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ARTICLE INFO ABSTRACT

Keywords: Diagenesis of archaeological bones proceeds via a complex combination of chemical, physical and/or microbial
Bone diagenesis processes often over several millennia. These processes are influenced by the depositional environment,
Manganese including fluctuations in pH, mineral availability and water table. This study investigates diagenetic alterations
}Fr:;lhonomy to the mineral and organic (collagen) phases of bones from a Neolithic site, Etton Causewayed Enclosure

(Cambridgeshire, UK). Archaeological bones from some layers of the gravel site at Etton exhibit unusual staining
patterns, including iron and manganese rich layers underneath the exterior bone surface and manganese
speckling throughout the bone. A range of analytical techniques (micro-CT, FTIR, XRF and SEM-EDS) were
employed to investigate the mineralisation within three bones from this site. Diagenesis appears to have occurred
through a combination of bacterial degradation and mineral formation due to the changing redox conditions at
the site caused by fluctuating groundwater. The reason for the positioning of the manganese layers beneath the
iron layers at the surfaces of the bone remains unclear.

Redox conditions

1. Introduction

The breakdown of bones after death and deposition is a wide ranging
and varied process, depending upon the burial environment and a
multitude of associated factors. The taphonomic degradation of bone
follows general rules based on the depositional environment. The pH,
hydrology and soil composition of a site have great bearing on what
chemical reactions and organisms are present to modify the bone (e.g.
Nielsen-Marsh et al., 2007; Fernandez-Jalvo et al., 2010). Sites with
permeable soils like sands and gravels are frequently recharged with
fresh water, which is undersaturated with calcium and phosphate,
resulting in increased bone demineralisation (e.g. Hedges, 2002; Niel-
sen-Marsh and Hedges, 2000), as well as an influx of ions such as
manganese, iron and nitrates.

Diagenesis of bone covers multiple processes from possible scav-
enging and burial, to perhaps eventual fossilisation. The following is a
description of some of the general overlapping factors in this process. In
general terms soft tissue first decomposes or is picked off the bone by
scavengers. The bone can be buried immediately or over a period of time
become buried. Post mortem breaks are common. Microscopic attack
ensues with bacteria, fungi, moss, root action, algae, lichen and more all
being known to alter bone structure (Fernandez-Jalvo et al., 2010). The
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organic component of bone tissue, mainly collagen, degrades over time
and the inorganic crystalline component increases, often in spaces now
available in the bone tissue (Kiseleva et al., 2019; Child, 1995; Herwartz
et al., 2013; Dal Sasso et al., 2014). Exogenous substances can migrate
into bone tissue, especially if spaces start to form from the loss of protein
content (e.g. Badone and Farquhar, 1982; White and Booth, 2014;
Trueman et al., 2008).

Iron and manganese are commonly present in groundwater and are
often involved in bone diagenesis, notably in fossilisation (Henne et al.,
2021; Elliot and Grime, 1993; Badone and Farquhar, 1982; Kiseleva
et al., 2019). Manganese and iron often exist on, and within, bones as a
collection of oxides and hydroxides (Marin Arroyo et al., 2008). In
archaeology, manganese staining is often seen within bone and stone
deposits in caves, and most often on the outside surface of the material
(Marin Arroyo et al., 2008). However, it is often assumed the visual
deposits are superficial and rarely the extent of the manganese material
into the bone is confirmed. Iron and manganese can be incorporated
passively onto and into bone and stone, often visualised as direct
diffusion into the entire bone; they may also be introduced via fluctu-
ations in reducing and oxidising (redox) environments, mobilising sol-
uble metal ions and then reforming them elsewhere (Elliot and Grime,
1993; Breuning-Madsen et al., 2001). Bacterial action has been noted as
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a likely cause of available manganese and possible facilitator of its for-
mation in bone, however there is no conclusive evidence for this type of
formation in archaeological bone (Marin Arroyo et al., 2008; Dal Sasso
et al., 2014).

The term ‘Microscopical Focal Destruction’ (MFD) has been used to
describe regions of bone relating to areas of destruction, often sur-
rounded by a hypermineralised ‘cuff’ of processed bone material
(Hackett, 1981; White and Booth, 2014). These are normally associated
with bacteria, which have been described as ‘reorganizing’ the bone
mineral as well as destroying it (Jans, 2010; Turner-Walker, 2019).
While the complex differentiated types of microbial destruction have
been called into question, the typical periosteal and endosteal degra-
dation seen in archaeological bone is widely believed to be
bacterially-mediated (Turner-Walker, 2019; Fernandez-Jalvo et al.,
2010; Booth et al., 2016).

In this study four complementary analytical techniques (X-ray fluo-
rescence, scanning electron microscopy, FTIR spectroscopy and micro-
CT scanning) were utilised to assess the diagenetic alterations to
archaeological bones found in a peat-rich gravel site with a fluctuating
water table. The bones from the Neolithic site of Etton Causewayed
Enclosure, are — to the authors’ knowledge - unique, exhibiting peculiar
internal staining of rich mineralised orange/red and black-coloured
layers beneath an apparently unchanged exterior buff-coloured sur-
face, followed by dark speckling deeper into the bone. On the endosteal
(inner) edge these mineral layers are repeated. The hard tissue itself
visually looks smooth and undisturbed. Although some rare archaeo-
logical examples do show surface iron layering and manganese speck-
ling in cross section of bone (Reiche et al., 2003), we are not aware of
any direct parallel from other archaeological sites to the multiple layers
and mineralisation patterns observed in the bones from Etton.
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2. Materials and methods
2.1. The archaeological site and excavated bone

Near the villages of Maxey and Etton in Cambridgeshire, East Anglia,
UK (OS NGR TF 13830739; GPS co-ordinates: 52.652675, —0.323974),
was a sand and gravel Neolithic Causewayed Enclosure that once existed
on a low-lying island in a fen from the first half of the 4th millennium BC
(5950- 5450 BP). The site had an extensive history of repeated seasonal
flooding and was eventually abandoned, likely as the water levels
became too high (Pryor, 1998). Excavations took place between 1982
and 1987, revealing ca. 80% of the interior of the enclosure. Bones found
appear to be butchery remains (in particular cattle) from the seasonal
living and ritual deposition at the site. On excavation, the bones were
washed in tap water; limited cleaning was required as the sandy loam
soils adhering to the surface fell away easily, while the secondary iron
surface deposits were not easily removed (C. French, pers. comm. 2022).
Following air drying, the bones were placed in fresh paper bags and
boxed for long-term storage.

A minority of bones from a ditch dated to the later Neolithic period
showed the unusual mineralisation patterns described above. Of the
seven bones that clearly exhibited these mineralisation patterns, three
representative specimens (E781, E11525 and E12313; Fig. 1) were
chosen for intensive study. Sample E11525 is identified as bovine, but
E781 and E12313 have not been identified to species. The remaining
bones from the ditch showed diagenesis typical of anoxic environments,
many being stained brown (Kendall et al., 2018; Pryor, 1998). Root
etching marks are still visible on some of the bone surfaces, showing this
outer layer was the one in contact with the ground when buried.

."lel. Hl|?Ill|Hl\|\|ll|\ll\|)l|l.!ll\l’ll\”II!I'Illlmlllipllllpllllllll|||||I|'I|J

MI! |lIl‘IlqmI?II!Ill|\I|||\IV”llI|||I|l|llII||I|1|!III|HI.I|!I|I||Ill IIII‘II'Il

0

sy, 3

ﬂ.'lﬂ',". ?Ill|ll|l|l\|l||H!I|?Ii‘IPIQ;;IJIiﬂll}i!lllm!lﬂllllmmﬂq |||I|II‘|1

I Ifllll‘l |m|uu ml'"ﬂ

Il||||||l‘ IIII|III1|IIII'IIHJIIII

| I|UIIII|I|I.||HII|IIll I|l|'||||

9 h ,

Fig. 1. Three bones showing unusual mineralisation patterns, including orange/brown and black layers interior to the periosteal and endosteal edges, and black
mottling of the interior bone. Images a, b, c: sample E781; d, e, f; sample E11525; g, h, i: sample E12313. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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2.2. Sample preparation

The analysis undertaken in this study was performed as a precursor
for synchrotron analysis (not reported here). With this in mind, thin
sections (230-330 pum) of each bone were taken with a Buehler IsoMet™
low speed, water cooled, diamond blade microtome, at setting 4 or 4.5.
The XRF, SEM-EDS and FTIR analysis described below was undertaken
on these fragile thin cross sections of bone, which were studied unpo-
lished to preserve their integrity and avoid pulling out mineral frag-
ments. For the micro-CT the remaining whole bone was scanned.

2.3. X-ray fluorescence spectrometry (XRF)

The elemental compositions of the stained regions were assessed
using a benchtop SciMed SEA6000VX X-ray fluorescence spectrometer.
Measurements were taken over a 0.2 x 0.2 mm area in air at the in-
strument’s normal focusing distances, with its X-ray tube operating at
50 kV and 1000 pA, without any filtration. Measurements were taken
with a pixel size of 30 pm and time spent per pixel as 50 ms, to generate
elemental maps (Ca, P, Mn, Fe) of the thin sections of bone. Scan sizes
were as follows: 8.64 x 12.81 mm (E781), 6.7 x 13.02 mm (E11525)
and 9.63 x 13.02 mm (E12313).

2.4. Scanning electron microscopy (SEM-EDS)

A Hitachi SU3500 scanning electron microscope with an attached
EDAX microanalysis system (running TEAM software) was used to
investigate the composition of the bone material and mineral infills. The
unpolished thin sections of bone were prepared for synchrotron analysis,
and so could not be surface coated for high vacuum SEM as the coating
would interfere with subsequent analysis, which reduced the resolution,
making it difficult to visualise changes in bone histology and evidence of
bioerosion. The machine operating conditions were a voltage of 15 kV, a
spot intensity of 70, a vacuum pressure of 80 Pa, all in Variable Pressure
(VP) mode.

2.5. Micro-computed tomography (Micro-CT)

Micro-CT scanning was undertaken using a Nikon Metris XT H 225
scanner with a tungsten reflectance target. The working conditions for
each scan were an accelerating voltage of 100 kV, a current of 45-50 pA
and an exposure time of 500 ms. The instrument was set to optimise
projections (typically 1471), with 2 frames per projection. The resultant
voxel size ranged between 69.3 and 121.4 um for the largest fragments,
and 15.1-33.9 pm for the smaller fragments. The software used to
reconstruct the data was CT Pro 3D (Nikon Metrology, UK) and data was
visualised and processed using VG StudioMax 2.1. (Volume Graphics,
GmbH, Germany).

2.6. Fourier transform infra-red (FTIR) spectroscopy

FTIR analysis was carried out using a Spotlight 200 attached to a
Spectrum 100 benchtop instrument (both PerkinElmer) with a mid-IR
optimised source, beamsplitter and a liquid nitrogen-cooled MCT de-
tector in microscope mode. Spectra were collected in the mid-infrared
wavelength at 800-4000 cm ™.

The microscope feature of the FTIR allowed spectra to be collected
from targeted areas within three differently-coloured regions of thin
sections of each bone: red/orange (i.e. iron-rich), dark (i.e. manganese-
rich), or unstained regions. A minimum of 6 spectra were collected from
each of these three different regions per sample, with an average of 7.4
scans taken per region per bone, and a total of 67 spectra collected. The
aperture size (i.e. the area scanned for each spectrum) was kept at 50 x
50 pm where possible to allow small features to be studied, but was
increased to 100 x 100 pm for nine spectra. The number of scans
collected for each spectrum depended on the sample itself, and was
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chosen to optimise peak signals and reduce interference. For most
samples, 115 scans were collected, but some regions required as few as
10 scans to generate clear spectra, while the sections from E781 required
250 scans. A gold mirror was used as the background material in the
reflectance spectra. A new background was run after every change in
scan number, aperture size, or thin section.

The software used to view and transform the data were PerkinElmer
Spectrum 10.5.4, PerkinElmer Spectrum image and Spectragryph
version v1.2.6. Due to the thickness of the samples, total reflectance was
measured, with no separation between the diffuse and specular com-
ponents. A Kramers-Kronig transformation was used to convert the
reflectance data into absorbance data.

The presence of organic material and bone mineral carbonate in the
‘red/orange’ iron- and ‘dark’ manganese-rich regions of bone, as well as
the ‘off-white’ unstained regions, was assessed visually by recording the
presence or absence of the amide I-III peaks (at 1660, 1554 and 1240
em™!, respectively) and the carbonate peak at 1400-1450 cm™!
(Paschalis et al., 2017).

To assess the extent of diagenetic alterations of the different regions
of bone (‘red/orange’, ‘dark’ and ‘unstained’, as described above), two
peak ratios were calculated for each spectrum. Peak height measure-
ments were taken in Spectragryph following advanced baseline correc-
tion. The carbonate to phosphate (C/P) ratio was calculated as the ratio
of absorbance of the v3 CO3 peak height at ca. 1417 em! to the vg
phosphate POy peak height at ca. 1035 cm ™! (as defined by Wright and
Schwartz, 1996; Kontopoulos et al., 2018). The amide to phosphate ratio
(Am/P) was calculated by dividing the height of the v; amide peak at ca.
1640 cm ™! by the height of the main v3 phosphate peak at ca. 1035 cm ™!
(Kontopoulos et al., 2018). The weight % organic content of bone was
calculated using the equation wt % organic = 11.06 In (Am/P) + 32.43
(according to Trueman et al., 2004). Values for both ratios and the
weight % organic content were averaged for each of the three coloured
regions for each bone. The splitting factor, which is often used to mea-
sure the extent of bone diagenesis (Weiner and Bar-Yosef, 1990), could
not be calculated as data was too noisy below 800 cm™! having been
collected in specular reflection mode using the FTIR microscope.

3. Results
3.1. XRF

The mapping XRF allowed analysis of a large area of the bone cross
section, highlighting the distribution of the elements present across the
coloured layers, confirming that the orange/brown staining was asso-
ciated with the presence of iron and the black layers and mottling were
associated with manganese (Fig. 2). In addition, it was observed that the
iron distribution was greater on the endosteal layer than the periosteal
in E11525 and E781, which was the opposite to E12313. Indeed, the iron
in the endosteal layer of E12313 had to be confirmed by XRF as it was
not clear on visual inspection. Although iron and manganese were often
observed in separate, discrete layers (as evidenced for E12313; Fig. 2h
and i) they were observed together in some regions (in particular the
endosteal edge of E11525; Fig. 2e and f).The XRF maps also highlight
some patterns of the mineral-rich layers in the thin sections, such as the
iron and manganese bands repositioning in response to a crack present
by migrating further into the bone in E12313 (Fig. 2h and i).

3.2. SEM-EDS

Investigation of changes to bone histology and/or bioerosion was
limited as the thin sections of bone could not be polished or coated prior
to subsequent synchrotron analysis. Hence, the SEM-EDS analysis
focused on the structure of the mineralised layers and the elements
present. The iron and manganese layers are comprised of concentrations
of the materials ranging from more irregular small specks to oval/cir-
cular shapes of high density (Fig. 3). This formed the visible bands as
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they accumulated in particular areas of the bone. The iron band was
tighter in formation than the manganese band which broke up into the
speckling seen across the bone. Iron and manganese were usually
detected in discrete regions of the bone, and were only occasionally
observed together (as also seen in the XRF maps).

Backscatter electron images (e.g. Fig. 4) illustrate the atomic contrast
observed between the iron-rich layers and the surrounding bone min-
eral. Although the associated elemental spectra should be interpreted
with caution, it would appear the levels of oxygen increased with
increased iron. This was less obvious in manganese-rich areas. In some
instances, damage to the bone was interpreted as being bacterially-
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Fig. 2. XRF mapping images of thin sections of bones
E781, E11525 and E12313. Images show distribution
of manganese (Mn-Ka) and iron (Fe-Ka) across the
bones matching the visual staining. Sample E781 is
shown in Fig. 2a, with Mn and Fe elemental maps
shown in Fig. 2b and c, respectively. Sample E11525
is shown in Fig. 2d, with Mn and Fe elemental maps
shown in Fig. 2e and f, respectively. Sample E12313
is shown in Fig. 2g, with Mn and Fe elemental maps
shown in Fig. 2h and i, respectively.

mediated (e.g. Fig. 5) with the distribution of iron and manganese
clusters matching the infilling of previous bacterial colonies (see
discussion).

3.3. Micro-CT

This non-destructive technique allowed visualisation of the interior
bone structure and highlighted the position of the mineralised layers.
Localised regions of mineralisation could be seen within the bones for
the first time, without having to section the bones. The iron-rich layers
appeared at a higher greyscale density on the CT images than the
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12313 15.0kV 10.0m

Fig. 3. Bright regions correspond with high levels of iron across the endosteal
edge of bone E12313.

manganese-rich regions, but both were clearly distinguishable from the
bone mineral (Fig. 6). The images clearly show the mineralisation pat-
terns observed visually and with both XRF and SEM-EDS, namely
intermittent layers of iron underneath the visibly-unaltered buff-col-
oured external surface, with manganese layers beneath the iron ones.
When more trabecular bone was present on the endosteal surface of the
bone, this also contained iron.

The CT scans of the three Etton bones showed E12313 had the most
distinct mineralised layers and E781 the least, as expected from visual
observation. E12313 had clear sections of manganese mineralisation
around the medullary cavity (Fig. 6b). The iron and manganese in
E12313 was not evenly distributed around the endosteal portion, but
was concentrated to one side of the bone (Fig. 6a).

The smaller fragment of E781 (Fig. 6d) showed bands of iron that
appear to have started forming in slightly different areas of the bone, as
if the layer formation was repositioning within the bone over time. E781
had the clearest example of this iron band activity.

It was clear from a visual inspection of particular bone fragments
(Fig. 7) that the mineralised layers continued to run parallel to, and at
the same depth from, the surface edge of some large breaks as observed
around the unbroken periosteal surface edge of the bone.

The intermittent distribution of iron and, to a lesser extent, manga-
nese, underneath the surface indicates that mineral ingress did not
necessarily occur from the open, broken ends of the bone. A nutrient
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foramen is a channel within the bone used for blood vessels in life. As a
hollow soon after deposition it acts similarly to a ‘crack’ known to be
present at time of burial and the CT showed it acted as a focus for the
iron deposits in the bone (Fig. 6¢). Other cracks into the bone were seen
disrupting the iron layers in a similar, if not as extensive, way (e.g.
Fig. 6b), while other cracks showed no effect on the layers present
(Fig. 6e).

3.4. FTIR

The FTIR data was interrogated in two different ways to assess the
difference in diagenetic alteration between the three differently stained
regions within the bone: the red/orange, iron-rich areas, the dark-
coloured manganese-rich regions, and the off-white unstained areas.
Example spectra are presented in Fig. 8.

Firstly, the presence of bone organic and crystalline components in
the different stained regions were investigated by visual comparison of
amide and carbonate peaks with those of a thin section of well-preserved
archaeological bone. No significant difference was observed in either
amide or carbonate peak presence and clarity between the differently
stained regions across the bones when these stained sections were
compared to each other. For example, given the SEM-EDS results
showing lower calcium in regions of high iron it could be hypothesised
that the bone mineral and perhaps the collagen had been negatively

11525 15.0kV 9.7mm x85 BSE-3D 80Pa

Fig. 5. Outer edge of bone 11,525, showing regions assumed to be associated
with bacterial colonies.

Fig. 4. Backscatter electron imaging illustrates the atomic number contrast showing the band of iron-rich material (A) relative to the bone matrix (B) in E12313.
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20 mm

Fig. 7. Bones from Etton (not E12313, E11525, E781), showing post-
mortem breakages.

affected in the red/orange, iron-rich regions but there was no significant
difference seen between the iron layer and the buff-coloured exterior to
support this. This may be a product of too small a sample size, or
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Fig. 6. Micro-CT images of bone, with high density
(brightest) regions representing iron mineralisation,
and medium level density correlating with manga-
nese mineralisation, in contrast to the unmineralized
bone. Clockwise from left: a: E12313 longitudinal
section (indentation on left-hand bone surface can be
seen on Fig. 1g); b: E12313 cross section; ¢: E11525,
showing nutrient foramen; d: E781, showing ‘reposi-
tioning’ of iron layer; e: E12313, showing a crack
from the external surface passing through the iron
and manganese layers.

sensitivity of the scale and measurements. Between the bones them-
selves however, there was a noted difference in the peaks. Collagen
preservation (as indicated by the amide peaks) was greatest in E12313,
although peak height (and hence amount present) varied across the
sample. In comparison with the other two bones, E781 had the poorest
collagen preservation, but the highest carbonate peaks.

The carbonate to phosphate (C/P) and amide to phosphate (Am/P)
peak ratios are given in Table 1. Natural biogenic carbonate in bone has
a C/P ratio of ~0.34-0.36 (Nielsen-Marsh, 1997; Hollund et al., 2017).
The loss of carbonate due to post-depositional recrystallisation and hy-
droxyapatite alterations results in the lowering of this value (Stiner
etal., 1995), as seen for all regions except for the dark region in E12313.
The red/orange regions in E11525 and E12313 had the lowest C/P ra-
tios, indicating that the hydroxyapatite was the most altered in the
iron-rich regions, but the C/P values were consistent across all three
regions in E781. The average C/P ratio for the dark regions of E12313
was elevated, at 0.43, indicating that the hydroxyapatite was altered
with an additional carbonate (possibly calcite) present (Nielsen-Marsh
and Hedges, 2000).

o
B
Absorbance

W " 0

2750 2250 1750 1250
wavenumber cm-1

o
Y
Absorbance

2750 2250

wavenumber cm-1

1750 1250 750

Fig. 8. Example FTIR spectra: A: white unstained region of E11525; B: dark, manganese-rich region of E12313; C: white unstained region of E781, with no amide

peak; D: red/orange iron-rich region of E12515.
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Table 1

Quaternary International 660 (2023) 21-30

Average C/P, Am/P and weight % organic content for the three different coloured stained regions in the three mineralised bones from Etton.

Bone C/P Am/P Wt % organic content
Dark White Red/Orange Dark White Red/Orange Dark White Red/Orange
E781 0.17 0.17 0.16 0.15 0.04 0.05 11.6 0 0
E11525 0.20 0.23 0.18 0.24 0.34 0.13 16.8 20.5 9.6
E12313 0.43 0.20 0.18 0.43 0.27 0.13 23.1 17.9 9.7

The Am/P ratio of bones decreases with collagen loss (Hollund et al.,
2017). The least amount of collagen was detected in the red/orange
iron-rich regions for E11525 and E12313. Virtually no collagen
remained in either the white, unstained or red/orange areas of E781.
Fig. 8C shows a typical spectrum for a white, unstained region of E781
with the amide peak at 1640 cm™! absent. The average Am/P ratio of
0.43 for the dark, manganese-rich region of E12313 was considerably
higher than the other regions (as well as the average for fresh modern
bone of 0.32; Hollund et al., 2017). Given that fresh modern bone
contains ca. 22% collagen (van Klinken, 1999), combined with the
elevated C/P ratio for this region of E12313, it is possible that some, or
all, of the amide peaks at 1640 cm™! were incorrectly identified. In
many of these particular spectra the region from ca. 1660 to 1630 cm ™!
was noisy (especially after baseline correction) with no clear amide
peak, in contrast to spectra of a well-preserved archaeological bone
collected under the same conditions where the amide peak was clearly
visible at ca. 1640 cm™.

3.5. Evidence of bone degradation

E781 was different to the E12313 and E11525 bones for a number of
reasons. Micro-CT analysis revealed curvilinear lines of lower density
running across the fragment of bone, which was not seen in any other
Etton bone, even at a greater resolution (Fig. 9). These ripples could
indicate plexiform bone, which has been recorded around the periosteal
edge in cattle and other animal bone (Hillier and Bell, 2007; Turn-
er-Walker et al., 2002).

SEM images showed cracking which, while it occurred in all the
Etton bones, was most prominent in E781. E781 broke in thin sectioning
and required a greater number of FTIR scans to produce reliable spectra
(to account for signal to noise ratio). All this, as well as the lack of amide
peaks in the FTIR spectra, is suggestive of a greater extent of degradation
in this bone compared to the other two.

4. Discussion

The excavation report for Etton Causewayed Enclosure states that
’Bones from the upper levels ...of the enclosure ditch were a pale buff
colour, mineralised, and generally poorly preserved’ while ‘Bones from
the primary ditch deposits were stained a deep brown colour, unmin-
eralized, and well preserved’ (Pryor, 1998). Although the bone ID
numbers reported here (E11525, E12313, E781) could not be matched
to a specific ditch/context within the report, the pale buff description
suggests the bones in this study were from the enclosure ditch. However,
these bones exhibited a much more complex pattern of iron and man-
ganese mineralisation than the excavation report suggests. The pale
buff-coloured periosteal surface layer overlies an intermittent red/-
brown coloured iron-rich layer above a black manganese-rich layer,
with black manganese-rich ‘speckling’ throughout the cortical bone. On
the endosteal surface is an iron layer, overlying a manganese layer
further within the bone; these two layers ‘overlap’ more than at the
periosteal surfaces of E781 and E11525. The iron and manganese
compounds are mostly likely oxides or oxyhydroxides.

The ditch from which the bones were likely excavated was affected
by fluctuations in groundwater, as well as seasonal flooding caused by
subsequent alluviation. The water levels at the site would also have
lowered following the formation of the ‘Maxey Cut’, a drainage feature
introduced at some point in the Medieval period (Pryor, 1998). The
mineralisation observed within the bones appears likely to have
occurred through a complex cycle of processes likely driven by changes
in redox conditions caused by the fluctuating groundwater levels over
several millennia during burial, as well as environmental changes during
excavation and over three decades of post-excavation storage.

The processes involved at Etton Causewayed Enclosure are assumed
to be similar to those proposed by Reiche et al. (2003) for bones buried
in sands above the water table but exposed to fluctuating redox condi-
tions due to precipitation and occasional flooding at the Neolithic site of

Fig. 9. Micro-CT scan images showing variations in bone density across a small fragment of E781.
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Bercy, France. The bones from Bercy have elevated iron concentrations
at the interior and exterior edges of the bone (detected by PIXE analysis),
with irregular manganese flecking within the bone section, but the
mineralisation does not appear to be as extreme as in the bones at Etton,
and nor do the Bercy bones have the additional manganese layers
beneath the iron layers at the bones’ surface (Reiche et al., 2003, Fig. 2).

During periods when the water table had dropped at Etton, the
aerobic conditions would have supported rapid microbial degradation of
the bones’ organic matter. Although detailed histological analysis was
not undertaken as part of this study, SEM-EDS analysis did indicate
bioerosion had occurred (e.g. Fig. 5). As the water table fluctuated and
the bones were once again submerged, short-chain, degraded collagen
would have leached out of the bone due to its increased solubility
(Collins et al., 1995), resulting in a further increase in porosity within
the bone, allowing iron- and manganese-rich porewaters (Pryor, 1998)
to penetrate deeper into the bones’ structure. The influx of porewater
into regions which had already undergone collagen degradation and
associated increases in porosity is known to promote the dissolution and
recrystallisation of the bone hydroxyapatite mineral phase, resulting in
increased crystal size and the potential incorporation of exogeneous ions
into the hydroxyapatite lattice (Nielsen-Marsh and Hedges, 2000). Once
the groundwaters subsided and the environment became oxidising
again, manganese and iron oxides and oxyhydroxides formed within the
voids created by the bacterial activity.

Given the unusual multiple coloured layers and speckled patterns
observed within these bones today, it is perhaps surprising that the
bones were described simply as ‘mineralised’ in the excavation report
(Pryor, 1998), with no further detail or photographs. This omission
suggests that while mineralisation likely started during burial, it prob-
ably continued during the washing/drying stages post-excavation, and
possibly also during over three decades of storage. It is possible that
some (or even all) of the iron and/or manganese bands may have been
formed during the drying of the bones, where the inner parts were still
wet and anoxic, but the outer regions of bone were dry and oxic.

The location of the mineralised layers immediately beneath the
endosteal and periosteal surfaces of the Etton bones correlates with
bands of bacterial bioerosion observed in archaeological bone (Booth
et al., 2016; Fernandez-Jalvo et al., 2010). The mineralisation often
resembles the rounded shapes of bacterial colonies spreading out across
the bone (Fig. 5), matching the description of microscopical focal
destruction (Hackett, 1981; White and Booth, 2014). The ‘speckled’
distribution of manganese within the cortical bone is similar to the
pattern of bioerosion in mineralised collaged described by Turn-
er-Walker (2019, and references therein) whereby bacterial activity
expands and enlarges the canalicular system, and the manganese oxide
infill of canaliculi and other voids, as well as non-Wedl foci produced by
bacterial activity, described by Elliot and Grime (1993) and Dal Sasso
et al. (2014).

While the position of the mineral formation within the bones can
therefore be seen to correlate with bacterial bioerosion, the formation of
the manganese layers further into the bone than the iron layers on both
the periosteal and endosteal surfaces remains unclear. Stratification of
minerals based on redox potential of the environment has been noted for
sediments, where manganese and iron will separate and form distinct
layers, but the manganese oxide layer normally occurs above the iron
oxide layer (e.g. Ingri and Pontér, 1986). The mineralisation appears to
have occurred through one or more cycles of bacterial degradation
under aerobic conditions, followed by the influx of iron (Fe®*") and
manganese (Mn2") under reducing conditions as groundwaters rose, and
subsequent precipitation of iron and manganese oxides when the water
table fell and conditions were once again oxidising. However, the po-
tential role of manganese oxidising bacteria in promoting mineralisation
associated with bacterial decay cannot be completely discounted (and
may even be responsible for the unexpected positioning of the manga-
nese layer beneath the iron layer). Although still poorly understood,
manganese oxidising bacteria are known to play an integral role in the
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biogeochemical cycling of several elements, including manganese, iron
and carbon, and are ubiquitous in nature, including at oxic-anoxic in-
terfaces and within ferromanganese nodules (Tebo et al., 2005; Carmi-
chael et al., 2013).

The extent of mineralisation varied between the three bones. More
iron and manganese was observed on the XRF maps of the endosteal
layer than the periosteal layer of E11525 and E781, in contrast to
E12313. Both E11525 and E781 had more visible manganese content
distributed throughout the bone cross section than E12313. The greatest
differences in mineralisation were observed between bones E12313 and
E781. E11525 was the intermediate bone in terms of both mineral dis-
tribution and concentration. E781 had a very diffuse manganese layer
compared to the other two bones, with an evenly distributed iron-rich
layer around the bone. In contrast, the iron-rich layer in E12313 was
much more prominent on one side (Fig. 6a and b), although the cause of
this is unclear. It is possible that the bone was buried at the wet-dry
boundary, with only the lower part of the bone submerged, but
ground water tables are seldom that stable. Alternatively, this could
have been caused by a gravity effect, whereby water had drained from
the uppermost part of the bone and accumulated within the lower part,
either during burial or post-excavation drying.

The XRF maps and micro-CT images revealed differences in mineral
layer formation relative to cracks and fractures in the bone. The nutrient
foramen is the only large channel travelling along/through the bone that
was definitely known to be present at the time of burial. When observed
on the micro-CT scans for bones E11525 and E781, the nutrient foramen
has a very high concentration of iron around its edge or just below the
surface and clearly acted as conduit for the iron into the bone, corre-
sponding to Elliot and Grime’s (1993) observation that iron more typi-
cally fills the larger pores in the bone matrix such as Haversian canals,
and lines its cortical surfaces.

In some instances, the mineral layer was observed to have formed
parallel to the edge of the crack, travelling into the bone away from the
surface, indicating that mineralisation occurred around a pre-existing
crack (Fig. 6¢). Fig. 2g—i and 6b (E12313), clearly show the iron layer
penetrating into the bone along the edge of a crack, but the crack con-
tinues beyond the layer, suggesting the crack was widened after the
mineral layer formed. The manganese layer also follows the same crack
but is seen on the XRF maps to be more scattered and weaker around the
crack than around the main edge of the bone. It is possible that the
formation of the crack allowed oxygen and/or porewaters further into
the bone, allowing for dissolution and reprecipitation of the mineral
layers as the redox conditions changed. In other instances, the cracks
break through the layers without affecting the path of the mineralised
band, indicating that they formed after the mineralisation had occurred.
These cracks are likely taphonomic damage associated with prolonged
burial and/or subsequent excavation and analysis, or possibly formed
after drying out of the bone after the excavation and later storage.

Variations in the extent of degradation in the bones may indicate that
the Etton bones were deposited at different times, or may represent
different micro-environments with different redox conditions depending
on their position within the ditch. E781 appears most diagenetically
altered, E12313 the least. E781 had the most surface cracks visible by
SEM-EDS, and was the hardest bone to section as it kept breaking and
had the lowest C/P ratio and Am/P ratios in all three differently stained
regions (red/orange, dark, unstained). It was the only bone to show
‘ripples’ across the surface of the bone in the micro-CT images (Fig. 9). If
this is the plexiform bone separating as we believe, then this happening
only in E781 suggests a weakening of the bone structure as it draws apart
from its concentric layers (Hillier and Bell, 2007). This plexiform bone is
normally associated with specific animal species; given E781 was not
identified to species from visual examination of the bone fragment this
information highlights another benefit of non-destructive micro-CT
imaging. Overall, E12313 had the most amount of collagen surviving
(based on the amide peaks), but collagen preservation was variable
across the bone.
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For all three bones, the C/P and Am/P ratios indicated that the re-
gions of iron mineralisation (i.e. the red/orange areas) were the most
diagenetically altered and contained the least collagen. However, the
manganese-rich regions (i.e. dark/black stained areas) still contained
some collagen, and the C/P ratio was similar to the white regions of the
bone, which also contained some collagen in some bones. This may
support Elliot and Grime’s (1993) observation that manganese miner-
alisation occurs in smaller voids than iron mineralisation does, and
hence more original bone material is present in the dark-stained regions
than the red/orange ones. Although the FTIR focused on a 50 x 50 pm
area, the section was 300 pum thick, so the differences in ratios may
simply reflect mineral variations at depth within the thin sections.

5. Conclusion

The three bones from Etton Causewayed Enclosure studied here
demonstrate a complex pattern of diagenetic alteration and minerali-
sation. The shaping of the iron-rich (red/orange) and manganese-rich
(dark) layers follow the typical form of archaeological bacterial degra-
dation of periosteal and endosteal surface bioerosion but the extent of
the iron and manganese oxide and oxyhydroxide formation, and in
particular the positioning of the manganese layer below the iron layer, is
different to that described in bones from any other site, to the authors’
knowledge. This mineralisation is likely to have started during burial,
due to groundwater fluctuations causing repeated cycling between
reducing and oxidising conditions. Bacterial activity during aerobic
periods left voids within the bone, in particular under the bone surface
and expanding the canaliculi network within the cortical bone, into
which iron and manganese-rich groundwater penetrated. These then
precipitated as oxides and oxyhydroxides once the groundwater levels
dropped and oxygen became available. The mineralisation process likely
continued post-excavation, especially during the washing and drying
and possibly also during long-term storage.

Although histological details were not studied here, this study
highlighted the use of micro-CT for the visualisation of mineralisation
(especially iron) within intact bone, as well as plexiform bone
separation.

This study was undertaken as a precursor to synchrotron analysis to
investigate the relationship between collagen preservation/degradation
and mineralisation on the micro- and nano-scale, and whether miner-
alisation occurs solely by replacement within voids or also through
substitution within the hydroxyapatite bone mineral.
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