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ABSTRACT

Despite the availabdity of large amount of information on hurman bones, little attention has been given to the emviroromental
conditions af bone weathering and preservation. Secondary hydronypapatite (carbonated hydroxpapatite for primary bone
muneral) as the mostwell known bt intriguing constituent of the bone war determined ($EM) in the pore spaces of a Bitin-
tan (2nd century BC) mans vertebral bone fragment as aggregates together with probable amorphous compounds,
Unweathered primary microcrystalline hydresyapatites of the bone structure were also deterrined by TEM indicating resist-
ance toweathering. Crgaric bodies such as the True Shme Moulds of the Phyim Myxomycota were observed feeding on
Fydroxyapatite fragements, and seconalary minute hydroxyapatite ageregates forming on urnamed elongated mycefia. Al
these features add up to marifest the alterations that primarily occur in post mortem soil-less environments af bones more
independently and freely than in soil media, without being masked by the numerous processes the latter would shelter.

OzeT

riean kemiikderi haklanda gok fazla bilg olmasma kargin, kenillerin ayngmas ve Korunmasnda pevee kogullaren etkis

Balgesindeki bir insanmun (MO 2. winad) vertablea kemik parcalannda pozenek boshddarpla birlikte taramals electron
erashobu (SEM) ile belirlendi, Kemil : birineil mikrokeistalin hidrolsiapatite, gecirimii elek

mineral pargaciklannm izerinde beslendid poclemlendi. Calpmanm bulpulannda saptanan tm by gorindimier,

roprakh ortarmlardan farkd olarak dliim sonnan toprakee ortemlarda daha belingin bir Digimde ortava qoomislarder,
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INTRODUCTION

Large amount of information is available on human
bones in archacometry, medicine, and forensic stud-
ics indicating the presence of amino acids, collagen
and inorganic fractions, namely as the hydroxyapatite
(HAP- carbomated hydroxyapatite for primary bone
mineral). Seventy percent of the bone is made up of
HAF including the compounds of calcium (phos-
phate, carbonate, chloride, fluonide, hydroxide and
citrate). Although may be present in amorphous
forms, this primary mineral is predominantly crys-
talline (Hedges and van Klinken 1992) as platelets
ar rods, about 8 to 154 thick, 20 to 40A wide and 200
to 400A long. Substitution occurs in the HAP of
bone by inter-crystalline exchange and re-crystalli-
sation, via dissolution, with the addition of new elec-
trolytes, influencing the HAFP formation in different
pathways. Solutions containing phosphate salts ind-
tially accelerate the rate of HAP formation by reduc-
ing the incongruency of the CaHPO, dissolution
and new crystal formation during which Ca? is
replaced or electrolytes adsorbed on the crystal sur-
faces (Smith et al. 1983; Brown and Fulmer 1996).

Secondary HAP, which is of special interest for sodl sci-
enlists and agronomists studying the dynamics of
phosphorous in soils and its availability to plant’s may
form in a soil-less (the post-mortem conditions of
tombs) or soil environment through the weathering of
the bone or other phosphate sources. However, little
attention has been given 1o the environmental condi-
tions of bone weathering and preservation (Sobel and
Berger 1994), despite the quantities and composition
of surviving organic materials in a specimen depend-
ing on their burial environment (Garlick 1969).

Environmental factors that are suggested to influ-
ence the rate at which collagen degrades include the
compasition, pl1 and hydrology of the matrix; oxy-
genation; temperature; and changes brought about
by s0il flora and fauna (Henderson 1987). The pro-
tein contents of the bone undergo a relatively slow
hydrolysis to peptides, breaking down into amino
acids followed by a spontaneous rearrangement of
the inorganic crystalline matrix, which weakens the
protein-mineral (IAP) bond and leaves the bone
susceptible to dissolution by the action of internal
and external agents (Henderson 1987). The study we
have undertaken is interdisciplinary attempting 1o
determine the formation of crystalline/amorphous P

—p—

Dy BOYRAL &l

compounds and the HAF orientation on and with-
in the bone using the microscope and submicTo-
scopic methods coupled with XRD to understand
the dynamics of P as HAF in a soil-less environment.

MATERJALS AND METHODS

A segment of the backbone (vertebrae) of a Bitine
1an, Greco-Roman male recovered from a presti-
gious Znd century BC tomb near Bursa, located i
western Turkey-a tomb of high quality masonry with
the bones of a high ranking person lying on the
ground with the decayedweathered artefacts and
goods without direct soil contact (Figs. 1-2) was
analysed at a Bruker AXS D8 Advance Cu k-alpha
x-ray diffractometer as powdered/ground samples of
around 20-50 micron size. Scanning electron
microscopy (SEM-Carl Zeiss EVO 40) coupled with
a Bruker AXS Microanalysis-XFlash 4010 unit was
also used in order to reveal the occurrence and for-
mation/chemistry of the HAF and its orienta-
tion/relation to the bone microstructure and other
minerals. Transmission electron microscopy (TEM-
JTEOL-TEM 1400) was performed on the ultra thin
sections (ultra cuts microtome) of the bone sample
in order to determine the crystal morphology, on-
entation and degradation of the primary carbonat-
ed hydroxyapatite.

The soil body overlying the tomb was classified as a
Colluvitechnic-Calcaric Regosol (a poorly devel-
soil with low organic matter content -around 1-2% at
the surface of the profile-, with a horizon sequence
of Al, A2, ACk, Ck, 2Ckm overlying a tomb stone
using the WREB soil classification (IUSS Working
Group WEB 2006) with degraded macchia vegeta-
tion of the mild to xeric Mediterranean climate.

RESULTS

Similar to the earlier works, the bone sample stud-
ied contained well crystallized HAFP with the full
range of peak orders, most likely due to the absence
of the long-decomposed/oxidised organic com-
pounds expecled to mask the XED peaks (Fig. 3).
Secondary HAP (Cag (PO4),0H) (Deer et al 1974)
together with amorphous phases of calecium phos-
phate (ACP) aggregates were determined in the
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large rounded pores of the bone (Fig. 4). The
leached solutions (observed during the field study)
from the overlying soil and the humid environment
created in the tomb have most probably being
responsible for the dissolution of some of the pri-
mary P minerals (Fig. 5) and development of the sec-
ondary hydroxyapatite. The coalescing of the poor-
lv erystalline HAF with amorphous caleium phos-
phate confirtned the transformation via an internal
rearrangement, instead of the prevailing earlier view
of the dissolution —re-precipitation process (Fig. 4).
The SEM observations also revealed the presence of
denzely oriented primary fibrous HAI as random-
ly distributed and mterwoven domains acting most
likely as reinforcements in the bone matrix along
with the minute unweathered primary HAP crystals
disclosed by TEM (Fig. 6).

The coalescing pores determined under the SEM
with the patchy diffused matrix seem to be the sites
of elemental P loss via the probable weathering of the
larger primary HAFP minerals (Fig. 7). The True
Slime Moulds of the Phylum Myxomyecota observed
on the surface of the bone may have been the repeat-
edly rejuvenated long-standing generation of scav-
engers which are still active today. The development
of the sporangia of the Myxomycota may well be an
indicator of the advanced feeding process taking
place on the bone HAP and consequently leading to
the liberation and mobilisation of the elements with-
in the cavities of the bone matrix (Fig. 8). This
process seems o contribute to the weathering of
the bone matrix rich in HAF followed by the devel-
opment of the secondary (0.25<0.50 pm in size)
ACPHAFP minerals and ageregates, confirmed by the
EDAX peaks of Ca and P, They are forming on the
elongated mycelia-like organic features (determined
by EDAX peaks of C) most likely due to the devel-
opment of the strong bond between the HAF and the
protein as stated by Henderson (Henderson 1987)
(Fig. 9). Studies on the protein-HAFP interfaces
together with stodies on other minerals transforming
to HAF in protein rich environments has been illu-
minating for the strong relations of the bonded
organic-inorganic compounds and of the surface
bonding properties of HAF and its predecessor min-
erals during deposition (Xie et al. 2002; Stayton et al.
2003).

The Phytolith of the wheat glume is of an undefined
primitive specics which is still present in Anatolia,

and is most probably a remnant of the tomb acces-
sories/donations of the funeral ceremony (Fig. 10).
The thombohedric calcite crystals found around
the wheat glume appear to be slightly dissolved sec-
ondary crystals, and they are likely formed on the
bone and were subsequently subjected to slight dis-
solution perhaps by percolating waters from the
overlying soil. The existence of the same wheat
species in Turkey since the 2nd century BC, may doc-
ument the consistency of the climatic conditions
from that period to the present.

CONCLUSIONS

The changes/alterations of the ‘T states from pri-
mary to secondary, determined in the bones studied
revealed that HAP is a relatively soluble mineral.
However, despite the loss/weathering/dissolution of
the primary HAF in the course of history, the sharp
peaks of the mineral determined by XRD are most
probably of secondary origin (the individual HAP
minerals and their ageregates with ACF) as has also
been observed visually. The leached sodl solutions
should be responsible for this morphological-wise
subtle, but micromorphological-wise evident phe-
nomenon. The fibrous HAF seems to be consistent
against the dissolution by retaining itz interwoven
morphology in the bone matrix at scanning electron
microscopy magnifications, whereas the ultra thin
sections of TEM with higher magnification revealad
the co-gxistence of the platelets and fibres of HAP
in the bone matrix at much smaller sizes, probably
indicating higher resistance to hydrous dissolution.
The probable feeding process of the Mycomycetes
{The True Slime Moulds) on the HAF grain —
although a well known fact at post mortem envi-
ronments- seems to indicate the consumption of P
as @ nutritive source by the organisms taking part in
the bone weathering and consequently contributing
P as a plant nutrient to the soil environment, fol-
lowing their life cycle. The partly dissolved surfaces
of the calcite crystals determined around the wheat
glume may also manifest the leaching processes
from the overlying soil. However, this phenome-
non requires further elaboration by the use of high-
er resolution microscopy and other relevant equip-
ment on bones in the soil as well as soil-less envi-
ronments. The wheat glume Iying on the bone, of
contemporary morphological similaritics, may indi-
cate the somewhat similar climatic conditions of
the arca to that of the Znd century BC,
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Fig. 3 = HAP minaral (KRD} in Bitinian bona,

Fig. 5 = (o} Parly degraded‘westhered hexsgonal prirmany HAP mineralz in bone (TEM). {b) coatedfancrusted secondary jpeaudoe
hexagonal) calcite in bone matrix
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HAP +ACP

Flg. 7 - Tha coalescing poras with the patchy diffused matdx

(SEM).
HAP
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Fig. 8 = (a) Myxomycetes on HAP mineral and (b} chemical compoasition of the HAP mineral
under the net of the Myxomyostes,
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Fig. 8 = {a,b) Elongated organisms with HAP aggregate formations
on serface (€] chemical composition of the aggregates.
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Fig. 10 = The wheat gluma WGE) rermnant on the bone (SEML



