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resin-producing plant species, the physicochemical condi-
tions of the diagenesis, and the elapsed time. Due to their 
organic nature, amber specimens in museum collections 
are highly sensitive to deterioration (Girard et al. 2012). 
As soon as amber is unearthed, degradation begins due to 
exposure to light, atmospheric oxygen, and fluctuations in 
both temperature (T) and relative humidity (RH) (Bisulca 
et al. 2012). The initial stages of such alteration encompass 
colour change (namely darkening) and cracking at the sur-
face level (Waddington and Fenn 1998; Bisulca et al. 2012).

Regarding light, ultraviolet (UV) is the most harmful 
part of the spectrum for amber. Prolonged exposure to high 
levels of UV radiation causes darkening on amber surfaces 
due to the destruction of C-C bonds (Williams et al. 1990) 
together with the formation of dark-coloured quinones 

Introduction

Amber is fossilised resin produced by trees and other 
plants. Resins can originate from different botanical spe-
cies and over time transform into natural polymers with 
distinct chemical characteristics depending on the type of 
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Abstract
Fossilised plant resin (amber) collections represent invaluable sources of information about the past. However, amber 
is particularly sensitive to exposure to light and oxygen, as well as changing temperature and humidity, rendering its 
preservation a major challenge. Here we reveal significant degradation of raw and carved amber specimens from part of 
the Early Cretaceous amber collection of Rábago-El Soplao (Cantabria, Spain), extracted more than a decade ago. These 
amber specimens, which originated from resin namely formed under subaerial conditions and so generally lack bioinclu-
sions, are of remarkable importance from the palaeoecological, taphonomic, and physicochemical standpoint. Deteriora-
tion in amber pieces is due to pyrite decay resulting from the oxidation and hydration of iron sulphides in sedimentary 
rock remains intimately associated with the amber. We structurally, chemically and morphologically characterise hydrated-
sulphate efflorescences found adhered on or included in amber as thin veins or nodules. Clays from sedimentary rock 
remains associated with the amber play a dual role: they react with acid derived from the dissolution of previous pyrite or 
sulphates to provide Al, Si, and K that are incorporated into the new sulphates, and they reinforce the alteration of pyrite 
by hygroscopically capturing water. We also provide guidelines for preventing and remedying pyrite disease in amber 
specimens, including treatment for new specimens entering collections, optimal physicochemical conditions for storage, 
and conservation for mildly-altered specimens. Our results urge putting measures in place to guarantee the integrity of the 
raw and polished amber pieces from the Rábago-El Soplao collection, and are more broadly relevant for the conservation 
of amber in palaeontological, mineralogical, gemological, and archaeological contexts.
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(Heinrichs et al. 2013). Along with the action of light, sur-
face cracking occurs due to the interaction with atmospheric 
oxygen, which causes the oxidation of the amber surface 
(Waddington and Fenn 1998). Oxidative radical reactions 
break the polylabdanoid chains, causing depolymerisa-
tion of the external surface of the amber (Pastorelli et al. 
2013). Although amber surface darkening can be mitigated 
by filtering UV radiation, keeping specimens in complete 
darkness is the most effective way to avoid this deteriora-
tion (Pastorelli et al. 2011). Preventing contact with oxygen 
is more challenging to achieve, with solutions involving 
placing the specimen in an anoxic environment, the most 
widespread options for which is embedding it in epoxy resin 
(Sadowski et al. 2021) or placing it inside nitrogen-filled 
“balloons” (Hansen 1998; Tacker 2020).

Once amber is extracted from the field and set in a 
museum environment, its rate of deterioration is minimised 
within certain ranges of T and RH. These optimal ranges 
vary depending on the locality of provenance and age of 
the material. In general, amber does not tolerate excessively 
high or low RH, with the optimal range being between 35 
and 60% (Williams et al. 1990; Howie 1995; Thickett et al. 
1995). The same applies to T, where the optimal range is 
between 16 and 25 °C (Williams et al. 1990; Thickett et al. 
1995). Outside these ranges, the most damaging effects of 
these two variables are rapid and repeated fluctuations, with 
recommendations of not exceeding 2 °C in T and 4% in RH 
in daily variations (Baeza et al. 2007).

The oxidation/hydration of iron sulphide (pyrite or mar-
casite), also referred to by the curatorial community as 
“pyrite disease, decay, or decomposition”, is well known 
as one of the main factors in fossil deterioration due to 
the widespread presence of iron sulphide (Tacker 2020). 
Although amber can contain pyrite inclusions (e.g., Mar-
tín-González et al. 2009; Hartl et al. 2015; Seyfullah and 
Schmidt 2015; Álvarez-Parra et al. 2021), and thus this can 
be an important factor in the deterioration of collections, 
only partial assessments on these destructive processes in 
amber have been hitherto conducted (Baeza et al. 2007; 
Sadowski et al. 2021).

The oxidation of sulphide in the presence of water and 
atmospheric oxygen produces efflorescent minerals (usu-
ally hydrated iron sulphates) and acid. Thus, deterioration 
of specimens results from the chemical action of this acid 
or, more worryingly, from the mechanical action resulting 
from the increase in molar volume. Indeed, as the volume 
of sulphates is several times greater than the initial volume 
of the sulphide, their growth produces cracking that can 
result in the disintegration of the specimens (Becherini et al. 
2018). Values of 60% RH are enough for sulphide oxidation 
to cause deterioration in amber (Sadowski et al. 2021) and 

other fossils (Larkin 2011). In the case of the latter, reme-
diation consists of mechanical cleaning to remove the efflo-
rescences, chemical intervention to neutralise the acid, and 
final consolidation (Larkin 2011; Hellemond 2019).

The Rábago-El Soplao amber outcrop formed during the 
middle Albian (Early Cretaceous) in a restricted tidal chan-
nel with low circulation and anoxic water at the bottom. In 
this palaeoenvironment, a widespread process of early pyri-
tisation occurred (Najarro et al. 2010). In fact, iron sulphide 
is very abundant and can be found as nodules within the 
sedimentary rock, replacing mollusc shells (usually gastro-
pods and bivalves), and also in contact with amber and lig-
nite (Najarro et al. 2009). Pyritisation has also been reported 
in El Soplao in the form of internal marcasite moulds of 
serpulid worm tubes (Najarro et al. 2010).

In this work, we address the deterioration of part of the 
Cretaceous amber collection from the Rábago-El Soplao 
site (Cantabria, Spain) caused by the oxidation/hydra-
tion of pyrite found in the rock both adhered to the amber 
specimens and also present within them. We assess the tex-
tural relationship between the pyrite, the sedimentary rock 
remains, and the amber in order to establish the condition 
of the sulphide before its alteration. Then we evaluate the 
environmental causes of the deterioration and the role of 
the sedimentary rock remains adhered on or included in 
the amber during the alteration process of the pyrite with 
the incorporation of chemical elements into the neoformed 
hydrated sulphates, derived from clay minerals. Preven-
tive and remedial recommendations for the conservation of 
amber collections from pyrite decay are provided.

The Rábago-El Soplao Site and its Scientific 
Relevance

The amber deposit of Rábago-El Soplao is located in the 
municipality of Rábago, within the “El Soplao territory” 
(Cantabria, north Spain). The site was discovered in the 
roadside ditch of the access road to the El Soplao tourist 
cave, where an Albian siliciclastic unit outcrops (Najarro et 
al. 2009). The abundance of amber in this deposit is unusu-
ally high when compared to other Spanish amber sites 
(Najarro et al. 2010).

Most of the amber consists of large kidney-shaped pieces 
(up to 25 cm in length) that were formed under subaerial 
conditions (by the roots or in tree pockets), and only a small 
part is stalactite-shaped, corresponding to resin that was 
produced in exposed, aerial conditions and often having 
morphologies that followed a gravity gradient (Najarro et al. 
2009, 2010). Although no bioinclusions have been hitherto 
found in the kidney-shaped specimens, they provide vital 
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palaeoecological, taphonomic, and physicochemical infor-
mation. Whereas kidney-shaped amber specimens com-
monly show a thick crust of opaque, altered (milky coffer 
brown in colour) amber due to the colonisation of resinoco-
lous fungal hyphae, aerial amber is generally not affected by 
fungal activity, (Speranza et al. 2015). Kidney-shaped spec-
imens have also been used to study the organic chemical 
composition of the amber (Menor-Salván et al. 2009, 2010, 
2016) and its physical properties (Pérez-Castañeda et al. 
2014). Moreover, this type of amber was used to character-
ise fossilised sap; this plant substance is found in the form of 
vacuolar pseudoinclusions, which actually constitute double 
resin-in-sap-in-resin emulsions (Lozano et al. 2020).

The stalactite-shaped specimens usually contain arthro-
pod bioinclusions (Najarro et al. 2010), which have led to 
notable scientific production. Some of the fossil arthropods 
described encompass insects such as barklice (Psocoptera) 
(Álvarez-Parra et al. 2023), midges, mosquitoes and flies 
(Diptera) (Pérez-de la Fuente et al. 2011; Arillo et al. 2015, 
2018; Lukashevich and Arillo 2016), scorpioflies (Mecop-
tera) (Soszyńska-Maj et al. 2022), wasps (Hymenoptera) 
(Peñalver et al. 2010; Ortega Blanco et al. 2011a, 2011b; 
Pérez-de la Fuente et al. 2012a), snakeflies (Raphidioptera) 
(Pérez-de la Fuente et al. 2012b), lacewings (Neuroptera) 
(Pérez-de la Fuente and Peñalver 2019; Pérez-de la Fuente 
et al. 2021), beetles (Coleoptera) (Peris et al. 2014), as well 
as arachnids, both spiders (Araneae) (Saupe et al. 2011; 
Pérez-de la Fuente et al. 2013) and mites (Acari) (Arillo et 
al. 2016). Other works on Rábago-El Soplao amber focus 
on ecological processes and biotic interations that occurred 
during the Cretaceous, such as pollination (Peñalver et al. 
2015; Peris et al. 2017), camouflage (Pérez-de la Fuente et 
al. 2016), parasitism (Arillo et al. 2018), or resin consump-
tion by resinicolous fungi forming crusts (Speranza et al. 
2015). All the specimens from this amber locality are housed 
in a unique institutional collection protected under the heri-
tage laws of the Cantabrian Autonomous Community (law 
11/1998, Cultural Heritage; Decree 36/2001: Partial devel-
opment of the 11/98, Cantabrian cultural heritage law; Law 
5/2001, on museums of Cantabria; register of museums and 
collections of Cantabria). Its abundant and diverse palaeon-
tological content demonstrates the high scientific and heri-
tage importance of the Rábago-El Soplao amber collection.

The Amber Collection

Most of the specimens were obtained during four palae-
ontological excavations carried out to date, between 2008 
and 2010. Additionally, some of the material was gathered 

on the surface of the site after the rainy season. The total 
amount of amber extracted (excavations + surface collec-
tions) is estimated to be around 80 kg, of which approxi-
mately 40% has been processed. Processing includes a 
thorough examination of each amber piece in search of 
bioinclusions as well as to detect surface features (impres-
sions, encrusted fossils…) of interest. It also includes the 
preparation of the bioinclusions for palaeozoological and 
palaeobotanical research.

To date, the amber collection consists of 1023 specimens 
and is composed of three sub-collections:

1.	 Preparations with bioinclusions. This sub-collection 
consists of 876 preparations, each with at least one bio-
inclusion. The vast majority are embedded in epoxy 
resin (EPO-TEK 301), and only 10 specimens are not 
embedded due to their morphological interest or the 
peculiarities of the bioinclusions. The total number of 
bioinclusions is 1490, mostly corresponding to arthro-
pods, and, to a lesser extent, plants, fungi, and feather 
remains. In the short term, the amber embedded in 
epoxy resin is not susceptible to alteration, and only the 
unembedded specimens may be prone to preservation 
issues.

2.	 Raw specimens. This sub-collection comprises 119 
specimens. These are samples selected for their notable 
interest due to their origin (kidney-shaped or stalactite-
shaped pieces), surface marks, fossils adhered on sur-
faces, or peculiar inclusions (such as fragments of fossil 
wood, i.e., lignite). In the short term, this collection is 
highly susceptible to deterioration given the presence of 
remains of pyrite-rich rock in many specimens. Approx-
imately 10% of the specimens show efflorescences vis-
ible to the naked eye.

3.	 Polished specimens. This sub-collection consists of 37 
specimens, including polished pieces of various mor-
phologies, sections (specimens with polished flat sur-
faces), and faceted samples. In order to carve the amber 
without breaking it, applying synthetic resins (epoxy or 
polyester) under vacuum was necessary due to the origi-
nal fracturing of the raw specimens. In the short term, 
this collection is also susceptible to deterioration for the 
same reason as the previous one. Although the speci-
mens do not show efflorescences visible to the naked 
eye, some have cracked.

Although the present work focuses on the raw and polished 
amber specimens, the results have also implications for the 
mid to long-term management of the more stable amber 
preparations with bioinclusions.
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so the environmental conditions are not ideal. Additionally, this 
space is also used as a workshop for preparing bioinclusions by 
one of us (R.L.D.V.). The room is not completely airtight and 
is therefore influenced by external RH variations. The amber 
has been stored in this room since 2009, when an electric dehu-
midifier was installed aimed to reduce the RH in the room. This 
dehumidifier broke down two years later and was replaced by a 
second dehumidifier, which is currently operating (ORBEGOZO 
DH-2050). Following turnover in the Government of Cantabria 
in 2012, the contract of the collection’s curator (R.L.D.V.) was 
terminated, and the collection was without curation until being 
rehired in 2022, coinciding with another political change. Cur-
rently, the lower T limit is set at 18 °C (the average T is around 
20 °C), although the RH, with the dehumidifier in operation, 
never drops below 60%. For example, on the rainy morning of 1 
August 2024, the RH inside the room was 79% at 25 °C despite 
the dehumidifier was running at full capacity.

Environmental Conditions

Cantabria, the region where the outcrop and collection are 
located, is a Spanish autonomous community and province with 
a cool summer humid temperate climate, predominantly influ-
enced by the Atlantic (the average annual precipitation exceeds 
1200 mm and the average annual RH exceeds 75%; data from 
the Spanish Meteorological Agency, AEMET). Most of the 
Rábago-El Soplao amber material is stored in a room belonging 
to the Government of Cantabria, located next to the entrance 
of the El Soplao Cave (550 m above sea level), just a few kilo-
metres from the Rábago-El Soplao amber deposit (Sierra de 
Arnero, northern slope of the Cantabrian Mountains, northern 
Spain), with an average annual T of 11.3 °C (the cave’s internal 
T reflects well the average external T; Rossi et al. 2018).

The room where the amber is stored is small (2.1 × 4.3 × 2.6 
m) and was not originally designed for preserving collections, 

Fig. 1  Public exhibition on Rábago-El Soplao amber at the visitor 
facilities next to El Soplao Cave (photographs taken in 2024) (a) Over-
view of the exhibition located in the service rooms from the El Soplao 
Cave visitors, nearby the storage room. Individual displays shown 

in other subfigures have been marked. (b) Detail of a preparation in 
epoxy resin with multiple bioinclusions. (c) Set of six polished amber 
specimens. (d) Raw amber specimen with clear signs of deterioration 
due to pyrite decay
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High Score software by Panalytical and the PDF-2 (ICDD) 
database.

Ten samples (SO-1 to SO-10) were analysed using XRD. 
Samples SO-1 and SO-2 correspond to undifferentiated 
efflorescences collected from the bottom of the cardboard 
boxes where the amber specimens are stored. Sample SO-4 
corresponds to an aggregate of sedimentary rock rich in sul-
phide seemingly unaltered (without efflorescences visible to 
the naked eye) and which was adhered to the surface of an 
amber specimen. The remaining samples were obtained by 
scraping the efflorescences with a scalpel. Except for SO-4, 
all samples were manually purified using a binocular micro-
scope to remove as much sulphide as possible.

Carbon coated surfaces of samples were observed 
using JSM-6010 PLUS/LA scanning electron microscope 
(SEM) equipped with an energy-dispersive X-ray micro-
analyser (EDX) and a secondary electron detector (SE) at 
the CN-IGME, CSIC facilities (Tres Cantos, Madrid). The 
chemical composition was estimated using the standardless 
quantification method implemented in the JEOL analysis 
software, which calculates elemental concentrations from 
relative X-ray peak intensities applying ZAF (atomic num-
ber, absorption, and fluorescence) matrix corrections. The 
results are reported as semi-quantitative values, normalised 
to 100% of the detected elements. The vacuum in the SEM 
specimen chamber is 0.01 Pa. The samples were coated 
using a Cressington 108 carbon coater under a vacuum of 
15 Pa.

This technique was also used to study a sample of pol-
ished amber with veins of sulphide-rich rock (SO-11) and 
a sample with sulphide-rich nodules (SO-7). Additionally, 
surfaces of amber with hydrated sulphates (samples SO-5 
and SO-6) and surfaces of sulphide-rich rock remains 
adhered to amber, partially altered to hydrated sulphates 
(SO-3, SO-8, and SO-9), were studied with SEM. In sample 
SO-4 and SO-8, freshly broken surfaces of the sulphide-rich 
rock were examined.

Some photographs were taken with a Canon EOS 650D 
digital camera using Macrofotografía version 1.1.0.5 (CN-
IGME, CSIC, Madrid, Spain), which integrates the Helicon 
Focus software to create composite photographs by stacking 
sequential images taken at different focal planes.

Photography was enhanced in Photoshop CC 2020 for 
adjust brightness and contrast, and composite figures were 
prepared using CorelDRAW X8 software.

Two Cretaceous amber fragments, each containing bioin-
clusions and pyrite and embedded in epoxy resin (EPO-TEK 
301)—one originating from Rábago-El Soplao (sample 
495) and the other from Peñacerrada, Álava, Spain (sample 
9935)—were examined using a binocular microscope.

A small part of the collection is on public exhibition in 
close proximity to the storage room, in the service rooms 
for visitors to the cave (Fig. 1a). In this small exhibition, 
lacking any atmospheric control measures, a preparation 
with bioinclusions (Fig. 1b), six polished specimens (Fig. 
1c) and three raw specimens are displayed. One of the lat-
ter shows clear external signs of deterioration (Fig. 1d).

Methodology

Table 1 shows the list of samples analysed, including the 
type of sample and analysis, and their location within the 
figures.

The analyses of sulphur and hydrated sulphates in the 
Rábago-El Soplao amber have been carried out via pow-
der X-ray diffraction (XRD) using a X’Pert PRO apparatus 
(Panalytical) with a copper tube, a graphite monochroma-
tor and automatic divergence slit at the Centro Nacional - 
Instituto Geológico y Minero de España, Consejo Superior 
de Investigaciones Científicas (IGME, CSIC, Tres Cantos, 
Madrid) facilities. Identifications were made using X’Pert 

Table 1  List of samples analysed, including the type of sample and 
analysis, and their location within the figures
Sample Description XRD SEM + EDX Figures
SO-1 Efflorescence Yes No
SO-2 Efflorescence Yes No
SO-3 Raw amber with efflo-

rescence in pyrite-rich 
rock

Yes Yes 7a

SO-4 Unaltered pyrite-rich 
rock

Yes Yes 2c, d; 
7f

SO-5 Raw amber with efflo-
rescence on the surface

Yes Yes 7b, c; 
11d

SO-6 Raw amber with efflo-
rescence on the surface

Yes Yes 7e; 
11b, c

SO-7 Raw amber with efflo-
rescence in pyrite-rich 
rock

Yes Yes 3f; 
10c, d

SO-8 Raw amber with efflo-
rescence in pyrite-rich 
rock

Yes Yes  7 d; 9; 
11a; 
12

SO-9 Raw amber with efflo-
rescence in pyrite-rich 
rock

Yes Yes

SO-10 Raw amber with efflo-
rescence in pyrite-rich 
rock

Yes No

SO-11 Polished amber with 
efflorescence in pyrite-
rich rock

No Yes 3a-e; 
10a, b
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Sample SO-4 is an unaltered pyrite-rich rock adhered to the 
amber surface to it XRD indicates that the sulphide is pyrite, 
not marcasite. Detailed SEM examination of the broken 
surfaces of this sample shows trapezohedral pyrite crystals 
included in the rock portion (clay minerals + quartz; Fig. 2c, 
d). There is a silicate patina between the pyrite crystals and 
the clay matrix (Fig. 2d).

Pyrite (or pyrite-rich rock) is also found within amber 
pieces altered by fungi in the form of thin veins (sample 
SO-11; Fig. 3a) or small nodules (Fig. 3f). Under long-wave 
ultraviolet light, the altered amber does not show the typi-
cal blue fluorescence of unaltered amber, as much of the 

Results

Textural Relationship Between Pyrite and Amber

In Rábago-El Soplao amber specimens, pyrite is associated 
with clayey-sandy rock, forming aggregates of equidimen-
sional crystals of sizes ranging between 20 and 500 μm. The 
rock-pyrite assemblage is adhered onto the surface of the 
amber specimens (Fig. 2) and/or included within the amber 
(Fig. 3). In both cases, the amber in contact with the pyrite-
rich rock has the characteristic opaque milky coffee brown 
colour of fungi-altered amber (Cretaceous alteration). 

Fig. 2  Characterization of rock-
pyrite assemblage adhered to the 
external surface of amber speci-
mens from Rábago-El Soplao. 
(a–b) Two amber specimens pho-
tographed in 2010 and currently 
destroyed due to pyrite alteration. 
Both specimens have a crust due 
to resinicolous fungal mycelia 
that grew during the Cretaceous 
(brown milk-coffee colour). (c–d) 
SEM images (backscattered 
electrons) of the interior of the 
pyrite-rich remains of rock (bro-
ken surfaces) adhered on amber 
specimen (sample SO-4). EDX 
spot chemical analyses of areas 
of interest are shown. Inside 
the sample, the pyrite remains 
unoxidised and lacking hydrated 
sulphate growth. (c) Trapezohe-
dral pyrite crystals embedded in 
clay minerals (central area of the 
image). Analysis 1 corresponds 
to the broken surface of a pyrite 
crystal; analysis 2 to a quartz 
grain. (d) Different area of the 
same sample where trapezohe-
dral pyrite crystals are observed. 
Analysis 3 corresponds to clay 
minerals containing Al, K, and 
some Mg, in addition to Si and 
O; analysis 4 corresponds to the 
surface of a pyrite crystal. In 
addition to S and Fe, Si, O, Al, 
and traces of K are systematically 
present, which is interpreted as a 
nanometric silicate-rich patina. In 
the central area of the image, two 
moulds are visible, formed after 
the sample broke away from a 
pyrite crystal. This film, partially 
detached, can be observed on the 
surface of the moulds
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Fig. 3  Characterization of rock-pyrite assemblage included within 
amber specimens from Rábago-El Soplao. (a–b) Polished amber 
specimen (sample SO-11) showing the relationship between fungus-
altered amber and thin pyrite-filled veins (pyrite-rich rock). Image 
(a) was taken under visible light, and (b) under long-wave ultraviolet 
light (note the decrease in fluorescence in areas partially altered by the 
Cretaceous fungi). (c) Detail from (a) of a pyrite-filled vein with sedi-
mentary rock. (d) Detail from (c) of a cavity lined with pyrite crystals, 

exhibiting their crystalline morphology (complex form with a trapezo-
hedral tendency). (e) Detail from (c) of the aggregation of framboidal 
pyrite within the massive pyrite vein. (c–e) are SEM images (back-
scattered electrons). (f) Appearance of amber specimen (sample SO-7) 
completely altered by Cretaceous fungi with pyrite-rich rock nodules 
embedded. Image obtained by stacking multiple images taken at dif-
ferent focal depths
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Hydrated-Sulphate Efflorescences

Raw amber specimens are stored in cardboard boxes (Fig. 5a). 
All the boxes that have been examined contain specimens that 
are deteriorated to a lesser or greater extent. Some of them 

original resin was consumed during fungal colonisation 
(Fig. 3b). Some of these small veins are not completely 
filled and show the crystalline morphology of the pyrite, 
usually more complex than the typical trapezohedral crys-
tals (Fig. 3d). Within the vein pyrite, small pyrite framboids 
are preserved, with minute individual crystals that are 0.5 to 
1 μm (Fig. 3e).

In aerial specimens, remnants of pyrite-rich rock are typi-
cally found adhered to unaltered (transparent) amber rather 
than altered (opaque) amber. Additionally, some of these 
adhered rock remnants include pyritised shells of bivalves 
(Fig. 4a–b) and gastropods (Fig. 4c–d). When pyrite is 
located within unaltered amber, it is visible through trans-
parency and often forms crystal aggregates (Fig. 4e), and 
it can even fill the volume of the bioinclusions themselves 
(Fig. 4f). Normally this pyrite is associated with secondary 
planes within the amber.

Fig. 4  Rábago-El Soplao amber pieces of the aerial type associated 
with pyrite. (a) Amber specimen (CES 180) with sedimentary rock 
remains, including a gastropod shell replaced by pyrite. (b) Detail 
of the gastropod shell in (a). (c) Amber specimen (CES-189) with a 
bivalve shell (replaced by pyrite) attached to its surface. (d) Detail 

from the bivalve shell in (c). (e) Amber fragment with bioinclusions 
embedded in epoxy resin. (f) Detail from (e) showing pyrite aggregates 
in a plane affecting one of the bioinclusions. Note that the antenna of 
one of the fossils is composed of pyrite. Inside the epoxy resin, the 
pyrite remains unaltered

 

Fig. 5  Raw amber specimens from the collection of Rábago-El Soplao. 
(a) Cardboard box showing smaller sample boxes almost all of which 
originally contained one amber piece in each. The numerous amber 
fragments present in many boxes are the result of the disintegration of 
large specimens due to pyrite oxidation/hydration and sulphate growth. 
Sulphate efflorescences are evident in samples b–d. (b) Acicular and 
powdery efflorescence on one of the specimens. Note that acid produc-
tion has deteriorated the base of the cardboard box. (c) Thin pyrite-
rich rock veins with incipient efflorescence formation. (d) Specimen 
with incipient acicular efflorescences both on its external and breaking 
surfaces. Sulphate growth within the specimen has caused significant 
fracturing of the amber. In specimens (c) and (d), the crust of fungal 
alteration is present, always associated with remains of pyrite-rich rock
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this phase is chemically pure and does not incorporate Al, 
Si, or K (Fig. 7d). Lastly, ferricopiapite forms rosette-like 
aggregates of yellow laminated hexagonal crystals (Fig. 7e), 
ranging in size from 5 to 40 mm. Like szomolnokite, ferri-
copiapite does not incorporate traces of elements other than 
those in its crystalline structure.

In amber specimens with thin veins of pyrite-rich rock 
(sample SO-8), the efflorescences are generated directly on 
the exposed surfaces of the veins (Fig. 9a), although they can 
extend to the surfaces of fungus-altered amber (Fig. 9d). The 
most visible sulphate to the naked eye is halotrichite, which 
grows on the pyrite-rich rock (Fig. 9b), more specifically in 
cracks generated in it (Fig. 9c, d). Szomolnokite lines the 
pyrite crystals and seems to have grown before halotrichite 
(Fig. 9d, e). Coquimbite also grew early on the pyrite-rich 
rock (Fig. 9d, f). SEM observations within these veins in 
other samples (SO-11) revealed abundant framboidal pyrite 
crystals within the pyrite mass (Fig. 3e). The most fractured 
sections of the veins have begun to alter to hydrated sul-
phates, both of Fe and of Fe and Al (Fig. 10a, b).

The pyrite-rich rock nodules found within fungus-altered 
amber (sample SO-7) also show alteration. The surface of 
the nodules (nodule-amber interface) is covered by an amor-
phous sulphate upon which szomolnokite grows (Fig. 10c, d). 
In some of these nodules, there are phyllosilicate aggregates 
on which coquimbite crystals have grown, now partially dis-
solved (Fig. 10c, d).

SEM observations reveal halotrichite fibres and szomol-
nokite aggregates coating the cracks of pyrite-rich rock 
(sample SO-8; Fig. 11a). Crystalline aggregates of ferrico-
piapite and paracoquimbite grow on the surface of fungus-
altered amber and within its fractures (samples SO-6 and 
SO-5; Fig. 11b, c, d).

Sample SO-8 was fragmented to examine the alteration 
state and internal texture of the fine veins within the pyrite-rich 
rock. Similar to the exterior, the pyrite within is partially altered 
to sulphates. The rock contains abundant fossilised remains of 
pyritised molluscs (gastropods and bivalves) and halotrichite 
efflorescences visible to the naked eye (Fig. 12a). SEM obser-
vations reveal that nearly the entire surface of the shells is 
coated with szomolnokite (Fig. 12b, c) and, in addition, that 
halotrichite has grown inside the pyritized molluscs (Fig. 12d).

Curative Procedures

Mechanical cleaning trials were conducted to remove the 
efflorescences that developed on the pyrite-rich rock and 
the surface of the amber. The more visible efflorescences 
(mainly halotrichite) are removed with relative ease using 
brushes of varying thickness. However, the less visible efflo-
rescences (mainly szomolnokite) are strongly adhered to the 
surface of the pyrite-rich rock and the amber, rendering their 

remain unaltered, while others show small, localised efflores-
cences, at times acicular (Fig. 5b). The efflorescences preferen-
tially grow on the pyrite-rich rock partially or fully embedded in 
the amber specimens (Fig. 5c, d), although hydrated sulphates 
also grow directly on the surface of the amber. In some cases, the 
box cardboard has deteriorated due to exposure to acid result-
ing from the oxidation/hydration process of the pyrite (Fig. 5b).

A remarkable instance is shown by an amber specimen 
faceted during 2010 and was extracted from a much larger 
kidney-shaped piece (Fig. 6a). The amber was commis-
sioned by the Government of Cantabria for the exhibition 
“The Long Journey of El Soplao Amber”, which opened 
that same year. Fourteen years later, the carved specimen 
shows a large crack on its main facet, but no visible efflo-
rescences (Fig. 6b).

By combining structural (XRD), chemical (EDX), and 
morphological (SEM) data, the mineralogical composition of 
the efflorescences has been determined. They consist of five 
different hydrated sulphates: halotrichite (Fe2+Al2(SO4)4·22
H2O), coquimbite (Fe3 + 2−xAlx(SO4)3·9H2O), paracoquimbite 
(Fe3 + 2−xAlx(SO4)3·9H2O), szomolnokite (Fe2+SO4·H2O) and 
ferricopiapite (Fe3 + 0.66Fe3+

4(SO4)6(OH)2·20H2O) (Fig. 7). 
Thus, the sulphates containing Fe2+ or Fe3+, have different 
amounts of structural water (from 1 to 22 molecules), and can 
incorporate only Fe or Fe + Al (with traces of Si and K).

All the samples analysed by XRD (ten samples) con-
tain szomolnokite (+ pyrite), which, along with coquimbite 
(found in eight out of the ten samples), is the most com-
mon sulphate (Fig. 8). Halotrichite is found in three sam-
ples, paracoquimbite in two samples, and ferricopiapite in 
only one sample. XRD analysis of sample SO-4 (pyrite-
rich rock, presumably unaltered) indicates the presence of 
pyrite, quartz, szomolnokite, and only trace of phyllosili-
cates, without species identification. In the SEM study, gyp-
sum was found as accessory in this same sample (Fig. 7f).

SEM + EDX data indicate that halotrichite forms fibrous 
radial aggregates of white acicular crystals with a fuzzy 
appearance, up to 3 mm in length and between 1 and 5 μm 
in thickness (Figs. 5b and 7a). In addition to Fe and Al, 
these halotrichite aggregates incorporate traces of Si (est. 
1–2%wt). Coquimbite and paracoquimbite are two polymor-
phic phases. Coquimbite forms aggregates of yellow hexago-
nal tabular crystals (Fig. 7b), morphologically very different 
from those of paracoquimbite, which forms parallel or radial 
aggregates of hexagonal prismatic crystals up to 250 μm in 
length and between 1 and 30 μm in thickness (Fig. 7c). The 
size of the coquimbite crystals ranges between 5 and 10 μm, 
although occasionally the coquimbite forms larger skeletal 
crystals, between 5 and 100 μm. The chemical composition 
of the two phases is identical, and both incorporate some Si 
(est. 1–2%wt) and K (est. 1–4%wt). Szomolnokite forms 
aggregates of small tabular crystals (between 1 and 15 μm); 
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Fig. 6  Visible degradation in 
a faceted amber piece from 
Rábago-El Soplao. (a) Amber 
specimen (CES 318) faceted 
in 2010 by one of the authors 
(R.P.L.) from a kidney-shaped 
piece. The piece was carved on 
commission by the Government 
of Cantabria for the exhibition 
“The Long Journey of El Soplao 
Amber”, which opened that same 
year. (b) Appearance of the speci-
men in 2023. Note the large crack 
running through the main face of 
the amber due to the formation 
of hydrated sulphates within it. 
Photographs were taken under 
the sunlight, bringing out some 
of the typical purple hue of the 
amber from this deposit
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pyrite filling the cores of some hyphae (Speranza et al. 
2010, 2015). Furthermore, Speranza et al. (2015) suggested 
that fungus-altered amber behaved more fragile than unal-
tered amber and was therefore more susceptible to degrada-
tion during diagenesis. The formation of cracks exclusively 
in fungus-altered zones of the amber (Fig. 3a, b) supports 
this and demonstrates the high fragility of the altered amber. 
The opening of these cracks could be due to tectonic or dia-
genetic causes, the contraction of the resin due to the loss 
of volatiles during the hardening process, or conversely, to 
the expansion of the resin volume due to new resin injec-
tions into its core (Speranza et al. 2015). The presence of 
abundant framboidal pyrite within the pyrite infilling these 
cracks (Fig. 3e) indicates that the cracks opened relatively 
early, as the formation of this type of pyrite also occurs very 
early in the presence of organic matter (Vietti et al. 2015). 
Considering this, the cracks formed shortly after the resin 
emissions had hardened superficially, probably when their 
core was still receiving injections of fresh resin. Shortly 
after the cracks opened, sediment entered into the resin 
emissions, where framboidal pyrite began to nucleate under 
reducing conditions related to oxygen consumption associ-
ated with the oxidation of organic matter or its microbial 
processing (Duverger et al. 2021). In later diagenetic stages, 
much larger euhedral pyrite crystals grew than the framboi-
dal crystals, and their expansion may have contributed to 
further opening of the cracks.

The origin of the pyrite nodules (Figs. 3f and 10c) could 
be related to the filling of bioerosions or invertebrate pellets, 
although this requires further study.

Sulphation of the Pyrite-Rich Rock

Hydrated iron sulphates are typical products of oxidation 
zones in pyrite-rich mineralisations (Buckby et al. 2003; 
Biagioni et al. 2020; Dimitrova et al. 2020) and are also 
found in coal mines, where pyrite is similarly abundant 
(Cotterell 2009; Kruszewski 2019). Although they are also 
common in fossil collections under unsuitable and even 
suitable museum conditions (Tacker 2020), only one case 
has been hitherto studied in amber collections (Sadowski et 
al. 2021). In this latter study, only szomolnokite was iden-
tified, formed under museum conditions with RH around 

removal more challenging. For this reason, tests were car-
ried out with amber and pyritised fossil molluscs exhibit-
ing abundant efflorescence growth from Rábago-El Soplao. 
Although the material is very delicate, immersing the 
samples for 30 s in an ultrasonic tank followed by immers-
ing them in commercial NC acetone 29,141,100 for quick 
drying is the most effective. This procedure successfully 
removes all halotrichite and a significant portion of the 
szomolnokite. The treatment is followed by applying a 3% 
ethanolamide thioglycolate solution in ethanol with a brush 
to neutralise the acid. Washing the samples with ethanol 24 
h later, joining together the detached fragments of amber 
and pyrite and consolidating the whole piece using Fluoline 
(entirely reversible) complete the remedial procedure.

Discussion

The Pyritisation of Amber

To understand the deterioration of collections due to the oxi-
dation/hydration of pyrite, it is essential to understand the 
textural relationships between the sulphide and the amber. 
Pyrite-rich rock remains can be adhered on the surface of 
the specimens (Fig. 2a, b), either filling their thin veins 
(Fig. 3a, b) or in the form of nodules (Fig. 3f). The pres-
ence of pyrite crystals embedded in a matrix rich in phyl-
losilicates and quartz adhered to the amber specimens, and 
the presence of Al, Si, K, and O, in addition to the S and Fe 
characteristic of the sulphide (Figs. 2 and 3), indicates the 
existence of a nanometric silicate interface (probably rich in 
phyllosilicates) between the pyrite crystals and the matrix. 
The formation of this interface could have a diagenetic ori-
gin, similar to that of the pyrites from the Cameros Basin 
(NE Spain), where an interface of quartz and phyllosilicates 
separating the pyrite crystals from the lutite matrix has also 
been found, in that case related to the interaction of fluids 
with the matrix (Alonso-Azcárate et al. 1999).

Namely in subaerial specimens (namely kidney-shaped 
and formed by the roots or in tree pockets), the pyrite-rich 
rock remains are always linked to the more or less thick, 
opaque crusts milky coffee brown in colour. These areas 
correspond to areas where resinicolous fungal mycelia grew 
inwards while the resin was still fresh (Speranza et al. 2015). 
Fungal colonisation is superficial or can penetrate com-
pletely into the interior of some of the specimens assessed. 
Although these fungi fed on the resin, their advance towards 
the core of the resin pieces preferentially followed darker 
bands rich in pseudoinclusions partly formed by (likely 
phloem) sap (Lozano et al. 2020). The interconnected net-
work of fungal hyphae provides access for water into the 
amber, facilitating pyritisation, as demonstrated by the 

Fig. 7  SEM images (backscattered electrons) of hydrated sulphates 
found in the raw amber collection from Rábago-El Soplao and EDX 
spot chemical analyses (yellow crosses) obtained for each. (a) Acicu-
lar (hairy appearance) crystals of halotrichite in sample SO-3. (b) 
Aggregates of hexagonal tabular coquimbite crystals in sample SO-5. 
(c) Cluster of hexagonal prismatic paracoquimbite crystals in sample 
SO-5. (d) Aggregates of tabular szomolnokite crystals in sample SO-8. 
(e) Rosette-like aggregates of laminated hexagonal ferricopiapite crys-
tals in sample SO-6. (f) Radial aggregate of pseudohexagonal pris-
matic crystals of gypsum in sample SO-4
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not only RH and pyrite but also the hygroscopic sulphates 
themselves (Tacker 2020). The most extreme case is the 
early formation of amorphous sulphates, as they are even 
more hygroscopic than crystalline sulphates (Sklute et al. 
2015, 2018). On the other hand, clays tend to be hygroscopic 
and can therefore retain water for extended periods after an 
increase and subsequent decrease in humidity. Thus, water 
would be more or less continuously available at potential 
reaction sites. In addition, clays can also conduct electrons 
for redox reactions, which can further accelerate the process 
(Wiese et al. 1987).

The formation of Fe-Al sulphates indicates that not 
only has pyrite altered, but other minerals must also be 
involved in the process as a source of Al. The most reason-
able assumption is that the phyllosilicates in the pyrite-rich 
rock, or even the coatings of the euhedral pyrite crystals 
(Fig. 2d), are the source. Indeed, the formation of halotrich-
ite, coquimbite, and paracoquimbite could be related to the 
partial dissolution of the clay fraction of the rock remains 
(which contains Al, Si, and K) due to the generation of acid 
during the oxidation of pyrite. In sample SO-7, Fe-Al sul-
phates (probably coquimbite) are located on the phyllosili-
cate aggregates (possibly kaolinite), while the Fe sulphate 
(szomolnokite) covers the surface of the pyrite (Fig. 10c, d). 
Furthermore, the growth of halotrichite between the pyrite 
crystals in sample SO-8 (Fig. 9c, d, e) suggests the occur-
rence of clay beneath this mineral. This source of Al has 
also been suggested by Kruszewski (2019) in the forma-
tion of hydrated sulphates in coal mines and by Wiese et 
al. (1987) in the formation of efflorescences in coal under 
unsuitable museum conditions. The formation of gypsum is 
sporadic (Fig. 6f) and is likely related to the dissolution of 
sedimentary calcite.

In thin veins filled with pyrite-rich rock, the alteration 
process seems to begin in the framboidal pyrite due to its 
small grain size (Fig. 10b). Indeed, the smaller the grain size, 
the more intense the oxidation process (Huggins et al. 1983), 

60%. The amber collections from Rábago-El Soplao have 
been preserved under high RH atmospheric conditions (with 
possible peaks of 100% RH), leading not only to the gen-
eration of szomolnokite efflorescences, but also other sul-
phates with more structural water, such as coquimbite and 
paracoquimbite (nine molecules of water), ferricopiapite 
(20 molecules of water), and halotrichite (22 molecules of 
water) (Fig. 7). With such a high amount of structural water, 
the volume increase is high relative to the initial volume 
of the pyrite-rich rock, rendering the deterioration severe. 
The order of sulphate crystallisation based on SEM obser-
vations is difficult to establish, as not all sulphates coexist 
in the same samples (Fig. 8), likely because they formed 
during different episodes coinciding with recurring conden-
sation phases. However, it is probable that sulphates with a 
lower oxidation state (Fe²⁺; halotrichite and szomolnokite) 
formed first, followed by sulphates with a higher oxidation 
state (Fe³⁺; coquimbite, paracoquimbite, and ferricopiapite) 
as the former became exposed to the atmosphere (Wiese et 
al. 1987).

Although the efflorescences must have formed during 
several condensation/evaporation periods, no evidence of 
dissolution of any of the hydrated sulphates forming the 
efflorescences has been found in the studied samples, nor 
has the transition from one sulphate to another with differ-
ent structural water content been observed. This is because 
sulphates form quickly but dehydrate very slowly (Tacker 
2020). For this reason, amber efflorescences from Rábago-
El Soplao commonly contain two sulphates with very dif-
ferent water contents, such as szomolnokite and halotrichite 
(Figs. 8 and 9), and ferricopiapite remains stable (Wang et 
al. 2012).

Another important factor to consider is the hygroscopic-
ity of hydrated sulphates and clay minerals. Even if RH and 
T conditions do not cause condensation, once the sulphates 
have formed they can absorb water and transfer it to the 
pyrite surface. In this way, the chemical reaction involves 

Fig. 8  Mineral determination by X-Ray Diffraction of the efflorescence samples studied herein
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Fig. 9  Characterization of Rábago-El Soplao amber specimen with 
thin veins of pyrite-rich rock (sample SO-8) using macrophotography 
(a–b) and SEM images (backscattered electrons) (c–f). (a) General 
appearance of the sample, with efflorescences concentrated in small 
veins of pyrite-rich rock. (b) Detail from (a) of one of the veins with 
halotrichite growing (hairy in appearance) directly on pyrite. (c) Detail 
from (a) of another vein where pyrite-rich rock is partially covered by 
hydrated sulphates. (d) Detail from (c) of the vein edge. Szomolnokite 

and coquimbite partially cover the pyrite. Halotrichite grows in sub-
cracks generated between the pyrite crystals. Note that the sulphate 
growth extends beyond the vein and into the amber. (e) Detail from 
(c) showing halotrichite growing between intercrystalline surfaces 
of pyrite and szomolnokite partially covering the sulphide. (f) Detail 
from (c) of coquimbite aggregates growing directly on pyrite. a–b: 
Obtained by stacking multiple images taken at different focal depths
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the optimal RH range for the preservation of such speci-
mens is considered to lie between 35% and 45%. None-
theless, oxidation continues to occur under conditions of 
reduced RH, as hygroscopic efflorescences and associated 
clays continue to transfer moisture to the pyrite; in addition, 
oxygen remains the principal oxidising agent (Tacker 2020). 
Consequently, specimens should be stored under anoxic 
conditions, i.e. in containers that have been vacuum-sealed 
or in which the ambient air has been replaced by an inert 
gas such as nitrogen or argon. Anoxic storage conditions are 
routinely employed in the preservation of organic materials 
including paper, textiles, and mummified remains, as they 
not only protect specimens from RH fluctuations and oxy-
gen exposure, but also from all oxygen-dependent biological 
agents (Maekawa 1998). Tacker’s (2020) recommendation 
to preserve specimens in impermeable plastic “balloons” 
filled with dry nitrogen and heat-sealed is the most effec-
tive approach. Such containers are relatively inexpensive, 
and their integrity can be verified through straightforward 
periodic inspection of the inflation.

Any raw specimens added to an amber collection should 
be thoroughly examined to identify traces of pyrite-rich 
sediments on their surface, with the goal of removing 
them. The challenge lies with specimens that contain thin 
veins or internal nodules. Because the crust of many amber 
specimens is opaque, the identification of pyrite-rich rock 
inclusions is practically impossible by optical methods. 
Qualitative density determination could be useful to ver-
ify whether the amber specimen contains pyrite-rich rock 
inclusions. The density of amber is around 1 g/cm3 while 
the density of pyrite-rich rock is much higher (3–5 g/cm3). 
When amber contains inclusions of pyrite-rich rock its 
density will be greater than 1 g/cm3 and could be detected 
through a simple test by measuring buoyancy immersed in 
liquids of known density. Affectation by pyrite can also be 
assessed using X-rays, for instance through microtomogra-
phy (CT-Scan).

Amber specimens to be polished and under the risk of 
pyrite affectation (excluding those containing bioinclusions) 
should be coated with a thin layer of transparent epoxy resin 
(0.5 mm would suffice). Such layer will protect the inte-
rior from oxygen and moisture ingress without substan-
tially altering the appearance of the amber. The protection 
of amber specimens with epoxy resin (EPO-TEK 301) has 
proven effective, as demonstrated by the excellent preserva-
tion of sample 495 (Fig. 3e, f) 12 years after its preparation, 
and the pristine condition of sample 9935 from Peñacerrada 
(Álava, Spain) after almost 25 years.

Cracked polished material (Fig. 6b) should also be treated 
with epoxy resin to prevent further deterioration. Oxygen 
and water ingress promoting the formation of hydrated sul-
phates within polished pieces can be prevented by applying 

as the surface area exposed to water and oxygen is greater. 
The expansion due to the larger volume of sulphate relative 
to sulphide causes fracturing of the coarse-grained pyrite 
(using intercrystalline surfaces), where sulphates begin to 
grow, further expanding the cracks (Fig. 11a). This expan-
sion of the veins causes the adjacent amber to fracture, which 
is very fragile due to fungal alteration, and these recent 
cracks are also filled with sulphates (Fig. 11b, c, d), further 
advancing the deterioration of the amber specimens. Like the 
rest of the pyrite, the replaced mollusc shells are also altered 
to sulphates (Fig. 12). In some cases, the growth of sulphates 
inside the fossils causes the expansion and fracturing of the 
replaced shell (Fig. 12d), further contributing to the increase 
in volume that leads to the fracturing of the amber. In the 
nodules, an amorphous sulphate appears to form directly on 
the pyrite before szomolnokite crystallisation (Fig. 10c, d), as 
observed by Wiese et al. (1987) in the formation of sulphates 
on coal under museum conditions. The growth of sulphates 
around the nodules produces the same expansive effect, cul-
minating in the fracturing of the surrounding amber.

Preventive and Curative Recommendations

The presence of pyrite and clay-rich rock remains in speci-
mens poses a significant challenge for the conservation of 
amber, adding this factor to the inherent risks and com-
plexities associated with the organic nature of amber (e.g., 
Bisulca et al. 2012). Since the deterioration caused by pyrite 
alteration can become irreversible, it is highly advisable to 
establish a series of preventive measures to avoid such dam-
age in the collection setting.

The most widely adopted procedure for mitigating pyrite 
efflorescence involves storing specimens in hermetically 
sealed containers under stable, dry conditions, with RH 
maintained below 30% (Howie 1992). However, in environ-
ments of such low humidity, amber is liable to undergo dete-
rioration through dehydration (Howie 1995). On this basis, 

Fig. 10  Characterisation of fungus-altered Rábago-El Soplao amber 
using SEM (backscattered electrons) and EDX spot chemical analy-
ses of hydrated sulphates. (a) Section of a pyrite-rich rocky vein 
within fungus-altered amber (sample SO-11; see Fig. 3a–b). Note that 
the right side of the vein is more fractured, with hydrated sulphates 
formed. (b) Detail from (a) showing preferential alteration of fram-
boidal pyrite. Analysis 1 shows a Fe sulphate, probably szomolnokite; 
analysis 2 corresponds to a sulphate containing Fe and Al, probably 
halotrichite. (c) Pyrite-rich rock remain nodule extracted from within 
fungus-altered amber (sample SO-7; see Fig. 3f). Its surface is par-
tially covered by hydrated sulphates and shows adhered remnants of 
fungus-altered amber and phyllosilicate patches. (d) Detail from (c): 
szomolnokite crystals (analysis 3) grow on an unidentified material 
(analysis 4), probably an amorphous iron sulphate, covering the pyrite. 
The phyllosilicate contains Al, Si, and O (with traces of K; analysis 
5), suggesting it is kaolinite. A corroded-looking sulphate, probably 
coquimbite, is found on the kaolinite aggregate (analysis 6)
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Conclusions

The collection of raw and polished amber specimens from the 
Rábago-El Soplao locality (lacking bioinclusions) suffered 
significant deterioration due to the formation of hydrated 
sulphates, induced by the oxidation/hydration of pyrite-rich 
sediments associated with the amber pieces. The collection 
remained for nearly 10 years without proper monitoring in 
an uninsulated room where the average RH exceeds 75% and 
regular peaks at 100%.

Understanding the textural relationship between pyrite, 
the sedimentary rock, and amber is essential for elucidating 
the growth of efflorescences and the resulting deterioration 
of the amber specimens. Pyrite and remains of the amber-
bearing rock may be adhered to the surface of the amber or 
within it as thin infilled veins or nodules, always in contact 
with areas of amber altered by the action of resinicolous 
fungi while the resin was still fresh.

epoxy resin in a vacuum chamber, which penetrates the 
cracks. The use of epoxy resin should not be limited to areas 
with visible cracks but also applied across the entire sur-
faces in order to seal fractures that are not visible to the 
naked eye.

Restoration of the amber specimens depends on their 
degree of alteration. Many have fragmented completely 
(Fig. 5a), rendering their reconstruction challenging. Speci-
mens with a lower degree of alteration can be restored 
using various treatments described for fossils deteriorated 
by pyrite alteration, which include the neutralisation of 
acid and the removal of efflorescences (Larkin 2011). The 
tests performed on amber and pyritised fossil molluscs from 
Rábago-El Soplao recommend a similar procedure, starting 
with the removal of the efflorescences with ultrasound, fol-
lowed by neutralisation with an alkaline solution and fin-
ished with consolidation using a reversible product.

Fig. 11  Growth of hydrated sulphates in cracks and surfaces of Rábago-
El Soplao amber. (a) Halotrichite and szomolnokite crystals in pyrite-
rich sediment within a crack (sample SO-8; see Fig. 9a). (b) Ferrico-
piapite growth on the surface and in cracks formed in amber (sample 

SO-6). (c) Ferricopiapite growth in the cracks of the same sample. (d) 
Paracoquimbite growth on the surface and in a crack of amber (sample 
SO-5). a, c, d: SEM images. b: Macrophotograph obtained by stacking 
multiple images taken at different focal depths
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Preventative recommendations for amber collections 
against pyrite disease include storing the amber specimens 
in impermeable plastic “balloons” filled with dry nitrogen, 
and detecting pyrite inclusions through density testing. Addi-
tionally, polished specimens without bioinclusions should be 
coated with a layer of colourless epoxy resin to isolate them 
from oxygen and atmospheric water. Restorative recommen-
dations include the cleaning both pyrite-rich rock remains 
and pyrite mineralisations adhered to the amber pieces, the 
removal of efflorescences using ultrasound, the alkaline neu-
tralisation of acid, and the reconstruction/consolidation of 
the raw specimens employing reversible products.

Sulphates with different structural water contents detected 
in the altered zones of the amber specimens most likely formed 
during several condensation/evaporation stages. The presence 
of Fe-Al sulphates with Si and K impurities suggests the par-
tial dissolution of the clay of the rock within an acidic environ-
ment. Additionally, clays and sulphates can hygroscopically 
absorb water, accelerating the pyrite alteration process.

Initially, the growth of sulphates triggers the fracturing of 
the pyrite-rich rock. The generated fractures expand as the 
sulphates grow, eventually fracturing the adjacent amber, 
where sulphates also begin to grow, further expanding the 
fractures until the specimens disintegrate.

Fig. 12  Interior of a small pyrite-rich rock vein embedded in Rábago-
El Soplao amber, (sample SO-8; see Fig. 7a). (a) Macrophotograph 
showing several mollusc shells replaced by pyrite and altered to sul-
phates. The most visible sulphates are halotrichite aggregates (white 
structures with a hairy appearance). Framed areas (b–d) correspond 
to SEM (backscattered electrons) images. Image obtained by stacking 

multiple images taken at different focal depths. (b) Detail of a pyritized 
shell fragment, probably from a bivalve. The sulphide is completely 
covered by small szomolnokite crystals. (c) Detail of a pyritized gas-
tropod shell. Note the trapezohedral pyrite crystals, partially covered 
by szomolnokite. (d) Detail of an undifferentiated fossil remains 
(probably a gastropod), cracked by the growth of halotrichite inside

 

1 3

Page 19 of 22    168 



Geoheritage          (2025) 17:168 

Basin, Spain. J Metamorph Geol 17:339–348. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​1​​0​4​6​​/​j​.​​1​5​2​​5​-​1​​3​1​4​.​​1​9​​9​9​.​0​0​2​0​2​.​x

Álvarez-Parra S, Pérez-de la Fuente R, Peñalver E, Barrón E, Alcalá L, 
Pérez-Cano J, Martín-Closas C, Trabelsi K, Meléndez N, López 
D, Valle R, Lozano RP, Peris D, Rodrigo A, Sarto i Monteys V, 
Bueno-Cebollada CA, Menor-Salván C, Philippe M, Sánchez-
García A, Peña-Kairath C, Arillo A, Espílez E, Mampel L, Del-
clòs X (2021) Dinosaur bonebed amber from an original swamp 
forest soil. Elife 10:e72477. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​7​​5​5​4​​/​e​L​​i​f​e​.​7​2​4​7​7

Álvarez-Parra S, Peñalver E, Nel A, Delclòs X (2023) Barklice 
(Insecta: Psocodea) from Early Cretaceous resiniferous forests of 
Iberia (Spanish amber): new Troctomorpha and a possible Pso-
comorpha. Cretac Res 148:105544. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​r​e​​
t​r​e​​s​.​2​0​​2​3​​.​1​0​5​5​4​4

Arillo A, Peñalver E, Pérez-de la Fuente R, Delclòs X, Criscione J, 
Barden PM, Riccio ML, Grimaldi DA (2015) Long-proboscid 
brachyceran flies in cretaceous amber (Diptera: stratiomyomor-
pha: Zhangsolvidae). Syst Entomol 40:242–267. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​1​​1​1​1​​/​s​y​​e​n​.​1​2​1​0​6

Arillo A, Subías LS, Sánchez-García A (2016) New species of fossil 
oribatid mites (Acariformes, Oribatida), from the lower creta-
ceous amber of Spain. Cretac Res 63:68–76. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
1​6​​/​j​.​​c​r​e​​t​r​e​​s​.​2​0​​1​6​​.​0​2​.​0​0​9

Arillo A, Blagoderov V, Peñalver E (2018) Early cretaceous para-
sitism in amber: a new species of Burmazelmira fly (Diptera: 
Archizelmiridae) parasitized by a Leptus sp. mite (Acari, Ery-
thraeidae). Cretac Res 86:24–32. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​r​e​​t​r​e​​
s​.​2​0​​1​8​​.​0​2​.​0​0​6

Baeza E, Lozano RP, de la Fuente M, Menéndez S, Peñalver E, 
Rodrigo A (2007) Proyecto de conservación preventiva y restau-
ración de La colección de ámbar Del Museo geominero (Instituto 
Geológico y Minero de España). La conservación infalible, de La 
Teoría a La Realidad. Actas Del III congreso Español Del IIC. 
International Institute for Conservation of Historic and Artistic 
Works, pp 361–370

Becherini F, del Favero L, Fornasiero M, Guastoni A, Bernardi A 
(2018) Pyrite decay of large fossils: the case study of the hall of 
palms in Padova, Italy. Minerals 8:40. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​m​
i​​n​8​0​2​0​0​4​0

Biagioni C, Mauro D, Pasero M (2020) Sulfates from the pyrite ore 
deposits of the Apuan Alps (Tuscany, Italy): a review. Minerals 
10:1092. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​m​i​​n​1​0​1​2​1​0​9​2

Bisulca C, Nascimbene PC, Elkin L, Grimaldi DA (2012) Variation in 
the deterioration of fossil resins and implications for the conser-
vation of fossils in amber. Am Mus Novit 3734:1–19. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​1​​2​0​6​​/​3​7​​3​4​.​2

Buckby T, Black S, Coleman ML, Hodson ME (2003) Fe-sulphate-rich 
evaporative mineral precipitates from the Río Tinto, Southwest 
Spain. Mineral Mag 67(2):263–278. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​0​​/​0​0​​2​
6​4​6​1​0​3​6​7​2​0​1​0​4

Cotterell TF (2009) A review of halotrichite group minerals in Wales. 
UK J Mines Min 30:43–47

Dimitrova D, Mladenova V, Hecht L (2020) Efflorescent sulfate crys-
tallization on fractured and polished colloform pyrite surfaces: a 
migration pathway of trace elements. Minerals 10:12. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​3​​3​9​0​​/​m​i​​n​1​0​0​1​0​0​1​2

Duverger A, Bernard S, Viennet JC, Miot J, Busigny V (2021) For-
mation of pyrite spherules from mixtures of biogenic FeS and 
organic compounds during experimental diagenesis. Geochem 
Geophys Geosyst 22:e2021GC010056. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​9​​/​
2​0​​2​1​G​C​0​1​0​0​5​6

Girard V, Franz C, Solórzano Kraemer MM (2012) Management of the 
Senckenberg amber collection and research developments. Geol 
Curator 9(7):373–380. https://doi.org/10.55468/GC71

Hansen EF (1998) Protection of objects from environmental deteriora-
tion by reducing their exposure to oxygen. In: Maekawa S (Ed.) 

The results of this research are not only relevant for the 
conservation of palaeontological amber collections but also 
for the preservation of amber in mineralogical, gemological, 
and archaeological collections. The future of the Rábago-El 
Soplao amber collection is at risk. It is necessary that this 
remarkable material, which has enabled high-level scientific 
production and has the potential to keep providing invalu-
able data on the terrestrial ecosystems from more than 100 
million years ago, is secured under basic conditions that 
guarantee its preservation in time, which do not exist at 
present. The establishment of an uninterrupted conservator/
curator post is essential to ensure the integrity of the collec-
tion and that it stays relevant for future generations.
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