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Towards sustainable treatments to preserve fossils from 
weathering, as part of the garden redevelopment project 

at the Natural History Museum 
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ABSTRACT

The redevelopment of the gardens at the Natural History Museum (London, UK)
required the preparation and stabilisation of several large fossil specimens to enable
them to withstand exposure to typical weathering in an urban setting within the UK.
Several specimens were considered to be at risk from damage: limestone dinosaur
trackways, limestone invertebrate fossil blocks and some silicified sections of fossil
tree. This project explores several options using literature searches, scanning electron
microscopy and tape tests to identify sustainable but effective methods of preservation.
The most appropriate treatment chosen for the limestones is CaLoSiL® E25 with TiO2
and for the silicious fossils SILRES(®) BS OH 100. 
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INTRODUCTION

Several limestone-based specimens plus sec-
tions of silicified wood have been selected for the
garden refurbishment project. The largest block
measures 180 cm in length and 1,500 kg in weight.

Some of the smaller specimens are shown in Fig-
ures 1 and 2. Specimens include an ammonite and
oyster block (shelly limestone with detrital quartz
from brackish to freshwater lagoonal deposition)
from the Purbeck Group, Durlston Formation, Stair



ALLINGTON-JONES, MILES, & CLATWORTHY: SUSTAINABLE PRESERVATION

2

Hole Member, Cretaceous period in age (Berria-
sian Stage) ~ 145-140 million years old. The indi-
vidual ammonites are from the Portland Stone
Formation, Tisbury Member, Jurassic period (Titho-
nian Stage) ~ 150-145 million years old and are
internal moulds in fine grained sandy limestone
(quartzose glauconitic biocalcarenite). The fossil
wood blocks are silicified conifer from the Purbeck
Group, Lulworth Formation, Jurassic period (Titho-
nian Stage) ~ 150-145 million years old, they show
some minor delamination in outer layers. Some of
the theropod footprints are impressions in lagoonal
shelly low-porosity limestone from Purbeck Quarry,
Swanage, Dorset and are ~163-145 million years

old and others are from Purbeck Group, Durlston
Formation, Stair Hole Member, Cretaceous period
(Berriasian Stage) ~ 145-140 million years old. The
ornithopod footprints are also from the Purbeck
Group (Durlston Formation, Stair Hole Member,
Cretaceous period (Berriasian Stage) ~ 145-140
million years old) but the matrix is more crumbly
and yellow in colour, due to a higher sand content
in the biomicrite. 

Deterioration of stone (and fossils) left open to
weathering is caused by micro-organisms, salt
migration, acid rain, sulphur dioxide, nitrous oxides
and other peroxides in pollution (Artesani et al.,
2020). Limestone (formed of calcium carbonate) is
prone to physical and chemical deterioration due to
pollution, salt migration, acid rain and bio-colonisa-
tion. The main mechanism of deterioration caused
by pollution involves sulphur dioxide, which reacts
to form gypsum. Gypsum is more soluble and more
porous than calcium carbonate. The increased
porosity of the gypsum crust allows particulate mat-
ter to be trapped and a blackened layer is formed.
This whole process is accelerated by the presence
of nitrous oxides and other peroxides in polluted air
(Artesani et al., 2020). 

The ideal treatment for the specimens will re-
establish grain to grain cohesion but without creat-
ing an impermeable layer or preventing retreat-
ment. It should also be available in small quantities
and environmentally sustainable. 

Polymer coatings, traditionally used to protect
exterior stone, will yellow with age due to photoxi-
dation. UV radiation, water, frost action and salts
also negatively affect synthetic organic polymers
reducing their reversibility, colour and integrity
(Bernardi et al., 2012). This makes them less solu-
ble and more difficult to remove without causing
damage to the substrate. Traditionally used epoxy
resins have very poor ageing characteristics and
are irreversible (Tesser et al., 2018). Reversibility is
important in case a treatment is found to cause
damage or has been applied in error. Although
polymethyl methacrylates have performed well
under some laboratory conditions (Kallaf et al.,
2011), Paraloid B67, Paraloid B72 and silicone-
based product Dri-Film 104 performed poorly as
coatings under UV exposure (Favaro et al., 2006).
Traditional polymers can also crack, allowing water
onto the stone below, but also preventing it from
evaporating again, causing further issues. In very
porous limestone acrylic and epoxy resins form a
hard layer reaching to a depth of a few mm (Fer-
reira Pinto and Delgado Rodrigues, 2008). Lock-
ing-in water with impermeable coatings can be

FIGURE 1. Ammonites from the Portland Stone Forma-
tion Tisbury Member can be seen on the facing-left of
this image, and fossil tree sections from the Purbeck
Group Lulworth Formation on the facing-right. 

FIGURE 2. One of the ornithopod footprints from the
Purbeck Group Durlston Formation, Stair Hole Member,
with yellow outline showing approximate shape of
impression. 
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disastrous, leading to delamination and fissuring of
the outer layer (Varas-Muriel et al., 2015). 

To replace the use of polymer coatings, there
have been four major advancements in exterior
limestone protection within the last decade: fluori-
nated polymer nanocomposites, bacterial films,
nanolime and diammonium hydrogen phosphate.
All these treatments are far more sustainable and
ecologically friendlier than the use of traditional
polymer coatings. All the treatments discussed
below are effectively irreversible and would not be
considered for normal museum specimens, but
they are considered suitable for specimens
acquired specifically for display in the gardens,
which would otherwise suffer significant damage if
untreated and which will not be required for
research. 

Nano-composites

Silane and siloxane polymers, such as
Rhodorsil H224 (Antonelli and Tesser, 2018), or flu-
orinated elastomers, such as Akeoguard CO (Ruf-
folo et al., 2010) and Fluoline HY (Pelosi et al.,
2020), can be used as a base for nano-composites
containing nitrogen and zinc oxides or zinc and tin
oxides. The extreme hydrophobicity of the nano-
composites is supposed to prevent water damage
and also have biocidal properties. The photo-cata-
lytic nature of the metal nano-particles will decom-
pose pollutants that settle on the surface,
effectively creating a self-cleaning layer (Ruffolo et
al., 2010). High concentrations of nano-particles
within the composites will, however, cause a colour
change on application. Organosilicone com-
pounds have low surface tension, good elasticity
and resistance to thermal stress and good chemi-
cal stability resulting from the high strength of the
silicone-oxygen bond (Tesser et al., 2014). Rhodor-
sil consolidant RC90 is recommended by Antonelli
and Tesser (2018), it provides waterproofing prop-
erties and is very durable with respect to UV and
thermo oxidation (Tesser et al., 2014). But like Ake-
ogard and H224, RC90 is a water repellant, not a
consolidant, which is undesirable for this project.
Studies show that the lower levels of buildings suf-
fer more deterioration than upper levels due to the
water uptake from the ground (Fassina et al. 2016),
the specimens within this project will all be posi-
tioned on bare ground, so preventing moisture
egress from the upper surfaces would lead to
severe issues. Another problem with using prod-
ucts recommended for building conservation, is
managing to source smaller amounts for only a few
blocks, and it is difficult to purchase any of these

named products in small quantities. Calcium and
magnesium alkoxide treatments are currently
being developed for treatment but are not yet com-
mercially available (Bernardi, personal commun.,
2021). TEOS treatment requires white spirit, which
is damaging for the environment and TEOS, ethyl
silicates and other alkoxysilanes need the pres-
ence of quartz to work well (Hansen et al., 2003;
Maravelaki-Kalaitzaki et al., 2008; Ferreira Pinto
and Delgado Rodrigues, 2008) and are therefore
unsuitable for treating limestones. None of these
options are suitable for treatment in this project
because of their extreme hydrophobicity and cre-
ation of an impermeable outer layer. Bacterial car-
bonatogenesis is a more appealing option. 

Bacterial Carbonatogenesis

Calcite and vaterite deposition, using naturally
occurring local bacteria, can be used to consoli-
date and protect limestones. The non-pathogenic
naturally abundant soil bacteria deposit calcium
carbonates onto the limestone, reducing porosity,
and creating a biopatina, effectively preventing col-
onisation by other organisms (Artesani et al.,
2020). Upon drying, the bacteria dies, so uncon-
trolled growth spreading out from the treated sur-
face is not a risk (Rodriguez-Navarro et al., 2015).
This treatment creates bacterial cement which
binds loose grains and lines pores (without plug-
ging), as shown in SEM investigations (Rodriguez-
Navarro et al., 2015). 

This process can be achieved by spraying the
surface with a nutritional solution. This alkaline cul-
ture medium encourages the deposition of calcium
carbonate and prevents growth of acid-producing
organisms during treatment (Jroundi et al., 2010).
The use of calcium acetate as the calcium source
allows the acetic/acetate pair to act as a buffer
against an eventual pH drop (Jroundi et al., 2010).
A sterile nutrient solution is sufficient, using
endemic microbiota in the stone, there is no need
to add cultured bacteria (Rodriguez-Navarro et al.,
2015). Chromatic changes over four years have
been judged acceptable and were even lower than
in untreated rocks, and the population of fungal
spores was found to be reduced in the long-term
(Rodriguez-Navarro et al., 2015). Depending on
rock type, treatment was proved effective for 2.5-4
years (Rodriguez-Navarro et al., 2015). 

This treatment is claimed to provide equiva-
lent strengthening to applications of ethyl silicate
(Rodriguez-Navarro et al., 2015). Bacterial car-
bonatogenesis has worked in the field but these
tests were undertaken in a warmer climate: Rodri-
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guez-Navarro et al. (2015) undertook treatment at
a constant 20°C using warm air circulation at night.
For this project it was felt that tests were required
in the UK climate to see if halting the functioning of
bacteria metabolism at night, and indeed most of
the day, is an issue. 

Nanolime

This treatment requires spraying dry surfaces
with a low dilution of alcohol-based calcium
hydroxide e.g. dilute CaLoSil®E25 (25g/L) in etha-
nol or isopropanol to 5g/L, followed by a second
undiluted treatment 24 hr later (IBZ-Schalzchémie,
2020). Precipitation of calcium hydroxide occurs as
the alcohol evaporates, which reacts with atmo-
spheric carbon dioxide to create calcium carbonate
and leads to consolidation (IBZ-Schalzchémie,
2020). In addition, the alcohol, which is used in the
dilute solution, is also anti-microbial (IBZ-
Schalzchémie, 2020) working as an initial surface
decontaminant, although not as a long-term pre-
ventive. CaLoSil®E25 has been found to be a
good consolidant (Daehne and Herm, 2013),
increasing resistance to salt crystallization, frost
and thermal shock and long-term resistance to dis-
solution. Nanolime treatments have also been
found to increase the compressive strength of
archaeological limestone by 37% and the drilling
resistance by 75% (Ahmad Al-Omary et al., 2018).
Bernardi (2015), however, found it ineffective in
scotch tape testing on the stone within their project.
Individual tests are therefore always necessary to
determine if this treatment is appropriate on differ-
ent stone types. 

CaLoSil®E25 has been found to compare
favourably with metal alkoxide treatments (Natali et
al., 2015) but to gain even more benefit, titanium
oxide can be added to the nanolime at 7.4% wt/vol
(Nuño et al., 2015). TiO2 is insoluble in water so
requires sonication in an ultrasonic bath or using a
probe in order to obtain a stable colloidal suspen-
sion. Titanium oxide has catalytic, photo-catalytic
and biocidal properties, making it a self-cleaning
agent (Ortega-Morales et al., 2018). It has been
found to be more effective in preventing algae and
lichen colonisation than conventional biocides in
both laboratory and on-site studies (Ortega-
Morales et al., 2018). The metal alkoxides also
work on the principle of depositing calcium or mag-
nesium carbonates (Natali et al., 2015) and are
more eco-friendly than polymer coatings. Water
and titanium oxide has even been found to work as
a biocide and photocatalyst on its own in the lab
but not in the field on porous, rough surfaces

(Quagliarini et al., 2018). For the purposes of this
project, TiO2 could be added to a third application
of CaLoSil®E25, after a slight reduction in porosity
has already been created, since nanolime does
decrease capilliarity but not completely (Taglieri et
al., 2017). Ahmad Al-Omary et al. (2018) found a
reduction in porosity of 4.6% in archaeological
stone. This will hopefully give a certain level of pro-
tection to the limestones but will not trap salts or
completely prevent water egress. TiO2 causes a
slight increase in water repellence, but not as much
as siloxane polymers (Giancristofaro et al., 2014). 

Diammonium Hydrogen Phosphate 

A solution of diammonium hydrogen phos-
phate (DAP) and calcium hydroxide nanoparticles
in ethanol and water can also be applied to lime-
stone (Nazel et al., 2021). Hydroxyapatite (HAP)
can be formed from the reaction between Ca2+

ions deriving either from partial dissolution of the
stone and PO43- ions coming from the aqueous
solution of DAP. Treatment with DAP solution, how-
ever, has four drawbacks: (1) not only HAP, but
also other metastable calcium phosphate phases
are formed; (2) small unreacted phosphate frac-
tions remain in the stone (Nazel et al., 2021); (3) it
is not ideal for conservation ethics that this process
dissolves part of the specimen; (4) over-strength-
ening of an outer layer could lead to damage
because it has different properties to the bulk
matrix and could cause detachment (Sassoni et al.,
2016). 

Shekofteh et al. (2019) compared nanolime
and DAP treatments: spectrophotometry revealed
a yellowish colour in the samples treated with DAP
and during FE-SEM observations, some diffused
microcracks were detected on the surface. When
subjected to accelerated aging tests, both nano-
lime and DAP treatments delayed the formation of
microcracks during freeze-thaw tests, and both
showed excellent stability during salt crystallization
cycles (Shekofteh et al., 2019). This makes nano-
lime more compatible with darker coloured lime-
stone and previous research found that lime has a
low propensity for biological growth, supporting its
use as a consolidating product for the stone used
in open-air archeological sites that are prone to
microbial growth (Shekofteh et al., 2019). Both
DAP treatment (Sassoni et al., 2014) and nanolime
(Ahmad Al-Omary et al., 2018) improve mechani-
cal strength of limestone but DAP treatment is vul-
nerable to the presence of salts (possible in the
specimens chosen for the garden project), forming
soluble calcium phosphates instead of HAP (Prat-
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icὸ et al., 2019). In other cases, however, DAP has
been found to be more effective than nanolime in
resisting salt weathering (Shekofteh et al., 2019).
Treatment conditions, solvent, stone composition,
porosity and pore distribution may affect individual
results. 

The two treatments selected for trial on the
limestone specimens were therefore bacterial car-
bonatogenesis and nanolime with TiO2. 

Treatment for Silicified Trees 

Chemical affinity between consolidant and
substrate is necessary to ensure that conservation
treatments are successful (Praticὸ et al., 2019).
Treatments which are suitable for limestones are
therefore not suitable for silicates due to their dif-
fering chemistry. There is more universal consen-
sus on the best treatments for outdoor silicates
than for limestone: ethyl silicates are widely recom-
mended (Ferron and Matero, 2011; Moropoulou et
al., 2003; Wheeler, 2005; Young et al., 2007) and
especially for fossil wood (Lόpez-Polín, personal
commun., 2022). Of these, Wacker SILRES BS
OH100 has been chosen because it is not a water
repellent (Mustoe et al., 2022) (so will not create a
locked layer) and is commercially available in small
quantities. 

METHODS

Samples

Samples (100 mm x 50 mm x 20 mm) were
taken from the matrix of the different limestone-
based specimens selected for the garden refur-
bishment project: Ammonite and oyster block, Stair
Hole Member; Ammonites, Portland Stone Forma-
tion; Ornithopod footprints, Stair Hole Member;
Theropod footprints, Stair Hole Member. Two sam-
ples of each rock type were used for each experi-
ment. 

Bacterial Carbonatogenesis Treatment

Samples were sprayed with alkaline nutri-
tional solution M-3P twice daily for five days to
enable biomineralization by local calcium-deposit-
ing bacteria (1% wt/vol Bacto Casitone, 1% wt/vol
calcium acetate hydrate Ca(CH3COO)2⋅4H2O,
0.2% wt/vol potassium carbonate-1.5-hydrate
K2CO3⋅1/2H2O in a 10 mM phosphate buffer, pH 8)
at a volume of 1–1.5 ml/cm2 in distilled water
(Jroundi et al., 2010; Rodriguez-Navarro et al.,
2015). Samples were kept covered from the sun
with foil (not touching the specimen) during treat-

ment and for three further days to prevent rapid
drying. 

For this project more pH buffer was required
than in the recommended recipe, because when
first mixed the solution was at 6.5-7 pH (presum-
ably because the deionised water was at 5.5 pH).
Different samples were left outside in the gardens
within the chalk downland area (an established
ecosystem with imported soil) and the grassed
area with standard London soil, other samples
were positioned inside the laboratory, some with
chalk downland soil and others with local London
soil (in case soil bacteria played a contributing
role). The maximum daytime temperature for the
outdoor samples was 18°C. These were also
plagued by slugs, foxes and flies, attracted by the
nutrient solution. After treatment the samples were
left for a further one week in the laboratory then
gently rinsed with local rainwater (pH 5.5) before
air-drying. 

Nanolime Treatments

Samples were consolidated in a laboratory
environment with three surface saturation treat-
ments of CaLoSil®E25 spray: (1) at 5x dilution
(recommended by IBZ-Schalzchémie (2020)); (2)
at standard dilution; and (3) standard dilution with
titanium oxide additive 7.4% wt/vol (which was
added to the solution just before application and
sonicated for 20 seconds); 24 hrs were left
between spray treatments. Samples were then
briefly rinsed in pH 5.5 local rainwater. This treat-
ment was repeated on different samples but with
no TiO2 and with only 0.5% wt/vol TiO2. 

Scanning Electron Microscopy

Samples were placed on SEM stubs and
coated with gold-palladium (80/20) with a Cress-
ington 208 HR sputter coater. Scanning electron
microscopy was used to observe deposition of new
cement at up to x10000 magnification using a
Zeiss UltraPlus FEGSEM. 

Tape Test 

Tape peels can be used to evaluate the cohe-
sivity of a stone surface and are commonly used in
building conservation. The sticky surface of the
tape removes any loose material from the surface,
the tape is then weighed and can be used to com-
pare the effectiveness of different consolidants.
Tape peel tests following the method of Drdácký et
al. (2012) were undertaken on control samples and
samples treated with CaLoSiL® E25 or the bacte-
rial carbonatogenesis technique. The tape strips
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were weighed before and after application to the
surface (90 seconds application, 90° removal
angle at a constant 10 mm/second removal rate).
Tests were repeated 10 times in same location.
There are several other methods of assessing
cohesion, but these were not available during this
study. 

Fossil Preparation

Fossil preparation was requested for the large
block containing oysters and ammonites and the
large ammonites (Figure 1) from Chicksgrove
Quarry, Wiltshire. As display specimens the aim
was to enhance their aesthetic appeal by removing
excess matrix, enhancing relief and increasing the
visibility of the basic morphology. The request
included the caveat that the preparation work be as
discrete as possible, keeping tool marks as unob-
trusive as possible.

For the large ammonites, bulk matrix removal
was carried out by mallet and chisel. Chisel marks
were obscured where possible using a combination
of a HW 70 Eurofossils air pen (or air scribe) and
an Accuflo by Comco Inc air abrasive with sodium
bicarbonate. It became apparent that where rock
was removed, the sharp contrast between the
bright white of the fresh broken surfaces and the
weathered outer surfaces was too obvious. To try
to artificially replicate the look of the weathered
surface, very dilute (1%) acetic acid was applied to
the prepared surfaces of one of the specimens by
pipette, with successful results.

Due to the weight (1,500 kg) of the large block
containing ammonites and oysters, the decision
was made to move this piece to the garden and
carry out the preparation work in situ to avoid mov-
ing the block multiple times. A portable compressor
was taken outside, and the preparation carried out
by air pen. 

Repairs

CaLoSil(®) E25 is not recommended as an
adhesive for exterior stone (Daehne and Herm,
2013) but polyvinyl butryal has proved effective
(Young et al., 2007) and has the advantage of com-
patibility with nanolime if dissolved in ethanol. To
maintain this compatibility, glass microballoons can
be used as a filler in silicious specimens and mar-
ble dust for limestones. A selection of adhesives
mixed with marble dust filler were applied to lime-
stone samples and left outside for a 12-month
period: Butvar B98, Paraloid B72, Paraloid B48N
and Paraloid B44. 

RESULTS AND DISCUSSION

Scanning Electron Microscopy

The only sample to display new crystal growth
resulting from the nutrient treatment was the orni-
thopod trackway sample, which had been treated
within the laboratory in association with chalk
downland soil. The crystals formed were smaller
and more platey in habit than those observed by
Rodriguez-Navarro et al. (2003, 2015). This result
may be due to the different bioreceptivity of the dif-
ferent limestones (Ortega-Morales et al., 2018) and
because the exterior temperatures were too low for
effective colonisation over the short period. 

Following treatment with CaLoSiL® E25 the
ornithopod trackway sample at x32 and x500 mag-
nification showed cracks in valleys where the liquid
pooled and dried. Observations of higher points at
x500 and x10000 magnification revealed new crys-
tal growth (Figure 3). The theropod trackway, Pur-
beck and ammonite and oyster block samples also
showed new formation of calcium carbonate, again
in different crystal habits. Liu et al. (2021) also
found that the calcite precipitates as different crys-
tal morphologies. 

Tape Test

The results of the tape peel tests are shown in
Figure 4. These were only undertaken on the orni-
thopod trackway samples since this was the only
limestone type that showed new crystal growth fol-
lowing bacterial carbonatogenesis treatment. Both
treatments created an increase in surface cohe-
sion, but the nanolime was more effective than the
nutrient solution. 

Colour Change with TiO2

Colour change with 7.4% TiO2 was higher
than accepted in cultural heritage surface treat-
ments, a phenomenon also observed by Frazoni et
al. (2014). In addition, excess titania on the surface
decreases contact angle of water droplets, greatly
increasing the absorption rate of the stone, leading
to increased frost damage and chemical attack
(Frazoni et al., 2014). Ahmad Al-Omary et al.
(2018) found that nanolime worked very well by
itself, significantly improving mechanical properties
and resistance to salt crystallisation damage but
not reducing porosity. Within this study nanolime
was found to create new crystal formation on all
the limestone substrates and increase surface
cohesion. A 0.5% level of TiO2 at the 3rd applica-
tion of CaLoSiL® E25 is considered a viable option
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for the garden specimens and tests found no dis-
cernible colour change by eye. 

Adhesives

After 12 months all adhesive joins were found
to be intact, so all were considered of sufficient
strength and durability. Butvar B98 was selected
for use in repairs of the limestone trackways due to
its compatibility with CaLoSiL® E25 and because it
would not interfere with future treatments. 

CONCLUSIONS

Bacterial carbonatogenesis has proved a very
successful sustainable option for treatment of exte-
rior stone by other researchers but was unsuccess-
ful in this case, partly due to the colder climate and
partly because different substrates have differing

FIGURE 3. Trackway block samples after 3 treatments with CaLoSiL® E25 (no TiO2) at x10000 magnification, top left:
ornithopod trackway before treatment; bottom left: ornithopod trackway after treatment; top right: theropod trackway
before treatment; bottom right: theropod trackway after treatment. EHT 6.00kV, Signal A SE2, WD 8.1 mm, Magnifica-
tion 10000 x. 

FIGURE 4. Graph showing the cumulative weight gain
on tape peels, which equate to cumulative loss of sur-
face material. 
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bioreceptivity. This implies that bacterial car-
bonatogensis should always be tested before wider
application. The test samples had to be carefully
wrapped between treatments since they attracted
so much wildlife, and this could be problematic on
a larger scale. 

The chosen treatment for the limestone speci-
mens is CaLoSiL® E25 with 0.5% TiO2 and for the
silicates SILRES BS OH100. Minor repairs were
made by adhesion with Butvar B98 with marble
dust filler in limestones and glass microballoons for
silicious material. 

Nanolime treatments only penetrate about 5
mm depth depending on porosity (Ahmad Al-
Omary et al., 2018) so these specimens will require
annual checks and may require retreatment. If

these treatments prove insufficient and deteriora-
tion does occur over time, less sustainable options
may be considered such as treatment with a nano-
composite mixture (Akeoguard CO (Poly
[vinylidene fluoride-co-hexafluoropropylene]) 5% in
acetone and 0.5% ZnTiO3 nanoparticles (Ruffolo
et al., 2010) or Rhodorsil H224 (alkyl poly-siloxane)
6% v/v in white spirit (Pelosi et al., 2020) with 0.5%
ZnTiO3 nanoparticles. 
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