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Abstract

A hard whitish precipitate was observed on
the lower part of the sandstone sidewalls and
as pebble coatings in a Bronze Age cist burial
near Forteviot, Strathearn, Scotland. The cist
was discovered on excavation of a Neolithic
henge in August 2009 during the joint Glasgow
and Aberdeen Universities [Strathearn and
Environs Royal Forteviot (SERF)] archaeologi-
cal landscape research project and summer
field school. Similar cists have not been found
in this area. Scrapings of the precipitate
proved on examination by powder X-ray dif-
fraction to be hydroxyapatite. The mamillary
material proved on examination by scanning
electron microscopy to be calcium carbonate,
calcite which had grown as groups of mm-size
spheroids consisting of bundles of acicular
crystals. Both components of the precipitate
were also identified using oil immersion
microscopy. Much organic material was pre-
served in the cist but neither (inorganic) bone
nor teeth has been located to date (November
2010). The phosphatic mineral-precipitates
provided the first confirmation that there had
been bone and therefore an inhumation.
Computational aqueous geochemistry using
Geochemist’s Workbench confirms that the
inorganic calcium phosphate component of
human bone is soluble in acidic fluid and
demonstrates how it can reprecipitate with
change in fluid chemistry. Bone dissolution
should be anticipated as being an expected
early process when a human body produces an
acidic fluid rich in organic molecules as it
decays in an essentially closed, but wet, anox-
ic environment. Any precipitates on grave
stonework should be identified as such materi-
al could represent human remains and could
also provide evidence of environmental
processes in the archaeological setting of a
burial.

Introduction

After the organic contents and metal objects
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were removed and access was permitted, a
hard white precipitate was observed on the
lower part of the sandstone sidewalls in a
recently discovered Bronze Age cist dagger
burial near Forteviot, Strathearn, Scotland
(Driscoll et al., 2010). This was sampled rapid-
ly by taking a few scrapings that are the subject
of this paper. The cist was discovered on exca-
vation of a Neolithic henge feature in August
2009 during the joint Glasgow and Aberdeen
Universities [Strathearn and Environs Royal
Forteviot (SERF)] archaeological landscape
research and summer field school project
(Driscoll et al., 2010); the excavation was of a
cropmark in a wheat field situated over well-
drained glacial pebbly alluvial deposits. Similar
cists have not been found in this area. There
was no bone preserved in the cist but abundant
organic matter and adipocere-like soft whitish,
creamy pellets. Post-ex investigation of the
diverse finds is on-going. There were also
whitish pebbles on the tomb floor (Driscoll et
al., 2010), some light-coloured due to a coating
of chemical precipitate. The preservation of
organic matter such as plant material, yet not
skeletal bone, was surprising. To date
(November 2010), no organic matter indica-
tive of the former presence of a corpse has
been identified; apodicere-like material
(cream-coloured and of a soft consistency) col-
lected by archaeologists shortly after opening
the cist proved to be aggregates of fine gypsum
crystals.

Materials and Methods

Powder X-ray diffraction (XRD) was used to
identify the white precipitate; the samples
were ground to a fine powder in a mortar and
pestle and applied to a glass slide in an acetone
slurry. XRD analysis was carried out using a
Thermo Electron ARL X'TRA XRD at 45 mA
44kV, step scanning at 0.2° from 5 to 70° 2
theta.

Scanning electron microscopy (SEM) with
energy dispersive X-ray analysis (EDX) was
undertaken using a Zeiss Sigma field-emis-
sion environmental SEM hosted by Geographic
and Earth Sciences, University of Glasgow. A
fragment of the botryoidal white precipitate
was simply mounted on carbon on an alumini-
um stub, carbon coated and examined.

Transmitted polarised-light oil-immersion
optical microscopy was undertaken by simply
spreading some grains of precipitate in oil of
refractive index, 1.644 on a glass slide with
cover slip. A Swift MP120 microscope (Swift
Optical Instruments Inc., Schertz, TX, USA)
was used and fitted with a consumer single-
lens reflex (SLR) digital camera, Canon 450D
(Canon, Tokyo, Japan) for the photomicro-
graphs.
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Computational geochemistry was undertak-
en using the Geochemist’s Workbench
(Bethke, 1996; httpz//www.gwb.com), version
4.0.

Results and Discussion

The precipitate consisting of hard white
mammillary material and associated powder
was scraped from the cist wall (Figures 1 and
2) once the scant remains on the floor of the
cist had been carefully removed for conserva-
tion. The white powder proved on examination
by powder XRD to be calcium phosphate
hydroxide, hydroxyapatite (Figure 3). The
spectrum, not surprisingly indicates that the
precipitate is well-crystallised and matched
archaeological bone (Figure 3); the XRD pat-
tern matches that of heated (Shipman et al,
1984) or diagenetic (Hedges et al., 1995) bone
rather than fresh bone. The mamillary materi-
al, visually similar to the lead-coffin-wall pre-
cipitate reported by Charlier et al (2008),
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proved on examination using a SEM fitted with
an EDX to contain major Ca, C and O and
hence could be calcium carbonate, presumably
calcite which had grown as groups of mm-
sized spheroids consisting of bundles of ¢. 100
acicular crystals ¢. 30 microns long (Figure 4).
Surprisingly, no calcite was detected with the
hydroxyapatite of the XRD trace (Figure 3).
Both components of the precipitate were also
observed and identified using oil immersion
microscopy (Figure 5a and 5b). Using plane-
polarised light (Figure 5a and 5b), the distinc-
tive texture of the mamillary and birefringent
calcite contrasts with the granular texture of
the low relief hydroxyapatite. Using crossed-
polars, the phosphate precipitate is similar to
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bone and has low order interference colours in
contrast to those of the birefringent calcite.
There was much organic material preserved
in the cist but no inorganic bone has been
located to date (October 2010). The phosphat-
ic material of the white precipitate therefore
provided the first evidence that there had been
bone and therefore most probably an inhuma-
tion in the cist. The only additional chemical
evidence of an inhumation determined to date
(October 2010) is the localised enhanced phos-
phate content of the sediment in the base of
the cist. White pebbles lay on the cist floor;
such white pebbles, typically forms of quartz,
are often found in prehistoric burial sites.
Scrapings of powder from a pebble which had
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been left exposed to the weather for a few
weeks proved by XRD to be the complex phos-
phate, taranakite, K;Al;(HPO,)¢;(PO,),.18H,0
(Weiner et al., 2002). This material is not dis-
cussed in detail here because it may have
formed by post-excavation change on weather-
ing, although the phosphorus content still
points to the former presence of bone in the
cist. The chemical/mineralogical composition
of white precipitates on any pebbles as well as
on grave stonework should be identified rou-
tinely as such material could represent human
remains and could also provide evidence of
environmental processes in the archaeological
setting of a burial.

Computational aqueous geochemistry using
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Figure 3. X-ray diffraction trace of hydroxyapatite showing close
match with Bronze Age archaeological human bone and mineral
hydroxyapatite (synonym, hydroxylapatite). The labelled peak
positions are those of PDF 09-0432, hydroxylapatite.

Figure 1. The cist shortly after opening. Looking towards the South
East into the uncovered cist. Note the fragment of a wooden bowl
on the floor of the cist on a slight mound of sandy material.
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Figure 2. Precipitate on stone of wall [top left (South East) cor-
ner]. The colour variation from cream to pale bluish-green is
more evident in the photo than in the field. The bluish-green
colour on this and other precipitates is now suspected to be due
to copper from the dagger blade.

Figure 4. Low magnification scanning electron microscopy image
of mamillary precipitate of calcite.
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Fif-ure 5. a) Scrapings of the phosphatic precipitate mounted in

oil and viewed using plane-polarised light microscopys b) a cal-
cite crystal from the mamillary precipitate mounted in oil and
viewed using plane-polarised liglft microscopy. Note the growth
bands perpendicular to the elongated crystal (both images taken
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Figure 6. Graphical output of React Program of Geochemist’s
Workbench showing saturation index of minerals containing
Ca** computed for falling water activity and CO, fugacity. Model
demonstration of reprecipitation of bone (hydroxyapatite and
calcite) dissolved in carbonic acid (representing low pH cist
fluid). The x-axis has been labelled to show the parallel decrease
in CO, as water is evaporated in the model. As the fluid is evap-
orated and CO, degassed, hydroxyapatite, calcite and gypsum
become increasingly concentrated and precipitate. One kg of
water is used to dissolve bone (as 100 mg of hydroxyapatite +10
mg calcite) and a nominal 10 mg gypsum. Of water, 999 g is
evaporated in the model. The starting log fugacity of CO, is a
nominal high value, -1, and is decreased to the standard atmos-
pheric value, -3.5, to simulate CO, loss; this is the main reason
for calcite precipitation.

in picture processing language).

Geochemist’s Workbench (http/iwww.gwb. com)
leads to the prediction that the inorganic calci-
um phosphate component of human bone will
dissolve in an acidic fluid and can reprecipitate
with change in fluid chemistry. The dissolution
of bone [hydroxyapatite, Ca;(PO,);0OH] in a low
pH (acidic) solution (Nielsen-Marsh et al,
2000) can be demonstrated using a calculated
activity diagram (Geochemist’s Workbench Act2;
Bethke, 1996). The React Program of
Geochemist’s Workbench (Bethke, 1996) pro-
vides a model demonstration (Figure 6) of how
reprecipitation of hydroxyapatite (bone) dis-
solved in carbonic acid (representing low pH cist
fluid) can take place. As fluid evaporates and
CO, degasses, hydroxyapatite, calcite and gyp-
sum become increasingly concentrated and pre-
cipitate.

Conclusions

The bone has dissolved, but organic materi-
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al has been preserved, therefore the environ-
ment was anoxic and acidic. Bone, presumably
human, has dissolved in a pool of acidic body
fluid and been reprecipitated at the base of the
cist on the cist walls and on pebbles on the cist
floor. The acidic nature of decomposition fluid
is as reported by Charlier et a/. (2008) but in
contrast, an alkaline decomposition fluid is
expected from the research using pig proxies
by Adlam and Simmons (2007) and Pringle et
al. (2010). This process was an event when
there was a limited amount of fluid in the cist,
presumably a fluid mixture mainly from the
decayed body and some from local groundwater
which could well have seeped into the cist from
the sides or risen from below. The environ-
ment was anoxic and acidic hence bone dis-
solved but some organic matter survived.
While there may have been water present at
times in the floor of the cist, the survival of the
precipitate and the organic matter mean that
groundwater could not have been passing
through the cist in abundance.

Finally, all this considered, we can put out
some implications. Bone dissolution should be
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anticipated as being an expected early process
when a human body decays in an essentially
closed but wet, anoxic environment and pre-
sumably produces an acidic fluid rich in organ-
ic molecules. Traces of organic material
including organic molecules of human origin
are anticipated to be present in the cist con-
tents, possibly within fluid inclusions in the
secondary crystalline products such as the
phosphate and carbonate precipitates and the
metal corrosion products. Archaeological bone
preservation is anticipated to be due to excep-
tional environmental conditions.
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