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Abstract: High concentrations of mercury (Hg), reaching astonishing values in two cases, have recently been de-
tected in Middle and Late Triassic fossil reptile bones, housed for over 100 years in several Polish museum collec-
tions. Since no correlation between either the life modes of these taxa or their burial environment was observed, 
the studied contaminations seem to be associated with housing conditions. The specimens were kept for an ex-
tended amount of time in boxes, in which they were stored soon after finding. A proximity of mercury-contain-
ing materials, like mercury fulminate, and unstandardized conditions of storage and conservation of the remains 
may result in contamination of porous bone with mercury. A detailed knowledge about the housing history of old 
museum collections has great importance to their prospective studies.
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INTRODUCTION

Due to the intensive development of modern fine-
scale techniques, the restudies of historically col-
lected fossils can be a  precious source of new, 
important findings, but they can also lead to pit-
falls. Among such problems, particularly prom-
inent are the lack or incomplete documentation 
and disorder in specimen labelling. Nonetheless, 
the knowledge about storage history of specimens 
from the moment of their finding in the field to 
their “re-discovery” in museum storage is crucial. 
Even if we assume that the original documenta-
tion of the specimens was conducted with great 
solicitude to the old, European paleontological 

school of the 19th century, the ways in which the 
specimens were preserved and stored may exclude 
their usability in specific analyses. For example, if 
subfossil vertebrate remains were treated or paint-
ed with organic-based compounds, it would be 
impossible to correctly date them using the radio-
carbon method because of the secondary delivery 
of modern carbon. Similarly, the usage of animal 
bone-glues, commonly used prior to polymer-
ic-based adhesives, may give a false-positive result 
of the presence of organic matter in the analysed 
bone (Lindgren et al. 2011), which limits their use-
fulness in molecular studies. 

The biophilicity of mercury means that the 
causes of its bioaccumulation in living organisms 
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are the subject of various biological studies (Sinkus 
et al. 2017, Leong & Chang 2020, Yao et al. 2020). 
There is less information on the concentration of 
Hg in bone material from museum collections or 
paleontological and archeological fieldwork. Re-
cently, mercury enrichment has become a  nov-
el proxy for deciphering large-scale volcanism in 
the geological past (Sanei et al. 2012, Racki et al. 
2018a, Rakociński et  al. 2020), especially in rela-
tion to global events, and in the context of the tox-
ic poisoning of organisms during mass extinctions 
(Bond & Grasby 2017, Rakociński et al. 2020). 

Mercury is a heavy metal, and its specific char-
acteristics influence its large migration potential 
in the environment, including rock and biotic sys-
tems. It has a strong, toxic impact on living organ-
isms (Rice et  al. 2014). On the other hand, mer-
cury or its compounds have been used at various 
stages of civilizational development, e.g., in med-
icines, cosmetics, bactericides, and rodenticides. 
Beginning in the 19th century, mercury fulminate 
(C2N2O2Hg) was commonly used as an explosive 
in mining and construction works. The ease with 
which it amalgamates with gold made it useful in 
recovering gold from its ores. During the 20th cen-
tury, it was used in batteries, fluorescent lights, felt 
production, thermometers, and barometers, etc. 
Since the 19th century, the global production of 
mercury grew, and only by the end of the 20th cen-
tury had restrictions in its mining production and 
usage been introduced. At the same time, an in-
crease in mercury contamination in the biotic and 
abiotic environments was observed, related to ar-
tisanal and small-scale gold mining, coal combus-
tion, non-ferrous metal and cement production, 
and chlor-alkali industry. The restrictions of mer-
cury emission gained special importance after the 
Minamata Convention on Mercury which met in 
2013 (Mackey et al. 2014).

Levels of mercury concentration were most 
frequently studied in aquatic environments, soils, 
atmosphere, and food (Watras et al. 1998, Erick-
sen & Gustin 2004). No data exists, however, on 
a secondary concentration of mercury in museum 
exhibits, archaeological artefacts, or specimens in 
palaeontological collections.

In this study, we present unexpectedly high 
concentrations of mercury in fossil bones housed 
in the historic collections of several Polish muse-
ums. The anomaly concerns both the specimens 

kept in museum storage and those presented on 
the museum displays. For comparative purposes, 
we also present concentrations of mercury in fos-
sil bones, coprolites, teeth, and scales from recent-
ly created museum collections or samples gath-
ered directly from field excursions.

GEOLOGICAL AND GEOCHEMICAL 
BACKGROUND

The fossil bones, teeth, scales, and coprolites which 
were analysed for mercury content came from the 
Middle and Upper Triassic sediments (Tab. 1) of 
the Silesia-Kraków area (southern Poland). The 
fossils are found in organogenic carbonate rocks, 
such as limestones, limestone clays (Middle Trias-
sic), or claystone formations (Upper Triassic). The 
Middle Triassic (Gogolin Formation) sediments 
had been deposited in a  shallow epicontinental 
marine reservoir. During the Mesozoic (probably 
in the Cretaceous  – cf. Heijlen et al. 2003), these 
deposits were locally dolomitized by the hydro-
thermal influence of low-temperature aqueous 
solutions. These processes are responsible for the 
creation of the Zn-Pb ore deposits in the Silesia- 
-Kraków region. No mercury concentrations 
were detected within the Triassic rocks of that re-
gion or within the Zn-Pb deposits (Leach et  al. 
1996). Subsequent, post-Mesozoic platform vul-
canism, which is evidenced by basalt occurrenc-
es, likewise did not result in mercury alteration. 
There is a  little available data about the mercury 
concentration in the soil and aquatic environ-
ments of Silesia-Kraków region (Pasieczna 2014).

An open-air exploitation of limestones and 
marls (especially in the Tarnowskie Góry area) fa-
cilitated the acquirement of fossils in form of iso-
lated bones or fragmentary skeletons. The oldest 
private collections of the Triassic vertebrate re-
mains from that area, particularly of marine rep-
tiles (order Sauropterygia), were created in the 
19th century by amateur geologists  – Baron Carl 
August Ludwig von Oeyenhausen, Carl Rudolph 
Mentzel, Eduard Kleemann (Surmik et  al. 2016, 
2017) and Maximilian Grundey  – and succes-
sively studied by researchers such as Hermann 
von Meyer (von Meyer 1847), Anton Schrammen 
(Schrammen 1899), and (related to the University 
of Wrocław) Herman Kunisch (Kunisch 1888) and 
Georg Julius Ernst Gürich (Gürich 1884).
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MATERIALS

Institutional abbreviations
The following abbreviations of institution names 
are used in the article: SUT-MG  – Museum of De-
posit Geology, Silesian University of Technology 
(Gliwice, Poland); MG UWr.  – Museum of Ge-
ology, University of Wrocław (Wrocław, Poland); 
GIUS  – Faculty of Earth Sciences, University of 
Silesia (Sosnowiec, Poland); ZPAL  – Institute of 
Paleobiology, Polish Academy of Sciences (War-
saw, Poland).

Samples
The samples studied here include historical (gath-
ered before the year 1900) museum collections 

(eleven specimens), present-day (gathered since 
the year 1990) museum collections (four speci-
mens), and eleven specimens collected during the 
fieldwork no longer than five years before study 
(Tab.  1). Furthermore, among the historical col-
lections’ specimens, seven were stored in a ware-
house following their collection (Tab.  1, foot-
note storage in brackets), and four are exhibited 
in a  glass cabinet (Tab.  1, footnote exhibition in 
brackets). The exact date of moving these speci-
mens from the warehouse to the exhibition is 
not known but, according to the collection cura-
tors, they were moved around the year 1945 (pers. 
comm.). The samples were collected in the several 
localities in the Upper Silesia and western Lesser 
Poland regions (Fig. 1).

Fig. 1. Locations from which the collected fossils originate presented on the geological map without Cenozoic, Cretaceous and 
Jurassic sediments; based on Rühle et al. (1980): D  – Devonian, C1  – Mississippian, C2  – Pennsylvanian, P1  – Lower Permian, 
T1  – Lower Triassic, T2  – Middle Triassic (not separated), T2(1)  – Lower Middle Triassic, Gogolin Formation (limestones and 
epigenetic dolomites), T2(2+3)  – Middle and Upper Middle Triassic (Diplopora dolomites, limestones and dolomites), T3  – Up-
per Triassic. Scalebar equals 50 km
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METHODS

Sampling
All samples were weighed on a  RADWAG AS 
220/X electronic analytical balance (max. 220  g; 
min. 10  mg; accuracy 0.1  mg). The fossil bones, 
fossil tooth, coprolites, and sediment sample were 
powdered using an agate mortar prior to the anal-
yses of mercury content.

Mercury analysis
The mercury concentration analyses were per-
formed using pyrolyzer-type Milestone Inc. Di-
rect Mercury Analyzer (DMA-80) equipment 
with a  low-pressure mercury lamp, with a wave-
length λ = 253.65 nm, and the atomic absorption 
spectroscopy (AAS) technique with a  detection 
limit up to 0.005  ng Hg. The mercury concen-
tration [ppb = µg/kg] presented in Table 1  is the 
arithmetic average of these two measurements.

Based on the AAS method, this measurement 
system applied in this study is significantly cor-
related with ICP-MS, an analytical standard usu-
ally applied for trace elements including mercury 
(Racki et al. 2018b). The instrument was calibrated 
using INCT-OBTL-5, a basma-type tobacco leaves, 
the Polish standard certified reference material 
for inorganic analysis, with a mercury content of 
20.9 ppb and an accuracy not exceeding 2%.

The powdered sample was weighed on an an-
alytical balance, moved directly to a nickel sam-
ple boat (max. 100 mg), and placed in auto-sam-
pler. The sample was dried in a  catalyst furnace 
(in an oxygen stream at 200ºC, 99.995% pure O2, 
4 bar pressure, 200 ml/min flow) and mineralized 
in a  release furnace (650ºC). During the miner-
alization process, the mercury is released from 
the sample, and other gaseous by-products (ni-
trogen oxides, sulphur oxides, and halides) form. 
The mercury is transported by a carrier gas to the 
amalgamator and gaseous by-products to the de-
vice outlet port. In an amalgamator unit, the Hg-
Au amalgam forms (170ºC), and then, at a  tem-
perature of 850ºC, the isolated metallic mercury 
is exhaled and enters the measuring system. In 
this system, the quantity of mercury is measured 
using the atomic absorption spectrometry meth-
od (AAS). As a  result of radiation absorption, 
the mercury atoms enter an excited state. The 

radiation not absorbed by the mercury atoms is 
passed to the detector, and there the absorbance 
(ABS), i.e., the common logarithm of the ratio of 
the radiation entering the measuring cell (I0) to 
the (non-absorbed) radiation leaving the cell (I), 
is measured:

ABS = log (I0/I)

Finally, from the resulting absorbance DMA 
software calculates the absolute amount of Hg in 
the sample, and calculates the concentration pre-
sented as ppb. 

SEM/EDS technique
Scanning electron microscopy imaging (SEM) 
was performed and energy-dispersive X-ray spec-
tra (EDS) were collected using the Philips XL30   
ESEM/EDAX equipped with an EDAX Sapphire 
energy-dispersive X-ray spectroscope. The mea-
surements were done using several uncoated 
bone fragments (low vacuum, accelerated voltage 
15 kV). 50 ESEM/BSE images were obtained, and 
20 EDS analyses were performed.

XPS technique 
X-ray photoelectron spectroscopy (XPS), a  sur-
face-sensitive quantitative technique, provides 
detailed information about the elemental com-
position and chemical states (bonding environ-
ments) of the samples. The electronic structure of 
the sample was measured using the Physical Elec-
tronics 5700 spectrometer with the use of mono-
chromatized AlKα radiation (1486.6 eV) and the 
chemical composition of the sample surfaces was 
determined from the XPS spectra with precision 
of about 0.01 at. %. The samples were cleaned in 
situ in an ultra-high vacuum by etching with an 
argon (Ar) ion beam with an energy of 0.2  keV. 
The region of interest focused on several spots of 
isolated bone fragment (obtained from UT-MG/F/
Tvert/74-1 sample), 1000 μm × 1000 μm in size.

The sample characterized by the highest mer-
cury concentration (SUT-MG/F/Tvert/74-1) was 
examined using X-ray photoelectron spectrosco-
py. Several regions of bone were chosen for the 
analysis.

Resulted images and spectra were processed 
using CorelDRAW X6 Graphics Suite.
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RESULTS

Hg concentration by AAS

The Hg concentration levels measured in the stud-
ied specimens are shown in Table 1. The highest 
mercury contents were found in bones (Notho-
saurus femur, Pistosaurus vertebra). Of these, the 
bones from historical collections were found to 
exhibit the highest concentrations. The specimens 
from collections collected right before the study 
exhibit at least four times lower Hg concentration 
levels.

BSE and EDS investigation

In low-vacuum environmental mode of measure-
ment (ESEM, 0.3  Torr) with backscattered elec-
trons (BSE) imaging (Fig.  2A), the possibility of 
the identification of mercury-containing phases 
is severely limited. In over a  dozen BSE images 
of bone (SUT-MG/F/Tvert/74-1, Nothosaurus fe-
mur) in which the highest concentrations of mer-
cury were identified (according to AAS analysis), 
a weak signal of Hg was only noted in two EDS 
spectra (Fig. 2B, C). These spectra were obtained 
from an area of the bone covered during the 

fossilization process by a  thin layer of fine-crys-
talline iron oxides, which locally form crystals up 
to 30 µm in size (Fig. 2A). The surface of these ox-
ides is strongly porous, the size of the pores usu-
ally does not exceed 1 µm. The oxides, therefore, 
have a skeletal (sponge-like) structure.

X-ray photoelectron spectroscopy

This surface-sensitive technique was applied to 
reveal the detailed chemical composition of the 
sample. By measuring the most prominent photo-
emission lines from the constituent elements, the 
information about the chemical state of the ele-
ments was obtained. 

The sample presents a typical elemental com-
position of: fossilized bone, consisting mainly of 
– calcium (Ca), 
– phosphorus (P), 
– oxygen (O)
– carbon (C) (Fig. 3, consistent with the EDS re-

sults). 
The presence of additional elements (F, Fe, Na, 

Si, S) often accompanying the main components 
was confirmed. We found no traces of Hg with an 
accuracy of approximately 0.01 at. %. 

Fig. 2. ESEM image and EDS spectra obtained from the specimen SUT-MG/F/Tvert/74-1: A) ESEM-BSE image of bone;  
B) and C) EDS spectra

A B

C
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DISCUSSION

The environmental pollution of mercury may have 
two sources: the primary is natural and the sec-
ondary is anthropogenic (Ebinghaus et  al. 1999, 
Pirrone et al. 2010). 

The natural sources of mercury include vol-
canic and submarine hydrothermal processes 
(Varekamp & Buseck 1981, Pyle & Mather 2003, 
Higueras et al. 2013, Bergquist 2017) and weather-
ing of mercury-containing mineral deposits (e.g., 
cinnabar). In the Triassic formations from which 
the studied specimens were obtained, no in-
creased concentrations of mercury were detected 
(Leach et al. 1996), therefore the primary (e.g., vol-
canic) presence of the mercury in the rock matrix 
must be refuted. Some (especially aquatic) organ-
isms tend to exhibit a large capability for mercu-
ry accumulation (Benson et al. 2007, Gworek et al. 
2016), even when the water concentrations of Hg 
are relatively low. 

Living organisms absorb mercury from the 
environment, both from inorganic and organic 
forms, but methylmercury (CH3Hg), the product 
of mercury methylation performed by microor-
ganisms (Cossa et al. 1994), is mostly transferred 
through food chains. Methylmercury (or MeHg) 
is characterized by a  relatively long biological 
half-life and especially accumulates in the tissues 
of organisms living in the aquatic environment 
(bioaccumulation), with increasing concentra-
tions in each succeeding trophic level (biomagni-
fication) (Schaefer & Morel 2009, Lin et al. 2014, 
Rakociński et al. 2020). Marine animals, includ-
ing fishes (Swain & Helwig 1989), are most vulner-
able to mercury exposure. In turn, they constitute 
an essential food source for numerous piscivorous 
(fish-eating) animals (including humans), which 
close the trophic chain (Renzoni et al. 1998, Ben-
son et al. 2007). Therefore, environmental pollu-
tion by means of mercury may result in human 
diseases (Harada 1995).

Fig. 3. The X-ray photoelectron survey spectrum obtained from the specimen SUT-MG/F/Tvert/74-1 (see Fig. 2A) showing main 
elements (Ca, P, O, C) as well as iron, sodium, fluorine, sulphur, and silicon as accessory elements
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An increased mercury content was described 
from historic human bone remains (Yamada et al. 
1995, Rasmussen et al. 2008, 2013) and in a Pleis-
tocene Pacific cod (Murray et al. 2015), but not in 
older fossils. Therefore, the bioaccumulation and 
biomagnification processes may potentially be 
considered as a  possible origin of such a  signifi-
cant amount of mercury in the examined fossil 
material. However, the results of our studies do 
not show a clear trend between the high concen-
tration of mercury in fossil bones and the piscivo-
rous diet of animal. For example, bone fragments 
of piscivorous marine reptiles (Nothosaurus spp.) 
which came directly from the fieldwork show in-
credibly low concentrations of mercury, in con-
trast to the specimens from the same locality 
which originated from historic collections. Fol-
lowing this line of thought, we observe a clear as-
sociation between high concentration of mercury 
in historic findings, whilst mercury concentration 
in the specimens collected during fieldwork is 
negligible. Moreover, mercury and its compounds 
are not particularly stable over longer (older than 
Hercynian and Alpine) geological time-spans 
(Rytuba 2003, Hazen et al. 2012). Stable mercury 
minerals most often represent mineralization less 
than 500 million years (Hazen et al. 2012). The ac-
cumulations of mercury created before the Alpine 
orogeny have since then been geochemically dis-
persed (Thibodeau et al. 2016, Percival et al. 2017). 
It seems unlikely that methylmercury accumula-
tions would have survived in Middle-Late Trias-
sic (247–220 Ma) bones deposited in shallow-ma-
rine and semi-aquatic environments. However, 
a  recent study (Rakociński et  al. 2020) indicates 
the preservation of MeHg of deep-water, pelagic 
sedimentary rocks dated back to 360 Ma. Further-
more, we have observed no correlation between 
the diet, environment, and sample age with the 
mercury content (see Tab. 1).

Having excluded any natural source of mercu-
ry in the investigated fossil material (absorption 
with food intake or due to paleo-environmental 
pollution), we consider a secondary source of con-
tamination.

Anthropogenic sources of mercury are to be 
found in the products and waste of many indus-
trial processes (Driscoll et al. 2013). The following 

scenarios for the contamination of the studied 
samples seem most probable:
1) Caused by mercury-based explosives (e.g., 

mercury fulminate) used during fossil-yield-
ing rock fragmentation or at the moment of 
packaging fossils into boxes, in which they 
might have had contact with the explosives. It 
can be assumed that fossilized bones  – occa-
sionally found in mining plants during their 
routine operation  – were kept in local ware-
houses or powder storages, situated in proxim-
ity to a quarry. The specimens were most likely 
kept in boxes in which mercury-based explo-
sive materials were previously stored. Mercu-
ry fulminate, Hg(OCN)2, used as primary ex-
plosive, was invented at the beginning of the 
nineteenth century (Howard 1800), but its mo-
lecular structure was finally determined over 
200  years later (Beck et  al. 2007). Mercury 
fulminate was widely used as an initially ex-
plosive in the nineteenth and early twentieth 
century (Garner & Hailes 1933). Such a wide-
spread use might have resulted in local envi-
ronmental pollution, for example the soils and 
vegetation in the area of a  former Hg-fulmi-
nate production plant near Oviedo (Spain) are 
contaminated with mercury (Arbestain et  al. 
2009). Furthermore, repeated use of dynamite 
with fulminate caps might have also led to 
mercury pollution of the area, as documented 
in the case of shooting ranges where fulminate 
is used as primary explosives in ammunition 
(Gębka et al. 2016).

2) During the exposition in museums, where 
mercury minerals might have been kept. Un-
stable mercury minerals such as native mer-
cury, calomel, or coccinite, which frequently 
were included in the collections of natural his-
tory museums, might have been the cause of 
contamination of nearby fossils. Stable mercu-
ry sulphates such as cinnabar, metacinnabar, 
and livingstonite have a much lower capabili-
ty for mercury transfer, but may also be a po-
tential source of mercury contamination. Even 
though the storage history of the palaeontolog-
ical specimens is unknown, it should be noted 
that at the moment of their loaning they did 
not neighbour mineralogical collections.
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3) During the exposition in museums or stor-
age in archives, where mercury-based roden-
ticides, fungicides, or insecticides were used. 
Calomel (mercury (I) chloride, Hg2Cl2), known 
for over 100 years, was used as a herbicide and 
a  fungicidal agent (Thakore 2005), so its use 
for conservation purposes at the beginning of 
the 20th  century cannot be excluded. Mercu-
ric chloride (corrosive sublimate, HgCl2) was 
used as an insecticide, in rat poisons, and as 
a  disinfectant. In all of the mentioned above 
compounds, mercury is volatile, and could 
easily vaporize into porous trabecular or even 
cracked dense cortical bone. 
Taking the above into account, we have no 

doubt that high mercury concentration levels are 
associated with the method of protection or stor-
ing of the specimens. Therefore, the highest con-
centrations of mercury were recognized in the 
specimens kept in boxes in museum stores. The 
specimens from museum exhibitions were also 
characterized by high concentrations of mercu-
ry, but these concentrations were significantly 
(even up to ten times) lower, because a  substan-
tial amount of mercury vaporized in contact with 
atmospheric air. The presence of mercury in the 
dataset obtained from the X-ray photoelectron 
survey was not unequivocal due to the poor signal 
quality. Therefore, the contamination may only 
be reliably detected with mercury-sensitive atom-
ic absorption spectroscopic-based techniques. In 
this case, the thermal decomposition of samples 
releases mercury, which was not possible in a vac-
uum-pressure environment, either in XPS or EDS 
measurements.

CONCLUSIONS

The comparison of mercury content in the speci-
mens from museum collections and those recent-
ly gathered in the field suggests that the contam-
ination occurred during specimen storage, which 
often spanned a  period of more than a  hundred 
years. Embracing the seemingly plausible hypoth-
esis about the secondary transfer of mercury to 
fossil specimens which are part of museum col-
lections indicates that the time of their exposi-
tion to mercury emission may be a very import-
ant factor. The sorption of mercury might have 

been facilitated by: (a) the porous structure of fos-
sil specimens, (b) the geometry, size and type of 
the pores (open vs. closed), and (c) the presence of 
iron oxides, which exhibit large sorption potential 
(Tiffreau et  al. 1995). The identification of mer-
cury present in unstable mineral phases is pos-
sible with the employment of dedicated chemical 
procedures. Standard EDS analyses performed in 
high- or low-vacuum mode and X-ray photoelec-
tron spectroscopy are not suitable for the detection 
of mercury and its compounds. The results of our 
studies demonstrate that targeted examination 
of historical specimens without detailed know-
ledge on their storage conditions can be very risky.
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