of these skeletal elements was probably caused by the bulldozer in a
previous excavation. Most bones were between brownish yellow (10YR 6/6) and dark yellowish brown (10YR
4/6). Orange or green spots were also observed on the bone surfaces. In general, bones were fragmented, and the
cortical surface was flaking and cracking.

Bone sampling

Specifically for this paper, two ribs (10th or 11th ) were selected from each individual from each side (left and
right, n =8 samples) to perform a detailed macroscopic taphonomic analysis and the taphonomic examination of
the bone microstructure. Ribs were selected as bone samples because they are close to the abdomen, where the
decomposition of the body begins. The analyses were performed at the Laboratory of Environmental Analysis
and Taphonomy (LeaT), housed at the Museo Nacional de Ciencias Naturales (MNCN-CSIC, Madrid, Spain),
with the authorization of the Catalonia Government. Ribs were labelled with the code of the individual and “d”
for right ribs or “i” for left ribs. The cortical surface of these ribs was formerly studied using a magnifying lamp
(5x-8x) and a more exhaustive analysis was also performed using a binocular light microscope motorized in
Z (Leica M205A, 8x to 100x magnification) and images were recorded with a high-resolution digital camera
(Leica DFC450). After the optical microscopic study, ribs were sectioned using a mechanical diamond saw for
histological preparation and the bone surface was polished with silicon carbide abrasive papers, finishing with
1 pm and 0.3 um alumina on a polishing cloth at low velocity (using water as a lubricant). The histological
preparation was performed at the Laboratory of Palaeontology (Universidad Complutense de Madrid) in
collaboration with LeaT.

SEM analysis

The histotaphonomic analyses included the use of a low-vacuum scanning electron microscope (SEM FEI-
INSPECT) to analyse the cortical surface and bone histology of the samples, and a microCT (NIKON XT H 160)
to analyse the microstructure of the complete bones (ribs RAF01d and RAF02i). All these pieces of equipment
are housed at the Laboratory of Non-Destructive Techniques of the MNCN-CSIC.

Observations at SEM were made at different magnifications (40x-1600x), under backscattered mode (BSED)
and secondary electron (SE/LFD) detectors. Based on SEM images, the histotaphonomic study aims the
evaluation of the integrity of the histological structures using Oxford Histological Index (OHI, see* for details
and terminology) and General Histological Index (GHI, see*>%¢ for details and terminology). OHI records the
taphonomic alterations caused by microorganisms on a scale of 0 (no original features recognisable, except
Haversian canals) to 5 (very well preserved, similar to recent/fresh bone), while GHI measures all taphonomic
modifications on bones including alterations caused by non-biological taphonomic agents, such as cracking
(also in a scale of 0 to 5)3>%>6, Moreover, regarding the different scoring indices (scale of 0-5) developed by
Bronnimann et al.>!, bacterial attack (BAI), Wedl tunnelling (WT), cyanobacterial attack (CAI) and cracking
(CRI) were also included in the present study.

MicroCT analyses

The microCT system obtained image resolutions ranging from 6.19 pm to 64.21 pum (isotropic voxel size). The
equipment has fixed detectors, and the object rotates along the vertical axis. The strong curvature of the ribs
caused the scanned area to move away from and towards the detectors with each rotation. This made it impossible
to acquire a single three-dimensional X-R image in a scan with a good resolution. Thus, it was necessary to scan
the whole of the human ribs in two or three scanning shots at a tomography resolution of approximately 5 pm.

Data availability
The data sets generated and/or analysed during the current study are available from the corresponding author
upon reasonable request.
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