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Abstract

The practice of cremation is often interpreted as an alternative to inhumation, taking
place shortly after an individual’s death. However, cremation could be a final stage in
complex mortuary practices, with previous steps that are obscured due to the heating
process. This project reports on experimental scoping research on a set of experimen-
tally heated femoral fragments from modern and archaeological collections of the
University of Coimbra. Sixteen recent femur samples from eight individuals, as well
as five femur samples from an archaeological skeleton from the medieval-modern
cemetery found at the Hospital de Santo Anténio (Porto), were included in this
research. Samples presented five different conditions: unburnt, and burnt at maximum
temperatures of 300 °C, 500 °C, 700 °C and 900 °C. Each sample was prepared to
allow observation using binocular transmitted light microscopes with x10, x25 and x40
magnifications. Results indicated that, if burial led to bioerosion, this will remain
visible despite burning, as could be in cases where cremation was used as a funerary
practice following inhumation. From this, we conclude that the observation of
bioerosion lesions in histological thin sections of cremated bone can be used to interpret
potential pre-cremation treatment of the body, with application possibilities for both
archaeological and forensic contexts. However, the effect on bioerosion of substances
such as bacterial- or enzymatic-based products often used to accelerate decomposition
should be investigated.
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Introduction

A central question in funerary archaeology is how human remains were treated and
manipulated shortly after death (e.g. Roksandic 2002; Duday 2006; Kniisel and Robb
2016; Booth 2016). The practice of cremation is often interpreted as an alternative to
inhumation, taking place shortly after an individual’s death. However, cremation could
be a final stage in complex mortuary practices of bodily treatment, with previous steps
that are obscured due to the heating process. Also, burning may have occurred on dry
remains as a result of non-funerary practices such as accidental fires or skeletal
reduction to free some space in funerary settings (Duday and Guillon 2006, Duday
et al. 2009). Distinguishing such disparate practices is troublesome because of
equifinality. The impact of heat exposure in skeletal remains is often quite similar
regardless of their being fresh or dry (Gongalves ef al. 2011).

Traditional methods for distinguishing bones burned dry from bones burned fresh
are based on heat-induced colour pattern, fracture patterns and warping (Baby 1954;
Binford 1963; Etxeberria 1994; Symes et al. 2008; Symes et al. 2014). However,
colour pattern is not always useful since remains can be completely monochromatic, as
is the case in completely calcined skeletons. Fracture patterns and warping are unreli-
able criteria since those features are non-specific, i.e. they can occur in remains that
were burnt fresh (either fleshed or recently defleshed) or dry (Buikstra and Swegle
1989; Spennemann and Colley 1989; Whyte 2001; Gongalves et al. 2011, 2015). Other
factors, such as collagen content, temperature increment and even the force of gravity,
appear to be influencing variables in the occurrence of such features (Vassalo et al.
2016, 2019). We are therefore in need of other, more reliable indicators for pre-burning
funerary deposition and bodily state. One method applied to non-burnt bones is based
on the observation of potential bioerosion via thin sections using transmitted micros-
copy, to identify taphonomically induced diagenetic alterations to the internal micro-
structure of archaeological bone (Hollund et al. 2012; Booth 2016; Jans 2005).

Bioerosion concerns the biological degradation of the organic and mineral phases of
bone microstructure (Nielsen-Marsh et al. 2007; Smith et al. 2007; Grupe and Dreses-
Werringloer 1993; Garland 1987, 1993). Microbial bioerosion is the most common and
most rapidly occurring form of diagenesis found in archaeological bones from temperate
environments, its amount and speed of manifestation influenced by factors such as soil pH
and hydrology, oxygen conditions and temperature (Kendall et al. 2018; Collins et al.
1995; Hedges 2002; Turner-Walker et al. 2002, Jans et al. 2004; Jans 2005) with visibility
from as early as 3 months’ postmortem (Bell et al. 1996). The actiology of bioerosion
could be sought in exogenous factors such as exposure to soil micro-organisms (Grine
et al. 2015; Kendall ez al. 2018; Kontopoulos et al. 2016; Turner-Walker 2012), but bone
diagenesis is also thought to be caused by an individual’s putrefactive gut bacteria (Child
1995a, b; Gill-King 1997; White and Booth 2014; Booth 2016; Booth and Madgwick
2016). This endogenous origin would suggest that the presence and level of bacterial bone
bioerosion observable in histological sections of archaeological bone should reflect the
extent to which the skeleton was exposed to putrefaction (White and Booth 2014; Booth
2016; Jans 2008, 2013, Jans et al. 2014). According to this model, different types and
amounts of bioerosion would correlate with specific forms of funerary and corpse
treatment (Booth 2016), specifically distinguishing corpses buried soon after death from
those undergoing different forms of mortuary treatment. Exposed animal and human
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remains, such as butchered bones and excarnated, unburied corpses, tend to show low
levels of bacterial bioerosion since soft tissue is rapidly removed from the skeleton,
minimally exposing bones to soft tissue decomposition instigated by gut bacteria
(Rodriguez and Bass 1983; Bell et al. 1996; Simmons et al. 2010; White and Booth
2014; Bronnimann ef al. 2018). In contrast, articulated skeletal remains often display high
levels of bacterial bioerosion (Jans et al. 2004; Nielsen-Marsh et al. 2007). Hence, the
examination of the type and extent of bioerosion in archaeological human remains could
elucidate complexities in mortuary treatment (Bell e al. 1996; Jans et al. 2004; Pearson
et al. 2005; Nielsen-Marsh et al. 2007; Smith et al. 2007; Turner-Walker and Jans 2008;
Hollund et al. 2012).

The consequences of enteric bioerosion are interesting for interpreting early post-
mortem treatment of the body through histology, since this type of erosion is thought to
commence during the initial stages of decomposition (Bronnimann et al. 2018, White
and Booth 2014; Booth 2016; Jans 2008, 2013, Jans ef al. 2014). Exogenous bacterial
attack, in contrast, is likely to have a much longer timeline, taking months or even up to
centuries to manifest (Bell et al. 1996; Hedges 2002; Hedges et al. 1995) and its
presence therefore would reflect a longer period of burial and decomposition. Regard-
less of an exogenous or enteric actiology, osteolytic bacterial activity is thought to be
related to interment of remains and therefore its assessment is deemed useful for
reconstructing postmortem treatment of human remains.

Although bioerosion as a criterion to detect postmortem burial has been successfully
applied to inhumation burials (e.g. Booth ez al. 2015; Booth and Madgwick 2016;
Smith etz al. 2016), cremations and other burials with burnt skeletal remains have so far
only received limited attention (e.g. Grevin ef al. 1990). This is probably partly due to
an assumption that bodies are cremated soon after death, but in fact, cremation may be
delayed for a variety of reasons (e.g. Wahl and Kokabi 1988; van den Bos and Maat
2002). If a corpse was subjected to some kind of treatment or manipulation prior to
cremation, this could have resulted in putrefaction as well as exposure to soil bacteria, if
enough time went by, and hence lead to the formation of bioerosive lesions.

In order for bioerosion to be investigated in cremated bone, it is necessary to
establish that such lesions are not rendered invisible by the cremation process. Heating
can alter bone microstructure through cracking and splitting, often emanating from the
haversian canals (Brain 1993; Hanson and Cain 2007), warping and shrinkage, colour
alteration according to burning degree, and at the highest degrees, fusing of hydroxy-
apatite crystals and obliteration of haversian structure (Forbes 1941; Gongalves et al.
2011; Herrmann 1977; Bradtmiller and Buikstra 1984; Henderson et a/l. 1987; Hummel
and Schutkowski 1993; Squires ef al. 2011; Lemmers 2012) which can have a negative
effect on microstructure analysis. Furthermore, carbon deposits can get incorporated in
the bone microstructure, thereby blackening and decreasing visibility of histological
features and enlarging the osteocyte lacunae (Grosskopf 2004). This makes it prob-
lematic to use the enlargement of osteocyte lacunae, which is interpreted to be a sign of
bioerosion, as a reliable criterion for pre-burning deposition (Grevin et al. 1990).
However, since organic components are often partly or completely lost, the remains
from an individual who was completely cremated shortly after death are no longer of
interest to microorganisms (Cattaneo ef al. 1999; Fernandez Castillo ef al. 2013a, b;
Herrmann 1977; Lemmers 2012; Mays 1998) and histological features can stay very
well preserved (Fig. 1). Histological studies of cremated remains have generally not
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reported on the presence of bioerosion (Grosskopf 2004; Lemmers 2012; Squires et al.
2011). One study reports on fungal attack in cremated remains, but correlates this to the
presence of animal meat as burial gift placed adjacent to cremated bone, making it
attractive for fungi (van den Bos and Maat 2002). In the absence of such burial gifts,
burned bone demonstrating bioerosion must have been exposed to erosive circum-
stances prior to the burning event, such as temporary inhumation.

No research has been carried out previously to determine if bioerosion lesions
remain visible after human remains are burnt and if these can be used to reconstruct
processes of bodily putrefaction and decay prior to heat exposure. In this paper, we
aimed to assess whether bacterial bioerosion remains visible in recent and archaeolog-
ical samples of experimentally burnt bones that have been previously buried. To that
end, the presence of bacterial bioerosion was assessed in both unburnt and experimen-
tally burnt samples from the same bone. Varied temperature thresholds were investi-
gated to account for heat-induced alteration of the histological structure. If bioerosion
lesions are demonstrated to remain visible after burning, then burnt bone histology can
be used as a criterion for estimating the pre-burning condition of the remains, thus
greatly contributing to archaeological and forensic studies on early postmortem treat-
ment of subsequently burnt remains.

Material and Methods

We sampled bone from two osteological collections, both housed in the Department of
Life Sciences at the University of Coimbra, Portugal (Table 1). The first consisted of
eight recent skeletons (referred to as CC-NI) from the same cemetery as the 21st
Century Identified Skeletal Collection (referred to as CEI/XXI) (Ferreira ef al. 2014).
The skeletons do not form part of the CEI/XXI as they are not from known individuals.
These individuals were exhumed from the municipal cemetery of Capuchos, in
Santarém (Portugal) and presumably were of Portuguese ancestry. The precise age at
death and sex of these skeletons is unknown, but all were adults and osteological
examination suggested the presence of two males (CC-NI 31, 32) and five females
(CC-NI 33, 34, 42, 51, 53). The sex of individual CC-NI-41 was undetermined. These
individuals were buried for at least 3 years, which is the minimum required period of
inhumation time prior to exhumation according to Portuguese legislation (Decreto-Lei
411/98). The bone sampled from this collection will be referred to as ‘recent bone’.
Given the possible small amount of inhumation time of these skeletons, archaeological
remains were also used in this investigation. As a result, the other collection consists of
archaeological skeletons of individuals from a historical cemetery found at the Hospital
de Santo Antonio in Porto (Portugal). This cemetery was used during the Modern
period ranging from the seventeenth century AD to the beginning of the twentieth
century AD. Therefore, the remains were buried for a minimum of 80 years. Samples
from a single individual were taken from this collection. Bone sampled from this
collection will henceforth be referred to as ‘archacological bone’.

Although we currently do not have information available regarding the hydrology
and soil type of the specific regions, the individuals from both collections were buried
for a substantial period; hence, the presence of bioerosion was expected (Booth 2016;
Booth and Madgwick 2016; Booth et al. 2015; Jans 2005). We focussed our sampling
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Fig. 1 Example of a histological section (femur) obtained from an Iron Age cremation burial (known as the
Chieftain of Oss, cremated at ~800 °C, Lemmers et al. 2012), viewed under polarised light. Immaculate
conservation of histological features (H = haversian canal) and no signs of bioerosion. Osteocyte lacunae (OL)
are enlarged due to carbon inclusion. Bone sample provided by the National Museum of Antiquities, Leiden,
The Netherlands. Section made by Lemmers and Koot, VU Amsterdam

on femur cortical bone diaphysis since femoral fragments are often preserved in
cremation assemblages due to the robusticity of the cortex and are easily identifiable
due to the marked /inea aspera. Furthermore, the femoral midshaft is often targeted for
consistency among histological studies of bone diagenesis, since the large amount of
cortical bone clearly displays the histological features (e.g. Hollund et al. 2015; White
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Table 1 Overview of femoral samples used in this study derived from recent and archaeological collections.

Collection Individual code Maximum temperature
Recent CC-NI-31 (A&B) 300 °C
Recent CC-NI-32 (A&B) 300 °C
Recent CC-NI-33 (A&B) 500 °C
Recent CC-NI-34 (A&B) 500 °C
Recent CC-NI-42 (A&B) 700 °C
Recent CC-NI-41 (A&B) 700 °C
Recent CC-NI-51 (A&B) 900 °C
Recent CC-NI-53 (A&B) 900 °C
Recent CC-NI-31 (A&B) Unburnt
Recent CC-NI-32 (A&B) Unburnt
Recent CC-NI-33 (A&B) Unburnt
Recent CC-NI-34 (A&B) Unburnt
Recent CC-NI-41 (A&B) Unburnt
Recent CC-NI-42 (A&B) Unburnt
Recent CC-NI-51 (A&B) Unburnt
Recent CC-NI-53 (A&B) Unburnt
Archaeological Indiv 1- (A&B) Unburnt
Archaeological Indiv 1- (A&B) 300 °C
Archaeological Indiv 1- (A&B) 500 °C
Archaeological Indiv 1- (A&B) 700 °C
Archaeological Indiv 1- (A&B) 900 °C

From every sample, we made two thin sections (A&B), to increase the chance of detecting the presence of
bioerosion. We used section A or B depending on which presented the best quality. Sample numbers were
given by the laboratory, individual code from the osteological collection. Duplicates in individual code
indicate femoral fragments from single individual

and Booth 2014). The femur is also thought to be close enough to the gut to display
osteolytic bacterial activity; an interpretation borne out by previous work on bioerosion
(Jans et al. 2004).

We selected in total 21 femoral samples: 16 from the recent collection and 5 from the
archaeological collection (Table 1). Next, half of the samples in Set 1 were subjected to
controlled burnings at maximum temperatures of 300 °C, 500 °C, 700 °C and 900 °C in
an electric muffle (Barracha K3, three-phased). The burnings took approximately 20,
40, 90 and 160 min to reach those temperatures, respectively. This resulted in a range of
both burnt and unburnt femoral samples (Table 1).

All femoral fragments, burnt and unburnt, were sectioned and polished according to the
standard procedure of the Hard Tissues Laboratory of the Dentistry Department of the
Faculty of Medicine of the University of Coimbra (Oliveira-Santos et al. 2017). We
embedded femoral fragments of roughly 3 cm in length in histological resin (Technovit
7200 VLC—XKulzer) and polymerised them for 7 h (Exakt® 520 Light Polymerization Unit)
to allow sectioning them without damaging their integrity. Cross-sectioning was executed
with a diamond blade low-speed precision saw (Exakt® Band System 300 CL/CP for Set 1,
Isomet 1000 for Set 2). The rest of the sectioned block was kept as a back-up to allow any
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additional sectioning in future. We fixated sections and polished them (Micro Grinding
System Exakt® 400 CS for Set 1, hand polished Set 2) to an approximate final thickness of
20-50 um. We judged every sample individually and refined the thickness to obtain optimal
visibility. Observations were performed using transmitted light binocular microscopes using
%10, x25 and x40 objectives. Micrographs were taken with a coupled camera. Micrograph
stitches were produced with Adobe Photoshop CS3.

We scored the microstructure of each unburnt sample according to the standard
Oxford Histological Index (OHI, Hedges ef al. 1995; Millard 2001) on a scale of 0 (no
original features identifiable, except haversian canals) to 5 (very well preserved, similar
to recent bone). This ordinal measure of bioerosion relates to the percentage of
unaltered bone microstructure (Hedges ef al. 1995; Millard 2001). The OHI correlates
with absolute measures of diagenesis such as protein/collagen yield, suggesting that it is
a useful measure of biodeterioration (Hedges et al. 1995, Haynes ef al. 2002, Nielsen-
Marsh et al. 2007, Smith et al. 2007, Ottoni et al. 2009, Sosa et al. 2013). The unburnt
sections, serving as an indicator of the amount of bioerosion observable in each
individual, were used as a base to establish the degree of bioerosion which might be
observable in the experimentally burnt bone. For the burnt sections, we described the
visibility of structures as either good, medium or poor (Table 2). Only samples of
categories good or medium were included in the assessment of bioerosion presence.

We based the identification of bioerosion in the unburnt and experimentally burnt
samples on previous work describing the character and location of the lesions in cortical
bone (Booth 2016; Booth and Madgwick 2016; Booth et al. 2015; Jans 2005) and the
authors received additional training by Dr. T. Booth. Bioerosion in bone consists of
different types of micro-foci of destruction (MFD) caused by fungal and bacterial erosion
as budded MFD, linear longitudinal MFD, lamellate MFD, Wedl tunnelling, enlarged
canaliculi (Wedl type 2) and cyanobacteria tunnelling (Fig. 2). MFD with a bacterial origin
generally manifests according to the microanatomy of bone and does not follow an outside
inward pattern, but affects the bone throughout (e.g. Jans 2005, 2013; Booth 2016;
Bronnimann et al. 2018). Wedl tunnelling is thought to have a fungal origin, although
cyanobacteria may also be responsible (Kendall et al. 2018; Fernandez-Jalvo ez al. 2010).
Wedl-tunnels appear as linear-longitudinal tunnel-shaped lesions not following the histo-
logical structure and having diameters up to 8 um (Hackett 1981; Piepenbrink 1984;
Schultz 1986; Wedl 1864). In archaeological contexts, Wedl tunnelling is more often
associated with butchered rather than articulated skeletons (Booth 2016; Jans et al. 2004,
Nielsen-Marsh et al. 2007). The forms of MFD with a bacterial origin are extremely
common in archacological human bone from terrestrial contexts (Balzer et al. 1997,
Jackes et al. 2001; Turner-Walker and Syversen 2002; Booth 2016). Since our research
deals with bone from closed contexts (buried, articulated human remains), we mainly
expected to see bacterial MFD in our sample. The occurrence of bioerosion was recorded
on a presence/absence basis (Booth 2016).

Table 2 Categorisation for bone sample quality

Good Burning did not affect the assessment of osteological features and bioerosion

Medium Burning affected the assessment of osteological features and bioerosion, but did
not prohibit it entirely

Poor Burning prevented the assessment of osteological features and bioerosion
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Fig. 2 Micrograph of transverse adult femoral thin section (Capuchos, Portugal). Haversian canals (H) and
osteocyte lacunae (arrows). Schematic representation of bioerosive lesions: budded mfd (1); linear longitudinal
mfd (2); lamellate mfd (3); Wedl tunnelling (4); enlarged canaliculi/Wedl type 2 (5); cyanobacteria tunnelling
(6) (after Bronnimann et al. 2018, Jans 2005)

Results

All recent unburnt samples had well-preserved microstructures with minor amounts of
destructive foci, resulting in an OHI score of 4-5 for each section (Table 3, Fig. 3a—c).
The archaeological unburnt sample showed higher levels of bioerosion, resulting in
OHI scores of 3 (Table 3 & Fig. 4a—). The majority of burnt samples had good or
medium histological visibility, except for the 500 °C archaeological sample, which
subsequently was excluded from further analysis (Table 4).

No bioerosion could be identified with certainty within the burnt recent samples (0
out of 8). All archaeological samples with either good or medium visibility showed
clearly recognisable MFD (3 out of 3, Fig. 4d—g). The observable bioerosion in all

Table 3 OHI score of unburnt sections and presence of bioerosion

Collection Individual code OHI score Bioerosion presence
Recent CC-NI-31 (A&B) 4-5 No
Recent CC-NI-32 (A&B) 4-5 No
Recent CC-NI-33 (A&B) 4-5 No
Recent CC-NI-34 (A&B) 4-5 No
Recent CC-NI-41 (A&B) 4-5 No
Recent CC-NI-42 (A&B) 4-5 No
Recent CC-NI-51 (A&B) 4-5 No
Recent CC-NI-53 (A&B) 4-5 No
Archaeological Indiv 1- (A&B) 2 Yes
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Fig. 3 Experimentally burmnt femoral fragments from recent collection with limited/absence of bioerosion.
a Overview section (unburnt); b, ¢ unburnt sections for reference with minimal destruction to internal
microstructure, d 300 °C, e 500 °C, f 700 °C, g 900 °C. Indicated are haversian canals (H), canaliculi (CL),
areas of carbon inclusion (ci) and splitting of haversian systems (spl) due to the increased temperature

exposure
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Fig. 4 Experimentally burnt femoral fragments from the Hospital de Santo Antonio archaeological collection.
a Overview section (unburnt). b, ¢ Unburnt sections with clear bioerosion observable, d 300 °C, e 500 °C, f
700 °C, g 900 °C. Indicated are haversian canals (H) and regions of substantial carbon inclusion (ci).
Bioerosion indicated with arrows, scattered throughout the bone microstructure, around haversian systems
and a subperiosteal band

samples could be attributed to non-Wedl (bacterial) erosion, not following an outward-
inward pattern and following the histological features. Additionally, a zone of bacterial
erosion was observable in the region below the periosteum (Fig. 4a), which remained
visible in all burning degrees, (Fig. 4g, left arrow).
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Table 4 Visibility scoring and scoring of bioerosion in experimentally burnt sections. The expected
bioerosion is based on the presence or absence of bioerosion in the unburnt sections from the same collection

Collection Individual code Burning degree Visibility Bioerosion expected Bioerosion present
Recent CC-NI-31 (A&B) 300 °C Good Possibly No
Recent CC-NI-32 (A&B) 300 °C Good Possibly No
Recent CC-NI-33 (A&B) 500 °C Medium  Possibly No
Recent CC-NI-34 (A&B) 500 °C Medium  Possibly No
Recent CC-NI-42 (A&B) 700 °C Good Possibly No
Recent CC-NI41 (A&B) 700 °C Good Possibly No
Recent CC-NI-51 (A&B) 900 °C Medium  Possibly No
Recent CC-NI-53 (A&B) 900 °C Medium  Possibly No
Archaeological Indiv 1- (A&B) 300 °C Good Yes Yes
Archaeological Indiv 1- (A&B) 500 °C Poor Excluded Excluded
Archaeological Indiv 1- (A&B) 700 °C Good Yes Yes
Archaeological Indiv 1- (A&B) 900 °C Medium  Yes Yes
Discussion

The results from this study indicate that bioerosion is observable in burnt bone. The
bioerosion present in the archaeological samples remained clearly visible after exper-
imental burning at all temperature thresholds with good or medium visibility. This
therefore means that the presence and visibility of bioerosion are not obscured by
burning. Bone alterations caused by burning are very different from lesions caused by
bioerosion. The most prominent alteration to the microstructure with regard to the
burning process, apart from warping and shrinkage, is the incorporation of carbon into
the microstructure, thereby blackening and decreasing visibility of histological features
(Grosskopf 2004). This is particularly evident in Fig. 3e (500 °C), where darkened
areas are visible around the haversian canals. These well-defined and smooth-edged
regions of carbon inclusion are, however, clearly visually distinguishable from bacterial
erosion which follows osteological structures and therefore cannot be easily mistaken
for one another. However, a feature commonly found in cremated remains is the
enlargement of the canaliculi due to carbon inclusion (Grosskopf 2004). Enlarged
osteocytes are also a feature described in the context of bioerosion (Wedl type 2, Bell
et al. 1996; Bronnimann et al. 2018, White and Booth 2014; Booth et al. 2015;
Tjelldén et al. 2018). With traditional light microscopy, it is challenging to differentiate
whether osteocytes are enlarged due to bioerosion or due to the cremation process, and
it is advisable to not use such features in the final determination of the pre-burning
condition of bone.

When bioerosion is minimal (OHI of 4-5), the MFD will likely not stand out after
heat exposure since minor signs of bioerosion are difficult to distinguish from enlarge-
ment and blackening of osteocyte lacunae caused by the heating process. This was
demonstrated by our lack of MFD recognition in the experimentally burnt recent
samples. Using bioerosion as a criterion for reconstructing patterns of pre-burning
funerary deposition and treatment should therefore be done with a degree of caution,
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since the absence of bioerosion in cremations, for example, cannot be held as a strict
guarantee that the corpse has been cremated directly after death, as a primary funerary
practice. On the other hand, when the presence of bioerosion can be confirmed in
burned bone, it serves as an indication that burning occurred as subsequent to an act
such as burial or deposition. Caution should also be taken when dealing with lower
burning degrees, partial or light cremations leading to the incomplete pyrolysis of the
soft tissue, which could theoretically enable post-burning activity by microorganisms.
Fully calcined bone, however, would not have any organic component left and the
presence of bioerosion in such material should be considered as a clear sign of pre-
burning funerary deposition. The burning degree did not affect the visibility of
bioerosion, except for bone burnt at 500 °C. In particular, the archaeological sample
burnt at 500 °C was scored as poor and its microstructure could not be observed
properly due to the high level of carbon incorporation, which is again lost with
increasing temperatures. However, the recent samples burnt at 500 °C had medium
visibility. It is therefore likely possible to include bone burnt at 500 °C but multiple
samples should be taken to ensure visibility. One way of bypassing this obstacle could
be by subjecting charred samples to an additional burning up to temperatures leading to
calcination. This would potentially enhance the visibility of histological features.

Since all samples for this project came from buried individuals, we expected
bioerosion in all sections (e.g. Booth and Madgwick 2016; White and Booth 2014;
Jans 2005). However, we found remarkably well-preserved microstructure with only
minor bioerosion in the recent samples. Variation in bioerosion between the recent and
archaeological individuals is likely not due to the age difference of the human remains,
since time is generally considered as the least important contributory factor to the
process of postmortem change (Bell et al. 1996; Piepenbrink 1986, Piepenbrink and
Schutkowski 1987); Postmortem bone alteration begins during putrefaction through the
gut bacteria, and, once begun, progresses at particular rates related to other circum-
stances as direct postmortem conditions and environment.

The human remains used in this study were from different locations within Portugal
that, at the larger scale, present quite distinct soil properties and climates (Ramos ef al.
2017). The differences in local soil circumstances may therefore have contributed to the
different manifestation of bioerosion. An extensive study on bone histotaphonomy
(Bronnimann et al. 2018) found no correlations between the intensity of bacterial attack
and sediment types or sedimentation processes respectively; however, differences
related to anoxic or waterlogged conditions between the two collections, if present,
could have influenced the difference in amount of bioerosion observed (Turner-Walker
and Jans 2008; Hollund ef al. 2012; Booth 2016). Seasonality might affect the nature of
bodily decomposition (Rodriguez and Bass 1983; Mann et al. 1990; Manhein 1997;
Campobasso et al. 2001; Wilson et al. 2007; Zhou and Bayard 2011; Meyer et al.
2013), and with that, the amount of bioerosion. It is difficult to determine whether
seasonality was the determining factor causing the differences in bioerosion between
the two Portuguese collections, since we do not have this information available for each
individual analysed for this study. However, external variables such as seasonality
affect the rate of bodily decomposition, but not the overall level of putrefaction
experienced by the hard tissue (Rodriguez and Bass 1983, Janaway 1996; Rodriguez
1997; Campobasso et al. 2001; Vass 2011; Zhou and Bayard 2011; Ferreira and Cunha
2013). Only processes that sufficiently reduce the level of putrefaction experienced by
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the hard tissue, such as rapid extraneous soft tissue loss, will affect bacterial bone
bioerosion (Jans et al. 2004; Nielsen-Marsh et al. 2007).

A more plausible explanation for the differences in bioerosion between the two
collections might be sought in the specific cemetery circumstances and corpse treat-
ment. Although we do not have detailed information on variables such as depth of
burial, use of coffins, and if embalming or postmortem was conducted, it came to our
notice that burials from the cemetery of Capuchos, from where the recent skeletal
remains were unearthed, has been subjected to additional treatment (pers comm Ana
Paula Elias). A compound made of bacteria and enzymes is routinely employed to
accelerate body decomposition. Currently, Tanzyme is used but other types of acceler-
ator may have been employed when the remains included in this study were buried.
Possibly, the mixture was efficient enough in its acceleration of soft tissue decompo-
sition to impede the gut bacteria activity on the individuals’ hard tissue. This could
explain the limited levels of bioerosion present in the bone samples, regardless of the
fact the material had been buried. Previous research on archaeological and experimen-
tally buried remains indicated that when soft tissue is absent or removed, bioerosion is
limited (Jans et al. 2004; Nielsen-Marsh et al. 2007; White and Booth 2014; Booth
et al. 2015). A similar scenario might have affected the level of bioerosion in the
skeletal remains from Capuchos cemetery.

To our knowledge, no scientific research has been carried out on the effect of
decomposition accelerators on soft tissue decomposition of buried human remains.
However, a small-scale exploratory research project with surface-exposed pig corpses
decomposing under aerobic conditions found no clear acceleration of soft tissue
decomposition (Morgado 2018). Possibly, in such cases, introduced microorganisms
outcompete those who are intrinsic, with the overall rate of bioerosion not changing
significantly. More research is therefore needed to enlighten the effect of such accel-
erators on the manifestation of bioerosion. Our results emphasise the importance of
having detailed knowledge on the background of osteological collections of human
remains used for experimental studies, since factors such as these might have severe
effect on the condition and preservation of human remains and therefore can signifi-
cantly affect research results. This also holds for premodern collections, since, for
example, quicklime is known to have been used to cover burials in the past and has
demonstrated to affect putrefaction time (Schotsmans et al. 2012, 2014; Van Strydonck
et al. 2015). The effect of such practices on bioerosion should therefore carefully be
considered as well investigated.

The level of bioerosion might also be influenced by the type and region of bone we
chose. The femur was deemed to be close enough to the gut in the previous work to
record bioerosion (Jans et al. 2004), as also indicated by the samples from the
archaeological human remains in this study. However, bones with substantial amounts
of trabecular bone are in general known to be more susceptible to bacterial bioerosion
than those composed predominantly of cortical bone (Hanson and Buikstra 1987, Jans
et al. 2004, White and Booth 2014; Booth and Madgwick 2016). Anatomical proximity
to the gut as the potential source of osteolytic bacteria has also been suggested as an
influential factor affecting intraskeletal diagenesis (Jans ef al. 2004). It is possible that
when bioerosion activity is limited due to other (burial/environmental) circumstances,
the femora are not as highly affected as other areas of the body, namely those closer to
the gut. To confirm this, tests should be performed sampling different areas of the same
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skeleton. For example, rib and cranial fragments are also easily retrieved and
recognisable in cremation assemblages (Lemmers 2012). Lower rib fragments are
closely situated near the gut and might therefore be preferable, but the amount of
cortical bone is limited. Alternatively, when sampling femoral fragments, it might be
useful to sample these in the future from the upper region of the femur near the lesser
trochanter, as opposed to midshaft fragments.

Conclusion

This research demonstrates that bioerosion remains visible in burnt remains and is not
routinely obliterated by exposure to high temperatures. Its presence can therefore be
used as an indicator of the likely pre-burning putrefaction of human remains.
Bioerosion thus helps to answer the question of whether pre-cremation burial has taken
place, which no other established criterion so far is entirely able to do (Gongalves et al.
2015; Gongalves and Pires 2017). Furthermore, our results suggest that bioerosion is
more clearly visible in bones that were buried under regular decomposition conditions
than those from corpses that were treated to accelerate decomposition of soft tissue.
Hence, the level of bioerosion manifested in bone seems to be tightly correlated with
the amount of soft tissue present during burial and decomposition (Jans et al. 2004;
Nielsen-Marsh et al. 2007; White and Booth 2014; Booth et al 2015). Additional
factors such as local soil and climatic circumstances, seasonality and specific skeletal
element and region may have contributed to the manifestation of bioerosion, but
additional studies are necessary to confirm the level of contribution of each factor.

Bioerosion analyses of burnt skeletal remains have significant potential for archae-
ological mortuary analysis. Besides allowing the reconstruction of the chaine
opératoire producing funerary assemblages involving burnt remains, this kind of
analysis may also potentially provide insights about the combined use of fire and
skeletal remains for other purposes; for example, the use of bones as hearth fuel (Théry-
Parisot 2002; Cain 2005) and the fabrication of personal ornaments with burnt bones
and teeth (Sanchez et al. 2014). The pre-burning condition of the raw material used in
those tasks can give us new information about the ways in which past populations
interacted with the dead.

The potential of bioerosion analysis of burnt remains is significant for interpreting
mortuary rituals in archaeological contexts. The increasing recognition of complex and
extended practices of bodily engagement in the archaeological record (e.g. Appleby
2013; Booth et al. 2015) emphasises the need to refine the methods used to identify
such practices. Furthermore, the applicability of bioerosion analysis of burnt remains
also extends to forensic science. Human remains can be exposed to fires in many
situations, such as accidents and homicides (Fairgrieve 2007), and can even become
burnt despite being buried due to surface fires (Stiner ef al. 1995; Bennett 1999). Apart
from exposure to heat being the cause of death, fire is a common method for attempting
to conceal evidence of criminal activity inflicted on human victims. In such scenarios,
human remains might be subject to a process of decay preceding heat exposure.

Bioerosion can be used as a criterion for detecting pre-burning funerary deposition
of forensic human remains as well as the kind of environment in which such remains
have been held prior to heat exposure. For that purpose, the process of bioerosion itself
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needs to be explored further with bone from different environmental contexts in order
to better understand the factors affecting its presence and rate. In relation to this, our
results highlight the caution that is required when using osteological collections for
experimental research, since local cemetery conditions and corpse treatment can have
significant effects on hard tissue preservation.
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