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Abstract 17 

Micromorphological investigations of archaeological bones make it possible to study decay 18 
processes and the associated depositional environment in one go. A selection of 19 
micromorphological thin sections from soil samples from three wetland sites in Switzerland, 20 
The Netherlands and Norway that contained bone fragments were studied. Goal was to 21 
investigate the type and the timing of decay processes to better understand the taphonomy of 22 
bones in such sites. Using optical microscopy and scanning electron microscopy with energy 23 
dispersive X-ray spectroscopy (SEM-EDX), a range of biological decay processes and 24 
chemical/mineralogical transformations were observed. In two of the sites  Zug-Riedmatt in 25 
Switzerland and Hazendonk in The Netherlands  a relatively short exposure to adverse 26 
conditions must have occurred: Some of the bones from Zug-Riedmatt show localized 27 
collagen decay related to exposure to fresh ashes; others show cyanobacterial tunnelling 28 
related to submersion in shallow, clear water. In Hazendonk, bone fragments and fish scales 29 
apparently have first been exposed to bacterial decay related to putrefaction. Subsequently, 30 
alternations between wet and dry conditions resulted in the dissolution of some of the bone 31 
mineral and the formation of Ca, Fe(III) phosphates, probably mitridatite. Fungal decay 32 
caused extensive tunnelling of bone and fish scales as well as the secondary phosphates. 33 
These processes apparently ended when the bone-rich layer became permanently waterlogged 34 
and anoxic. In Stavanger, bone mineral is transformed into mitridatite and possibly other Ca 35 
Fe(III) phosphates. Indications that the redox conditions are variable at present suggest that 36 
these processes are still active.  37 

 38 

Keywords: 39 

Taphonomy; bone decay; phosphates; fungi; bacteria; ash 40 

  41 



 42 

1 Introduction 43 

 44 

1.1 Degradation processes and the archaeological record 45 

 46 

The archaeological record may contain a highly variable range of materials in the form of 47 
artefacts, human and animal remains, botanical material and soil features. Because these 48 
remains react differently to different environmental conditions, there are large differences in 49 
the chance of survival between different materials, and between different types of burial 50 
environments. Because of these differences, the archaeological record is intrinsically biased 51 
by the differential degradation of artefacts and ecofacts. Those remains that have a large 52 
chance of surviving ages of burial  like stone and ceramic objects  are present in most 53 
archaeological contexts. Fragile or easily degraded remains on the other hand  like the non-54 
carbonized tissue of plants and soft animal parts  are much rarer, and moreover mostly 55 
restricted to specific environments (in essence extremely wet, dry or cold). For archaeologist, 56 
it is therefore of primary importance to take into account which types of materials can survive 57 
long-term burial in various soil environments (Renfrew and Bahn 2012 and Huisman 2009).  58 

From experience, a general idea on the effects of the burial environment and the chance of 59 
survival of specific archaeological materials has formed. And this is generally taught in 60 
archaeological training as part of the curriculum (see e.g. Wood and Johnson 1978). In the last 61 

in situ62 
research into degradation of specific materials and the role of the burial environment (see 63 
Huisman (2009) and Canti & Huisman (2015) for an overview). 64 

 65 

1.2 Analysing and identifying bone degradation 66 

 67 

Many bone decay processes have been identified by analysing polished bone sections with 68 
microscopes (Jans et al, 2002, 2004, Jans, 2005, Tjelldén 2016) or electron microscopes (Bell 69 
et al. 1991, Bell 2012, Tjellden et al. in press, Turner-Walker 2012), i.e. by histological 70 
methods. For this purpose, bone is first cut in longitudinal and/or transversal sections. 71 
Subsequently these fragments are usually (but not always; Fernández-Jalvo et al. 2010) 72 
embedded in resin, and polished. Polishing is sufficient for electron microscopy or 73 
microscopic analyses using incident light. For microscopic analyses using transmitted light, 74 
samples are usually ground to a standard thickness of c. 80 micron prior to polishing, although 75 
e.g. Jans (2005) ground the samples to 30 micron thickness which is better suited to recognize 76 
decay features 77 

 78 



Histological analyses on bone samples has been instrumental in identifying a range of (micro) 79 
biological and chemical processes that affect forensic and archaeological bone (Bell 2012, 80 
Fernández-Jalvo et al. 2000, Hacket, 1981, Hedges et al. 1995, Hedges 2002, Hollund et al. 81 
2012, Jans et al. 2005, Nielsen-Marsh & Hedges 2000, Smit et al. 2007, Trueman & Martil 82 
2002, Turner-Walker 2012, Turner-Walker & Jans 2008). The method has several  83 
disadvantages, however, when applied to bones from archaeological sites: Firstly, in 84 
archaeological contexts it can only be done on bone or bone fragments that are large and firm 85 
enough to prepare oriented cross sections. This excludes small bones and bones or bone 86 
fragments that are degraded to such an extent that they cannot be isolated or mounted  or 87 
even recognized macroscopically. Secondly, bones are taken out of their context and burial 88 
environment prior to histological preparation. The direct connection between the bone and 89 
evidence for past and present burial conditions, i.e. the embedding sediment, is lost in the 90 
process. This is especially important for those cases where the present burial environment 91 
differs from that in the past  which is a common phenomenon in many archaeological sites. 92 
Thirdly: many hand-collected large bones extracted directly from the archaeological sites are 93 
air dried and washed with water, removing possible degradation features on their surfaces. 94 
Because of the correlation between burial environment and bones, histological study of bone 95 
fragments has been employed in several archaeological heritage management studies to assess 96 
present-day threats to archaeological sites (Huisman et al. 2008, Huisman 2009). On the 97 
UNESCO world heritage site of Schokland (Huisman & Mauro 2013), and during research on 98 
the middle Neolithic site of Swifterbant S4, the degree of degradation was found to vary to 99 
such a degree that it was concluded that much of the decay had taken place as a taphonomical 100 
process, i.e. before and shortly after burial.  101 

Soil micromorphologists study polished thin sections from resin-impregnated undisturbed soil 102 
samples using microscopical techniques. Transmitted light - and polarization microscopy 103 
(PPL/XPL) can be supplemented with incident light (IL) and ultraviolet or Blue light 104 
fluorescence microscopy (UV resp. BLF), scanning electron microscopy (SEM) and a range 105 
of analytical techniques. Undisturbed soil samples are impregnated with resin, thin sections 106 
are cut from the impregnated samples, mounted on a glass plate and subsequently polished 107 
and lapped to a thickness of 25-30 microns. The combination of minerals, organic materials, 108 
their distribution and the soil structure forms evidence for present and past processes and 109 
hence for the development of soils and the burial environment (Stoops 2003, Stoops et al. 110 
2010). 111 

For the study of bone decay a main advantage is that smaller and strongly decayed bone 112 
fragments can still be studied, thus not only allowing decay studies in more archaeological 113 
sites but also making the study of advanced decay processes possible. The use of ultraviolet 114 
and Blue light fluorescence microscopy is especially suitable for studies on bone decay as 115 
many phosphate minerals  including bioapatite  have fluorescent properties that may be 116 
affected by heating or degradation processes (Karkanas & Goldberg 2010, Villagran et al. in 117 
press). But at least as important may be the potential to identify past, terminated decay 118 
processes and combining them with evidence for past, altered burial conditions (Huisman et 119 
al. 2009). A main disadvantage, however, is that the orientation of the bones and bone 120 



fragments in a thin section is random. This makes it not only hard to recognize type of bones; 121 
it is not ideal when decay patterns are to be compared to those from histological sections.  122 

 123 

1.3 Bone degradation  124 

From a point of view of degradation processes, bone is one of the more complex materials 125 
that can occur in archaeological sites: It consists basically of an intricate combination of some 126 
70% mineral material (carbonated hydroxyapatite or HAP), organic material (mostly collagen 127 
but also osteocalcine; both proteins), and 7-8% tightly bound water in a fresh bone. On a 128 
microstructural level these components are intimately connected in lamellae of several 129 
microns thick, protecting each other due to their intimate association (Collins et al. 2002, 130 
Turner-Walker 2009, Huisman et al. 2009). Several different pathways of (micro)biological, 131 
chemical and physical decay or transformation processes in bone are known. Which of these 132 
processes occur depends on the burial environment (see e.g. Collins et al. 2002 and Turner-133 
Walker 2009). Pathway 1, following the terminology of Collins et al, (2002), entails the slow 134 
chemical degradation of collagen. Evidence for this pathway is rare, as this process is 135 
extremely slow in most burial environments. Only (pre-burial) heating and burial conditions 136 
with extreme pH are capable to speed up this process enough to have a noticeable impact on 137 
the bone structure. Pathway 2 is the chemical deterioration of the HAP. This process is 138 
restricted to neutral to acidic environments, as HAP is stable in lime-buffered burial 139 
conditions (with pH ~8.2). It is not only exacerbated by low pH, but also by fluctuating 140 
hydrological conditions and/or metal-binding humic substances that prevent the establishment 141 
of chemical equilibrium between HAP and the burial environment (Collins et al. 2002, 142 
Turner-Walker 2009). Pathway 3 consists of several types of microbial decay. With the 143 
potential exception of tunnelling by cyanobacteria (see below), initial HAP dissolution 144 
following pathway 2 is instrumental in facilitating the (much faster) processes of microbial 145 
decay (Collins et al. 2002).  146 

Microbial bone degradation comes in several types, which were first distinguished by Hacket 147 
(1981). He identified four types of decay patterns that are related to different agents: Linear 148 
longitudinal, lamellate and budded are attributed to 149 
decay by bacteria (see also Jans et al., 2004); From the discussion in Trueman & Martil 150 
(2002) it becomes clear that it is likely that different types of bacteria are involved 151 
successively to produce these decay patterns. The bacterial decay is generally linked to 152 
putrefaction processes that can only proceed when soft body tissue is still present (Jans 2005, 153 
Fernández-Jalvo et al. 2010). The fourth type, Wedl tunnelling, is attributed to fungal decay 154 
(Hacket, 1981, Trueman & Martil, 2002, Bell et al. , 1991). Because it depends on initial 155 
dissolution of HAP, fungi can degrade bone only as long as the environment is moist (but not 156 
waterlogged), oxygenated and the pH is natural to acidic (i.e. not lime-buffered) (Huisman et 157 
al. 2009). In addition to these decay patterns, bone from underwater environments can show 158 
another type of tunnelling that is restricted to the outer surface layers of the bone. This 159 
tunnelling is most commonly attributed to decay in marine or fresh water by cyanobacteria 160 
(Bell et al. 1991, Turner-Walker 2012, Bell 2012). 161 



 162 

The degree of microbial decay in histological samples is commonly expressed following the 163 
Oxford Histological Index (OHI; see Hedges et al., 1995) This  according to the developers 164 
somewhat subjective  index classifies the degree to which original microstructure of the bone 165 
is retained, ranging from 5 (virtually indistinguishable from fresh bone) to 0 (no original 166 
features identifiable, other than Haversian canals). Since its development by Hedges et al. 167 
(1995), this index has been used widely to quantify the degree of bone degradation. It is 168 
noteworthy that Hedges at al. (1995) apply the method to transversal cuts only, and that they 169 
implicitly seem to assume that destruction comes in the form of foci, and that haversian 170 
channels were present in the bone. Some types of degradation  especially collagen 171 
deterioration and dissolution of HAP  may result in the loss of birefringence, but are not 172 
related to include destructive foci. Jans (et al. 2002) introduced the Birefringence Index (BI) 173 
that uses the degree of birefringence to indicate collagen and/or HAP degradation. Possible 174 
index values are 1 (normal, comparable to fresh bone), 0.5 (reduced) or 0 (absent). In a recent 175 
modification of the OHI, Hollund et al. (2012) introduced the General Histological Index 176 
(GHI). It follows the same scale of 5 to 0, but also incorporates microstructure destruction by 177 
non-microbial processes and staining (see table 1). 178 

Decay of bones in cave environments in many cases is strongly influenced by phosphate-rich 179 
deposits of bat guano. Uric and humic acids promote the dissolution of bone mineral and the 180 
formation of a range of phosphate minerals like dahlite, crandallite and montemeryite 181 
(Golberg and Nathan 1975; see Canti & Huisman 2015 for a recent literature review of 182 
diagenetic processes in archaeological cave sites). Adderly et al. (2004) investigated the 183 
origin of phosphates in medieval middens, and found nanostructural evidence that they were 184 
derived from decaying bone.  185 

 186 

1.4 Goal of this study 187 

 188 

Goal of the present paper is to investigate the decay patterns that may occur in bone fragments 189 
in wetland sites, and to link the decay processes with site conditions. We use 190 
micromorphological thin sections with evidence for bone degradation from various European 191 
wetland settings (Norway, Switzerland and the Netherlands). They were selected from sample 192 
series that were collected for micromorphological research projects in wetland settings, and 193 
that demonstrate a range of bone decay features. They form examples of the type of 194 
degradation processes that can be encountered in archaeological wetland sites. Degradation 195 
processes and their relation to the (reconstructed) burial environment, based on the 196 
micromorphological observations, supplemented with additional analyses on some of the 197 
impregnated samples. 198 

 199 

1.5 The investigated sites and samples 200 



 201 

The Neolithic lakeside settlement Zug-Riedmatt (Canton Zug, Switzerland) was discovered in 202 
2006 due to geological subsoil investigations at the northern rim of lake Zug. The dating is 203 
about 3200 to 3100 cal. BC based on ceramic typology (Horgen period; Huber & Schaeren, 204 
2009). The > 1 m thick cultural layer is situated on top of limnic calcium carbonate sediments 205 
consisting mainly of micrite , at the interface with the former river Lorze delta, 206 
and is covered by more than 6 m of deposits of limnic and deltaic fluvial origin. 64 m2 of the 207 
site was excavated in 2008 by the Department of Monument Conservation and Archaeology 208 
of the Canton Zug, and sampled densely for interdisciplinary research (130 profile columns of 209 
up to 25-56 cm height). From 2014 to 2016, the site was part of a research project concerning 210 
formation processes and taphomomy of wetland deposits with the aim to obtain detailed 211 
information about the complex interplay between layer formation, preservation and 212 
degradation processes in the amphibious context of lakeshore wetland deposits (see e.g. 213 
Steiner et al., 2017; Ismail-Meyer et al., in prep.). Since 2011, the site belongs to the 214 

 215 

For the present study, we concentrate on a bone midden: It consists of an accumulation of 216 
about 3200 large bone fragments (mainly red deer; at least 36 individuals), more than 3000 217 
small bones (frog and fish remains), collected and harvested plants (i.e. poppy, flax seeds, 218 
cereal bran), artefacts, carbonate wood ashes, loam and sand (see also Billerbeck et al. 2014; 219 
Billerbeck-Braschler, 2016). The major part of the large animal bones was probably deposited 220 
in a single event in late spring/early summer during an early settlement phase . Since there is 221 
evidence that about 15% of the bones have been transported somewhat in the direction of the 222 
lake and parallel to the shore  leaving no trace of macroscopic abrasion  this probably 223 
occurred during a phase of higher lake water table. On top of the bone midden, fish and 224 
amphibian bones (grass frog, pike, perch, carp and whitefish) form a dense layer together with 225 
calcitic ashes, indicating a deposition of the layer from spring to late autumn and winter 226 
(Figure 1) (Billerbeck et al., 2014; Billerbeck-Braschler, 2016). In this paper, we present 227 
observations from profile columns ZGRI 84A, B and 98A, which form a stratigraphic 228 
sequence through the bone midden (Figure 1). 229 

 230 

Hazendonk is a Pleistocene riverdune, in the Holocene floodplain of the Rhine-Meuse delta in 231 
the flanks of this 232 

dune revealed a series of refuse layers from Middle to Late Neolithic age (c. 5000-2900 cal. 233 
BC), intercalated with peat and fluvial clay. Due to the well-separated stratigraphic levels, 234 
Hazendonk is a key site in the typochronology of the Dutch Neolithic; the Hazendonk culture 235 
is named after this sites (Louwe Kooijmans 2005). The well-preserved remains from the site 236 
play an important role in the discussion on the neolithization process and paleoecological 237 
development in the Dutch wetlands (e.g. Out (2010), Amkreutz (2013) for recent examples).  238 

Soil scientists from Wageningen University took a series of samples for micromorphological 239 
research during the 1976 campaign. In Exaltus & Miedema (1994), a summarily 240 
characterization of these samples is given. The thin sections are stored at the International Soil 241 



Reference and Information Centre (ISRIC) in Wageningen. The impregnated samples 242 
arded at an unknown date.  243 

 244 

Bone decay features were observed in one of the thin sections (no. 77110) when the 245 
Hazendonk thin sections were on loan to the Cultural Heritage Agency in Amersfoort for 246 
comparison with other wetlands sites. This sample originated from the deepest peat layer, 247 
which is dated to c. 4000 cal. BC (Figure 2). 248 

The Stavanger site is located in the city centre. The city lies on Quaternary glacial (mostly till) 249 
deposits on the lower Jæren coastal plain (Raunholm et al. 2003) that cover Precambrian 250 
granodioritic and mica gneisses (Jorde et al. 1995). These deposits were flooded  the Late 251 
Glacial Marine Limit (ML) was about 25 m above present sea level around Stavanger 252 
(Andersen et al. 1987). The site formed on top of these deposits and is essentially 253 
characterized by anthropogenic processes of accumulation and transformation. 254 

The Norwegian Institute for Cultural Heritage Research (NIKU) has carried out 255 
archaeological excavations in the city centre. They were executed 2004-2006 on behalf of 256 
Stavanger municipality, and in connection with restoration and a new construction of the 257 
historic market place. Archaeologists investigated several localities between the bay and quay, 258 
and the c. 1100 AD cathedral.  259 

 260 

Independent of the NIKU project, permission was given to take 13 soil samples for 261 
micromorphological analysis (Sageidet in prep.). These samples were taken between 80-260 262 
cm depth (above the groundwater table), from a North-facing profile, about 60 m from the 263 
cathedral  150 m from the present quay  and 70-80 m from the AD 1100 shoreline (Sandvik 264 
in prep.). The observations in the present study were done on thin section nr. 5 (Figure 3), 265 
sampled from 237-249 cm below surface and about 10 cm below a layer dated to ca. AD 900-266 
1100 (Sandvik in prep.).  267 

  268 



2 Materials and methods 269 

 270 

2.1 Samples and sample processing 271 

An overview of site characteristics and analysed samples is given in Table 2. Samples from 272 
the three sites were processed by the same general preparation method for 273 
micromorphological thin sections (e.g. Beckmann, 1997): First the water in the soil samples 274 
was removed by drying (Zug and Stavanger) or by replacing it with acetone (Hazendonk). 275 
The latter method is time-consuming, but especially useful for preserving organic tissue and 276 
easily oxidized minerals. Next, the samples were impregnated with slow-hardening epoxy or 277 
polyester resin under vacuum, producing hard, undisturbed soil samples. The three 10 x 24 cm 278 
Zug samples were cut in several sections, from which a total of 11 subsamples were taken for 279 
thin section production (see e.g. Ismail-Meyer et al., 2013). One thin section was made from 280 
each of the two complete Hazendonk and the Stavanger samples.  281 

Thin sections were made by first polishing one side of the sample and gluing it to a glass 282 
plate. Subsequently, it was cut, polished and lapped to a standard thickness of 25  30 micron 283 
and covered with a glass cover slip (e.g. Beckmann, 1997). The impregnated soil sample 284 

of the Hazendonk sample has gotten lost some time after thin section preparation in 285 
1976, but the blocks from Zug and Stavanger were still available for further research.  286 

From the thin sections that contained bone samples, a selection was made that encompassed 287 
the range of taphonmical processes present in the sample series.  288 

 289 

2.2 Methods 290 

The thin sections were studied in the labs of the Cultural Heritage Agency, IPAS and at the 291 
University of Stavanger using an Axioskop 40 polarization microscope with fluorescence 292 
option (magnification 25-1000 x), a Leica DMRXP polarization microscope (magnification 293 
16  630 x), a Leica Laborlux fluorescence microscope (magnification 50-400 x) and an 294 
Olympus BX51 (magnification 40-400 x). The impregnated soil samples blocks  from 295 
Stavanger and Zug-Riedmatt were also studied under low magnifications with incident light 296 
using a Leitz/Wild M420 with a magnification of 6.5-35x. Further, they were polished by 297 
hand and studied using a JEOL JSM5910LV Scanning Electron Microscope (SEM, 20 kV, 30 298 
Pa) at the Amsterdam lab of the Cultural Heritage Agency. The samples were not coated. 299 
Chemical surface analyses on the samples were done by energy dispersive X-ray spectroscopy 300 
(EDX, SDD detector from Thermo Fisher Scientific and NSS software), using spot 301 
measurements and element mappings (detection limits c. 0.1 %). P-analyses were recalculated 302 
to PO4 to easy stoichiometric calculations in the tables and graphics. XRD analyses in the 303 
same lab did not yield useable results. 304 

  305 



3 Results 306 

3.1 Morphological observations: 307 

Zug-Riedmatt 308 

The Zug-Riedmatt profile samples ZGRI 84 and 98 show at the base the undisturbed limnic 309 
carbonate rich sediments, followed by a thin organic transition layer to the bone midden 310 
sediments, containing large amounts of bones/antler, organic matter, loam aggregates, ashes, 311 
charcoals and sand (Figure 1). The midden shows alternations between layers rich in micritic 312 
calcium-carbonate aggregates that are interpreted as remains of calcitic wood ash, and layers 313 
rich in phosphate-impregnated ashes and silica slag (melted phytoliths) but lacking in calcitic 314 
wood ashes. Layers rich in loam and fish bones characterize the upper part of the bone 315 
midden. Loam fragments originate probably from human activities or raw material processing 316 
in the dwellings of the lakeshore settlement. 317 

The thin sections are extremely rich in partly burned bone fragments of red deer, amphibians 318 
and fish. The bones in general are well preserved and almost unaltered, with a GHI class 4-5 319 
(after Hedges et al. 1995). Surface tunnelling on some bones is the only biological evidence 320 
for bone decay (Figure 4A-C), observed mainly in the lower and intermediate layers of the 321 
midden. Some signs of bone dissolution (widened pores), orange iron precipitation in pores, 322 
and surface flaking can be recognized in the shallowest part of the bone midden, and some 323 
fragments show darkening and (shrinkage) cracks in the near-surface area of bones (Figure 4 324 
D-G). With crossed polarizers (XPL) and fluorescent light (UV), the cracked and darkened 325 
bone mass shows no birefringence and fluorescence, whereas the unaltered bone is 326 
birefringent and fluorescent (Figure 4H-J). Some fish scales embedded into calcitic ashes 327 
show also darkening and a kind of micro-aggregation at their surface (Figure 4K and L). 328 
Other bones show in some cases darkening combined with surface tunnelling (Figure 4M and 329 
N).  330 

Hazendonk 331 

In the lower part of Hazendonk slide 77110 two composite layers, intercalated between peat 332 
and sand deposits (Figure 2A-C), were described by Exaltus & Miedema (1994333 

334 
Indeed, the uppermost part of this layer consists mostly of bone, most of them recognizable as 335 
fish scales by their elongated shape and saw-tooth edge. The bone fragments and fish scales 336 
have a yellow to slightly orange colour in plane polarized light (PPL). Many of the scales at 337 
the top of the deposit show signs of intense Wedl-type tunnelling (Figure 5A). Some of the 338 
scales instead show complete that left a pattern of minute tunnels while 339 
preserving only the outer rim (Figure 5B). The bones in this layer therefore fall in GHI class 340 
0-1.  341 

The rest of the layer consists of a groundmass that can be described as layered, yellow- to 342 
orange-brown massive homogeneous material, which is not birefringent in crossed polarized 343 
light (XPL). This material incorporates various small objects  like a fragment of burnt bone 344 



and charred plant remains. It contains (birefringent) bone fragments that have irregular and 345 
sometimes (seemingly) gradual transitions to the surrounding material (Figure 5C- E). The 346 
massive material is fluorescent under Blue light (BLF) (Figure5F), but not under UV light 347 
(Figure 5G). The material gives the impression of having been plastically deformed, e.g. 348 
where a fragment of burnt bone has been pressed into it (Figure 5H, I). Its groundmass seems 349 
to be massive, but in many places on closer inspection it appears to be riddled with small 350 
Wedl-like tunnels, which are best visible in incident light (Figure 5E, H, I). 351 

 352 

Stavanger 353 

The sample from Stavanger consists mostly of coarse minerogenic sediments and rock 354 
fragments, and contains some organic materials like charcoal and bones. It does contain a 355 
domain that is a few cm across; upon closer inspection it consists of angular accommodating 356 
fragments of bone (Figure 6A). These fragments are associated with or embedded in a 357 
yellowish-orange massive material, similar to the material described above in Hazendonk. In 358 
some areas this material shows fan-shaped or irregular patterning (Figure 6D). Both this 359 
material and the bone fragments are only locally birefringent (Figure 6B, E). The remaining 360 
bone fragments are fluorescent in Blue light (BLF); hence, the massive surrounding material 361 
sometimes is (Figure 6F), and sometimes is not (Figure 6C). These bone fragments would fall 362 
in GHI class 0. Secondary manganese (hydr)oxides are recognizable as black spots near the 363 
original surface of the bone. 364 

 365 

3.2 SEM-EDX analyses 366 

SEM images of the Zug-Riedmatt block show in general well-preserved bone with hardly any 367 
evidence for alteration. The few zones where bone was altered could be identified in the 368 
SEM-images of the polished blocks by their pattern of fissures (Figure 7A). EDX spot 369 
analysis on such altered and unaltered bone give spectra that are dominated by calcium (Ca) 370 
and phosphorous (P) and only traces of other elements (Figure 7B and C; Table 3). Carbon 371 
and oxygen (C, O) should be disregarded in these spectra, as they may be influenced by the 372 
impregnating resin used to make the blocks. 373 

Since the polished blocks from Hazendonk are not available anymore, no SEM analyses were 374 
possible on these samples.  375 

The bone fragments in the SEM-images of the Stavanger polished block appear massive, 376 
whereas the massive-like material apparently consist of rounded grains  a few micron across 377 
at the most  with slightly stronger attenuation (lighter colours; see Figure 8A). EDX spot 378 
analyses show more iron (Fe) in the unaltered bone than in those from Zug-Riedmatt. The 379 
massive material has lower Ca and higher Fe (Figure 8B,C). SEM-EDX mappings (Figure 8 380 
D - G) corroborate that the massive material has lower Ca and high Fe concentrations. 381 

  382 



4 Discussion 383 

 384 

4.1 Identification of decay processes 385 

Table 4 contains a summary of the observed bone decay features. Several of these features 386 
can be linked to known processes:  387 

Budded mfd   like the ones in some of the Hazendonk fish scales (Figure 5B)  are usually 388 
linked to bacterial decay during putrefaction (Trueman & Martill 2002, Jans 2005, Fernández-389 
Jalvo et al. 2010). Through and through Wedl tunnelling however, also seen in Hazendonk 390 
(Figure 5A), are attributed to fungal decay (Hacket, 1981, Trueman & Martil, 2002, Bell et 391 
al., 1991). The surface near tunnels in some of the Zug-Riedmatt bones are not Wedl-tunnes 392 
(Figure 4A-C, 4M and N); the size and character indicate that they were made by 393 
cyanobacteria (Turner-Walker & Jans 2008, Turner-Walker 2012) while submerged in lake 394 
water.  395 

The discolouration, shrinkage and cracking patterns observed in some parts of the Zug-396 
Riedmatt bones has been linked with (quick) collagen loss due to chemical degradation, 397 
described e.g. by Jans (2005) (Figures 4D-N): The pattern of the aggregated surface of some 398 
fish bones seems to indicate some sort of (biological?) reprecipitation process; the strong 399 
fluorescence of the material suggests that we are dealing with apatite or dahlite (cf. Goldberg 400 
& Nathan 1975). Lacking comparable observations we cannot determine so far what kind of 401 
process is responsible for this (Figure 4 K and L). 402 

The optical properties of the yellowish massive material in the samples from Stavanger and 403 
Hazendonk are very similar. Without the impregnated blocks from Hazendonk it is not certain 404 
but we are most likely looking at the same material in Hazendonk and Stavanger. Yellowish-405 
orange phosphatic material has until now not been found in association with decaying bone 406 
(cf. Villagran et al. in press). However, the material seems similar to that of calcium-iron 407 
phosphates that are a common feature in soil thin sections from archaeological settlement sites 408 
(e.g. Simpson et al. 2000, Adderley 2004). In the sites under investigation here, however, the 409 
phosphates occur only in or associated with bone fragment(s). This is a strong indication that 410 
the formation of this material in these sites is a result of processes that are related to a form of 411 
bone decay, and not a precipitate associated with the overall burial environment. 412 

The SEM-EDX spot-analyses on the Zug-Riedmatt and Stavanger samples (Table 3 and 413 
Figure 9A) give clues about the changes in bone composition during chemical decay and the 414 
composition of the massive material. Compared to the unaltered bone, the altered bone in the 415 
Zug-Riedmatt sample shows slightly lower concentration of Ca and PO4. The Ca/PO4 ratio 416 
lies close to hydroxyl apatite and bone mineral. The lower mineral concentrations are 417 
remarkable: The decay pattern observed microscopically is usually interpreted as resulting 418 
from the decay of collagen only. The mineral concentration should then remain the same  419 



maybe even increase because shrinkage would concentrate the remaining material more 420 
(Turner-Walker 2009). It is therefore most likely that some of the bone mineral was also lost 421 
in this decay process.  422 

In the Stavanger samples, all bone fragments have lower Ca and PO4 contents than the Zug-423 
Riedmatt bones. Moreover, the Ca/PO4 ratio is lower than expected, even in the seemingly 424 
unaltered bone fragments. The analyses on the massive material form a cluster with even 425 
lower Ca values and Ca/PO4 ratios (Figure 9A). The lower values are compensated with iron: 426 
Figure 9B demonstrates that all Stavanger samples have much higher Fe concentrations and 427 
Fe/PO4 ratios that compensates for the lower Ca/PO4 ratios. 428 

On the basis of these analyses, the massive material can be identified as a Ca-Fe phosphate. 429 
Its composition lies close to that of mitridatite (Ca6(H2O)6Fe(III)9O6(PO4)9

.3H2O (after 430 
Roberts and Brown 1979; www.mindat.org)  simplified as Ca2(H2O)2Fe(III)3O2(PO4)3

.H2O  431 
although Nriagu & Dell (1974) and Stamatakis & Koukouzas (2011) give it as 432 
CaFe2(PO4)2(OH)2

. 8H2O). The seemingly unaltered bone from Stavanger appears to form a 433 
mix of mitridatite and bone mineral (approached by ideal Hydroxylapatite), but we cannot 434 
exclude that other minerals are involved as well. 435 

Mitridatite is a mineral that is known to be associated with bone decay processes: Roberts and 436 
Brown (1979) suggest that mitridatite in Ethiopian lacustrine sediments precipitated together 437 
with prismatic hydroxyapatite crystals following (partial) dissolution of fish scales and bones. 438 
They describe the mineral as greenish brown to yellowish green, with small (2-2.5 micron) 439 
composite, saddle shaped and feathery crystals. This colour description  and that of Karkanas 440 
and Goldberg (2010), who give mitridatite colour in thin sections as red, green or brownish 441 
with second- or higher order colours with crossed polarizers (XPL)  does not agree with our 442 
observations. This may be because the material in our thin sections is semi-crystalline: no 443 
phosphate minerals were detected by XRD.  444 

Nriagu & Dell (1974; Fig. 6) describe a formation process whereby mitridatite is formed in 445 
absence of calcium carbonate by either of two processes: One pathway involves the 446 
transformation of ferromanganese oxides with added Ca2+ and phosphates. Another pathway 447 
is by oxidation of a combination of vivianite (Fe(II) phosphate), reddingite (Mn(II) 448 
phosphate) and/or anapaite (Ca, Fe(II) phosphate). Since our phosphates are associated with 449 
decaying bone, the second pathway is the most likely in our case. Nriagu & Dell (1974) 450 
indicate that vivianite, reddingite and anapaite may originate from various processes, 451 
including the mixing of decaying bone-derived Ca2+ and phosphates with Mn2+ and Fe2+ that 452 
are released in an anaerobic environment. It is remarkable that under these conditions no 453 
vivianite was formed.  454 

The fungal-like tunnelling pattern in these secondary phosphates is remarkable: this type of 455 
tunnelling is usually only seen in bone, and attributed to saprophagic fungi. In nutrient-starved 456 
environments, however, ectomycorrhizal fungi are known to colonize and tunnel through 457 
mineral grains (Jongmans et al. 1997). Not only feldspars, but also mineral apatite has been 458 
shown to be a preferred target for these fungi (Wallander 2000, Blum et al. 2002, Hoffland et 459 



al. 2003). It is not possible, however, to reconstruct now whether the fungi that tunnelled the 460 
secondary phosphates (and bone fragments) were saprophages of ectomycorrhizal fungi. 461 

 462 

4.2 Implications for the burial environment 463 

4.21: Microbial decay patterns 464 

The microbial decay patterns observed are restricted to specific conditions: Tunnelling by 465 
cyanobacteria is restricted to underwater environments with ample sunlight, usually quite 466 
shallow (Turner-Walker & Jans 2008, Turner-Walker 2012). For the Zug-Riedmatt bones, 467 
that means that this decay process is related to phases when the bones were lying on the lake 468 
bottom near the shore, prior to their burial under sediments. The bacterial decay observed in 469 
some of the fish scales in Hazendonk is associated with putrefaction of the weak body parts  470 
especially intestines. These processes tend to terminate when the weaker body parts have 471 
decayed (Jans 2005). Fungal tunnelling is a common feature in exposed (i.e. non-buried) 472 
bones and in bones in non-calcareous non-waterlogged environments. Since saprophagic and 473 
ectomycorrhizal fungi are both only active in aerobic environments, fungal tunnelling must 474 
have stopped when the environment became fully waterlogged. 475 

 476 

4.2.2 Loss of collagen and the role of ashes 477 

 478 

Loss of collagen while the mineral phase is preserved  which seems to have occurred in 479 
small areas in the bones from Zug-Riedmatt  is commonly restricted to neutral to acidic 480 
burial environments. However, it has also been linked to with extreme pH values in general as 481 
well as prolonged boiling, or the passage through a stomach (Collins et al., 2002). Thick 482 
deposits of lake marl in lake Zug, however, indicate that the lake water and burial 483 
environment must be in part lime-buffered and therefore alkaline: In the bone midden 484 
sediment, a mean pHCaCl2 6.9 was measured (E. Eckmeier, pers. comm.)  roughly equivalent 485 
to 7.9 pHH2O (after Boesten et al., 2015)  which would not be inductive to collagen 486 
dissolution.  487 

The identification of carbonate wood ashes in thin sections from some parts of the bone 488 
midden, however, form an important clue: Fresh wood ash typically consists mainly of a 489 
mixture of (hydr)oxides of potassium and calcium (K2O/KOH, CaO/Ca(OH)2; e.g. Cílová & 490 
Woitsch, 2012). When submerged, or when buried under wet conditions, the K2O readily 491 
dissolves and is transported or leached. Depending on the environment, CaO can be 492 
transformed into calcium hydroxide Ca(OH)2 and subsequently into carbonates (CaCO3). The 493 
tendency of calcitic ashes to dissolve and reprecipitate in larger, more stable crystals has been 494 
described by several researchers (e.g. Canti, 2003; Shahack-Gross & Ayalon 2013). The 495 
recognizable calcitic wood ashes in Zug-Riedmatt have undergone the transformation into 496 
calcium carbonate. Dissolved phosphate coming from bones and/or dung can easily 497 



reprecipitate in calcitic ashes, making them less soluble under low pH conditions (Polo-Diaz, 498 
2016). Under low pH conditions, calcium carbonate dissolves (Canti, 2003). This implicates 499 
that in Zug-Riedmatt, most settlement layers were originally rich in ashes; in layers with 500 
phosphatized ash and silica slag, calcitic ashes have been dissolved (see also Ismail-Meyer et 501 
al., in prep.). Dissolution processes may be promoted by organic accumulation in anaerobic 502 
environments: Such deposits tend to acidity due to organic matter decay, as seen in natural 503 
peats and also in the wetland site Zurich-Opéra (Collins, 2002; Pümpin et al. 2015; Blume et 504 
al. 2016).  505 

Due to the high contents of K and Ca (hydr)oxides, fresh wood ash is strongly alkaline. 506 
he funerary practice of adding lime (CaO) or slaked lime 507 

(CaOH) to corpses would have the effect of elevating pH and potentially accelerating collagen 508 
loss  509 

For the site of Zug-Riedmatt, it is likely that the observed evidence for collagen loss in 510 
furthermore well-preserved bones is related to phases of calcitic wood ash accumulation 511 
under non-flooded conditions, perhaps enhanced by previous burning of some bones. Rising 512 
pH induced hydrolysis of the collagen in the embedded bones, which subsequently was 513 
leached. Figure 4M-N shows a bone fragment that has been strongly affected by collagen 514 
degradation, up to the point that it has become fragmented  although the fragments are still 515 
articulated. Cyanobacterial attack is restricted to the light-exposed part of the original bone 516 
surface. This is an indication that this decay preceded the ash-induced collagen degradation. 517 
Apparently, this bone was dumped and became submerged first, allowing cyanobacterial 518 
degradation. Subsequently, a drier phase occurred, during which the bone got mixed with or 519 
incorporated in ashy deposits. The shrinkage cracks observed in some bones are probably at 520 
least partly an artefact due to the air-drying before impregnation of the blocks (see above; The 521 
samples), but also an indication that the decayed bone has dried out as a part of the overall 522 
degradation process. 523 

 524 

4.2.3 Secondary phosphates 525 

 526 

The mitridatite (and maybe other Ca, Fe(III) phosphates) identified in Stavanger and 527 
Hazendonk form also under restricted conditions: The association with decayed bone and its 528 
absence in the surrounding soil mass indicates that the mineral is formed as part of or 529 
associated with bone decay processes. Since bone is low in iron, it had to be introduced into 530 
the decaying bone from the surrounding soil or water. However, iron ions are not mobile in 531 
most oxygenated soil environments (i.e. as Fe3+), except at pH <3 (Appelo & Postma 1993). 532 
Since such low pH values are not common in the environments that we studied, transport of 533 
iron into the area of bone decay therefore must have taken place under waterlogged and 534 
reducing conditions, where iron occurs as Fe2+(aq).  535 



Following Nriagu & Dell (1974), it is therefore most likely that the bone decay and associated 536 
precipitation of mitridatite or other Ca, Fe(III) phosphates is related to alternating oxic and 537 
reducing conditions. This also ties in with the presence of manganese oxides in the Stavanger 538 
bone. Under wet, reducing conditions without lime buffering, bone mineral dissolves. The 539 
resulting Ca2+ and phosphates precipitate together with Fe2+ to form e.g. anapaite or similar 540 
phases  maybe also reddingite if Mn2+ is available. Durning dry periods, oxygen becomes 541 
available, forming an environment in which anapaite is unstable; the latter is transformed to 542 
mitriadite according to the following net reaction: 543 

9Ca2Fe(II)(PO4)2 ·4H2O + 3O2 + 5 H2O + 3e- >  544 

Ca6(H2O)6Fe(III)9O6(PO4)9
.3H2O + 12 Ca2+ + 9 PO4

3- 545 

From this equation it becomes clear that this transformation results in a considerable loss of 546 
Ca and phosphates. The secondary hydroxyapatite associated with mitridatite surrounding 547 
decaying fish scales and bones observed by Roberts and Brown (1979) indicate that these Ca 548 
and phosphate ions may precipitate as hydroxyapatite  provided the burial conditions would 549 
allow it. Since authigenic hydroxyapatite was not observed in our Stavanger and Hazendonk 550 
samples, the geochemical environment apparently was not conducive (too acidic?) to its 551 
formation. 552 

Alternating wet and dry conditions also help explain the fragmented nature of the decayed 553 
bone remains in Stavanger. It is likely that the chemically decayed bone mass shrunk during 554 
every dry spell. The precipitation of secondary phosphates kept the resulting fragments 555 
articulated.  556 

The secondary phosphates encountered in the Stavanger and Hazendonk wetland sites differ 557 
from previously reported phosphate minerals that are related to archaeological bone decay in 558 
cave sites (Goldberg and Nathan 1975, Karkanas et al. 2000, 2002, Shahack-Gross et al. 559 
2004). In these caves, minerals like dahlite (Ca phosphate), crandallite (Ca, Al phosphate) and 560 
montgomeryite (Ca, Mg, Al phosphate) form due to reactions with calcite or other rocks. The 561 
major difference with Stavanger and Hazendonk, however, is that these sites had (or still 562 
have) fluctuating redox conditions. In such environments, Fe2+ becomes available during 563 
reducing episodes, and can become oxidized to Fe3+ when the environment is oxidizing again. 564 
This mechanism is needed to provide enough iron and in the right oxidation state to form 565 
iron-rich Ca, Fe phosphates instead of Fe(II) phosphates like vivianite. Also calcite-buffered 566 
deposits of mature sediments like the ones at Hazendonk are unlikely to provide Al and Mg in 567 
large enough quantities to allow the formation of Mg, Al phosphates.4.3.4. Interaction and 568 
order of decay processes 569 

Combining evidence for microbial decay and for chemical and mineralogical transformation 570 
make it possible to propose a sequence of decay processes that affected the bones in the three 571 
sites investigated: 572 

In Zug-Riedmatt, the cyanobacterial tunnelling in the red deer bones/antlers show that the 573 
bones have been waterlogged (during and) after deposition in a phase of high water table. The 574 



loss of collagen can be related to the deposition of calcitic (and silica) ashes with fish scales 575 
and gills after a dropping of the lake level. Since the red deer bones were accumulated during 576 
late spring/early summer and the fish and frog remains (and ashes) during early spring to late 577 
autumn and winter (see above), the accumulation and degradation patterns may have formed 578 
within a single year, reflecting also the usual migration of the lake water table from high 579 
during spring to low during summer (Keddy, 2010).  580 

In Hazendonk, the bones and fish scales at first were probably deposited together with weak 581 
body parts, which resulted in intense bacterial decay in some of the scales. Subsequently, 582 
repeated alternations between reducing (waterlogged) and oxic (dry) conditions in a neutral to 583 
acidic environment drove the transformation of parts of the bones into massive Ca, Fe(III) 584 
phosphates  probably mitridatite. Charcoal fragments in the deposits below and above the 585 
layer consisting of bone and secondary phosphates, and deformations in this layer (attributed 586 
to trampling) suggest that this process was contemporary with human presence at the site. 587 
During at least some of the oxic periods  probably the latest  the material became dry 588 
enough to allow fungi to tunnel extensively through scales and secondary phosphates. Rising 589 
water tables and the deposition of new sediment layers subsequently resulted in permanently 590 
waterlogged, reducing conditions. Iron and/or manganese oxides that may have precipitated 591 
along with the secondary phosphates must have disappeared permanently when reducing 592 
conditions remained permanent. 593 

In Stavanger, the strong degradation of the bone by chemical and mineralogical 594 
transformations makes it impossible to still recognize traces of microbial decay. The decay 595 
process in Stavanger is also driven by alternations between oxic (dry) and reducing 596 
(waterlogged) conditions in a neutral to acidic environment, transforming bone mineral into 597 
mitridatite. The presence of (black) manganese hydroxide staining indicates that here, 598 
contrary to Hazendonk, oxic conditions still prevail at least temporarily. It is therefore likely 599 
that bone degradation has been active until the moment of sampling.  600 

 601 

4.2.5. Implications 602 

It is remarkable that so many different types of bone degradation may be found in such thin 603 
layers, especially when they must have been active sequentially: In Zug-Riedmatt, we can 604 
discern within a few centimetres processes related to (1) deposition, (2) submersion, (3) drier 605 
periods and (4) burial within a waterlogged environment. In Hazendonk we see within 2 cm 606 
(1) deposition, (2) putrefaction, (3) alternating wet and dry periods and (4) burial. On the one 607 
hand, this study may serve as example how site-formation and taphonomical processes may 608 
be derived in great detail. On the other hand it may serve as warning that multiple 609 
observations may be necessary to obtain a complete picture of processes that were active 610 
around deposition. 611 

In addition, it is important to notice that the optical properties of the secondary Ca, Fe(III) 612 
phosphates bear close resemblance to the groundmass of carnivore coprolites (see Brönniman 613 
et al., in press)  which are also known to contain bone fragments (Huisman et al. 2014). This 614 



similarity may be due to the simple fact that both carnivore coprolites and the massive 615 
material we encountered mostly consist of very fine phosphate minerals. The main difference 616 
with the bone decay-related material is that phosphate-rich coprolites usually have an 617 
aggregate-dominated crumb-like groundmass. The bone decay-related phosphates on the other 618 
hand have a massive, sometimes layered groundmass or fan-shaped precipitates like in the 619 
Stavanger sample. 620 

 621 

6 Conclusions 622 

Our investigations on bone fragments in thin sections and impregnated soil samples from 623 
three wetland sites show evidence for a range of biological decay processes and 624 
chemical/mineralogical transformations. In two sites (Zug-Riedmatt and Hazendonk), a 625 
relatively quick burial by waterlogged sediments was instrumental in overall good 626 
preservation of bones. Still, the relatively short exposure to adverse condition has left their 627 
marks. Some of the bones from Zug-Riedmatt show first a cyanobacterial tunnelling related to 628 
submersion in shallow, clear water, and second, localized collagen decay related to ash 629 
deposits in subaereal exposure. In Hazendonk, bone fragments and fish scales apparently have 630 
first been exposed to bacterial decay related to putrefaction. Subsequently, alternations 631 
between wet and dry conditions resulted in the dissolution of some of the bone mineral and 632 
the formation of Ca, Fe(III) phosphates, probably mitridatite. Fungal decay caused extensive 633 
tunnelling of bone and fish scales as well as the secondary phosphates. These processes ended 634 
when the bone-rich layer was buried and became permanently waterlogged. In Stavanger, 635 
however, transformation of bone mineral into mitridatite and possibly other Ca Fe(III) 636 
phosphates in deposits with changing redox conditions has probably continued until the 637 
sample was taken.  638 

 639 
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List of figures 916 

 917 

Figure 1 Polished sections of the profile column ZGRI 84 (upper part left side, lower 918 
part in the middle) and ZGRI 98. The sections go through the grey, natural, limnic carbonates 919 
at the base (sections ZGRI 84B 0-4 cm and 98 0-3 cm) and the bone midden (ZGRI 98 3-18 920 
cm, ZGRI 84B 4-23 and ZGRI 84A 0-24 cm) rich in dark organic layers and heterogeneous, 921 
grey loam- and ash-rich deposits. The position of the taken thin sections is marked in blue. 922 
Beside the polished sections are scans of the corresponding thin sections, with the position of 923 
micrographs marked in black (see Figure 4). Note the large bones (b) in the polished section 924 
84A, and the fish bone and ash accumulation in the middle part of the section 98 (see also 925 
Figure 4K, L). The SEM and EDX measurements have been made on section 84A (see Figure 926 
9). 927 

 928 

Figure 2 Hazendonk thin section 77110 (see Exaltus and Miedema 1994 for the profile). 929 
A: Scan of the thin section, containing a layered peat deposit with sandy peat domains (s). 930 
Fissures were formed during the preparation of the thin section. B: Enlargement of part of A 931 
with bone layers. C: Same as B, indicating bone layers (grey) and charcoal (black) 932 

 933 

Figure 3 Stavanger Mi-5 thin section. A: Scan of the thin section. Note charcoal 934 
B: Drawing of the thin section, 935 

indicating the fragments of strongly decayed bone and the area of image C. C: Low-936 
magnification micrograph of decayed-bone area. The bone remain is visible as an orange 937 
groundmass.  938 

 939 

Figure 4 Bone decay features in the Zug-Riedmatt sample. All images in plane polarized 940 
light (PPL) unless indicated otherwise. A: Bone or antler fragment with cyanobacterial 941 
tunnelling from the surface to a depth of c. 50 micron from the bone surface. B: Same as A 942 
with crossed polarizers (XPL) showing the good preservation of the bone microstructure. C: 943 
Same as A under fluorescent light. The highly fluorescent objects in the top of the image are a 944 
flaxseed and a wood fragment. D: Bone or antler fragment, showing excellent preservation in 945 
general, but some darker regions where chemical/mineralogical changes have occurred. E: 946 
Enlargement of part of D, showing the darker colour and shrinkage cracks in some of the 947 
affected regions. F: Same as E under fluorescent light showing a loss of fluorescence in the 948 
affected regions. G: Spongeous bone with at the surface dissolution and cracking features. H: 949 
Enlargement of a part beside G. I: Same as H with crossed polarizers (XPL) showing the clear 950 
birefringence in the well preserved left part and the complete loss of birefringence in the 951 
affected part of the bone. J: Same as H under fluorescent light showing the loss of 952 



fluorescence in the affected part. K: Accumulation of fish scales and/or gills (all bone in the 953 
image; typical saw-tooth edges indicated with (s) and (greyish) calcitic ashes (a), showing 954 
spherical (newly formed) shapes (arrow). L: Same as K under fluorescent light. The scales 955 
show parts with loss of fluorescence, similar to J, close to the ashy region. Fluorescence is 956 
retained in the rest of the scales; the newly formed object has a higher fluorescent intensity 957 
(arrow), as well a thin layer on some of the scales. M: Animal bone or antler with tunnelling 958 
(arrow) and darker parts. N: Same as M under fluorescent light showing fluorescence in the 959 
tunnelled zones and a loss of fluorescence in the darkened parts.  960 

 961 

Figure 5 Bone decay features in the Hazendonk sample. All images in plane polarized 962 
light (PPL) unless indicated otherwise. A: Fish scales showing extensive tunnelling. B: Fish 963 
scale with extensive decay inside, leaving only the outer rim unaffected. Note breakage at the 964 
left of the fish scale. C, D: Massive orange-yellow material with bone fragments and fish 965 
scales, intercalated between peat and ashes with charcoal. D in XPL, note lack of 966 
birefringence of the massive material and birefringent bone fragment in the right of this layer. 967 
E, F, G: Massive material and bone fragments. F with blue light fluorescence, G with UV 968 
fluorescence. The red circle in the three micrographs surrounds an area of fine spongeous 969 
bone that is visible in UV fluorescence (G), but not in PPL or Blue light fluorescence (E,F). 970 
H, I: Massive orange-yellow material with deformation features due to intrusive fragment of 971 
burnt bone (centre top), and showing extensive tunnelling. I with incident light. 972 

 973 

Figure 6 Bone decay features in the Stavanger sample. A, D in PPL; B, E in XPL, C, F 974 
in Blue light fluorescence. A, B, C: Bone, strongly broken up into angular blocky fragments. 975 
Orange-yellow material precipitated in the fissures. Black stains due to precipitation of 976 
manganese compounds. The bone fragments are isotropic, as is the orange-yellow like 977 
material. Both are slightly fluorescent. D, E, F: Strongly fragmented bone with orange-yellow 978 
material, which here also contains fan-shaped precipitates. Some areas show increased 979 
fluorescence.  980 

 981 

Figure 7 SEM-results for the Zug-Riedmatt sample ZGRI 84A. A: Backscatter image 982 
with well-preserved bone, showing a smooth surface. B: Idem, with decayed bone showing a 983 
pattern of fissures. C: EDX spectrum of spot analyses in figure A. D: EDX spectrum of spot 984 
analyses in figure B. 985 

 986 

Figure 8 SEM-results for the Stavanger sample. A: Backscatter image with well-987 
preserved (smooth surface) and decayed (grainy) bone. Spot analyses are marked, and the 988 
spectra are given in B and C. D-G: SEM-EDX mappings for mappings for Ca (D), P (E) and 989 
Fe (F). Note the lower Ca and higher Fe in the grainy material. 990 



 991 

Figure 9 Comparison of the EDX analyses of bone in the Zug-Riedmatt and the 992 
Stavanger samples. The ideal (stoichiometric) composition of common Ca- and Ca, Fe-993 
phosphate minerals have been plotted as well for comparison. A: Relation between Ca and 994 
PO4 (recalculated from P). The Zug-Riedmatt samples all have the same Ca/PO4 ratio, but the 995 
degraded parts have lower concentrations. The Stavanger samples, however, including the 996 
seemingly well-preserved bone, have lower Ca/PO4 ratios. B: Relation between Ca/PO4 and 997 
Fe/PO4. All Zug-Riedmatt samples fall in a tight cluster close to hydroxyapatite. The 998 
degraded Stavanger samples fall close to mitridatite. The other Stavanger measurements lie 999 
between hydroxyapatite on the one hand and the group of anapaite, calcioferrite and 1000 
mitridatite.  1001 
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List of tables 1004 

 1005 

Table 1 General Histological Index (GHI): after Hollund et al. (2012) with minor 1006 
modifications. 1007 

GHI Approximate % 
of intact bone 

Description 

0 0-5 No original features identifiable, except maybe Haversian channels 

1 5-15 Small areas of well-preserved bone present, or the lamellate 
structure is preserved by the pattern of destructive foci 

2 15-50 Some well-preserved bone present between destroyed areas 

3 50-85 Larger areas of well-preserved bone present 

4 85-95 Bone is fairly well preserved with minor amounts of destroyed 
areas 

5 95-100 Very well preserved, similar to modern bone 

 1008 

 1009 

 1010 

Table 2 Overview of sites and the samples used in this study. 1011 

Site Age 
(cal.) 

Landscape 
setting 

Type of 
site 

Type of 
archeological 
deposit 

Basal 
sediment 

Soil 
sample 

Thin 
section size 
(cm) 

Zug-
Riedmatt 

3200 - 
3100 
BC  

pre-
Alpine 
lake shore 

Lake 
dwelling 

Bone midden Lake 
marl 
(micrite) 

ZGRI 
84A/B, 
98A 

4,5 x 4,5 

Hazendonk 4000 
BC  

River 
delta 

River 
dune 
flank 

Refuse 
deposit 

Sand, 
peat, clay 

77110 8 x 16 

Stavanger 900 - 
1100 
AD 

Coastal Historic 
market 
place 

Ancient 
shore line 

Gravel 
from 
gneisses 

5  8 x 5 

 1012 

  1013 



Table 3 Analytical results of the SEM-EDX analyses. on a 1014 
microscale in the SEM-BSE images; see the BSE images in Figure 7 and 8. 1015 

 1016 

Measurement Altered (A) or 
unaltered (U) 
bone 

PO4 
(%) 

Ca 
(%) 

Fe 
(%) 

Stavanger 2 - 1 A 33.3 7.9 16.2 
Stavanger 2 - 2 U 41.3 20.4 7.7 
Stavanger 7 - 1 A 37.2 7.8 20.5 
Stavanger 7 - 2 U 40.9 19.4 8.2 
Stavanger 7 - 3 U 34.9 14.5 11.1 
Stavanger 9 - 1 A 38.3 10.3 18.7 
Stavanger 9 - 2 A 39.3 9.6 20.6 
Stavanger 9 - 3 A 29.6 8.6 16.8 
Zug - Riedmatt 1 - 1 U 53.9 39.5 3.4 
Zug - Riedmatt 3 - 1 U 47.2 35.3 3.4 
Zug - Riedmatt 4 - 1 A 43.9 34.3 2.9 
Zug - Riedmatt 6 - 1 A 46.6 33.7 2.7 
Zug - Riedmatt 7 - 1 A 35.5 27.2 2.7 
Zug - Riedmatt 8 - 3 U 48.5 37.5 3.1 
Zug - Riedmatt 9 - 2 A 46.7 36.3 1.9 
Zug - Riedmatt 11 - 1 A 43.0 34.1 3.1 
Zug - Riedmatt 11 - 2 A 41.8 31.1 2.6 
Zug - Riedmatt 12 - 2 A 45.5 34.9 2.8 
Zug - Riedmatt 13 - 1 A 37.7 29.3 2.7 

 1017 

 1018 
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Table 4 Summary of observed bone decay features 1020 

 1021 

Site Soil 
sample 

GHI Mfd sites Tunneling Darkening 
and micro-
aggregation 

Dissolution 
+ cracking/ 
fragmenting 

Ca, Fe 
phosphate 
precipitates 

Zug-
Riedmatt 

ZGRI 84a 4-5    Localized, 
surfaces 
only 

 

 ZGRI 84b 4-5  Cyanobacte
rial surface 
tunnelling 
in some 
bones 

   

 ZGRI 98 4-5  Cyanobacte
rial surface 
tunnelling 
in some 
bones 

Localized 
(fish 
scales) 

  

Hazendon
k 

77110 0-1 Complete 
(fish 
scales) 

Complete 
Wedl 
tunneling in 
fish scales 

  Forming a 
layer with 
embedded 
bone 
fragments 

Stavanger 5 0    Complete Inside the 
bone 
fragments 
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