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Abstract: El Sidrón Cave is, nowadays, an archaeological and anthropological reference site of the 24 
Neanderthal world. It shows a singular activity related to cannibalisation, and all the existing 25 
processes are relevant to explain the specific behaviour of the individuals concerned. This paper 26 
presents geoarchaeological data, based primarily on mineralogical and petrographic techniques, to 27 
investigate the nature of the encrustations or hard coatings that affect a large part of the Neander- 28 
thal bone remains and their relationship with the depositional and post-depositional processes at 29 
the archaeological site. Crusts and patina are numerous and diverse, mainly composed of calcite 30 
and siliciclastic grains, with different proportions and textures. The analysis indicates different 31 
origin and scenarios from their initial post-mortem accumulation to the final deposit recovered 32 
during the archaeological work. The presence of micromorphological features, such as clot- 33 
ted-peloidal micrite, needle-fiber calcite (NFC) aggregates, clay coatings, iron-manganese im- 34 
pregnation and/or adhered aeolian dust may indicate that a significant proportion of the remains 35 
were affected by subaerial conditions, in a relatively short period of time, in a shelter, cave entrance 36 
or shallower level of the karstic system, prior to their accumulation in the Ossuary Gallery. 37 

Keywords: cave sediment; karst; geoarchaeology; palaeoanthropology; Middle Palaeolithic; 38 
Mousterian; Iberian Peninsula. 39 
 40 

1. Introduction 41 
The Neanderthal fossils from the archaeological site of El Sidrón cave are, for the 42 

moment, the largest and most complete anthropological collection of these species found 43 
on the Iberian Peninsula. They consist of ~2530 skeletal remains belonging to 13 indi- 44 
viduals with familial relationships and evidence of cannibalism [1-9]. However, Mouste- 45 
rian lithic artifacts are quite scarce (~400) and they are made from local chert and 46 
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quartzite, indicating a short and expedient behavior. The high refitting rate of lithics 47 
(20%) proves unequivocally a single archaeological deposit [10,11]. Animal bones are 48 
very scarce and they are not related to human activities [12]. 49 

A multi-dating approach has been undertaken at the site, giving a consistent date of 50 
48,400±3,200 years BP for the archaeological and the fossil assemblage, which places it 51 
between Heinrich's H4 and H5 events of the paleoclimatic stage MIS 3 [12-14]. It is pre- 52 
cisely this period in which a good percentage of the so-called “classic Neanderthals” are 53 
concentrated, among which we can place the El Sidrón Neanderthal group. 54 

The specificities of this collection (more human bones than lithic and unconsumed 55 
fauna) are opposed to a Neanderthal permanent site and they are determined by the 56 
deposition pattern in the small Ossuary Gallery [1,6,10]. Although preservation of the 57 
bones is in general fairly good, with very limited trampling or erosion and no carnivore 58 
or rodent toothmarks, bones and lithics are not in their original location. The 59 
geo-archaeo-stratigraphic analysis suggests that they went into the cave in a massive 60 
water-driven deposit and fell into the Ossuary Gallery through a vertical shaft, probably 61 
resulting from a flood event after a thunderstorm [15-19].  62 

This rapid event into the cave has allowed a good preservation of both sediments 63 
and archaeological remains. This preservation is a common feature related to caves and 64 
rock shelters, since they are little exposed to open-air alterations and so data about hu- 65 
man past activities and the local environment can be obtained [20-24]. To a large extent, 66 
the general good preservation of fossil remains is due to their rapid incorporation into an 67 
endokarstic context, where micro environmental stability conditions favour the preser- 68 
vation of bone fragments [21-24]. Alteration processes begin immediately after the sedi- 69 
mentary input is accumulated in an archaeological deposit and several environmental 70 
factors, such as groundwater and sediment composition, pH, redox potential, tempera- 71 
ture or biological activity can determine the preservation of archaeological bones [25-30]. 72 
Once the sediments and the archaeological remains are deposited, the taphonomic pro- 73 
cesses, basically cultural and environmental factors, are diverse in each site [24]. 74 

At El Sidrón cave, cultural and animal factors are absent since an important part of 75 
the karst conduits of the cave, and more specifically the Ossuary Gallery, were isolated 76 
from the human and animal activity after the accumulation of the massive water-driven 77 
deposit. The subsequent natural factors have consisted on low-energy processes, typical 78 
of a vadose environment evinced by, among others, encrustation. A significant number of 79 
the human fossil remains are coated in authigenic mineral concretions with abundant 80 
fine detrital material adhered. Different types of isolated or laminar mineral (carbonate, 81 
Fe-Mn oxides) concretions can be distinguished. Establishing the depositional and 82 
post-depositional history of such crusts is fundamental in order to evaluate a detailed 83 
contextualization of the fossils and to improve our understanding of the formation pro- 84 
cesses of the site. This paper presents geoarchaeological data related to hard coatings 85 
(crusts) and patina covering Neanderthal bones from a mineralogical and petrographic 86 
study, in order to go deeper into the circumstances of the original deposition, the 87 
post-depositional processes and the preservation of the archaeological site. 88 

2. Geological setting and sediment sequence 89 
El Sidrón cave is developed in Oligocene carbonate conglomerates alternating with 90 

fine to medium-grained sandstones. These carbonate successions show approximately 91 
E-W direction, dipping 20–30° to the north. The karst system, with a development of 92 
600m (about 3700m in galleries) and a height difference of 30-32m between the highest 93 
galleries and the spring, is divided into four levels with a main E-W direction, which 94 
were generated according to the evolution of the regional drainage system. The Main 95 
Gallery (Gallery of the River) and its transverse tributaries (i.e. Ossuary Gallery) are lo- 96 
cated in the second level, just above the active (phreatic) level. The Neanderthal bone 97 
assemblage is located in the Ossuary Gallery, a N-S oriented passage, ~28m long and 12m 98 
wide (Figure 1).  99 
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 100 
Figure 1. El Sidrón cave: (a) Geographical location of the El Sidrón cave; (b) Cave map with the location of the main gal- 101 
leries; (c) Excavation plan of the Ossuary Gallery. 102 

The sedimentary infill in the Ossuary Gallery shows great complexity and thus 103 
makes it hard to define a stratigraphic column representing the whole gallery.  Five 104 
main units are better documented in the central zone of the Ossuary Gallery, corre- 105 
sponding to events with different hydrodynamic and sedimentary characteristics 106 
[16,19,31] (Figure 2). From bottom to top, these are: 107 
• Unit 0: Unit of massive mud. No clear sedimentary structures can be distinguished. 108 

In a preliminary approach, they seem to be sediments deposited through a low en- 109 
ergy outflow or backswamp conditions. 110 

• Unit I: Unit of laminated fine sands and mud, with cross-stratification. It includes 111 
low-intensity fluvial-karstic material with a relative increase in energy at the top. 112 

• Unit II: Unit of poorly sorted gravels, sands and mud. It represents the lower limit of 113 
the ‘fossiliferous units’ (units where Neanderthal bones are embedded) so far. The 114 
fluvial-karstic materials originated from a high energy event and are clearly erosive 115 
on underlying sediments, especially in the eastern and central parts of the gallery. 116 
This unit corresponds to a diamicton facies. 117 
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• Unit III: Unit of massive clays with dispersed levels of gravels, sands and silts. In- 118 
terbedded silts and fine sands showing fluid escape structures are common. At the 119 
base, this unit is very similar to Unit II and the grain size diminishes towards the top 120 
in general terms. In the western part of the gallery, the grain size of the unit is also 121 
coarser, with a predominance of pebble and gravel deposits. At the top of the unit, a 122 
prominent feature is the existence of calcareous crusts (IIIc) of variable thickness 123 
and texture with a horizontal arrangement and a high lateral continuity. These spe- 124 
leothemic crusts (flowstone) reach a greater development and thickness towards the 125 
east wall of the gallery (Figure 3).  126 

• Unit IV: Unit of massive mud with some interbedded sands. These sediments 127 
formed in a very low energy fluvial-karstic environment and correspond to the final 128 
infill episode in the gallery, which can be regarded as still in progress.  129 

 130 
Figure 2. Stratigraphic column from the central zone of the Ossuary Gallery (Sector 3), with a brief description of the main 131 
sedimentary units and their genetic interpretation. Modified from Cañaveras et al. [16,18]. 132 

The vast majority of the anthropological and archaeological material is concentrated 133 
between squares E-H/10 – E-H/4 in Unit III that corresponds to Sector 3 (Figure 3). Con- 134 
sidering the whole sediment this unit is made up of poorly sorted gravelly muddy sands. 135 
The mineralogy of the fine fraction is markedly siliceous with quartz (70-85%) and clays 136 
(5-25%) as dominant mineral phases [3, 4, 16]. Feldspars and calcite (mainly bioclast and 137 
rock fragments) usually do not exceed 10% and 5%, respectively. The clay fraction is 138 
mainly composed of kaolinite (25-75%), illite (20-50%) and smectite (5-25%). Sand-size 139 
grains are usually angular to subangular in shape, with a typology concordant with host 140 
rock (Oligocene arenites from Pudinga de Posadas Fm.) [16-18]. At the base of the unit, 141 
are common subrounded gravel-sized fragments of Santonian limestones (biopelmicrites 142 
and biopelsparites) also from the embedding rock (Pudinga de Posadas Fm.). Micro- 143 
morphological characters that reflect post-depositional processes, whether edaphic or 144 
not, are very scarce in the sedimentary fill of the gallery in general and, particularly, in 145 
Unit III [1, 10]. These are restricted to clay/silt translocation processes that are observed as 146 
coatings around voids and iron-manganese staining of some level, which delineate fluid 147 
escape structures [3-4,10,16]. 148 
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The geological analysis of the sediments suggests that all the archaeological record 149 
(the Neanderthal and the lithic remains) dropped into the cave from a higher level in the 150 
karstic system via a vertical shaft, in a massive flow deposit, as a result of a collapse after 151 
a high-energy event, probably a thunderstorm [16,19,31]. Several pieces of evidence 152 
suggest that the archaeological and anthropological remains were deposited 153 
near-simultaneously shortly before the high energy event: marks left by the mentioned 154 
gnawing of carnivores and rodents are absent, articulated Neanderthal bones are present, 155 
and a high refitting rate of the lithic industry (studies are ongoing) [11]. Also, the rela- 156 
tively good condition of the bones indicates that they come from the outside, but they 157 
must have been deposited in a protected environment (e. g. a surficial gallery near the 158 
entrance or a rock shelter) and the exposure time in surface conditions must have been 159 
very short, given the scant traces of alteration documented on the bones [2,12,32]. 160 

 161 
Figure 3. Excavation plan of Sector 3 with location of the upper calcareous crust subunit in yellow (Unit III) and sampling 162 
zone detailed in the lithostratigraphic sections (square F8). 163 

The morphology of the Ossuary Gallery (i.e. width, length and sinuosity) has in- 164 
fluenced the hydrodynamic behavior of the cavity, resulting in steep energy from south 165 
to north, which is reflected in the complex distribution of different sediment facies. The 166 
special configuration of the bottom of the gallery (sponge-work), has determined the 167 
complex geometry of its sediment infill, but, in turn, has favored the preservation of ar- 168 
chaeo-anthropological material. In this sense, many of these fossiliferous deposits have 169 
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been trapped in the rock nooks and then rested well protected from episodes of sediment 170 
reworking and destruction, so common in the karst dynamics. 171 

3. Materials and Methods 172 
In order to document the site formation processes operating at the El Sidrón ar- 173 

chaeological site, the sediments that fill the Ossuary Gallery, including those that con- 174 
stitute the host sediment of the samples under study in the present work, have been 175 
characterized, both in situ and in the laboratory (granulometric and petrographic analy- 176 
sis, mineralogical and geochemical characterization, etc.) [1,3,4,16,19]. 177 

A total of 8 samples corresponding to bone fossils remains (Figure 4) and 5 samples 178 
corresponding to black coatings and or impregnations have been mineralogical and tex- 179 
turally studied (Sid. 01, 02, 04, 05, 06). The samples were selected as the most representa- 180 
tive of the El Sidrón archaeological record, in order to study their depositional and 181 
post-depositional evolution, also selecting the samples that do not negatively interfere 182 
with the anthropological and palaeogenetic studies. All of these samples come from Unit 183 
III and square F8, located in Sector 3 at the central part of Ossuary Gallery, where a great 184 
number of human remains have been found, coinciding with the upper part of Unit III 185 
[11,19].  186 

 187 

Figure 4. Bone remains with calcareous concretions sampled. Location of both XRD analyses (dots) and thick sections 188 
(yellow rectangle) is given. 189 

Detailed location and characteristics of bone samples is given in Table 1. The col- 190 
lected samples have been micromorphological and compositionally characterized using 191 
different analytical techniques.  192 

 193 
 194 
 195 
 196 
 197 
 198 
 199 
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Table 1. Analyzed samples indicating their location in the Ossuary Gallery. 200 

Sample  Square Sub-square 
X 

(cm) 
Y 

(cm) 
Z  

(cm) 
Neanderthal bone 
(Anatomical part) 

280 F8 5 38 48 144,0 Indeterminate 
282 F8 6 51 82 133,0 Indeterminate 
299 F8 2 21 60 149,0 Incisor 
304 F8 4 57 30 150,5 Vertebra 
317 F8 2 17 59 156,0 Scapula 
324 F8 2/3 20 70 139,5 Indeterminate 
696 F8 7 80 18 135,0 Vertebra 
709 F8 9 81 80 151,0 Rib 

 201 
X-ray diffraction was used to determine mineral composition in powdered samples, 202 

using quartz as an internal standard. The analyses were performed by using a PHILIPS 203 
PW-1710 XR-diffractometer Museo Nacional de Ciencias Naturales (MNCN-CSIC, Ma- 204 
drid) operating at 40 kV and 30 mA, under monochromatic CuKα radiation. The diffrac- 205 
tion patterns were obtained by a continuous scan from 3º 2θ to 60° 2θ, with a 0.01° 2θ 206 
resolution. The XPOWDER ® program [33] was used to evaluate the semi-quantitative 207 
mineral composition of the samples. 208 

Petrographic and micromorphological conclusions are based on the examination of 209 
standard and double-polished thin sections by conventional transmitted light microscopy 210 
(Zeiss Assioskop, with a digital camera).  The samples were preliminarily observed under 211 
a stereoscopic microscope at low magnifications. 212 

To complete the textural and compositional characterization of the samples, etched 213 
and unetched specimens of rock fragments and polished thin-sections were studied using 214 
FEI QUANTA 200 scanning electron microscope, with an analytical X-ray energy disper- 215 
sive analysis system (EDS) of the MNCN-CSIC laboratory working at 30 kV. 216 

4. Results 217 
All the bone remains from El Sidrón cave are embedded in a dense, poorly sorted, 218 

sandy-silt matrix with a porphyric, coarse-/fine-related distribution (coarser fragments 219 
floating in a finer matrix). They are highly dehydrated, crumbly and with multiple mi- 220 
crocracks that in some cases have become cracks and fractures (Figure 5a, b). The degree 221 
of physical deterioration is variable, from fragments that present a marked fragmentation 222 
that makes its morphological study impossible, to those that fully retain their morphol- 223 
ogy [2,34]. Also, a large part of the bones appeared to be coated with authigenic mineral 224 
coatings of different types and development which are sometimes interbedded with dif- 225 
ferent type of crusts.  226 

Calcite is the most common authigenic mineral associated with bone remains at the 227 
site. Also clay-rich and/or Fe-Mn-rich coatings and associated structures have been rec- 228 
ognized (Table 2). Calcite is found as a micro-mesocrystalline precipitates both at bone 229 
surfaces and in the bone mass itself, as sparry calcite completely filling osteonal cavities 230 
and along structural weakness in the bone (Figure 5c, d, e, f).  231 
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 232 
Figure 5. Microphotographs of indeterminate bone fragments: (a) Microcracks affecting bone surface (Sample 280); (b) 233 
Detail of splintered bone fragment (Sample 324); (c-d) Calcite aggregates and Fe-Mn precipitates filling osteonal cavities 234 
(Sample 282); (e-f) Thin silty micritic crust on bone surface, with detail of calcite crystals filling osteonal channels and 235 
other micropores (Sample 282). Microphotographs a, b, c and e were taken under plane-polarized light; d and f were taken 236 
under crossed nicols. 237 

Table 2. Mineral composition of the analyzed samples. See Figure 4 for location of each sample. 238 
 

Sample 
Crust 

subtypes 
Calcite 

(%) 
Quartz 

(%) 
Feldspars 

(%) 
Hydroxyl-apatite 

(%) 
280-A T 53 39 8  
282-A T 62 33  <5 
299-A T 64 36   
299-B Cm 87 13   
304-A Cp 68 32   
304-B T 80 20   
304-C T 71 12 17  
317-A Cm 79 21   
324-A T 45 34  21 
696-A Cm 96  4   
696-B T 63 37   
696-C Cp 78 22   
696-D T 67 33   
709-A T 52 48   
709-B T 50 50   

(T) silty-sandy calcite crust; (Cp) Sparitic calcite crust; (Cm) Micritic calcite crust. 239 
 240 
At bone surface, several types of calcareous crusts have been discriminated, mainly 241 

attending to the type of cementing phase and the amount and nature of the grains. Some 242 
of the studied bone fragments show several associated crust types. A schematic repre- 243 
sentation of each of the types, as well as the distribution and spatial relationship of each 244 
of these types in the studied samples can be observed in Figure 6. 245 
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 246 
Figure 6. Distribution of the different types of carbonate crusts (hard coatings) recognized over the Neanderthal bones 247 
(square F8): (a) Horizontal distribution and crust associations; (b) Vertical distribution and thickness of the crusts. See 248 
Figures 1 and 3 for location in the Ossuary Gallery map. 249 

3.1. Calcite crusts with abundant siliciclastic (terrigenous) grains 250 

They are the most abundant and occurring in direct contact with the bone in most 251 
samples. Their content of clay and/or Fe-Mn oxides-hydroxides is variable. Two subtypes 252 
can be distinguished: 253 
• Silty (orange) crusts adhere discontinuously to some of the bones and locally infil- 254 

trate through cracks and fractures. They consist of micritic crusts of yellow- 255 
ish-orange hue about 50 to 500 µm thick directly adhering to bone surface (Figure 256 
7a). These crusts are quite dense and compact, and mainly composed of micritic 257 
cement, with clays (predominantly illites), some iron oxide and few and small (25-50 258 
µm) terrigenous grains (quartz, feldspars). 259 
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 260 
Figure 7. Microphotographs of features characteristic of calcite crusts with abundant siliciclastic grains: (a) Thin silty 261 
micritic crust (Si) on bone surface, a net contact with the overlying sandy and more porous crust can be observed (Sample 262 
280); (b) Detail of sandy crust with high proportion of subangular quartz grains in a micrite matrix (Sample 709); (c) Bio- 263 
clast (echinoderm)(E) and bone fragments (B) in sandy micritic crust (Sample 324); (d) Bone fragments (B) in sandy mi- 264 
critic crust (Sample 324). All microphotographs were taken under plane-polarized light. 265 

• Sandy (yellowish) crusts up to 2-3cm thick, developed directly on the surface of the 266 
bones or on the previously described silty crusts. Their colour is lighter and the 267 
content of clays and iron oxide is lower and more dispersed. On the contrary, the 268 
content of terrigenous grains is higher (Figure 7b). The nature of the grains is mostly 269 
quartz, with a very variable size (40 to 800 µm), the majority being 50 to 250 µm 270 
thick. Quartz grains seem to display a bimodal sorting with fine, subangular (dom- 271 
inant) and coarser rounded grains. Feldspars, metamorphic rock fragments and 272 
carbonate bioclasts are also present, although to a lesser extent, as well as bone 273 
fragments (chips) of varying size and morphology (Figure 7c,d). The size of the cal- 274 
citic cement crystals is microsparitic to mesosparitic (40 to 100 µm) and an increase 275 
in the size of the detrital grains and in the porosity is observed as we move away 276 
from the bone surface. There are darker (orange) areas, irregularly dispersed, about 277 
50 µm thick, which correspond to a higher content of clays and smaller size of the 278 
quartz grains and crystals of calcite cement. Voids are scarce and mostly correspond 279 
to regular vugs or planes. Associated with large voids, discontinuous clayey cutans 280 
(clay coatings) are observed, as well as some calcitic cement filling consisting of 281 
palisades (sometimes radially arranged) composed of calcitic tabular crystals with a 282 
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maximum length of 0.5-0.6mm. This type of crust is the most abundant at the stud- 283 
ied sector of the site. 284 

3.2. Calcite crusts without (or with few) siliciclastic (terrigenous) grains 285 
Two subtypes are distinguished: 286 

• Sparitic crusts, alternating with terrigenous-rich crusts, sometimes erosively. They 287 
consist of layers of palisades composed of millimetre-thick calcite crystals that al- 288 
ternate with bands rich in terrigenous grains (Figure 8a, b). Together they constitute 289 
a 2-3cm thick banded precipitate. There are areas of compact palisades showing 290 
banding growth, and very porous areas with growth of large clustered or arbores- 291 
cent crystals, somewhat zoned, sometimes presenting displacing textures (Figure 292 
8c). Remobilized areas are also observed with crystals or aggregates of broken and 293 
moved crystals and locally patina (cutans) of clays and oxides (Figure 8d). The 294 
crystals that make up the palisades, both the compact ones and the arborescent ones, 295 
usually show scalenohedral terminations and morphologies similar to regrown 296 
skeletal crystals and/or calcitic rafts are observed (Figure 9). 297 

 298 
Figure 8. Microphotographs of features characteristic of sparitic crusts: (a-b) Columnar fabric composed of elongate cal- 299 
cite crystals with irregular boundaries, some of them dissolved and filled by detrital grains (Sample 304); (c) Detail of 300 
arborescent-zoned calcite crystals (Sample 304); (d) Detail of erosive contact (arrows) between sparitic laminar layers and 301 
overlaying sandy micritic crust (Sample 696). Microphotographs a, c and d were taken under plane-polarized light; b was 302 
taken under crossed nicols. 303 
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 304 
Figure 9. SEM micrographs of sparitic calcite crust: (a-b) Partially dissolved scalenohedral calcite crystals (Sample 304); 305 
(c) Detail of calcite scalenohedral terminations (Sample 696); (d) Microcrystalline aggregate with needle-fiber calcite 306 
(NFC) crystals (Sample 696). 307 

• Micritic crusts, normally with a compact and massive microstructure and locally 308 
characterized by the presence of an irregular lamination involving the alternation of: 309 
(1) dark laminae (0.05-0.2mm thick) of dense micrite; and (2) laminae of variable 310 
thickness (0.1-1mm) consisting of less dense, clotted to peloidal mi- 311 
crite-microsparite, locally with a wavy-cloudy structure (Figure 10a, b). Areas with 312 
presence of dispersed terrigenous grains (mainly quartz) of variable size (25-100 313 
µm) are present. Peloidal or spherical structures have a diameter ranging between 5 314 
and 80 µm (Figure 10b). In some cases, acicular crystals (1-2 µm thick and approx. 10 315 
µm long) are present in a random disposition (Figure 9c). These are whisker or nee- 316 
dle-fiber calcite (NFC) morphologies (Figure 10c). They are arranged filling small 317 
pores or partially covering the large ones in association with the clayey patina (clay 318 
coatings, cutans) (Figure 9d). In some cases, their recrystallization to microsparite 319 
crystals is intuited. In the contact zones, sometimes transitional, with the yel- 320 
low-orange terrigenous-rich crusts, the abundance of fibrous textures, NFC, is sig- 321 
nificantly higher. In some cases, an undulating banded arrangement is observed 322 
(Figure 9a). 323 
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 324 
Figure 10. Microphotographs of features characteristic of micritic crusts: (a-b) Compact micritic crust composed of the 325 
alternation of dense and clotted laminae, with detail of peloidal structures (Sample 304); (c) NFC crystals in a random 326 
aggregate (Sample 696); (d) Laminar and discontinuous clay (hypo-) coatings (arrows) (Sample 696). Microphotographs a, 327 
b and d were taken under plane-polarized light; c was taken under crossed nicols. 328 

3.3. Black crusts and patina 329 
They are common in the studied sample, covering clasts of the conglomeratic host 330 

rock or the filling sediments, as well as upholstering walls or delimiting fluid escape 331 
structures. These layers are usually very thin, below 1mm, and when their composition is 332 
identifiable in XRD, they indicate that they are composed of manganese oxides and hy- 333 
droxides (mainly birnesite) and also iron minerals (goethite, ferrihydrite). From a textural 334 
point of view, the massive crypto-microcrystalline aggregates are predominant (Figure 335 
11a, b), but also laminar and botryoidal textures covering grains (quartz, bone fragments, 336 
etc.) or pores are present (Figure 11c, d). Semi-quantitative chemical analyses (EDS) seem 337 
to indicate that iron-rich mineral phases predominate in grain and clast coatings, while 338 
manganese precipitates predominate in crusts and impregnations in fine sediments (Ta- 339 
ble 3). 340 
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 341 
Figure 11. Fe-Mn deposits: (a) Iron-rich patina covering a siliciclastic grain (Sample Sid-04); (b) Anhedral masses of Fe 342 
and Mn oxides (Sample Sid-06); (c-d) Ferruginous cements with a botryoidal texture (Sample Sid-05). 343 

Table 3. Chemical composition (EDS) of black impregnations and coatings: (Sid 01, 02 and 06) 344 
Black impregnations (mottling); (Sid 04 and 05) Grain coatings. 345 

 Sid 01 Sid 02 Sid 04 Sid 05 Sid 06 
O 49.45 50.64 48.63 47.15 53.50 
C 15.41 21.65 11.01 15.58 8.79 
Si 2.41 5.72 4.46 3.30 1.24 
Al 4.11 4.55 3.80 2.89 6.47 
Mg 0.46 0.38 0.19 0.29 - 
Fe 3.26 3.91 28.98 18.02 10.10 
Mn 18.56 8.51 1.05 10.28 17.10 
Ca 3.00 3.94 1.36 2.00 2.55 
K - 0.47 0.38 0.34 0.04 
P 0.38 0.25 0.14 0.16 0.21 
F 3.03 - - - - 

4. Discussion and Conclusions  346 
Attached to bone fragments, different types of crusts (and coatings) have been rec- 347 

ognized from the Ossuary Gallery sedimentary infill at El Sidrón Cave archaeological 348 
site. From a mineralogical point of view, these crusts are mainly made up of calcite (ce- 349 
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ments) and quartz (detrital), with lower proportions of feldspars (detrital) and iron and 350 
manganese oxides (patina, concretions), the latter not quantifiable by XRD. These results 351 
indicate the existence of different phases and/or mechanisms of carbonate (calcite) 352 
crusting, characterized by variations in the detrital aggregate / cement ratio from the in- 353 
ternal to the external zone of the bony substrate, as well as by granulometric and textural 354 
differences. These differences indicate diverse scenarios, from the initial post-mortem 355 
accumulation, to the final deposit in the Ossuary Gallery, as well as eventual alterations 356 
linked to the changes in the hydrodynamic regime of the gallery.  357 

There is no correlation with the depth at which each sample is found (i.e. the deepest 358 
one is not the one with a thickest and largest crusty development). Likewise, there is no 359 
clear pattern in the spatial distribution of the crusts according to their typology. Only the 360 
crusts that are richer in carbonate (sparitic subtype) are located closer to the cemented 361 
flowstone layer at the top of Unit III. The detrital-rich crusts are directly attached to the 362 
surface of the bones, and the calcitic ones, both the micritic and sparitic subtypes, are 363 
located on top of the former.  364 

Micritic crusts show diagenetic microfabrics as clotted to peloidal mi- 365 
crite-microsparite, NFC and clay coatings or cutans that point to microbial biological ac- 366 
tivity in a subaerial environment [24,35]. Clotted peloidal fabrics are common in micro- 367 
bial formations such as travertines, stromatolites or thrombolites [36]. The observed NFC 368 
aggregates rarely completely fill the pores in which they occur, creating a fine interlacing 369 
partial infilling. NFC usually forms in the early phase of pedogenesis and precipites as 370 
cement in vadose conditions [37]. It can also be found on cave walls in association to 371 
speleothems [38]. NFC origin has been discussed for many years, but several recent 372 
studies support arguments for its directly or indirectly biogenic origin [38-40], although 373 
the micro-organisms responsible for its formation have still not been identified [40]. 374 
However, some studies suggest that NFCs are largely a product of abiogenic vadose 375 
precipitation that involved little or no biological influences [41]. 376 

On the other hand, the sparitic crusts formed by palisades of calcitic tabular crystals 377 
correspond to episodes of net speleothemic precipitation. The relative proximity of these 378 
sparitic coatings to the flowstone deposits that culminate unit III (Figure 3 and 6) could 379 
be related to the percolation of carbonate-rich water through the sediment and the pre- 380 
cipitation of calcite coatings at lower levels. However, the orientation and geometry of 381 
these coatings in the studied samples (they do not show pendant geometry or parallel to 382 
the surface) indicate that their formation was mostly prior to their arrival to the Ossuary 383 
Gallery and to the formation of the speleothems that are associated with its sedimentary 384 
infill. Detritus within or associated to these precipitates can originate from a variety of 385 
sources, including air-born silts and clays near cave entrances or transported by cave 386 
ventilation, or fine-grained sediments carried through fractures by infiltrating waters or 387 
suspended by floodwaters [42].  388 

Calcite crusts with abundant siliciclastic (terrigenous) grains are the most abundant 389 
and most in contact with the bones, which are commonly fragmented and disarticulated. 390 
In several samples, these crusts are covered by calcite crusts subtypes (massive peloidal 391 
micritic, porous micritic with NFC) (figure 6), whose formation is under subaerial condi- 392 
tions close to the surface in a phase prior to the arrival of the bones to the Ossuary Gal- 393 
lery. The silty (orange) crusts are adhered more or less continuously to the surface of 394 
some bones, their grain size (clay, silt) and the texture (angular, well-sorted) being pos- 395 
sibly related to an aeolian origin [29,43-44]. Likewise, the existence of accumulations of 396 
iron oxides-hydroxides associated to these crusts fits well with an environment of 397 
subaerial exposure [29,45]. Sandy (beige) crusts, which are the most abundant and often 398 
intercalated with the other types of crusts, contain depositional and post-depositional 399 
hydromorphic features (i.e. layered clay coatings, extensive iron- manganese impregna- 400 
tion, desiccation cracks) [34].  401 

Finally, the development of Fe-Mn oxides precipitates as grain (including bone 402 
fragments) coatings and disperse impregnations on groundmass may have resulted from 403 
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a hydromorphic process, indicating the movement of water through the profiles under 404 
the influence of a shallow groundwater table in an oxic cave environment [46-47]. Fe and 405 
Mn oxide deposits formed in this way are common in caves and thought to be mediated 406 
primarily by microbial activity [48-49]. Likewise, the formation of these oxides, together 407 
with the reprecipitation of calcite as void coats and infillings and the presence of 408 
clay-cutans could indicate soil formation processes [50-51].  409 

Regarding to sediments, no micromorphological features (hydromorphic, bioturba- 410 
tion, etc.) have been recognized that point to the development of “in situ” pedogenetic 411 
processes in any of the units that make up the sedimentary fill of the site. Features such as 412 
clay coatings and/or silt cappings may well be due to drip-water that percolates through 413 
the sediment and redistributes fine-grained detritus around grains or filling pores. 414 

Summarizing, the analysis of the crusts adhered to the Neanderthal bones at the 415 
Ossuary Gallery indicates that some of the skeletal remains remained in a surface envi- 416 
ronment (aeolian patina, illuviation-eluviation features, superficial biogenic crusts, etc.) 417 
earlier than their deposition inside the cave. These subtle soil-forming processes must 418 
have occurred in areas close to the outside of the karstic system such as cave entrances or 419 
rockshelters. Their permanence in superficial conditions must have been short, given the 420 
few traces of alteration that the bones present [19,32]. This intermediate storage, like the 421 
most superficial location (shelter or entrance to a gallery), is situated in a vadose context, 422 
and they are both distant and disconnected from the hydrodynamically active zone of the 423 
El Sidrón karst system. At present, that entrance would be covered by colluvial deposits 424 
and soils on which the current forest develops. During their postdepositional history, the 425 
paleontological bone assemblage suffered surface bleaching, loss of organic components, 426 
progressive cracking and splintering in addition to carbonate concretion.  427 
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