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A B S T R A C T   

Caves in tropical regions form a key resource for those reconstructing human evolution and dispersals. However, 
the complex sedimentary records they contain remain under-interpreted because of the poorly constrained ef-
fects of humid tropical climates upon archaeological site formation processes. Guano-driven phosphatic 
diagenesis impacts archaeological preservation in caves, but atypical features observed in guano layers in 
prominent Southeast Asian archaeological sites suggested that hot and humid conditions had promoted the 
formation of distinctive sedimentary environments with unknown effects on assemblage taphonomy. Few 
reference data exist that are relevant to geomorphic processes in tropical caves and this laboratory-based modern 
analogue study was designed to conclusively relate analytical observations to sedimentary palaeoenvironments 
and explore their effects on assemblage taphonomy. Stratigraphic models were kept under simulated tropical 
conditions, each containing an identical range of faunal remains, organic materials and minerals, which was 
buried in wet bat guano. These were excavated, one per month over 24 months, while nine further stratigraphic 
models were used to control for environmental variables. Sedimentary environments were investigated using 
sedimentological characterisations of excavated sediments, while post-depositional alterations to buried mate-
rials were investigated through optical and scanning electron microscopic analysis of thin-section samples 
combined with chemical characterisations of excavated samples through Fourier-transform infrared spectroscopy 
(FTIR). Experimental conditions prevented the sediment acidification that is typically associated with guano- 
driven diagenesis, but buried materials were severely, and distinctively, diagenetically altered. Organic 
decomposition in guano, bamboo and charcoal was associated with the activities of sulphate-reducing bacteria, 
but diagenetic alterations affecting charcoal remain poorly resolved due to variation in the experimental 
assemblage. Bone was discoloured and affected by dissolution, recrystallisation and alteration to secondary 
minerals, including gypsum, while carbonates reprecipitated as calcium phosphates and non-stochiometric 
mineral species. Diagenesis of clay minerals was observed, but related diagenetic trajectories remain poorly 
resolved. These alterations provide micromorphological and mineralogical indicators of sedimentary palae-
oenvironments in the earliest stages of burial and this experiment provides a framework within which to un-
derstand the taphonomy of archaeological materials in tropical caves.   

1. Introduction 

The humid tropics often formed the theatre for the early dispersal of 
Homo sapiens eastwards out of Africa (Roberts et al., 2015; Morley, 2017; 
Roberts and Amano, 2019), but the importance of equatorial regions and 
rainforest environments to our human evolutionary history has only 
really become apparent in the past two decades as Pleistocene archae-
ological sites associated with these closed-canopy environments have 

been reported (Barker et al., 2007; Rabett et al., 2017; Wedage et al., 
2019). Archaeological research is a challenging undertaking in tropical 
zones (Friesem et al., 2016; Morley and Goldberg, 2017) and geomor-
phological processes of archaeological site formation and preservation 
are surprisingly understudied in tropical contexts (Gilbertson et al., 
2005; Kourampas et al., 2009; Gupta, 2011; Morley, 2017). Of critical 
importance to current understandings of the deep human past are recent 
fossil finds from across Southeast Asia (Brown et al., 2004; Sutikna et al., 
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2016; Demeter et al., 2017; Westaway et al., 2017; Détroit et al., 2019; 
Rizal et al., 2020), revealing a complex portrait of Pleistocene hominin 
demography. However, many aspects of these narratives remain con-
tested and controversial due to persistent taphonomic and stratigraphic 
uncertainties at key sites (Dennell and Porr, 2014; Morley, 2017). 

Micro-scale geoarchaeological methods offer an opportunity to pre-
cisely contextualise finds and disentangle human and environmental 
signals from archaeological deposits that have been subject to extensive 
post-depositional changes (Goldberg and Sherwood, 2006), but these 
techniques are rarely incorporated into archaeological investigations in 
tropical zones (Morley, 2017). The small-but-growing body of geo-
archaeological work targeting Southeast Asia’s Pleistocene archaeolog-
ical record has highlighted uncertainties surrounding potentially 
atypical site formation processes at prominent archaeological sites 
(Morley et al., 2017; Stephens et al., 2017; McAdams et al., 2020), but 
until recently there has been little concerted effort to constrain or 
explore the effects of tropical environmental factors upon sedimentary 
environments and archaeological preservation (Morley and Goldberg, 
2017). 

In the tropics, hot and humid conditions catalyse chemical weath-
ering processes and as a result the preservation of fossils and archaeo-
logical materials in soils is often poor, this means caves are a critical 
Pleistocene archaeological resource in tropical regions (Anderson, 1997; 
Barker et al., 2005; Morley and Goldberg, 2017). Although the influence 
of tropical environmental factors on the taphonomy and diagenesis of 
cave sediments is often assumed (Stephens et al., 2017), few empirical 
data exist to support these hypotheses and the complex stratigraphic 
sequences that characterise archaeological caves in the tropics remain 
under-interpreted as a result. Bolstering site interpretations through the 
development of tailored reference datasets has been identified as a 
priority of geoarchaeological research in the tropics (Morley, 2017; 
Morley and Goldberg, 2017; Morley et al., 2017). 

Geoarchaeological investigations focussed on higher-latitude con-
texts have identified guano-driven phosphatic diagenesis as an impor-
tant taphonomic process that affects the preservation of archaeological 
materials in caves (Karkanas et al., 2000; Shahack-Gross et al., 2004; 
Karkanas, 2017). The chemistry of guano leads to the dissolution of bone 
and ash and the precipitation of authigenic phosphate minerals that 
serve as proxies, both for sedimentary palaeoenvironments and their 
potential effects on assemblage preservation (Schiegl et al., 1996; 
Goldberg and Sherwood, 2006). However, the combinations of minerals 
detected in guano layers from a number of tropical cave sites are unusual 
(Wurster et al., 2015; Lewis, 2016; Stephens et al., 2017; McAdams 
et al., 2020) and these differences suggest that hot and humid conditions 
may influence the biogeochemical processes that occur in decomposing 
guano, resulting in distinct burial environments and diachronous epi-
sodes of diagenetic change with unknown effects on assemblage 
taphonomy. 

Holistic understandings of site formation processes and the 
completeness of the archaeological record are essential to robust 
archaeological interpretations (Shahack-Gross, 2017), and disen-
tangling the processes that drive post-depositional change in equatorial 
regions will have wide application in studies of tropical archaeological 
cave sediments (Butzer, 2008; Canti and Huisman, 2015; Morley, 2017; 
Morley and Goldberg, 2017). This paper presents the experimental 
design and initial results from a laboratory-based modern analogue 
study that was designed to satisfy three inter-related research questions.  

1. What types of sedimentary environments produce the distinctive 
authigenic phosphate and sulphate mineral assemblages recorded in 
tropical cave sequences? 

This study will determine whether mineral assemblages recorded at 
humid tropical cave sites are indicative of specific sedimentary envi-
ronments associated with the presence of wet guano.  

2. How did such sedimentary environments affect archaeological 
assemblage taphonomy? 

The study will assess the effects of these sedimentary environments 
on the preservation and degradation of a range of archaeologically 
important materials. It is important to understand the preservation po-
tential of such materials in the presence of guano, in order to interpret 
the distribution of artefacts at sites that contain these features.  

3. To what extent do humid tropical environments affect the nature 
and/or pace of post-depositional diagenetic change? 

This study will control for specific environmental variables including 
temperature, burial medium and moisture to assess the importance of 
tropical climatic factors in governing the nature and pace of post- 
depositional processes. 

2. Guano-driven diagenesis in tropical cave sediments 

Acidic chemical environments may develop in association with 
decomposing guano, modifying or removing archaeologically important 
materials and promoting the precipitation of authigenic phosphate 
minerals that form under specific environmental conditions. These 
neoformed minerals may remain stable during subsequent episodes of 
environmental change and therefore serve as palaeoenvironmental in-
dicators (Shahack-Gross et al., 2004). The taphonomic implications of 
these processes have been well-explored, but a number of tropical guano 
profiles are characterised by a juxtaposition of authigenic phosphate 
minerals with soluble sulphate minerals like gypsum and bassanite, 
which often form in the earliest stages of guano-driven diagenesis 
(Gilbertson et al., 2005; Stephens et al., 2005, 2016, 2017; Wurster 
et al., 2015; McAdams et al., 2020). This is surprising given that sulphate 
minerals are not expected to be found in mature, extensively-altered 
guano deposits (Shahack-Gross et al., 2004) and related uncertainties 
surrounding sedimentary palaeoenvironments and their effects on 
assemblage taphonomy prevent concrete assessments of artefact distri-
bution and site occupation. 

Modern geoarchaeological (microarchaeological) techniques have 
only been applied to a small number of archaeological cave sites in 
Southeast Asia, including Niah Cave (Stephens et al., 2005, 2016, 2017), 
Liang Bua (Morley et al., 2017) and more recently, Con Moong Cave 
(McAdams et al., 2020). Features reported from the lowermost layers at 
Con Moong Cave include a clay- and organic-rich groundmass with 
phosphate minerals and nodules of gypsum precipitated throughout 
(McAdams et al., 2020). Wurster et al. (2015) suggest similar suites of 
minerals could result from preservation of soluble sulphates within a 
mineralised sediment matrix, but Stephens et al. (2017) identified that 
sulphate crystals at Niah Cave were superimposed onto a phosphatised 
groundmass, which suggests diachronous environmental changes. At 
Con Moong Cave, McAdams et al. (2020) suggest the diagenetic pro-
cesses that produce such incongruous features were governed by fluc-
tuating redox environments, potentially a result of waterlogging and the 
activities of anaerobic microbial communities. This would imply that 
the generally applied model of guano oxidation/decomposition and 
resultant acidic environment and destruction of archaeological mate-
rials (Weiner et al., 1995; Goldberg and Macphail, 2006) is not appli-
cable, as anoxic conditions could inhibit aerobic respiratory pathways 
and prevent the drop in sedimentary pH associated with decomposing 
guano (Kirk, 2004; Inglett et al., 2005; Kögel-Knabner et al., 2010). 

2.1. The biogeochemistry of wet guano 

McAdams et al., (2020) suggest that under wet, anoxic conditions, 
microbes in an accumulating guano deposit may produce sulphidic 
compounds and create an alkaline sedimentary environment. Upon 
aeration of the sediments, sulphides would be oxidised to form the 

C. McAdams et al.                                                                                                                                                                                                                              



Journal of Archaeological Science: Reports 37 (2021) 102947

3

nodules of gypsum (CaSO4⋅2H2O) observed throughout the sediment, 
and acidogenesis would progress rapidly. The behaviour of phosphorus 
in extreme redox environments is poorly understood (Heiberg et al., 
2012; Rothe et al., 2016) and this hypothesis is based upon pedological 
and lacustrine environments (e.g. Mees and Stoops, 2010) that may not 
provide useful analogues for tropical cave sediments. How such envi-
ronmental changes would affect the taphonomy of archaeologically 
important materials such as carbonate ash and biominerals also remains 
unclear. These uncertainties mean that the incongruous mineral suites 
observed in the guano deposits at Niah Cave, Con Moong Cave and other 
tropical guano profiles cannot be conclusively related to sedimentary 
and post-depositional processes, therefore the taphonomy of archaeo-
logical materials in any sites with similar features cannot be reliably 
assessed. This issue arises in the context of a wider investigation into the 
effects of tropical conditions upon archaeological site formation pro-
cesses in caves, where problematic stratigraphies have presented 
persistent challenges to interpretation (Anderson, 1997; Barker et al., 
2005; Morley and Goldberg, 2017; O’Connor et al., 2017). These issues 
would remain intractable without a reliable body of reference data. 

2.2. A modern analogue approach to understanding post-depositional 
processes 

Information on the early stages of guano-driven diagenesis largely 
comes from field observations (Shahack-Gross et al., 2004), but 
laboratory-based work using modern analogues provides another way to 
understand post-depositional processes in the burial environment 
(Shahack-Gross, 2017). Such approaches may be considered similar to 
taphonomic research, which is commonly conducted by forensic scien-
tists and osteoarchaeologists to assess the preservation and decomposi-
tion of faunal remains under a range of environmental conditions 
(Turner-Walker, 2008, 2012; Turner-Walker and Jans, 2008; Turner- 
Walker and Syversen, 2002). 

Demonstrating the efficacy of such approaches, Gur-Arieh et al. 
(2014) used laboratory experiments to understand the dissolution and 
differential preservation of microscopic ash components in Bronze Age 
and Iron Age sites in Israel, bolstering interpretations of combustion 
feature types and related occupation activities. Butler and Shahack- 
Gross (2017) used laboratory experiments to show that salmonid 

Fig. 1. (a) Photograph of experimental 
sample before addition of waterlogged 
guano, showing two rows of archaeological 
analogues that will be used to assess tapho-
nomic and diagenetic developments within 
the burial environment. “1′′ marks mammal 
bone (pig rib), “2” marks fish bone (salmonid 
vertebra), “3” marks clay aggregate, “4” 
marks bamboo charcoal, “5” marks bamboo 
fragment, “6” marks carbonate gravel. Red 
arrow marks line used to target thin-section 
sampling; (b) Photograph of oven used to 
keep experimental samples at 30 ◦C, simu-
lating tropical conditions. Note duct tape 
around samples to help retain moisture; (c) 
Photograph of roosting, eastern horseshoe 
bats (Rhinolophus megaphyllus) at cave site 
from which guano was sampled; (d) Photo-
graph of lace monitor (Varanus varius) lying 
in sampled guano mound; (e) Sample 
removed from oven after one month (EX1), 
half-sectioned and partially excavated. 
Numbers mark experimental analogues as in 
panel a. (For interpretation of the references 
to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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bones recrystallise to beta magnesium tricalcium phosphate at temper-
atures commonly attained in hunter-gatherer hearths. That mineral 
could therefore be used as a proxy for economic reconstruction in an 
environment with poor bone preservation (Butler et al., 2019). While 
some laboratory-based studies focussed on guano-driven diagenesis 
have been conducted, these have been limited in scope (Asryan et al., 
2017). 

3. Materials and methods 

3.1. Experimental design 

Twenty-four identical experiments (EX1–EX24) were assembled in 
polyurethane containers, each representing a multi-phase stratigraphic 
sequence deposited on a cave floor, wherein an occupation deposit on a 
sand surface had been buried under guano in a hot and humid envi-
ronment. Each experiment comprises 100 ml of commercially available 
‘washed sand’ (quartz) infilling the lowermost ~10% of the plastic 
container, with an identical series of archaeological analogues distrib-
uted across this surface. Within each experiment the analogues were 
arranged in two identical rows (Fig. 1a), overlain with 600 ml of lightly 
compressed insectivorous bat guano, collected from a bat colony in rural 
New South Wales, to fill the upper ~80% of the container and leaving 
~10% of overlying space. Humid conditions were recreated with the 
addition of 400 ml of deionised water. 

Each experiment was sealed with a lid, wrapped with waterproof 
adhesive tape to prevent moisture loss and placed in an oven set to 30 ◦C 
(Fig. 1b). Samples were removed and excavated, one per month over a 
period of 24 months, allowing assessment of developing sedimentary 
environments and the effects on the preservation and degradation of 
buried material. A series of 9 further experiments (EX25–33) were -
assembled to provide experimental controls for variables such as sedi-
ment matrix, waterlogging and temperature (Table 1). EX0 refers to 
unaltered, pre-experiment materials. 

3.1.1. Material collection 

3.1.1.1. Guano. Bat guano was collected from the largest known 
horseshoe bat colony in Australia, the location kept confidential to 
ensure the safety of the animals (Law, 2018). Two bat colonies are 
present in the cave which is formed in quartzose sandstone: a population 
of ~2000 eastern bentwing bats (Miniopterus orianae) roost in an unex-
plored section, while a population of ~16,000 eastern horseshoe bats 
(Rhinolophus megaphyllus) roost in a dome-like chamber (Fig. 1c). 

Samples of guano were taken from the domed chamber containing 
the eastern horseshoe bat population, where these deposits covered the 

floor of the chamber up to at least 30 cm thick. We sampled the upper 
extent of the guano deposit to extract fresh material, during which we 
noted the presence of a lace monitor (Varanus varius) as well as dead and 
dying bats and insects within the guano mound itself (Fig. 1d). Loose 
guano was double-bagged in zip-loc plastic bags and placed in refrig-
erated storage until the experiment commenced. 

3.1.1.2. Archaeological analogues. A range of archaeologically signifi-
cant materials (mammal bone; fish bone; carbonate gravel; clay aggre-
gates; bamboo; bamboo charcoal) was chosen for the experiment, 
thought to represent analogues of the types of artefacts characteristic of 
hunter-gatherer occupation in Pleistocene Southeast Asia. Details of 
collection and preparation are provided in Table 2. 

3.1.2. Excavation 
Experiments were half-sectioned and one side was excavated 

(Fig. 1e). The guano layer was excavated as three separate sub-units: the 
uppermost section, to ~1 cm depth; the main body of waterlogged 
guano to just above the archaeological analogues; and the interface zone 
between the sand and guano layers, which contained the archaeological 
assemblage. Individual sample analogues were removed and placed in 
individual containers and the sediment surrounding them was sub-
sampled for further analysis before samples were cleaned using deion-
ised water. 

3.1.3. Analytical techniques 
A range of analyses were carried out on each successive excavated 

sample. These were designed to characterise the changing sedimentary 

Table 1 
Details of experimental conditions for each experimental sample.  

Sample 
number 

Experimental conditions 

EX0 Pre-experiment samples 
EX1–24 Waterlogged guano kept in oven at 30 ◦C (excavated one per month 

over 24 months) 
EX25 Dry guano kept in oven at 30 ◦C (excavated after 24 months) 
EX26 Dry guano kept out of oven at room temperature ~21 ◦C (excavated 

after 24 months) 
EX27 Wet guano kept out of oven at room temperature ~21 ◦C 

(excavated after 24 months) 
EX28 Dry sand kept in oven at 30 ◦C (excavated after 24 months) 
EX29 Dry sand kept out of oven at room temperature temperature ~21 ◦C 

(excavated after 24 months) 
EX30 Wet sand kept in oven at 30 ◦C (excavated after 24 months) 
EX31 Wet sand kept out of oven at ambient temperature ~21 ◦C 

(excavated after 24 months) 
EX32 Exposed kept in oven at 30 ◦C (excavated after 24 months) 
EX33 Exposed kept out of oven at ambient temperature ~21 ◦C 

(excavated after 24 months)  

Table 2 
Details of modern analogues of archaeological materials that were incorporated 
into the experiment.  

Material Source Preparation 

Mammal bone 
(pig rib) 

Purchased from local butcher. Ribs were cooked on a gas 
barbecue, before flesh was 
eaten. The bones were 
washed with tap water to 
remove any remaining flesh 
and left to air dry, before 
being stored in an air-tight 
plastic bag in a refrigerator 
until the experiment 
commenced. 

Fish bone 
(salmonid 
vertebra) 

Purchased from local 
fishmonger. 

Salmon vertebrae were 
bought as spines from a local 
fishmonger’s shop. These 
were boiled for 1 hr to 
remove flesh surrounding the 
vertebrae, which were then 
air dried and stored in an air- 
tight plastic bag in a 
refrigerator until the 
experiment commenced. 

Bamboo (fresh, 
fragment) 

Bamboo (Phyllostachys nigra) 
was collected from 
Wollongong Botanic Gardens. 

Bamboo was cut and air 
dried. 

Charcoal (from 
combustion of 
bamboo) 

As above. Fragments of bamboo were 
heated to 300 ◦C for 1 hr to 
create charcoal fragments. 

Carbonate 
(limestone) 
gravel 

Limestone gravel (maximum 
measurement ~20 mm) was 
bought from Dapto Super 
Soils. 

NA 

Clay aggregate Clay aggregates were 
excavated from a well- 
developed, clay-rich b- 
horizon of a soil formed in a 
colluvial environment on the 
east-facing slope of Mount 
Keira, NSW (coordinates 
− 34.404995, 150.864303). 

NA  
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environments and alterations affecting buried material as a time-series 
dataset. 

3.1.3.1. Micromorphology. After half-sectioning, the intact side of each 
experimental sample was soaked in acetone to negate the hydrophobic 
properties of the guano, before being air-dried and soaked in polyester 
resin diluted with styrene. After the resin was cured the samples were 
cut into wafers, exposing a surface along the line indicated during their 
original preparation (Fig. 1a). Wafers from samples selected at six- 
month intervals (EX6, EX12, EX18 and EX24) were sent to Spectrum 
Petrographics in the US for thin-section manufacture. Thin-sections 
were scanned in a flatbed scanner (Fig. S1; after Arpin et al., 2002) 
and analysed using polarising microscopes at a range of magnifications 
(8 × to 200 × ). Descriptions of micromorphological features follow 
Stoops (2003). 

3.1.3.2. Sedimentology. Calibrated Hanna testers were used to constrain 
pH, electrical conductivity (EC) and an uncalibrated tester was used to 
record redox potential (ORP) of emulsions prepared from 1 part freshly 
excavated sediment and 3 parts deionised water, following Boreham 
et al. (2011). 

3.1.3.3. Loss-on-ignition (LOI). Following Smidt and Lechner (2005), 
sediment samples were placed within weighed crucibles and then 
weighed again. Samples were then heated to 105 ◦C for 8 hr to drive off 
any moisture and then weighed again. Samples and crucibles were then 
heated to 350 ◦C, 450 ◦C, 550 ◦C and 1050 ◦C for 8 hr each and the 
difference in weight was recorded between each step. 

3.1.3.4. Structural chemistry (Fourier-transform infrared spectroscopy, 
FTIR). Subsamples of guano, wood, charcoal, pig rib and fish vertebrae 
were ground for 30 s using a mortar and pestle and mid-FTIR spectra 
were generated using a Bruker Alpha FTIR spectrometer. Ground sam-
ples were placed in a diamond ATR (attenuated total reflection) cell and 
64 scans were signal-averaged in each interferogram at 4 cm− 1 

resolution. 
For all bone samples infrared splitting factor (IRSF) was calculated 

following Weiner and Bar-Yosef (1990), providing a measure of crys-
tallinity. Proportions of carbonate to phosphate within bone mineral 
were calculated using methods outlined in Dal Sasso et al. (2018). 

3.1.3.5. Targeted geochemical analysis (scanning electron microscopy, 
SEM). SEM analyses were carried out on the flat surfaces of the wafers 
left over from thin-section manufacture. These samples were sputter 
coated in carbon to avoid charging effects and a Phenom XL electron 
microscope was used to carry out both back-scanning electron micro-
scopy (BSEM) and electron microscopy-energy dispersive spectroscopy 
(SEM-EDS). Data were collected at a working distance of 6 mm, with an 
operating voltage of 15 Kv. 

4. Results 

A summary of the experimental results is presented below and in 
Tables 3–5. Expanded written results (Sections S1–4), Figures S1–15 and 
Tables S1–S5 can be found in Supplementary materials 1. Details of 
SEM-EDS spot analyses are provided in Supplementary materials 2. 

4.1. Sedimentology and environmental parameters of waterlogged guano 
(EX1–24) 

When added, water wicked through the sample to form a spongey, 
colloidal mass over the course of the first 24 hr. The sand layer was 
rapidly stained black (Fig. 1e) and the experiment produced a strong 
smell that changed from an acrid, ammonia odour when the guano was 
fresh to a sulphurous (rotten-egg) aroma upon waterlogging and 

heating. This aroma became reduced in intensity markedly from around 
month 16, even from individual samples when opened. The sand layer 
was visibly less blackened in EX20–24, but LOI results indicated the 
samples were still waterlogged. Upon drying, excavated samples of 
guano were subject to precipitation of white and yellow crystals on their 
exterior, which were particularly pronounced on EX16 (Fig. S2a–d). 

Alkaline and very reducing environments developed within the 
samples from EX1 onwards (Fig. S2e,f), remaining stable throughout 
EX3–24. Measured EC showed an upward trend over time (Fig. S2g) and 
nine readings were above the device’s limit of detection (>20 mS). 

%LOI values from the guano layer indicate a moderate increase in % 
LOI 350 ◦C and %LOI 450 ◦C (Fig. S2h,i), while %LOI 550 ◦C values 
decreased slightly as the experiment progressed (Fig. S2j). %LOI 1050 ◦C 
values were varied (Fig. S2k). %LOI values from the sand layer show a 
general increase in organic content over time (Fig. S2l–n), while %LOI 
1050 ◦C decreased slightly over time (Fig. S2o). 

4.2. Observations from excavated samples (EX1–24) 

4.2.1. Faunal remains 
Pronounced discolouration of mammal bone was observed from EX1 

onwards. The smooth outer surface of pre-experiment samples (Fig. 2a) 
was destroyed after one month (Fig. 2b) and saw-cut cross-sections 
reveal progressive patterns of bone degradation, proceeding inwards 
from the exterior surface (Fig. 2c,d), sometimes following paths pro-
vided by bone structural features (Fig. S3g). Fish bones from EX1–24 
were blackened and had lost the collagenous material from their exterior 
(Fig. 2e–h). Their fragility prevented saw-cut half-sectioning and the 
similarity of changes affecting this material rendered visual assessment 
of progressive diagenetic change impossible (Fig. S4c–h; Table 3). 

4.2.2. Organic materials 
Pre-experimental charcoal fragments were charred to varying ex-

tents. Some were partially converted to ash, others retained their orig-
inal ‘woody’ composition. Those parts that were charred were glossy 
and had crystalline deposits on their surface (Fig. 2i,j). No ash or other 
crystalline deposits were observed in charcoal fragments excavated from 
EX1–24, but there was very little evidence for other post-depositional 
changes (Fig. 2k,l). 

Pre-experimental bamboo fragments were yellowish in colour, with a 
matte surface (Fig. 2m,n). Changes observed after burial were limited to 
brownish staining and discolouration, with an apparent peeling of the 
epidermis (Fig. 2o,p). 

4.2.3. Minerals 
Pre-experiment clay aggregates were orange-red, soft and pliable. 

Clay aggregates were not recovered from EX1–24 through excavation. 
Pre-experiment carbonate gravel was whitish grey in colour and in 

sample EX1 there was evidence for slight discolouration affecting < 2% 
of the surface. Carbonate gravel from EX3 was coated in Fe/ Mn oxides 
where it protruded into the guano layer, with a clear boundary formed at 
the interface with the sand deposit (Fig. 2q). 

In sample EX5 a dark brown mineral coating was associated with the 
upper surface of the carbonate gravel and associated guano remained 
adhered after washing (Fig. 2r). Carbonate rock from EX16 was capped 
by a deposit of guano (Fig. 2s) and its upper surface was subject to 
irregular, linear alterations. Carbonate gravel from EX24 was entirely 
coated with a yellowish-brown mineral and fine guano (Fig. 2t). 

4.3. Thin-section micromorphology (EX1–24) 

4.3.1. Sediments in thin-section 
Guano observed in thin-section is arranged in a chaotic, fibrous 

fabric, with frequent fragments of insect remains and occasional sand- 
sized bone fragments distributed throughout (Fig. 3a,b). Whitish mi-
crocrystals (<50 μm) with gypsum-like extinction patterns are a 
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Table 3 
Summary of results based on excavation and inspection of materials from samples EX1–24.  

Burial 
time 

Changes observed in guano and sand Changes observed in pig rib Changes observed in 
fish vertebra 

Changes observed 
in bamboo 

Changes observed in 
charcoal 

Changes observed in carbonate 
gravel 

General notes 

1  
month 

Guano has colloidal texture and 
evidence of mould on top. Strong faecal 
smell. Alkaline and reducing 
conditions were recorded. Sand stained 
black. 

Exterior of pig rib stained blackish 
brown and extensively pitted. 
Sectioning indicates alterations 
are proceeding from exterior 
inwards and also from marrow 
cavity. 

Complete removal of 
collagenous material 
from exterior. 
Blackening of surface. 
Neural spines snapped 
off during excavation. 

No alterations 
noted. 

No alterations noted. Limited areas of brownish 
discolouration (<2% of surface) on 
upwards facing parts of carbonate 
gravel. 

Rapid development of a reducing and 
alkaline environment. Diagenesis of 
biominerals occurred within one month. 
Little change observed affecting bamboo, 
charcoal or carbonate gravel. 

3  
months 

Guano has colloidal texture and 
evidence of mould on top. Strong faecal 
smell. Alkaline and extremely reducing 
conditions were recorded. Sand stained 
black. 

Exterior of pig rib stained blackish 
brown and extensively pitted. 
Sectioning indicates alterations 
are proceeding from exterior 
surface, marrow cavity and bone 
structural elements such as 
lamellae and osteons. 

Complete removal of 
collagenous material 
from exterior. 
Blackening of surface. 
Neural spines snapped 
off during excavation. 

No alterations 
noted. 

No alterations noted. Oxide precipitation across entire 
surface of carbonate gravel that 
protruded into guano, with sharply 
defined boundary with sand layer. 
Sand grains are welded into oxides 
at this boundary. 

Burial environment has become even 
more extremely reducing. Bioerosion of 
pig rib is proceeding rapidly. Difficult to 
assess the extent of change affecting 
buried fish vertebra, bamboo or charcoal 
based on visual inspection. Surface of 
carbonate gravel forms redox surface for 
oxide precipitation. 

6 months Guano has colloidal texture and 
evidence of mould on top. Strong faecal 
smell. Alkaline and extremely reducing 
conditions were recorded. Sand stained 
black. 

Exterior of pig rib stained blackish 
brown and extensively pitted. 
Sectioning indicates alterations 
are proceeding from exterior 
surface, marrow cavity and bone 
structural elements such as 
lamellae and osteons. 

Complete removal of 
collagenous material 
from exterior. 
Blackening of surface. 
Neural spines snapped 
off during excavation. 

Slight 
discolouration and 
limited peeling of 
outer layers. 

No alterations noted. Patchy brownish coating (~20%) 
associated with upper surface of 
carbonate gravel which protruded 
into guano deposit 

Burial environment has become 
relatively stable at ~ pH 9 and − 300 mV. 
Progressive bioerosion of pig rib is 
evident. Difficult to assess the extent of 
change affecting buried fish vertebra, 
bamboo or charcoal based on visual 
inspection. Discolouration of carbonate 
gravel’s upper surface may indicate 
either mineral neoformation or 
accumulation of transported fines. 

12 
months 

Guano has colloidal texture and 
evidence of mould on top. Strong faecal 
smell. Alkaline and extremely reducing 
conditions were recorded. Sand stained 
black. 

Exterior of pig rib stained blackish 
brown and extensively pitted. 
Sectioning indicates alterations 
are proceeding from exterior 
surface, marrow cavity and bone 
structural elements such as 
lamellae and osteons. 

Complete removal of 
collagenous material 
from exterior. 
Blackening of surface. 
Neural spines snapped 
off during excavation. 

Discolouration and 
limited peeling of 
outer layers. 

No alteration 
observed. 

Variably well-expressed brownish 
coating of upper extent of 
carbonate gravel. 

Burial environment has become 
relatively stable at ~ pH 9 and − 300 mV. 
Progressive bioerosion of pig rib is 
evident. Difficult to assess the extent of 
change affecting buried fish vertebra, 
bamboo or charcoal based on visual 
inspection. Discolouration of carbonate 
gravel’s upper surface may indicate 
either mineral neoformation or 
accumulation of transported fines. 

18 
months 

Guano retains colloidal texture but no 
evidence of mould on top. Faecal smell 
is much less pronounced. Alkaline and 
extremely reducing conditions were 
recorded. Sand stained black. 

Exterior of pig rib stained blackish 
brown and extensively pitted. 
Sectioning indicates alterations 
are proceeding from exterior 
surface, marrow cavity and bone 
structural elements such as 
lamellae and osteons. 

Complete removal of 
collagenous material 
from exterior. 
Blackening of surface. 
Neural spines snapped 
off during excavation. 

Discolouration and 
limited peeling of 
outer layers. 

No alteration 
observed. 

Well-expressed brownish coating 
of most of upper surface, variable 
on underside. Areas of carbonate 
visible underneath coating in some 
areas. 

Change in smell may indicate chemical 
change in burial environment. In general 
diagenetic changes progress as in 
previous samples. Visual evidence 
suggests that brown coating on carbonate 
gravel is precipitated authigenic mineral. 

24 
months 

Guano retains colloidal texture but no 
evidence of mould on top. Faecal smell 
is much less pronounced. Alkaline and 
extremely reducing conditions were 
recorded. Sand was not stained black. 
LOI indicates sample was still 
waterlogged but some moisture had 
escaped. 

Exterior of pig rib stained blackish 
brown and extensively pitted. 
Sectioning indicates alterations 
are proceeding from exterior 
surface, marrow cavity and bone 
structural elements such as 
lamellae and osteons. 

Complete removal of 
collagenous material 
from exterior. 
Blackening of surface. 
Neural spines snapped 
off during excavation. 

Discolouration and 
limited peeling of 
outer layers. 

Discolouration of 
woody parts. Some 
organic material 
adhering to exterior. 

Well-expressed brownish coating 
across entire surface of carbonate 
gravel. 

Diagenetic changes progress as in 
previous samples. Visible change in 
sedimentary environment is likely to 
indicate some loss of moisture, however, 
it may relate to mineralogical changes in 
burial environment as well or instead.  
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frequent, minor groundmass component (<2%) in all experimental 
samples. 

As the experiment progressed the fibrous organic component of the 
guano attained a darker colouration, with greyish to brown/black col-
ours observed in plane-polarised light (PPL) and little change to inter-
ference colours in cross-polarised light (XPL) (Fig. 3c,d). A gradual 
reduction in porosity was noted from ~70% (EX6) to 40% (EX24). 

Thin-section analysis of the sand layer reveals a variety of materials, 
including carbonate biominerals, phosphatic aggregates and diverse, 
sand-sized silicate grains, present in all samples. 

4.3.2. Faunal remains 
After 6 months, bone appeared undifferentiated in XPL, with reddish 

discolouration of bone surface where it is in contact with guano 
(Fig. 3e). Pores near the surface were deformed and associated with 
microcrystalline aggregates. After 12 months, more pronounced features 
were observed (Fig. 3f). The surface zone of discoloured, dissolved and 
deformed bone was larger, penetrating ~1 mm towards the centre. Silt- 
sized birefringent mineral grains were precipitated within cavities, 
grading towards the surface of the bone and on the interior surface the 
bone mineral was coated with crystalline aggregates (Fig. S6n–p). 

After 18 months, the portion of the mammal bone side closest to the 
fish vertebra and clay aggregate was very discoloured and disintegrat-
ing/exfoliating along lamellar layers (Fig. 3g). The side facing away 
from the fish vertebra was less discoloured, while the disintegration 
pattern was more irregular and associated with crystalline 

Table 4 
Summary results of thin-section analyses.  

Sample Conditions Pig rib notes Fish vertebra 
notes 

Clay 
aggregate 
notes 

Bamboo notes Charcoal notes Carbonate gravel 
notes 

General notes 

EX 25 Dry guano 
kept in 
oven. 

Some areas display 
good preservation. 
Substantial area of 
blackening and 
decomposition. 
White powdery 
deposits on surface. 

External 
collagenous 
material preserved 
but discoloured. 
Evidence of limited 
fungal growth. 

No 
alteration 
noted. 

Well-preserved, 
limited evidence 
of surface peeling 
and mould. 

Well-preserved, 
including ash. 

No alteration 
noted. 

Evidence of organic 
decay and limited 
fungal attack 
affecting 
biominerals. 
Potential 
association with 
authigenic mineral 
formation. 

EX 26 Dry guano 
kept out of 
oven. 

Fungal growth 
affecting most of 
surface. White 
powdery deposits on 
surface. 

Fungal growth 
covering majority 
of surface. 

No 
alteration 
noted. 

Mould, surface 
peeling and 
discolouration. 

No alteration 
noted. 

Limited areas of 
brownish 
discolouration/ 
sediment 
adherence on 
upper surface. 

Evidence for fungal 
attack and potential 
association with 
authigenic mineral 
formation. 

EX 27 Wet guano 
kept out of 
oven. 

Some similarity to 
EX1–24. Areas of 
preserved outer 
surface with visible 
exfoliation-like 
weathering taking 
place. 

Similar alteration to 
EX1–24, all 
collagenous 
material has been 
removed. 

Not 
recovered. 

Well-preserved, 
little evidence of 
peeling or 
discolouration. 

Significant 
warping and 
fracture. 

Weakly expressed 
brownish 
discolouration of 
upper surface. 

Evidence for 
significant 
diagenetic change 
affecting 
biominerals and 
carbonates, but 
much less than 
EX1–24. 

EX 28 Dry sand 
kept in 
oven. 

Fungus/mould across 
surface, areas of 
reddish brown and 
black discolouration 
may indicate oxide 
precipitation. 

Fungus/mould 
across surface, areas 
of reddish brown 
and black 
discolouration. 
Sand grains 
attached. 

No 
alteration 
noted. 

No alteration 
noted. 

No alteration 
noted. 

No alteration 
noted. 

Evidence for fungal 
attack and potential 
association with 
authigenic mineral 
formation. 

EX 29 Dry sand 
kept out of 
oven. 

Some areas of mould 
on bone surface. 
Generally well- 
preserved, slightly 
discoloured. 

Fungal hyphae, 
cracking and 
exfoliation. 
Powdery white 
deposits on surface. 

No 
alteration 
noted. 

Patches of black 
mould across 
surface. Limited 
evidence of 
exterior surface 
peeling. 

No alteration 
noted. 

No alteration 
noted. 

Extensive evidence 
for fungal attack 
effecting 
biominerals and 
bamboo fragment. 

EX 30 Wet sand 
kept in 
oven. 

Buff-brown in colour, 
slight pitting of 
surface. 

Greyish to buff- 
brown in colour. All 
collagenous 
material removed. 

Colour 
change to 
greyish 
brown. 

Peeling surface, 
extensive 
blackening from 
mould. 

Peeling and 
bubbling on 
surface. May be 
related to 
manufacture. 

Patchy black and 
orange oxide 
staining. 

Organic decay and 
oxide precipitation 
in reduced 
environment. 

EX 31 Wet sand 
kept out of 
oven. 

Creamy-yellow 
colour, slight pitting 
of surface. 

Buff-tan to pinkish 
colour change. 
Complete removal 
of collagenous 
material. 

Colour 
change to 
greyish 
brown. 

Peeling surface, 
blackening from 
mould. 

No alteration 
noted. 

No alteration 
observed. 

Limited diagenetic 
changes associated 
with organic decay. 

EX 32 Exposed 
kept in 
oven. 

No alteration noted. Reddening of 
collagenous 
material. 

No 
alteration 
noted. 

No alteration 
noted. 

No alteration 
noted. 

No alteration 
noted. 

Exceptional 
preservation typical 
of arid 
environments. 

EX 33 Exposed 
kept out of 
oven. 

Completely obscured 
by fungal hyphae. 

Completely 
obscured by fungal 
hyphae. 

No 
alteration 
noted. 

Black mould spots. No alteration 
noted. 

No alteration 
noted. 

Fungal attack is 
main post- 
depositional 
process, restricted 
to biominerals and 
bamboo fragment.  
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Table 5 
Summary of results from excavation of control samples EX25–33.  

Thin 
section 

Guano Sand Pig rib Fish vertebra Clay aggregate Bamboo Charcoal Carbonate gravel Notes 

GE-EX6 Chaotic 
arrangement of 
fibrous to 
amorphous organic 
matter 
incorporating insect 
remains, mineral 
grains and rare bone 
fragments. 
Microcrystals 
present throughout. 
Porosity 70%. 

Mix of sand-sized 
clasts. 
Predominantly 
quartz, with 
feldspar, 
carbonates and 
phosphatic 
aggregates as 
minor inclusions. 

Solution features and 
discolouration of outer 
surface. Evidence of 
mineral neoformation 
associated with guano 
contact. Undifferentiated 
in XPL. 

Appearing dull reddish- 
brown in PPL, 
undifferentiated with 
dull red interference 
colours in XPL. 
Colourless, birefringent 
crystals associated with 
exterior surface. 

Extensive cracking. 
Optical properties 
typical of dusty clays, 
with charcoal, organic 
punctuations and 
quartz sand inclusions. 
Weakly expressed 
depletion hypocoating 
on exterior. Patchy 
discolouration 
indicates Fe/Mn 
staining. 

Well-preserved 
cellular structure. 
Some evidence of 
decay on interior 
surface. 

Well-preserved 
cellular 
structure with 
no evidence of 
infilling of 
pores, or 
damage from 
shrink/swell 
processes. 

Isotropic hypocoatings 
and isotropic 
pseudomorphs of 
carbonate crystals 
associated with guano. 
Quartz sand welded to 
surface by authigenic 
mineral hypocoating. 

Alterations affect 
buried carbonates and 
biominerals rapidly. 
Alteration features 
affecting bone are 
unusual. 

GE- 
EX12 

As above.Reduction 
in porosity to ~60% 
and blackening of 
organic matter, 
compared to EX6. 

As above. Similar to above, but 
with a larger and more 
pronounced zone of 
discolouration and 
dissolution. Silt-sized, 
birefringent mineral 
grains are present within 
dissolution features. 

No fish vertebra was 
visible in thin section 
sample GE-EX12. 

Similar to above, 
micritic to sparitic 
calcite grains 
precipitated on 
exterior surface. 

Well-preserved, 
retaining epidermis. 
Moderate brownish 
discolouration and 
some dulling of 
interference colours in 
XPL. Fracture noted 
and attributed to 
manufacture. No 
evidence of 
association between 
decay and guano. 

Fracturing 
related to 
wetting and 
drying. 
Cellular 
structure is 
degraded and 
internal pores 
are infilled 
with reddish 
material. 

Weakly expressed 
phosphatic reaction 
rim, associated with 
oxide precipitation. 
Coating of guano ~1 
mm thick is associated 
with alteration 
features on the upper 
surface. 

Sediment matrix 
appears less porous 
and darker in colour. 
Charcoal alterations 
similar to those 
occurring in ash 
deposits (Huisman 
et al. 2012). 
Carbonates and 
biominerals altered 
further. 

GE- 
EX18 

As above.Reduction 
in porosity to ~50% 
with further 
blackening of 
organic matter. 

As above. Severe diagenetic 
changes associated with 
dissolution and 
discolouration of the pig 
rib. Alteration features 
are distinct on each side, 
side closer to the clay 
aggregate shows 
pronounced reddening 
and exfoliation-like 
weathering pattern. On 
the opposite side 
reddening is less- 
pronounced and 
weathering pattern is 
irregular. 

Fracturing and cracking 
with reddish brown 
discolouration and 
reddish interference 
colours in XPL. Subtle 
differences between 
sides, weakly expressed 
birefringent hypocoating 
near clay aggregate. 
Towards pig rib a 
hypocoating with 
different optical 
properties, including Fe/ 
Mn precipitation. 

Similar to above. Brownish 
discolouration and 
changes to 
interference colours in 
XPL. Pores in vascular 
bundles appear to be 
infilled with 
brownish, birefringent 
material. 

Fracturing 
related to 
wetting and 
drying. 
Cellular 
structure is 
degraded and 
internal pores 
are infilled 
with reddish 
material. 

Phosphatic reaction 
rim with isotropic 
pseudmomorphs of 
carbonate crystals. 
Linear alterations to 
isotropic minerals. 
proceeding along 
interstitial spaces. 

Spatially differentiated 
alterations affecting 
biominerals, 
apparently related to 
proximity to clay 
aggregate and other 
materials. 

GE- 
EX24 

As above.Reduction 
in porosity to ~40% 
with further 
blackening of 
organic matter. 

As above. Severe diagenetic 
alteration, extensive 
cracking and 
discolouration to reddish 
brown. Hypocoatings, 
quasicoatings follow 
lamellar planes. Pores 
appear ragged and 
degraded, birefringent 
minerals precipitated 
within pores and 
dissolution features. 

Similar to alterations 
observed in GE-EX18, 
but more pronounced. 
Exfoliation towards clay 
aggregate, associated 
with birefringent 
hypocoating and 
blackening of bone 
mineral. Depletion 
hypocoating towards pig 
rib with some evidence 
of fine silt-sized 
birefringent mineral 
grains precipitated 
within bone mineral 
matrix. 

Similar to above. 
Slight disintegration at 
surface associated 
with guano fragments. 

Bamboo was not 
observed in thin- 
section sample GE- 
EX18. 

Fracturing 
related to 
wetting and 
drying. Well- 
preserved 
cellular 
structure with 
no evidence of 
infilling. 

Well-developed 
phosphatic reaction 
rim with more 
developed linear 
alteration features 
than previous samples. 

The extent of 
diagenetic change 
affecting biominerals 
and carbonates is 
unexpected, 
considering 
environmental 
parameters. Observed 
features are unusual 
and extremely 
pronounced. Organic 
materials are relatively 
well-preserved.  
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microaggregates (Fig. 3h). After 24 months, the bone was discoloured to 
brownish-red throughout, with banded isotropic hypocoatings/quasi-
coatings visible throughout the cortical bone (Fig. S6v–bb). 

After 6 months, the fish bone was stained reddish-brown and largely 
undifferentiated in XPL with silt-sized crystals associated with some 
bone surfaces (Fig. 3i). After 18 months, the fish vertebra displayed 
subtle differences in alteration features between its two sides. Towards 
the clay aggregate a weakly expressed reaction rim was associated with 

disintegrating clay aggregates, guano fragments and < 10 μm micro-
crystalline aggregates (Fig. 3j). Towards the mammal bone the fish 
vertebra appeared a darker red in colour and its exterior surface was 
associated with a thin reaction rim with reddish pink interference col-
ours (Fig. S7i,j). After 24 months, the exterior surface of the fish vertebra 
facing the clay aggregate was exfoliating and associated with a weakly 
expressed mineral hypocoating with orange/red interference colours. 
The side of the bone facing the pig rib was apparently associated with a 

Fig. 2. (a) Photomicrograph of exterior surface of mammal bone (EX0); (b) Photomicrograph of exterior surface of mammal bone. Note discolouration and surface 
pitting (EX1); (c) Photomicrograph of saw-cut mammal bone (EX0); (d) Photomicrograph of saw-cut mammal bone. Red arrows marks blackened areas of degraded 
bone proceeding from exterior surface and marrow cavity (EX1); (e) Photomicrograph of fish vertebra. Red arrows mark translucent collagenous material (EX0); (f) 
Photomicrograph of fish vertebra (EX0); (g) Photomicrograph of fish vertebra. Red arrows mark exposed bone mineral where collagenous material has been removed 
(EX1); (h) Photomicrograph of fish vertebra. Red arrow marks blackened area (EX1); (i) Microphotograph showing bamboo charcoal. Note glossy surface (EX0); (j) 
Microphotograph showing bamboo charcoal. Red arrows mark ash crystals on surface (EX0); (k) Microphotograph showing bamboo charcoal. Red arrows mark 
potential biofilm adhered to surface, blue arrows mark discoloured woody sections (EX24); (l) Microphotograph showing bamboo charcoal. Red arrows mark guano 
on surface after rinsing with water (EX24); (m) Photomicrograph of bamboo fragment (EX0); (n) Photomicrograph of bamboo surface (EX0); (o) Photomicrograph of 
bamboo fragment (EX24); (p) Photomicrograph of bamboo surface. Note discolouration relative to panel n (EX24); (q) Photomicrograph of carbonate gravel, red 
arrows mark sharp boundary of Fe/Mn oxide precipitation that has occurred in the portion of gravel that protruded into the waterlogged guano (EX3); (r) Photo-
micrograph of carbonate gravel. Red arrows mark sharp boundary of a zone of authigenic mineral formation which protruded into the waterlogged guano deposit 
(EX5); (s) Photomicrograph of carbonate gravel. Red arrow marks guano welded to the carbonate rock by authigenic minerals formed on upwards-facing surface. 
White arrows mark banded concentration of Fe/Mn oxides precipitated at stratigraphic boundary between underlying sand and overlying guano deposits. Blue 
arrows mark irregular pattern of alteration to authigenic mineral across carbonate rock surface (EX16); (t) Photomicrograph of carbonate gravel showing brownish 
authigenic mineral precipitation associated with guano across surface (EX2). (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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depletion hypocoating, while in XPL a birefringent mineral hypocoating 
and microcrystalline void infills are apparent (Fig. 3k,l). 

4.3.3. Organic materials 
After 6 months, the internal, cellular structure of charcoal was well 

preserved (Fig. 3m). After 12 months, charcoal in thin-section appears 
less well ordered. Internal, structural features are deformed and pores, 
including vascular bundles are infilled with reddish-brown, isotropic 
material (Fig. 3n). After 18 months, similar reddish-brown infillings are 
visible, but not as common or well-developed as in EX12 (Fig. 3o). After 
24 months, charcoal in thin section is extensively torn and deformed, but 
internal pores are free from infilling (Fig. 3p). 

Decomposition and decay had a limited effect on buried bamboo 
fragments after 6 months, and structural features were well-preserved 
(Fig. 3q,r). After 18 months, the bamboo was discoloured to greenish- 
brown with dull green interference colours in XPL (Fig. 3s,t). Vascular 
bundles appear less ordered than in previous samples, and voids are 
infilled with material. Bamboo was not recovered in thin-section EX24. 

4.3.4. Minerals 
After 6 months, a weakly expressed depletion hypocoating was 

visible at the clay aggregates’ outer surfaces (Fig. 3u,v). After 12 
months, optical properties were similar, but a coating of micritic calcite 
was visible (Fig. 3w), precipitated on the aggregates’ exterior. After 24 
months, the exterior surface of the clay is disintegrating and this 
weathering is associated with fine guano and microcrystalline aggre-
gates (Fig. 3x). 

After 6 months, surface dissolution of carbonate gravel was weakly 
developed, associated with guano and isotropic mineral replacement 
(Fig. 3y). After 12 months, weakly expressed reaction rims were asso-
ciated with a coating of guano, ~1 mm thick on the upper surface. After 
18 months, the upper surface of the carbonate gravel shows reprecipi-
tation around the entire exterior and isotropic mineral pseudomorphs of 
carbonate crystals are visible (Fig. 3z). Irregular and linear alterations 
are also progressing along joins between carbonate crystals. After 24 
months, carbonate gravel displays a well-developed, isotropic reaction 
rim with linear/irregular alteration features that are more frequent and 
better developed than in previous samples (Fig. 3aa,bb). 

4.4. Targeted mineralogical and geochemical characterisation of buried 
materials 

4.4.1. Faunal remains 
BSEM of mammal bone from sample EX1 reveals an exfoliation-like 

weathering pattern (Fig. 4a) and in sample EX3 a similar pattern is 
observed, with bone destruction following lamellae to form parallel 
solution/degradation features. Pores are enlarged and deformed 
throughout the analysed area. BSEM of sample EX5 indicates a zone of 
mineral density reduction at the bone surface. Electron-dense areas 
within that zone appear to be siliceous secondary minerals, but they also 
appear similar to clastic quartz grains surrounding the bone (Fig. S10c; 
Supplementary material 2 Section X1). In sample EX12 further devel-
opment of dissolution/degradation features in mammal bone is 
apparent, with siliceous materials within enlarged voids (Fig. 4b). 

In mammal bone from sample EX18, distinct zones of alteration 
correspond to those observed in thin-section analysis (Section 4.3). 
Towards the fish vertebra and clay aggregate, dissolution features follow 
the boundaries between lamellae and bone mineral is subject to 
recrystallization (Fig. S11a). The other side of the bone in sample EX18 
is affected by spatially-varied reduction in mineral density, but there is 
little apparent relationship between the bone mineral degradation 
observed in this area and the bone’s structural features (Fig. 4c). Pat-
terns of alteration observed in mammal bone from EX24 are similar, but 
more pronounced (Fig. S11e,f). 

BSEM of fish vertebrae from EX3 revealed complex surface alter-
ations comprising both mineral depletion and recrystallisation. In the 
section of the fish vertebra near the clay aggregate from sample EX5 
bone mineral has been replaced with secondary minerals that incorpo-
rate Al, Si and K (Fig. 4d). In sample EX18, where the clay aggregate and 
the fish vertebra can be observed together a zone of fish vertebra 
demineralisation associated with Ca depletion and Si and Al substitution 
into the bone mineral can be observed (Fig. 4e), while between the clay 
aggregate and the bone is a zone of finely dispersed aluminosilicates and 
phosphate minerals. In sample EX24 recrystallisation is extensive and 
spatially varied. The side of the fish vertebra that is closest to the pig rib 
is replaced with gypsum crystals (Fig. 4f), which infill internal voids and 
form pseudmorphs of recrystallised bone mineral aggregates. The side of 

Fig. 3. (a) Photomicrograph of guano in thin section, showing chaotic arrangement of fibrous organic matter. Waterlogged for six months (EX6, PPL); (b) As in panel 
a, blue arrow marks bone fragment, yellow arrows mark probable leucophosphite spherulites forming around pores (EX6, XPL); (c) Photomicrograph of guano in 
thin-section, showing chaotic arrangement of fibrous organic matter (EX24, PPL); (d) As in panel c (EX24, XPL); (e) Photomicrograph of mammal bone in thin- 
section, showing association between fibrous guano, marked by yellow arrows, and the exterior surface, marked by white arrows. Red arrows mark greyish 
microcrystalline aggregates within dissolution features (EX6, PPL); (f) Photomicrograph of mammal bone in thin-section, showing dissolution features associated 
with surface alteration. Red arrows mark hypocoatings associated with deforming bone structural features. White arrow marks fibrous guano (EX12, PPL); (g) 
Photomicrograph of mammal bone in thin-section, showing area of bone closest to buried fish vertebra and clay aggregate. Red arrows mark hypocoatings/qua-
sicoatings that are associated with deforming lamellae (EX18, PPL); (h) Photomicrograph of mammal bone in thin-section, showing side of bone furthest from buried 
fish vertebra and clay aggregate. White arrow marks reddish reaction rim, red arrows mark deformed pores (EX18, PPL); (i) Photomicrograph of fish vertebra in thin- 
section. Red arrow marks guano associated with the surface (EX6, XPL); (j) Photomicrograph of fish vertebra in thin-section, taken from side closest to clay aggregate. 
White arrows mark weakly expressed hypocoating, red arrow marks clay aggregate and blue arrows mark fibrous guano (EX18, XPL); (k) Photomicrograph of fish 
vertebra in thin-section, marked with white arrows. Red arrows mark fibrous guano, blue arrows mark area of pronounced surface alteration, possibly a depletion 
hypocoating (EX24, PPL); (l) As in panel k, note pronounced difference in optical properties associated with zone of surface alteration marked by blue arrows (EX24, 
XPL); (m) Photomicrograph of bamboo charcoal in thin section (EX6, PPL); (n) Photomicrograph of bamboo charcoal in thin-section. Red arrows mark reddish-brown 
infills of pores (EX12, PPL); (o) Photomicrograph of bamboo charcoal in thin-section. Yellow arrows mark reddish-brown infills of pores (EX18, PPL); (p) Photo-
micrograph of bamboo charcoal in thin-section. Yellow arrows mark voids indicative of mechanical weathering (EX24, PPL); (q) Photomicrograph of bamboo in thin- 
section (EX6, PPL); (r) Photomicrograph of bamboo in thin-section. Red arrows mark examples of vascular bundles (EX6, XPL); (s) Photomicrograph of bamboo. 
Yellow arrows mark where pores in vascular bundles are infilled with brownish, birefringent material (EX18, PPL); (t) As in panel s (EX18, XPL); (u) Photomi-
crograph of clay aggregate in thin-section, marked by yellow arrows. Blue arrow marks fish vertebra (EX6, PPL); (v) Photomicrograph of clay aggregate in thin- 
section. Yellow dashed line marks extent of weakly expressed Fe/Al depletion hypocoating (EX6, XPL); (w) Photomicrograph of clay aggregate in thin-section. 
Yellow arrows mark micritic to sparitic calcite precipitated on exterior surface (EX12, XPL); (x) Photomicrograph of clay aggregate in thin-section. Yellow ar-
rows mark fragments of amorphous guano associated with weathering surface of clay aggregate. Blue arrow marks potential neoforming mineral associated with 
disintegrating clay and amorphous guano (EX24, PPL); (y) Photomicrograph of carbonate gravel in thin-section. Red arrow marks area of carbonate dissolution 
associated with amorphous guano (EX6, PPL); (z) Photomicrograph of carbonate gravel in thin-section. White arrows mark authigenic mineral pseudomorphs of 
carbonate crystals (EX18, PPL); (aa) As in panel z (EX18, XPL); (bb) Photomicrograph of carbonate gravel in thin-section, showing varied patterns of alteration and 
mineral replacement. Red arrows mark authigenic mineral pseudomorphs of carbonate crystals, blue arrows mark linear alterations following interstitial space 
between crystals (EX24, PPL). PPL, plane-polarised light, XPL, cross-polarised light. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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Fig. 4. (a) Electron photomicrograph of mammal bone. Red arrows mark dissolution features associated with zone of surface alteration. Blue arrows mark pores that 
have been enlarged and deformed (EX1); (b) Electron photomicrograph of mammal bone, showing alterations affecting exterior surface closest to clay aggregate. 
Extensive dissolution and recrystallization is apparent, blue arrow marks elongate siliceous aggregate within dissolution feature, red arrows mark clay aggregates 
(EX12); (c) Electron photomicrograph of mammal bone showing alterations affecting exterior surface furthest from fish vertebra and clay aggregate (EX18); (d) 
Electron photomicrograph of fish vertebra. Red arrows mark areas of bone mineral replacement (EX5); (e) Electron photomicrograph of fish vertebra and clay 
aggregate. Red arrows mark exterior zone of reduced mineral density in fish vertebra, blue arrows mark weathered areas at edge of clay aggregate. White arrows 
mark zone of finely dispersed clays and phosphates (EX18); (f) Electron photomicrograph of fish vertebra showing side closest to mammal bone. Red arrows mark 
concentrations of authigenic sulphate minerals (EX24); (g) Electron photomicrograph of carbonate gravel. Red arrows mark calcium phosphate surface alteration, 
blue arrows mark linear alteration of calcite to calcium phosphate (EX1); (h) Electron photomicrograph of carbonate gravel, yellow dashed line marks boundary 
between preserved carbonates and authigenic phosphates. Red arrows mark potentially biomorphic mineral precipitates (EX18); (i) Electron photomicrograph of 
carbonate gravel. Yellow dashed line marks approximate boundary between area of carbonate preservation and amorphous calcium phosphate reaction rim. Areas 
enclosed by red dashed lines have been replaced by siliceous and phosphatic minerals or mineraloids. Red arrows mark quartz/silicate mineral sand (EX24). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 5. (a) Selected FTIR-ATR spectra from 
powdered guano samples, with important 
peaks and spectral regions labelled (for 
detailed peak assignment see Supplementary 
material 1 Table S1). Spectra are labelled by 
sample number except spectrum labelled 
“Guano crystal,” which was taken from po-
tassium sulphate crystals precipitated on 
guano excavated from EX11 after drying; (b) 
Selected FTIR-ATR spectra from powdered 
mammal bone samples, with important 
spectral regions labelled (for detailed peak 
assignment see Supplementary material 1 
Table S2). Spectra are labelled by sample 
number; (c) Selected FTIR-ATR spectra from 
powdered fish vertebra samples, with 
important spectral regions labelled (for 
detailed peak assignment see Supplementary 
material 1 Table S2). Spectra are labelled by 
sample number; (d) Selected FTIR-ATR 
spectra from charcoal samples, with broad 
bands labelled following El-Eswed (2015) 
and a potassium sulphate peak identified at 
615 cm− 1. Spectra are labelled by sample 
number (for detailed peak assignment see 
Supplementary material 1 Table S3); (e) 
Selected FTIR-ATR spectra from wood sam-
ples, with prominent peaks labelled (for 
detailed peak assignment see Supplementary 
material 1 Table S4) including a potassium 
sulphate peak identified at 615 cm− 1. 
Spectra are labelled by sample number.   
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the vertebra facing the clay aggregate also shows evidence for extensive 
dissolution and recrystallisation of bone mineral, and SEM-EDS in-
dicates varied concentrations of Si within some neoformed crystals 
(Fig. S13a,b). 

4.5. Minerals 

BSEM analysis of carbonate gravel from EX1 reveals incipient cal-
cium phosphate hypocoatings, with linear alterations proceeding along 
planes of weakness between crystals (Fig. 4g). Throughout all following 
samples phosphatic reaction rims develop alongside less-well-developed 
secondary minerals containing Si, P and Ca with transition metals 
(Fig. S14e–h,m–p). In EX18 the calcium phosphate reaction rim is ~500 
μm thick and is associated with biomorphic mineral precipitates 
(Fig. 4h). Patterns of alteration in EX24 are similar, but the calcium 
phosphate reaction rim is better developed (Fig. 4i). 

SEM-EDS analysis of clay aggregates revealed elemental concentra-
tions typical of smectite group clays. While the surface morphology is 
somewhat difficult to assess, disintegration of the exterior surface of clay 
aggregates is clearly visible after 18 months (Fig. 4e), by which point 
clay minerals are dispersed throughout the groundmass, dissolving and 
forming new minerals through interaction with bone mineral. 

4.6. Organic materials 

Organic materials such as charcoal and wood cannot be subject to 
BSEM or SEM-EDS analysis without further preparation. 

4.7. Structural chemical analysis of excavated materials (FTIR) 

4.7.1. Guano 
FTIR analysis of fresh guano produced spectra dominated by a chitin 

signal, similar to that published by Kaya et al. (2014; Table S1). As the 
experiment progressed the intensity of the amide peaks decreased, 
relative to peaks assigned to the saccharide rings (Fig. 5a). FTIR analysis 
of the crystals formed on dried guano samples generated spectra similar 
to that of potassium sulphate provided by Vahur et al. (2016), with 
peaks at 1097 and 615 cm− 1. A peak at 615 cm− 1 was visible in all 
spectra from guano samples EX0–24, but became more intense relative 
to chitin peaks as the experiment progressed. 

4.7.2. Faunal remains 
FTIR analysis of unaltered mammal bone produced a spectrum 

typical of fresh bone (Fig. 5b; Table S2; Morris and Finney, 2004). 
Analysis of degraded exterior from samples EX1–24 showed the in-
tensity of the Amide I peak decreasing over time, indicating progressive 
degradation of the organic fraction (Tatar et al., 2014). Carbonate-to- 
phosphate ratios also indicate some increase over time (Fig. S16a) and 
while there is a slight increase in IRSF values over the course of the 
experiment, all samples may be considered moderately crystalline 
(Fig. S16b; Thompson et al., 2013). 

FTIR analysis of the fish vertebra from EX0 produced a typical 
spectrum for fish bone (Fig. 5c; Table S2). After one month the Amide I 
peak was essentially absent. While measured carbonate-to-phosphate 
ratio dropped substantially between EX0–1 and then remained reason-
ably stable over the course of the experiment (Fig. S17a), calculation of 
IRSF indicated little change in crystallinity from EX0–24 (Fig. S17b). 

4.7.3. Organic materials 
FTIR analysis of charcoal samples from EX0 produced a typical 

charcoal spectrum (Fig. 5d; Table S3; Ascough et al., 2011). A peak at ~ 
\615 cm− 1 was observed from EX1 onwards, growing in intensity rela-
tive to other peaks as the experiment progressed (Fig. 5d). 

FTIR analysis of bamboo samples from EX0 produced a typical wood 
spectrum (Fig. 5e; Table S4; Shi et al., 2012). As the experiment pro-
gressed the intensity of peaks at 1734 cm− 1, 1369 cm− 1, 1319 cm− 1 and 

1246 cm− 1 were reduced relative to others, such as those at 1459 cm− 1 

and 1422 cm− 1. A potassium sulphate peak at 615 cm− 1 developed in 
EX1–24 as the experiment progressed. 

4.7.4. Minerals 
Clay aggregates were not recovered from EX1–24 through excava-

tion. Carbonate rock samples could not be prepared for FTIR analysis in 
the same way as the other samples. 

4.8. Observations from control samples 

Observations from control samples are summarised in Table 5. 
Expanded results are presented in Section S4 and Fig. S18. 

5. Discussion 

These results show that, while quite distinct from the acidic sedi-
mentary environments that are normally associated with guano-driven 
diagenesis (e.g. Karkanas et al., 2000; Shahack-Gross et al., 2004; Kar-
kanas, 2017), alkaline and reducing environments in humid guano de-
posits can result in intense diagenetic and taphonomic processes. These 
processes may leave a characteristic mineralogical signal that is similar 
to that discovered at archaeological cave sites in Southeast Asia, 
including the lowest levels at Con Moong Cave in Vietnam (McAdams 
et al., 2020) and in lithofacies 3 at Niah Cave in Borneo (Stephens et al., 
2017). These results also indicate the extent to which the increased 
temperatures and humidity in the tropics may accelerate the pace of 
diagenetic change in the burial environment. 

5.1. Sedimentary environments in EX1–24: Guano under tropical 
conditions for two years 

In samples EX1–24, extremely reducing, alkaline environments 
developed rapidly and then remained stable, processes analogous to the 
genesis of hydric soils (Kirk, 2004; Inglett et al., 2005; Kögel-Knabner 
et al., 2010). Organic waterlogged soils are typically acidic (Kirk, 2004: 
9), as organic decomposition under anaerobic conditions promotes 
acidogenesis. It is possible, therefore, that the pH of the sediments would 
drop if a similar experiment was conducted over a longer timeframe. But 
guano has a high sulphur content and the change in odour from acrid 
ammonia to a pungent faecal aroma is an indicator of anaerobic respi-
ration by sulphate-reducing bacteria (SRB), which produce hydrogen 
sulphide with its characteristic ‘rotten egg’ smell (O’Donoghue, 1961; 
Chahl, 2004). Hydrogen sulphide interacts with metal ions in the burial 
environment, allowing fine metal sulphides to precipitate and raise the 
pH of the sediment (Mann et al., 1990; Heiberg et al., 2012). 

Fines and solutes originating from the guano blackened the sand 
layer within 24 h. EC values are an indicator of dissolved salt concen-
trations (Rhoades, 1996), and together with the potassium sulphate 
crystals that precipitated on dried guano as the experiment progressed 
may be taken as an indicator of increasing quantities of salts in solution 
as the experiment progressed. LOI results are equivocal, but FTIR 
analysis shows deacetylation was progressively affecting guano in 
EX1–24 (Fig. 5a) and the intensification of the spectral peak at 615 cm− 1 

suggests organic decay involved replacement by sulphides, a process 
frequently observed in organic remains in marine environments (Sage-
mann et al., 1999). These compounds were oxidised to sulphate upon 
drying. 

5.2. Preservation of faunal remains in EX1–24 

The relationship between the organic and mineral fractions renders 
bone resistant to degradation in many burial environments (Karr and 
Outram, 2015; Villagran et al., 2017), but in samples EX1–24 pro-
nounced diagenetic changes affected buried faunal remains after just 
one month. There are three pathways by which bone may be degraded in 
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the burial environment (Turner-Walker, 2008):  

- -Hydrolysis of the collagen;  
- -Chemical dissolution of the mineral fraction;  
- -Microbiological degradation of both components simultaneously. 

These processes can occur individually or concurrently, and the ac-
tion of one of these processes may increase the likelihood of another 
taking place (Villagran et al., 2017). The variation in diagenetic tra-
jectories between and within individual samples from EX1–24 suggest 
multiple agencies were at work (Table 4; Section 4.5). 

5.2.1. Evidence for hydrolysis of bone collagen in samples EX1–24 
Despite the protection of the bone mineral matrix (Turner-Walker, 

2008), collagen will inevitably be affected by slow chemical hydrolysis 
in the burial environment (Nielsen-Marsh and Hedges, 2000) and this is 
accelerated by high temperatures or extremes of pH (Collins et al., 
1995). 

Chemical hydrolysis converts collagen molecules to smaller peptide 
units, but continuing association with the bone mineral limits the 
diffusion of these fragments out of the bone structure (Turner-Walker, 
2008). Dull-red interference colours observed in thin-section (Fig. 3e–h) 
indicate the presence of humic compounds (Stolt and Lindbo, 2010), 
which can accelerate the breakdown and removal of collagen fibrils 
(Turner-Walker, 2008). Histological damage from collagen hydrolysis 
may be visible in BSEM (Turner-Walker, 2008), but those voids are too 
small (~40–50 nm) to be conclusively identified using the equipment in 
this study. However, FTIR analysis suggests that collagen was degraded 
before bone mineral in both mammal and fish bone samples (Fig. 5b,c). 

5.2.2. Evidence for dissolution and reprecipitation of bone mineral in 
samples EX1–24 

The micromorphological features observed in the mammal bone in 
thin-section appear most similar to generalised destruction resulting 
from chemical dissolution, as recorded by Garland (1993). However, 
patterns of dissolution are varied, alternatively following paths of 
weakness created by bone structural features (Fig. 3f,g) or working 
directly inwards from the surface (Fig. 3h), which suggests multiple 
responsible agencies. Dissolution and recrystallisation are often coupled 
processes (Keenan and Engel, 2017) and authigenic mineral replace-
ment also affects both mammal and fish bone samples. 

In thin-section, surface alterations affecting the fish vertebrae 
appeared less-pronounced than those affecting the mammal bone, but 
BSEM analyses revealed mineral density reduction and authigenic 
mineral precipitation were extensive (Fig. 4d–f, S12, S13). Particularly 
interesting is the evidence of silica substitution in recrystallising bone 
mineral and potential silica-bearing mineral authigenesis around the 
internal voids, within the bone mineral matrix and within the enlarged 
and deformed structural features of both mammal and fish bone sam-
ples. This evidence suggests that silica was mobile in the burial envi-
ronment, precipitating out of solution as a range of non-stochiometric 
minerals. But this unexpected finding requires further investigation, 
using a range of additional techniques, to exclude the possibility that the 
features observed are translocated or infiltrated clays. Cath-
odoluminescence may provide a better understanding of the nature, 
provenance and diagenetic trajectories of neoformed minerals (Barbin, 
2000; Machel, 2000), while spatially-resolved FTIR and Raman micro-
scopy could provide information on the structural chemistry of the 
compounds that would complement the elemental characterisations 
reported in this study (Mentzer and Quade, 2013). Fish bone mineral 
replacement by calcium sulphates was also noted in EX24, where 
mineralogical changes were found to be spatially varied, dependent on 
proximity to the clay aggregate and the mammal bone. 

Both fish and mammal bone recrystallised into larger aggregates of 
calcium phosphate as the experiment progressed, with considerable 
evidence for transition metal ion substitution, as is often observed in 

waterlogged and reducing environments (Turner-Walker, 2008). IRSF 
values indicated little change in crystallinity, but BSEM results suggest 
sampling is combining areas of dissolution and recrystallisation. 

5.2.3. Mechanisms of bone dissolution and reprecipitation in EX1–24 
The extent of diagenetic change is surprising, as stable, waterlogged 

and alkaline environments are generally not conducive to bone disso-
lution (Nielsen-Marsh and Hedges, 2000). In a waterlogged burial 
environment, pore water becomes saturated with Ca2+ and [PO4]3- ions 
dissolved from bone mineral and dissolution will be limited by a local 
diffusion gradient. Whereas wet/dry cycling accelerates dissolution 
(Nielsen-Marsh and Hedges, 2000), we could expect slow rates of 
dissolution under these experimental conditions. 

While alkaline conditions also tend to protect bone mineral from 
dissolution (Gordon and Buikstra, 1981; Villagran et al., 2017), high 
carbon dioxide concentration can promote dissolution of carbonates 
(Van den Berg and Loch, 2000). High levels of dissolved CO2 tend to 
lower pH (Schimel, 1995), but only a small proportion of dissolved CO2 
in water will form carbonic acid and pH may be buffered by other bases 
in solution. This is a process that could explain dissolution of bone 
mineral (Turner-Walker, 2008), LOI results indicate a small increase in 
sedimentary carbonates within the guano layer over the course of the 
experiment and FTIR indicates carbonates were removed from fish bone 
before phosphates (Fig. 5c). However, under waterlogged conditions 
and at the recorded pH, the rate and extent of observed change is sur-
prising. It is very likely, therefore, that acidic microenvironments 
associated with decomposing organic matter were a contributory factor 
in the observed diagenetic changes. Characterising such micro-scale 
variation in sedimentary environments would require higher resolu-
tion methods of physico-chemical sedimentological characterisation, 
such as in situ ion-sensitive probes or in situ infrared spectroscopy (Vos 
et al., 2013). 

The features observed in BSEM indicate diffuse demineralisation, as 
recognised by Turner-Walker (2012) in experimental samples from 
tropical, waterlogged contexts. However, in that study the zones of 
demineralisation were restricted to primary bone and did not cross the 
cement lines of secondary osteons. In addition, bones in that study 
recrystallised with a globular morphology, quite distinct from the large 
and morphologically diverse authigenic crystals observed in this study. 

5.2.4. Evidence for bioerosion of bones in EX1–24 
Diagenesis of bones in non-acidic environments may be largely 

mediated by microorganisms (Villagran et al., 2017), but local 
groundwater, pH and temperature affect the presence and abundance of 
microorganisms (Nielsen-Marsh and Hedges, 2000). Waterlogged envi-
ronments are considered an inhibitory factor to microbiological decay of 
bone (Jans et al., 2004; Jans, 2008; Turner-Walker, 2008) and while 
cyanobacteria may colonise bone in marine environments and wetlands 
(Huisman et al., 2017), the features observed in these experimental 
samples do not conform to commonly described patterns of bacterial 
degradation of bone. Cyanobacteria leave characteristic tunnelling fea-
tures that proceed from the periosteal surface or from the larger physi-
ological pores (Jans, 2008), features that are absent from the bones in 
samples EX1–24. Turner-Walker (2012) has attributed similar ragged 
and enlarged pores to microbial bioerosion, but in that study the char-
acteristic tunnelling features were also present. 

Perhaps relevant to these samples are gut bacteria, which are pri-
marily obligate anaerobes (von Martels et al., 2017). It has often been 
assumed that gut bacteria promote diagenesis and degradation of bone 
in archaeological contexts (Nicholson, 1996), but this remains unproven 
(Turner–Walker and Syversen, 2002). Guano is likely to be concentrated 
with gut bacteria, and it is interesting to note that bats have microbial 
intestinal communities that vary predominantly according to host 
ecology (Lutz et al., 2019). 

Microbial communities were a dominant control on biogeochemical 
processes in the burial environment and it is possible that some mineral 

C. McAdams et al.                                                                                                                                                                                                                              



Journal of Archaeological Science: Reports 37 (2021) 102947

16

replacements affecting bones were directly mediated by microbial ac-
tivity. Pyrite framboids are by-products of SRB metabolism (Muyzer and 
Stams, 2008) that are frequently found in the pores of bones from 
waterlogged environments (Karr and Outram, 2015), but they were not 
detected within these samples. Laboratory experiments using SRB tend 
to produce amorphous pyrite precursors such as greigite (Mann et al., 
1990; Sagemann et al., 1999) and replacement of bone mineral with 
calcium sulphate in my experiment may suggest that similar, amorphous 
sulphide minerals were precipitated within the bone mineral matrix 
then oxidised upon aeration of the sediment. Turner-Walker (2012) 
observed spherical, oxide-rich features like that observed in the fish 
bone from EX24 (Fig. S13h), precipitated within bone from a water-
logged context and attributed them to bacterial biomineralisation of 
iron. It is probable that microbial communities also influenced mineral 
formation less directly. Bacterial activity can produce steep physico- 
chemical gradients, influencing sedimentological parameters at a scale 
that would be undetectable using bulk measurements (Gieseke and de 
Beer, 2004). Such gradients have been shown to be dominant controls on 
authigenic mineral formation within decomposing organic matter under 
experimental conditions (Sagemann et al., 1999). Microbes may also 
concentrate reactive ion species on their cell membranes (Ferris et al., 
1987), thereby forming nucleation sites for minerals including phos-
phates and silicates (Konhauser and Urrutia, 1999). 

5.2.5. Conclusions regarding bone preservation under experimental 
conditions 

The current dataset suggests that both chemical hydrolysis and 
chemical dissolution of bone mineral are responsible for the diagenetic 
alteration of bones buried in EX1–24. Hydrolysis of collagen would have 
been accelerated by the high temperature and raised pH in the experi-
mental samples. While dissolution of bone mineral may be a result of 
acidic microenvironments or dissolved carbon dioxide in pore water, the 
roles of microbial communities upon bone degradation in these samples 
remain unclear. Observed alteration features are not typical of microbial 
bioerosion, but the dominance of microbial respiration on the devel-
opment of sedimentary environments and mineralisation suggests that 
they must have influenced bone taphonomy, whether directly or indi-
rectly or indirectly through the creation of micro-scale physico-chemical 
gradients and concentration of reactive metals. 

5.3. Minerals in EX1–24 

Guano-driven phosphatic diagenesis of carbonates typically proceeds 
under acidic conditions that promote calcite dissolution and precipita-
tion of phosphate species that are stable in lower pH environments 
(Schiegl et al., 1996; Karkanas et al., 2000; Shahack-Gross et al., 2004). 
The extent and rapidity of diagenetic changes affecting carbonate gravel 
in EX1–24 may be considered surprising in an environment where 
alkaline conditions persisted. 

Authigenic calcium phosphate has been shown to form in high pH 
environments when large quantities of phosphorous were present 
(Sagemann et al., 1999) and it is possible that the carbonate is unstable 
due to high levels of carbon dioxide. However, the intimate association 
of amorphous organic matter with neoformed minerals suggests that 
microenvironments associated with decaying organic matter may be 
promoting their precipitation. While biomorphs observed within sec-
ondary minerals may indicate some role for microbes (Cosmidis et al., 
2013), such features are not considered evidence of biologically 
controlled mineralisation (Kellermeier et al., 2012) and those observed 
in this study, while within the size limits of bacteria (Schulz and 
Jørgensen, 2001), may be considered very large. 

The evidence for silica-bearing minerals precipitating within 
recrystallised carbonates and bone in this experiment suggests that silica 
is mobile within the burial environment. While some BSEM images 
suggest that orthosilicates in the sand layer may be weathering under 
experimental conditions (Fig. S14), the most likely source of labile silica 

is the clay aggregates. 
In thin-section, subtly expressed hypocoatings and disintegration 

features affecting clay aggregates are often associated with guano, 
suggesting a link between clay weathering, silicate mobilisation and 
organic decay. BSEM images suggest complex interactions between clay 
minerals and other buried materials, particularly fish bone (Fig. 4e), but 
the mechanisms driving this interaction are difficult to assess based on 
the current dataset. Clay chemistry is not conducive to analysis through 
spatial measurement of element concentrations (Schaetzl and Anderson, 
2005: 65), but it is likely that clay weathering and mobility are a result 
of the micro-scale physico-chemical gradients and/or acidic microen-
vironments and it is also likely that bacteria are driving processes of 
silicate diffusion and mineral authigenesis to some degree by concen-
trating reactive compounds on their cell walls (Konhauser and Urrutia, 
1999). 

5.4. Organic materials in EX1–24 

Bamboo is a wood-like grass (Amada et al., 1997), a composite tissue 
made up of natural polymers (Pandey, 1999). Wood is rarely preserved 
on Pleistocene archaeological sites, but waterlogging may preserve 
wood for millennia (Ismail-Meyer, 2017). Excavated bamboo from 
EX1–24 shows some discolouration and surface peeling, but in thin- 
section, changes to the optical properties of the bamboo are apparent 
and FTIR analysis indicates reveals decomposition preferentially 
affected less-stable polymers. An increase in peak intensity at 615 cm− 1 

over the course of the experiment indicates that organic decay was 
associated with SRB respiratory processes, but further chemometric 
analysis of the changes affecting bamboo will require analyses of second 
derivative spectra and other techniques (Sandak et al., 2016) and is 
beyond the scope of this paper. 

Charcoal has a high potential of survival and is a common feature of 
archaeological sites, where it results from incomplete combustion in 
oxygen-starved areas of a fire. Recent work has raised questions about 
the variation and complexity of the structural chemistry of archaeo-
logical charcoal (Canti and Huisman, 2015), and it is increasingly 
apparent that charcoal is subject to a range of post-depositional tapho-
nomic and diagenetic processes (Huisman et al., 2012). 

In this study, excavated charcoal fragments from EX1–24 showed 
little visible change over the course of the experiment, beyond the 
dissolution of calcite ash and discolouration of uncharred sections. 
However, in thin-section the brownish pore infills and structural 
degradation recognised at 12 and 18 months look similar to the limpid 
clay infills observed by Huisman et al. (2012), which were attributed to 
charcoal degradation and weathering within ashy, alkaline environ-
ments and interactions between charcoal and Ca and K hydroxides. 
Benzenoids are unstable under alkaline conditions, and both Braadbaart 
and Poole (2008) and Ascough et al. (2011) indicated that charcoal 
could be subject to significant post-depositional degradation in alkaline 
burial environments. 

Problematically, those features are absent from the charcoal 
observed in thin-section GE-EX24A and it is possible they relate to the 
charcoal’s initial manufacture. The only micromorphological features 
that can be confidently attributed to post-depositional change are the 
tearing and deformation related to shrink-swell processes. An increase in 
peak intensity at 615 cm− 1 does suggest that buried charcoal was also 
affected by progressive organic decay and replacement with sulphides 
throughout the duration of the experiment. 

5.5. Control samples and the importance of environmental variables 

The results from samples EX 25–33 suggest that of the conditions 
studied, based on changes between three variables (temperature; 
waterlogging and sediment matrix) it was the combination of raised 
temperatures, waterlogging and presence of guano that led to the most 
rapid and extensive diagenetic changes. 
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Where samples were not waterlogged fungal communities were able 
to colonise bone and wood samples. However, in non-waterlogged, 
heated samples, fungal communities were also inhibited by the devel-
opment of arid conditions. In heated, non-waterlogged samples buried 
within a sediment matrix (EX25, EX28) there was more fungal coloni-
sation than in the sample that was heated and exposed (EX32), due to 
sediment moisture retention. 

That the guano matrix was associated with the most intense alter-
ations to buried bones and carbonates underscores the importance of 
decaying organic matter to the processes of mineralisation that were 
observed. While microbial communities from the guano may have 
governed the alterations to buried materials, a precise assessment of the 
role of microbial communities in the observed processes of diagenetic 
change is beyond the scope of this paper. 

5.6. Suitability of model for understanding stratigraphy, diagenesis and 
assemblage taphonomy in tropical cave sites 

Comparing the results of laboratory experiments conducted over a 
period of 24 months to diagenetically altered cave sediments that were 
deposited tens of thousands of years ago will always rely on a number of 
assumptions and caveats. Nevertheless, similarities between features 
produced in EX1–24 and those observed in tropical archaeological caves 
are striking, which indicates that this experimental work serves as a 
useful analogue for interpreting palaeoenvironmental change and 
assemblage taphonomy in tropical environmental sites. 

The experiment was in part designed to address the question of 
whether diachronous environmental changes could result in similar 
mineral suites to those discovered in lithostratigraphic unit 3 at Niah 
and Lithostratigraphic units A and B at Con Moong Cave. The results 
from samples EX1–24 suggest that wet guano deposits can behave like 
acid sulphate soils, wherein heavily reducing, anoxic environments 
promote the formation of sulphidic compounds that are oxidised to 

sulphates upon aeration. Whereas gypsum, selenite and bassanite have 
been recorded in field studies of Pleistocene guano deposits in tropical 
regions (Wurster et al., 2015; Stephens et al., 2017; McAdams et al., 
2020), potassium sulphate was precipitated on these experimental 
samples. This dissimilarity likely results from differences in solute 
concentrations in water between experimental samples, which used 
deionised water, and field sites, where percolating groundwater may be 
saturated in Ca2+ cations from interactions with the bedrock. FTIR 
analysis of the experimental guano layers did not detect any authigenic 
phosphates, but analysis of the buried archaeological analogues 
revealed authigenic mineral replacement alongside neoformation of a 
range of other minerals, including calcium phosphates, non- 
stochiometric species and, potentially, silicates. 

5.6.1. Assemblage taphonomy 
Understanding the preservation of archaeological materials under 

palaeoenvironmental conditions was a central aim of this paper. Guano 
is often associated with the dissolution and removal of biominerals and 
ashes, but under experimental conditions the mechanism by which those 
taphonomic processes commonly occur, sediment acidification, was 
inhibited. Despite this, severe diagenetic alterations affected buried 
materials and their distinctive features provide a way of recognising the 
influence of similar sedimentary environments upon post-depositional 
change. 

At Niah Cave, lithofacies 3 contains bones that are discoloured to 
reddish-orange in thin section (Stephens et al., 2017). It is difficult to 
compare these alterations to the reddish discolourations produced in 
this experiment as there were no photomicrographs provided, but Ste-
phens et al. (2017) note their similarity to features observed in Tabon 
Cave by Lewis (2007). While no bones were excavated from the lower-
most layers at Con Moong Cave, pseudomorphs of bone are clearly 
visible in thin-section (McAdams et al., 2020; Fig. 6a,b) and they bear 
morphological and geochemical similarities to these experimental 

Fig. 6. (a) Thin-section photomicrograph of diagenetically altered bone fragment buried within the lowermost layer (LSU A) of Con Moong Cave, North Vietnam. 
Blue arrows mark ragged and deformed internal voids. Red arrow marks intrusive quartz grain within diagenetically altered bone fragment matrix. Red dashed line 
marks the interface between identifiable, diagenetically altered bone fragment and mineral coating containing quartz grains and phosphatised clay. Yellow dashed 
line marks the interface between that mineral coating and the phosphatised, clay rich groundmass. Adapted from McAdams et al. 2020: Fig. 6 (PPL); (b) As in panel a 
(XPL); (c) BSEM image of sectioned, diagenetically altered bone from EX5. Blue arrows mark ragged, deformed structural features and red arrows mark electron- 
dense, silica-rich grains within the degraded bone mineral matrix; (d) Thin-section photomicrograph of diagenetically altered bone from EX24. Blue arrows mark 
ragged, deformed structural features and red arrows mark secondary minerals precipitated within voids; (e) Thin-section photomicrograph showing diagenetically 
altering carbonate rock from EX24. Blue arrows mark linear alterations to phosphate mineral, red arrows mark phosphate mineral pseudomorphs replacing carbonate 
crystals (PPL); (f) As in panel e (XPL); (g) Photomicrograph of diagenetically altered carbonate rock fragment from the lowermost layer (LSU A) of Con Moong Cave, 
North Vietnam. Blue arrows mark secondary phosphate mineral precipitated in linear arrangement. Red arrows mark radially banded phosphate minerals, potentially 
pseudomorphs of carbonate ooids. Adapted from McAdams et al. 2020: Fig. 6 (PPL); (h) As in panel g (XPL). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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samples (Fig. 6c,d). Both display ragged, deformed internal voids and 
are associated with phosphatised clays and authigenic mineral 
replacement. Pseudomorphs of carbonate rock from those layers also 
show a range of phosphatic alterations that are morphologically similar 
to those produced in this experiment (Fig. 6e–h). Morphologically 
similar phosphate mineral formations (e.g. probable leucophosphite 
spherulites) were observed at Niah Cave, but these were not related to 
pseudomorphs of carbonate rock and are a relatively common feature of 
guano profiles. 

The diagenesis of the clay aggregates in this experiment, particularly 
their apparent interaction with other minerals including bone and car-
bonates, serves to further illustrate the complexity and variety of 
chemical environments that may exist within decomposing guano pro-
files. Wood has not been detected in Pleistocene archaeological deposits 
in tropical caves and would not be expected to survive, but charcoal is 
commonly recovered from these sites and forms a key component of 
archaeological and geochronological research. The possible chemical 
alterations to charcoal recorded in this experimental assemblage suggest 
that the alkaline and potassium-rich environments that can develop in 
very wet guano deposits may impact charcoal preservation in the same 
way as those that develop in fresh ashes (e.g. Huisman et al., 2012). The 
variation in results prevents any concrete assertions and these aspects 
require further work, but experimental work indicates that mechanical 
weathering from wet/dry cycling would have rapidly degraded and 
removed such material anyway. 

5.7. Wider applicability of this experimental work 

The archaeological cave sites of Southeast Asia and tropical zones 
more widely are a key resource in understanding our species evolu-
tionary history (Barker et al., 2005). Currently, understandings are 
based upon a scattering of fossil teeth and bones, many of which have 
little contextual information or uncertain stratigraphic associations and 
taphonomic histories (Dennell and Porr, 2014) and this has created a 
situation where a single fossil find still has the potential to substantially 
redefine our understanding of the human evolutionary trajectory 
(Morley, 2017). Precisely understanding both the depositional and post- 
depositional environments that have prevailed at these archaeological 
sites and their effects on the preservation of buried material is para-
mount to situating hominins within Quaternary landscapes and 
chronologies. 

While the importance of guano as a diagenetic accelerant has been 
noted elsewhere, this paper has demonstrated that under the hot and 
humid conditions, wet guano deposits can follow different diagenetic 
trajectories to produce non-acidic sedimentary environments. While 
these biogeochemical processes also have pronounced taphonomic and 
diagenetic effects, they produce distinctive suites of minerals and 
micromorphological features that may provide evidence of changing 
hydrological conditions affecting sedimentary palaeoenvironments at 
the micro-scale. These data are essential in reconstructions of site-scale 
depositional environments in regions where preservation of traditional 
environmental proxies is poor, where they may also allow correlation 
with catchment- or regional-scale hydrological or climatic shifts (e.g. 
McAdams et al., 2020). 

This work underscores the importance of a multi-proxy approach to 
the interpretation of sediments in tropical contexts, where post- 
depositional diagenetic and taphonomic processes are likely to have 
progressed to a much greater extent. Thin-section microstratigraphic 
analysis offers a powerful method of assessing changing environments 
through time, but the complex and diachronous diagenetic changes 
affecting buried materials from this experimental assemblage involve 
phosphate minerals and other amorphous or non-stoichiometric species 
with optical properties that are not informative. This means that to fully 
realise the archaeological potential of the complex sedimentary records 
in tropical caves, one should employ complementary characterisations 
selected to refine the results of thin-section analysis, such as the 

geochemical and sedimentological techniques incorporated into this 
study. 

5.8. Need for further work 

While the range of materials in this experiment has generated 
interesting results related to the interactions between silicates, phos-
phates, carbonates and decaying organic matter in diverse burial envi-
ronments, there is a need for increasing isolation of variables in order to 
understand the diagenetic trajectories of individual materials under 
more controlled conditions. The rapidity of the diagenetic changes 
affecting EX1–24 was surprising and future work should target the very 
earliest stages of guano-driven diagenetic change, occurring within the 
first month after burial. 

Despite using a wide range of complementary geochemical and 
sedimentological techniques many questions persist about the nature 
and mechanisms of observed diagenetic change. Organic materials 
require further treatment to enable analysis to the same degree as the 
minerals and faunal remains included in this experiment, but they are 
amenable to the targeted spectroscopic analyses which will form the 
basis of future work. The application in tandem of high-spatial- 
resolution techniques with more quantitative geochemical analyses 
may help resolve temporal and spatial variation in processes of miner-
alisation and dissolution (Mentzer and Quade, 2013) and these data will 
be key to understanding both the role of microbes in cave sediment 
diagenesis and the potential of related mineralogical proxies to ascertain 
their effects on assemblage taphonomy. Much of this work indicates a 
governing role for microbial communities in the early stages of 
diagenesis, but while microbial mediation of mineral precipitation re-
actions is a widespread process (Konhauser, 1997; Nordstrom and 
Southam, 1997; Roden and Edmonds, 1997), proving that mineral pre-
cipitation is a direct result of bacterial respiration poses many challenges 
(Konhauser and Urrutia, 1999). 

6. Conclusions 

This paper has demonstrated the efficacy of a laboratory-based 
experimental approach to understanding the early stages of post- 
depositional diagenetic and taphonomic change in the burial environ-
ment. This approach provides high-resolution data that can be tailored 
to explore very specific environmental conditions, from situations where 
no analogue may be easily accessed in an ethnographic or field setting. 

6.1. What sedimentary environments produced the distinctive authigenic 
phosphate and sulphate mineral assemblages recorded in tropical cave 
sequences? 

Based on similarities between the secondary minerals observed in 
field contexts and those produced in this experimental work, these re-
sults suggest that experimental conditions were a reasonable analogue 
for past depositional environments in tropical cave sites. Incongruous 
suites of phosphate and sulphate minerals may be precipitated within 
guano profiles as a result of diachronous episodes of diagenetic change, 
governed by fluctuations in site hydrology and sedimentary redox en-
vironments. These mineral suites therefore provide useful indicators of 
palaeoenvironmental change. 

6.2. How would such sedimentary environments affect assemblage 
taphonomy? 

This work underscores the importance of guano as a taphonomic 
agent in caves, demonstrating that even where acidification does not 
occur the presence of this material promotes the destruction of archae-
ological assemblages. The unexpected diagenetic trajectories of material 
incorporated within this experiment are likely to have implications 
when interpreting assemblages from other tropical cave sites, where 
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increased rainfall and temperatures may make such humid sedimentary 
environments more likely. The results of this experimental work also 
highlight the need to understand more fully the effects of microbial 
communities in the initial stages of guano decomposition and sediment 
diagenesis. 

6.3. To what extent may tropical conditions affect the nature or rate of 
the post-depositional processes that affect archaeological cave sediments? 

This work has begun to quantify the effect that tropical environ-
mental conditions can have on the pace of diagenetic changes in 
archaeological cave sediments, but suggests that microenvironmental 
factors are the most important in governing the nature of post- 
depositional processes. However, questions persist regarding climatic 
effects on the nature of diagenetic changes observed, because of the 
short time frame within which this experimental work was conducted 
and the specificity of the microenvironmental factors that were inves-
tigated. Future work should both take a longer-term approach to 
assessing differences in features produced under tropical and temperate 
environmental regimes and a higher-resolution approach to measuring 
biogeochemical changes in the immediate aftermath of sediment 
deposition. 
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Asryan, L., Ollé, A., Moloney, N., King, T., Murray, J., 2017. Chemical alteration of lithic 
artefacts: an experimental case study on the effect of guano on stone flakes and its 
contextualization in the archaeological assemblage of Azokh Cave (southern 
Caucasus). Archaeometry 59 (6), 981–999. https://doi.org/10.1111/arcm. 
v59.610.1111/arcm.12300. 

Barbin, V., 2000. In: Cathodoluminescence in Geosciences. Springer Berlin Heidelberg, 
Berlin, Heidelberg, pp. 303–329. https://doi.org/10.1007/978-3-662-04086-7_12. 

Barker, G., Barton, H., Bird, M., Daly, P., Datan, I., Dykes, A., Farr, L., Gilbertson, D., 
Harrisson, B., Hunt, C., Higham, T., Kealhofer, L., Krigbaum, J., Lewis, L., 
McLaren, S.J., Paz, V., Pike, A., Piper, P., Pyatt, B., Rabett, R., Reynolds, T., Rose, J., 
Rushworth, G., Stephens, M., Stringer, C., Thompson, J., Turney, C., 2007. The 
‘human revolution’ in lowland tropical Southeast Asia: the antiquity and behavior of 
anatomically modern humans at Niah Cave (Sarawak, Borneo). J. Hum. Evol. 52 (3), 
243–261. https://doi.org/10.1016/j.jhevol.2006.08.011. 

Barker, G., Reynolds, T., Gilbertson, D., 2005. The human use of caves in Peninsular and 
Island Southeast Asia: research themes. Asian Perspect. 44 (1), 1–15. https://doi. 
org/10.1353/asi.2005.0003. 

Boreham, S., Conneller, C., Milner, N., Taylor, B., Needham, A., Boreham, J., Rolfe, C.J., 
2011. Geochemical indicators of preservation status and site deterioration at Star 
Carr. J. Archaeol. Sci. 38 (10), 2833–2857. https://doi.org/10.1016/j. 
jas.2011.01.016. 

Braadbaart, F., Poole, I., 2008. Morphological, chemical and physical changes during 
charcoalification of wood and its relevance to archaeological contexts. J. Archaeol. 
Sci. 35 (9), 2434–2445. https://doi.org/10.1016/j.jas.2008.03.016. 

Brown, P., Sutikna, T., Morwood, M.J., Soejono, R.P., Jatmiko, Wayhu Saptomo, E., Awe 
Due, R., 2004. A new small-bodied hominin from the Late Pleistocene of Flores, 
Indonesia. Nature 431 (7012), 1055–1061. https://doi.org/10.1038/nature02999. 

Butler, D.H., Koivisto, S., Brumfeld, V., Shahack-Gross, R., 2019. Early evidence for 
northern salmonid fisheries discovered using novel mineral proxies. Sci. Rep. 9 
(147), 1–12. https://doi.org/10.1038/s41598-018-36133-5. 

Butler, D.H., Shahack-Gross, R., 2017. Formation of biphasic hydroxylapatite-beta 
magnesium tricalcium phosphate in heat treated salmonid vertebrae. Sci. Rep. 7 
(3610), 1–11. https://doi.org/10.1038/s41598-018-36133-5. 

Butzer, K.W., 2008. Challenges for a cross-disciplinary geoarchaeology: the intersection 
between environmental history and geomorphology. Geomorphology 101 (1–2), 
402–411. https://doi.org/10.1016/j.geomorph.2008.07.007. 

Canti, M., Huisman, D.J., 2015. Scientific advances in geoarchaeology during the last 
twenty years. J. Archaeol. Sci. 56, 96–108. https://doi.org/10.1016/j. 
jas.2015.02.024. 

Chahl, L., 2004. Hydrogen sulphide: an endogenous stimulant of capsaicin-sensitive 
primary afferent neurons? Br. J. Pharmacol. 142 (1), 1–2. https://doi.org/10.1038/ 
sj.bjp.0705765. 

Collins, M.J., Riley, M.S., Child, A.M., Turner-Walker, G., 1995. A basic mathematical 
simulation of the chemical degradation of ancient collagen. J. Archaeol. Sci. 22 (2), 
175–183. https://doi.org/10.1006/jasc.1995.0019. 

Cosmidis, J., Benzerara, K., Menguy, N., Arning, E., 2013. Microscopy evidence of 
bacterial microfossils in phosphorite crusts of the Peruvian shelf: implications for 
phosphogenesis mechanisms. Chem. Geol. 359, 10–22. https://doi.org/10.1016/j. 
chemgeo.2013.09.009. 

Dal Sasso, G., Asscher, Y., Angelini, I., Nodari, L., Artioli, G., 2018. A universal curve of 
apatite crystallinity for the assessment of bone integrity and preservation. Sci. Rep. 8 
(12025), 1–13. https://doi.org/10.1038/s41598-018-30642-z. 

Demeter, F., Shackelford, L., Westaway, K., Barnes, L., Duringer, P., Ponche, J.-L., 
Dumoncel, J., Sénégas, F., Sayavongkhamdy, T., Zhao, J.-X., Sichanthongtip, P., 
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