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Abstract: This work explores the potential of analyzing individual objects to improve their preventive

conservation. Previously, environmental recommendations have been based on an average or worst

response of material groups. Cultural heritage objects are extremely variable and within a group such

as archaeological iron a very wide range of responses are shown. Characterizing a single object’s

response allows its environment to be tailored to its requirements and can enable significant resource

and carbon footprint savings. Three main approaches are considered with a material explored in

detail including preventive conservation ramifications. Composition analysis is investigated through

the stability of limestones. The critical concentrations of soluble salts causing surface deterioration

in one environment has been explored. A more rapid method of analyzing clays in acid insoluble

fractions from drillings and undertaking that analysis non-invasively has been developed. Measuring

deterioration rates is explored through oxygen consumption analyses of archaeological iron. The

distributions of previously published data are explored and the changes in rates examined. A scheme

for parchment based on shrinkage temperatures and observations is presented for the first time and

its use illustrated with a newly acquired letter. The type of work required to produce these schemes

is explored with leather.

Keywords: soluble salts; clays; oxygen depletion; shrinkage temperature; leather; parchment; limestone

1. Introduction

Materials science effectively dictates the value of preventive conservation, since its
outcomes define criteria applied by practitioners. Conservation and care of collections
increasingly uses specified values and ranges for variables, such as relative humidity (RH),
temperature and light, to delineate safe criteria for storage and display of materials, as
well as for identifying regions of risk. These values form the preventive conservation
evidence that is used to argue for resources and design specifications within the heritage
sector. Their value in practice is related to the strength of the data used to derive them.
Understanding structure and decay mechanisms and rate of change are essential factors for
deriving preservation standards. This paper focuses on the individuality of objects and
what this may mean for setting standards.

Preventive conservation has treated cultural heritage objects by material groups,
thought to react to the environment in similar ways [1,2]. Whilst it has long been understood
that some similar materials can react very differently [3–9], only recently has sufficient
research been completed to predict and understand this reactivity and use it to tailor
environmental controls. Understanding the reactivity of a single object overcomes the
broad classes defined by material types and can remove some of the uncertainty from
behaviour prediction. This approach has significant potential to stretch limited resources
and improve sustainability of environmental preventive conservation. Three different
analytical approaches have been used to date for understanding a single object:

Heritage 2023, 6, 212–235. https://doi.org/10.3390/heritage6010011 https://www.mdpi.com/journal/heritage
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• Analysing its composition.
• Measuring its deterioration rate.
• Examining its state of preservation or evidence of degradation markers.

Collectively, the data derived from material composition, deterioration rate and preser-
vation state must be balanced and, where possible, integrated to offer the best insight into
controlling change of materials. This is a challenging goal, as numerical data that is readily
extrapolated forwards to predict future change is the ideal outcome, yet it is exceptionally
difficult to achieve predictably. This paper reports a range of datasets which explore these
three analytical approaches, accompanied by discussion of their context in relation to this
goal, which aims to illustrate the complexity of deriving such data. The use of individual
object data helps with the potential problems of using defined environmental standards in
a universal manner. Each approach is illustrated by an example application to a particular
object type. For state of preservation, two examples are given, one for parchment based
on an existing scheme and a second for leather which illustrates the intial processes in
developing a scheme. The examples are illustrative and were selected for instances where
sufficient information exists. The impact of the environment on the deterioration of most
materials has not been studied in sufficient detail to apply this approach.

2. Analysing the Composition of an Object

Material composition can significantly influence reaction rates within an environ-
ment. This reactivity can be a function of natural composition, impurities introduced
into a material, or manufacturing components. For example, the purity of lead [6], and
trace concentrations of arsenic and cadmium [7], are reported to affect its corrosion rate
significantly when acetic acid is present. Weeping glass is much more sensitive towards
relative humidity than most glass, with its sensitivity being driven by silica concentration,
sodium and potassium content and stabiliser (calcium, barium, lead) concentrations [5,8].
The deterioration of paper has been attributed to 90% manufacture (composition) and 10%
environment [9]. To explore how analysing the composition of an object can contribute to
its conservation management, the example of limestone artefacts in the British Museum
is considered.

2.1. Analysing Limestone Composition: Introduction

The presence of soluble salt contaminants (analysed by drilling, water extraction and
specific ion electrodes or ion chromatography) and expanding clays in the acid insoluble
fraction of limestones (analysed by drilling, acid digestion and X-ray diffraction) has been
linked with deterioration [10,11]. For Egyptian limestones in the British Museum, the
relationship has been tested statistically within that environment in a previously published
study [10]. Objects with higher nitrate concentrations (all objects had chloride but no sulfate
present) were observed to have decayed and those with expanding clay contents above
5% suffered both structural and surface decay [10] but this empirical relationship is only
valid for the environment prevailing within the rooms in the British Museum holding these
objects. Further analyses of salt concentrations and assessment of when they lead to visible
surface damage have since been undertaken and are reported here.

Thermodynamic modelling can be used to determine relative humidity/temperature
fields under which the identified salts present will generate high pressures which could
damage the substrate [12–16] but this model is reported to be uncertain for nitrates due
to the sparsity of available solubility data. Experiments testing the ECOS predictions for
chloride/nitrate salt laden Caen stone pieces, supported by observations of damage in
display environments, are reported here. Both near infra-red and FTIR spectroscopies are
examined as rapid methods for the analysis of clays in acid digested samples. The common
X-ray diffraction technique relies on producing an aligned sample to show clearly the basal
plane reflections on which identification is based [17]. However, the RH responsive nature
of the clays of interest means that they frequently curl off the filter when drying, making
them unsuitable for XRD analysis. The possibility of employing non-invasive methods to
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analyse and quantify clays present in limestones, without the need to drill samples, was
also investigated. Examination of limestone cross sections has indicated some bedding of
clays running parallel to surfaces. To address this potential analytical limitation, the depth
from which clays could be analysed under calcite with FTIR and NIR was also investigated.

2.2. Analysing Limestone Composition: Method

Samples of Egyptian limestones from the British Museum collections and a medieval
British sculpture, ‘Christ in Majesty’ were analysed. Caen stone specimens were utilised
for both tests in an environmental chamber and in situ.

To identify the salts present in Egyptian limestones, a series of small drillings into
break surfaces were taken using a 3 mm drill bit. Powder from the first 1 mm drilling
was collected then the powder was incrementally collected to 22 mm depth. The powder
samples were dried at 110 ◦C until no further mass loss occurred. Samples of the dry
powders (0.1 g) were extracted with 10 mL of 18.2 MΩ/cm water, filtered and analysed
with a Dionex 600 ion chromatograph. This used AS14 columns with 8 mM sodium
carbonate, 18 mM sodium bicarbonate eluent for anions and CS12 column with 1 mM
methane sulfonic acid eluent for cations. The analysed salt concentrations were fed into
the ECOS model (RUNSALT version 1.9) to determine the RH regions generating solid
products at 20 ◦C. This was the temperature mode of the rooms used to house the limestone
sculptures analysed.

Caen stone has been used as an experimental substrate to mimic Egyptian limestones
due to its fine-grained nature and similar pore size distribution [18]. Deteriorated Egyp-
tian limestone was found to have over 32% of its pore volume with pore sizes less than
0.1 µm [10] and the Caen stone samples used had over 28%. To investigate physical damage
caused by salts, small Caen stone cubes (50 g) were impregnated with salt mixtures (sodium
chloride and nitrate) as detailed in Table 1, to replicate those found in the limestone objects
(detailed in Figure 1). After drying, (at 40% RH for chamber tests and 45% RH for room tests
to match likely room RH conditions), any salts on the surface were removed by brushing,
and the percentage salt impregnated was estimated from the mass increase of the dried
stone after impregnation.

Table 1. Salt concentrations in impregnated Caen stone blocks.

Sample Number Dried Percentage Salt
Impregnation Solution NaCl/NaNO3

(Nitrate to Chloride Ratio)

1 0.4 1:1

2 2.3 1:1

3 0.4 1:2

4 2.3 1:2

5 0.4 1:3

6 2.3 1:3

The salt impregnated blocks were placed on Melinex sheets in a Sanyo environmental
chamber and subjected to 10 cycles of 40 to 70 to 40% RH, with 48 h at each RH value,
at 20 ◦C. This cycle was based on environmental monitoring from the three locations in
the British Museum where most Egyptian limestone sculpture is displayed or stored. The
mass of the blocks was recorded on an AND EK200 balance in the chamber. The balance
was placed on 4 circular Sorbothane blocks to attenuate vibrations at 13 Hz due to the fan
used in the chamber. The dominant frequency was determined using a RDP298 shocklog
and the mass of balance and sample matched to that of the shocklog. The thickness and
size of the circles was determined using the design guide calculator version 2, published
by Sorbothane. After the cycling, any salts present on the surfaces of the blocks were
brushed off, collected and added to any salts on the Melinex. These were dried and their
soluble anion content analysed by water extraction and ion chromatography, as previously
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reported. The presence of any calcite in the salt was determined by pressing 3 mg of the
dried extracted powder into a 300 mg KBr disc and analysing with FTIR (Nicolet 510PC)
with a suitable calibration for the 711 cm−1 peak.

Ω

Figure 1. Objects discussed including Christ in Majesty sculpture.

Two other sets of salt impregnated blocks were placed on Melinex sheets on display
furniture in the Egyptian Sculpture Gallery and subsequently in a store room, both at the
British Museum. They were in situ for a total of 3 years between the two locations. Only
the higher salt content blocks 2, 4 and 6 were exposed, as the number of relative humidity
cycles was expected to be much lower than with the environmental chamber exposure.
Any salts on the surfaces were brushed off and collected every 6 months. Any losses of
material onto the Melinex were collected separately, with soluble salts and calcite analysed
as before.

Samples of clays procured commercially, or from acid digestion of limestones, were
analysed with a Bruker Alpha FTIR with ATR accessory or Analytic Labspec 4 NIR spec-
trometer. To investigate non-invasive analyses, powders were then mixed with calcite
powder to produce mixtures from 1 to 15% of the clay by mass. The mixtures were analysed
with Bruker Alpha FTIR with direct reflectance accessory and Analytic Labspec 4 NIR spec-
trometer. Once the method had been developed, it was applied to 100 limestone sculpture
objects. To investigate the information depth of the analyses, calcite (Analar BDH) powder
was pressed into a series of discs of different thickness from 0.5 to 4 mm using a KBr pellet
press. The FTIR analyses of the clay and calcite mixtures were then repeated with the calcite
discs of different thicknesses inserted between the mixed clay sample and the spectrometer,
and the calcite depth from which an analysis can be made was determined.

The limestone sculpture of Christ in Majesty from Fountains Abbey in English Her-
itage’s collection was showing rapid structural decay with salt crystals observed on the
surfaces. No further analysis of the limestone type had been undertaken. The storage
environment was similar in RH to that of the main rooms used for Egyptian limestone. A
drilling, as described previously, was taken from one of the numerous break surfaces. The
soluble salt and acid insoluble contents were analysed as above.

2.3. Analysing Limestone Composition: Results and Discussion

The salts analyses from Egyptian limestones are shown in Figure 2. Over 99.5% of the
cations detected were sodium in all instances.
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Figure 2. Chloride and nitrate salt contents in Egyptian limestone sculpture.

There is a clear boundary at around 0.1% mass/mass dry stone for nitrate. Stones
above this concentration showed signs of salt surface damage, with powdering or small
pieces lifting. The chloride concentrations overlapped significantly between 0 and 0.5%,
although several of the objects observed to be deteriorating had much higher concentrations.
The results extend the work reported in Bradley and Middleton [10] beyond the structural
decay investigated. Although less dramatic than the structural decay reported previously,
any surface loss reduces the heritage value of sculpture. Predominantly sodium was
detected as a cation, over 99.5% in all instances.

Table 2 shows the deterioration observed in environmental chamber tests.

Table 2. Losses from Caen stone blocks after 10 RH cycles and initial mass gain on first cycle.

Sample Mass Loss (% Mass Dry Stone)
Increase in Mass at 1st 70% RH Cycle

Calcite Chloride Nitrate

1 0.03 0.06 Bd 0.21

2 0.21 0.54 Bd 0.67

3 0.02 0.03 Bd 0.08

4 0.12 0.32 Bd 0.54

5 0.01 0.02 Bd 0.03

6 0.09 0.12 Bd 0.34

Bd below detection, 0.005%.

Significant losses were generated by the 10 cycles of RH. These were not just salt
efflorescences, but also calcite from the stone, quantified by mass and identified with FTIR.
Only soluble chloride was detected in the losses, no nitrate, despite its presence in the stone.
On the first cycle to 70% RH, all the blocks gained mass, presumably due to water vapour
sorption. The deliquescent RH of sodium chloride is slightly over 75%; that of sodium
nitrate is reported to be above 73%. The water vapour sorption would be unexpected from
the reported deliquescent RH value. The measured salt concentrations were inputted into
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the ECOS model at 20 ◦C. The resulting predicted expansions from salt activity are shown
in Figure 3.

−

Figure 3. Output from ECOS program for sodium chloride and nitrate mixtures.

As can be seen, the mixtures of sodium chloride and nitrate result in a lowering of the
critical RH to 68%, explaining the water sorption at 70% RH and deterioration of the Caen
stone surface under the exposure reported.

Total results from the three-year exposure of blocks in the sculpture gallery and store
are shown in Table 3.

Table 3. Losses from Caen stone blocks exposed in gallery and store room.

Sample Mass Loss (% Mass Dry Stone) in Gallery Mass Loss (% Mass Dry Stone) in Store

Calcite Chloride Nitrate Calcite Chloride Nitrate

2 0.12 0.25 Bd 0.07 0.18 Bd

4 0.06 0.13 Bd 0.03 0.10 Bd

6 0.07 0.08 Bd 0.04 0.11 Bd

The results follow the same patterns as those reported in Table 2. Higher nitrate
ratios increase the amount of damage and no nitrate appears on the surface. These results
seem to support the ECOS model outputs. Recent research has provided more data for
nitrates [19,20], but this is yet to be parameterised into the model.

Both FTIR-ATR and NIR were found to generate good quality distinctive spectra for
kaolinite, palygorskite and sepiolite and could be used for this analysis. The calibrations
for the mixes with calcite are shown in Figure 4. The legend includes the wavenumber
value of the peak used for calibration. Peaks below 4000 cm−1 are FTIR and above are NIR.
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Figure 4. FTIR and NIR calibrations for palygorskite, sepiolite and kaolinite in calcite.

The FTIR calibrations gave better linear fits, were more sensitive and the intercepts
were closer to zero. This technique appears more suitable for lower concentrations. At 15%,
concentration peaks were significantly broadening and the NIR is perhaps better for higher
concentrations. For Egyptian limestones, clay concentrations in the region 2.3 to 19.3% by
mass have been measured. The FTIR gave anomalous peak shapes on some analyses, due
to dispersion effects. If this was strong, the Kramers-Kroenig correction produced good
peak shapes, but for some mixed examples it was not successful. For the standards and 100
stones analysed, good quality spectra could not be produced from approximately 10%. The
NIR was able to produce good quality spectra from all samples, although sometimes this
required 3 or 4 areas to be analysed.

The depth of calcite from which a signal above the detection limit was detected for
each clay/calcite mixture is shown in Figure 5.

Figure 5. Depth of calcite below with clay mixtures can be detected with FTIR and NIR.
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The FTIR detects signals from below greater depths of calcite than NIR. FTIR was
shown to be able to detect clays to a minimum depth of 2 mm. For the lowest sepiolite
concentration mixture, a depth of 0.5 mm of calcite above the clay blocked the signal, whilst
at the occurring 5% concentration, clay signal could be detected below 0.5 mm calcite.
These figures are only indications, as factors such as grain size, packing, porosity and water
content will affect the radiation transfer through the material. For FTIR, they do indicate
that analysis is possible to some depth and for kaolinite and palygorskite with NIR.

Measuring deterioration rate could be used to identify deteriorating limestones and
some work has been presented here on quantifying deterioration rates. However, accessible
and reproduceable methods are not widely available for this material. Compositional
analysis is a faster route to a decision and does not rely on deterioration that may take
years to appear to a sufficient degree to be detected.

2.4. Analysing Limestone Composition: Informing Preservation Decisions

Whilst most stone objects are relatively robust and can withstand wide variations in
environment, it has been shown that the presence of soluble salts and expanding clays can
lead to rapid deterioration. For limestones with predominantly sodium chloride and nitrate
present, the critical RH has been assessed and even small excursions above this shown
to cause surface damage. The method is readily extendable to any salt mixture using the
ECOS thermodynamic model. The presence of some clays, in association with salts, can
cause structural damage. FTIR has been shown to be a suitable analysis method to identify
the clays in acid insoluble samples more rapidly and with much less sample preparation
required than for XRD. Both external reflection FTIR and fibre optic NIR have been shown
to allow non-invasive analysis of such clays without any need for drilling. The combined
methods allow identification of susceptible limestone objects.

The analysis from the Christ in Majesty sculpture determined chloride concentration
of 0.61% (by mass of dry stone), nitrate 0.22% and sodium 0.82%. This similarity to the
previously analysed limestones allowed the required climate conditions to be determined.
The acid insoluble content was 8.9% kaolinite and this is clearly contributing to the on-
going structural decay. These salt concentrations indicate that maintaining an RH below
68% should retard the deterioration, if not prevent it completely. Attempts at sealing
in a polystyrene crate with 3 kg of conditioned Prosorb failed to maintain this RH and
deterioration continued. It is planned to move the object into the secure store, which has
maintained an RH below 55% for the last decade.

3. Deterioration Rate Measurement

Measuring the deterioration rate of an object in a particular environment can help
in making conservation decisions. The yellowing of mastic varnish in nitrogen dioxide
containing atmospheres [21] and object silver tarnish rates have been reported [22]. Micro-
fading has become widely used to measure the fading rate of a small spot of a surface,
(controlling the colour change to below that visible to the naked eye) [23]. Quantitative rate
data can be exceptionally useful for guiding expectations of change and how it manifests.
Attempts to use this data to make predictions must consider the many variables within
decay processes, as research will record what occurs by fixing variables that may in fact
vary in operational environments. Nevertheless, it does provide the only methodology able
to contribute to development of predictive decay rates.

3.1. Measuring Deterioration Rates of Archaeological Iron: Introduction

An example of the development of a method for measuring deterioration of individ-
ual objects is the application of oxygen depletion as a proxy corrosion rate measurement
for complex archaeological iron objects [24–26]. As yet, an incomplete understanding of
the decay processes and very complex nature of the objects with many relevant species
situated below the surface, has not enabled the compositional analysis approach to accu-
rately predict stability for archaeological iron objects. A body of oxygen depletion results
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has been published for archaeological iron that allows interpretation of this data [27–32].
These studies analysed objects from archaeological excavations in England; Battle Abbey,
Billingsgate, Camber Castle, Carisbrooke Castle, Carlisle Castle, Chesters Roman Fort,
Corbridge Roman City, Dover Castle, Haughmond Abbey, Lullingstone Villa, Pevensey
Castle, St Augustine’s Abbey, Stonea, Sutton Hoo, Uley, Westminster, Wetwang, Whitby
Abbey, Wroxeter Roman City, and one Welsh site, Caerleon.

Based on these oxygen depletion measurements and observations, the collection of
iron objects cared for by English Heritage, which is mainly terrestrial archaeology from
England, has been found to fall into 4 categories of behaviour Figure 6:
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Figure 6. Response of reactive categories of archaeological iron objects to relative humidity. Category

1 has no response.

Response categories are:

1. Material that does not appear to deteriorate even up to very high RH values. Some
sites reach 85% RH but no deterioration has been observed visually over 20 years
of exposure. These observations are reinforced by oxygen testing of representative
samples which show no detectable deterioration at 75% RH. Between 30 and 70% of
the archaeological iron in English Heritage collections belongs to this stable group.
All sites except Camber had material in this category.

2. Material that deteriorates at higher RH values, with the start point at between 60 and
75% RH. This category included most of the objects from Billingsgate, Haughmond
Abbey and Westminster.

3. Material that starts to deteriorate at 11–16% RH. The deterioration rate is quite slow
until 30%. It accelerates markedly above 50%. This covers more than 85% of the
unstable iron analysed to date and all sites except Billingsgate and Camber Castle.

4. Material that deteriorates slowly at 20% RH, but much more rapidly at 30%. Only
three sites have been tested which had objects deteriorating in this way. For two of
the three sites, Camber Castle and Stonea all objects underwent this rapid, very low
RH deterioration. Not enough objects have been tested from the third site (Carlisle) to
confirm this, but visual observation has not determined any signs of deterioration in
the remaining iron objects on display.

The results shown in Figure 6 are based on over 900 oxygen depletion measurements
and an epidemiological study of over 2800 archaeological iron objects whose response to
environments on display and in storage were observed [26,33]. Whilst this is a large number,
it is only a small fraction of the English Heritage collection of over 100,000 archaeological
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iron objects, hence the large uncertainty reported for the proportion of objects falling into
Category 1.

The method of measuring the deterioration rate of iron with oxygen depletion has
undergone several improvements over time, which are detailed along with potential
limitations for the method [26,34]. With an increasing amount of oxygen depletion data
available, this paper seeks to interrogate the distribution of deterioration rates to inform
methodological procedures. Any long term changes in deterioration rate over time may
prejudice an investigation and it is important that the data reflects the reality of corrosion
processes. Tests with copper alloys have shown that if the oxygen concentration drops
too low in the reaction vessel or enclosure, this affects the reaction kinetics and therefore
the observed rate of corrosion [35]. A potential cause of rate change over time might
be if objects crack during oxygen depletion measuring, which could expose the inner
material to the environment and speed up the reaction rate. Conversely, if all reactive
materials are consumed, then the reactions will cease and oxygen depletion rates drop off.
Therefore, understanding the influence of variables in the measurement method on the
oxygen depletion rate recorded over time is critical for robust and relevant data collection.
Existing data is interrogated here to examine these experimental variables.

3.2. Measuring Deterioration Rates of Archaeological Iron: Method

When the technique was initially adopted for archaeological iron, the method devised
involved enclosing the object being tested in either a ground glass stoppered vessel or heat
sealed Escal bag, selected so the object mass/container volume was greater than 0.1 g/mL
at 50% RH (conditioned with Prosorb) [25]. The oxygen concentration was read with a Gas
Sensor Solutions 450 oxygen sensing system from ruthenium complex sensors inside the
vessel after 14 days. It was modified with the discovery of the Category 2 response [35], by
adding a 3-day exposure period to initially 80% RH, but then the highest RH anticipated,
if no oxygen depletion was determined after 14 days at 50% RH. An initial measurement
was added at 30% RH on identification of the Category 4 response [27]. Results previously
published [26,29,32] using variations of the method were reassessed to investigate the
distribution of oxygen depletion rates at 30, 50 and 80% RH across 214 objects and 16 sites.

To investigate the reason for the much lower RH response of the category 4 material,
small samples of corrosion were removed and analysed with ATR FTIR (Bruker Alpha)
and dynamic vapour sorption, Surface Systems Advantage DVS in zero grade nitrogen.
The samples were removed with a scalpel under magnification, targeting the orange
crystals previously analysed as akaganeite with Bruker Alpha ATR-FTIR. The samples
were analysed with a Thermo IS-10 FTIR with Continuum microscope in direct reflection
on a gold coated slide. Only akaganeite was detected with the FTIR microscopy. The
technique is insensitive to iron oxides, sulfides and chlorides due to the 650 cm−1 cut off of
the MCT detector. It is, however, sensitive to iron hydoxyoxides, sulfates, carbonates and
phosphates. The DVS recorded the mass of the samples as the relative humidity increased
from 5 to 80% RH in 5% RH increments when full mass stabilisation had occurred at
each RH. Three samples from a Category 3 site (Dover) were also analysed. The nitrogen
atmosphere prevents any oxidation reaction which could cause mass increases that could
not be differentiated from those caused by moisture vapour uptake.

Experiments were carried out to investigate the long-term stability of the deterioration
rate. Oxygen depletion rate of objects tested in 2005 were re-tested at the same humidity
(50% RH) after 13 years. Results from 170 day tests on objects from two archaeological sites
were re-examined to compare initial and final oxygen depletion rates.

3.3. Measuring Deterioration Rates of Archaeological Iron: Results and Discussion

The published data for oxygen consumption rates of iron objects is shown in Figures 7–9.
The objects are assigned to cohorts corresponding to the category of their corrosion response to
humidity, as described above. Cohort 4 objects displayed a Category 4 response, for example.
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Different numbers of objects were tested in each cohort and their distributions are shown in
0.2 mbar/year/g bins for 30 and 50% RH and 10 mbar/year/g bins for 80% RH.
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Figure 7. Distribution of oxygen depletion rate at 30% RH for categories 3 and 4.
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Figure 8. Distribution of oxygen depletion rate at 50% for categories 2 and 3, showing the bins into

which 4 objects fell. The four bins into which those objects fell are marked with black hollow and

solid diamonds and triangles to differentiate them.
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Figure 9. Distribution of oxygen depletion rate at 80% for categories 2 and 3, showing the bins into

which 4 objects fell. The four bins into which those objects fell are marked with black hollow and

solid diamonds and triangles to differentiate them.

Category 3 reacts much more slowly than category 4 and has a much sharper distribution.
No objects from Category 4 were tested at 50% RH as the reaction rates at 30% were

so high. The distributions for categories 2 and 3, are slightly skewed with a few higher
reaction rate values.

The reaction rates cover a much wider range of values at 80% RH and the distributions
are more skewed. The four individual objects fell within 2 places in the overall ranking
of reaction rates compared to the 50% RH tests. This precise measurement of corrosion
rate appears to give a good prediction of rates at higher RH values. The measurement
overcomes the reliance of averaged rates with large uncertainties for an individual object
that is necessary for risk prediction.

The response to increasing RH recorded by DVS for 7 samples of akaganeite corrosion
removed from samples from Camber, Carlisle and Dover is shown in Figure 10.

The Dover samples, which lie in Category 3, all showed a slow increase in mass with
increasing RH and then a rapid increase above 70% RH. All the Category 4 samples from
Camber and the sample from Carlisle showed a rapid increase in mass between 20 and 30% RH.

Table 4 shows the 2006 and 2018 oxygen depletion tests for Lullingstone objects.
Between the tests, the objects were kept below either 16% in storage or 30% RH on display.
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Figure 10. Water vapour sorption results of akaganeite samples from categories 4 and 3.

Table 4. Oxygen depletion values for set of objects in 2006 and 2018.

Oxygen Depletion Rate (mbar/Year/g)
Percentage Change in Depletion Rate (%)

Measured in 2006 Measured in 2018

5.66 5.39 4.8

4.83 4.73 2.1

2.45 2.36 3.5

2.51 2.45 2.4

3.15 3.17 −0.7

3.84 3.78 1.5

2.08 2.12 −2.1

4.49 4.48 0.2

4.34 4.26 1.8

2.32 2.31 0.5

4.14 4.11 0.7

3.49 3.65 −4.5

2.89 2.75 4.8

2.08 2.01 3.6

The values are very similar, within 5% of the initial reaction rate measurement.
The initial and final oxygen depletion rates of objects from sites of Billingsgate and

Caerleon during the 170-day tests at 50% RH are shown in Table 5. Rates were calculated
over an approximately 14 day period at the beginning (within the first 20 days) and end
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(within the final 20 days) of the overall test period. Exact dates vary for each object
depending on the measurement schedule.

Table 5. Oxygen depletion values for nails at the beginning and end of exposure to 50% RH for

170 days.

Object
Oxygen Depletion Rate (mbar/Year/g)

Percentage Change in Depletion Rate (%)
Initial Final

1 0.67 0.41 −37.0

2 1.51 0.95 0.8

3 0.98 0.99 −41.9

4 0.40 0.23 6.2

5 0.74 0.79 1.0

6 0.73 0.73 −5.4

7 0.75 0.71 −19.8

8 0.82 0.66 −6.5

9 0.87 0.81 7.8

10 0.93 1.01 19.6

11 0.54 0.65 −23.0

12 2.06 1.59 −2.2

13 0.96 0.94 −13.8

14 0.70 0.60 −9.6

15 5.06 4.57 −1.9

16 3.92 3.85 −4.5

17 4.18 3.99 −1.1

18 15.13 6.37 2.3

19 5.25 5.37 2.9

20 6.00 6.18 0.4

21 5.40 5.43 −3.2

22 4.08 3.96 −31.0

23 3.66 2.52 −22.4

24 3.33 2.59 −22.0

25 8.43 6.58 −4.1

26 3.31 3.17 −3.4

27 4.19 4.05 −6.2

28 3.37 3.17 −37.0

29 0.67 0.41 0.8

There are large differences between the initial and final rates. These tests were com-
pleted without opening the vessels, so the oxygen pressure in the tests reduced as reactions
progressed. The reactions are likely to be proportional to some function of the oxygen
pressure, so the reduced oxygen pressure may influence the result. Almost no enclosures,
storage boxes or showcases will be airtight enough for the oxygen not to be replaced by air
leakage. Hence, the objects would normally corrode under 20.8% oxygen. Most of the large
variations are decreases in the reaction rate. This may indicate over a long exposure at
50% RH, some critical reactants, likely chloride or soluble iron are becoming more limited.
Chloride would become bound up in the crystal structure of B-FeOOH if conditions favour
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its formation [36], where it could not contribute to corrosion in the short term and this
would reduce production of ferrous ions due to oxidation. While corrosion product build
up is often cited as reducing corrosion due to limiting access of oxygen and moisture to
the metal during corrosion in the atmosphere, this is unlikely to occur for archaeological
material as corrosion leads to loss of overlying dense corrosion product layers that already
provide this hinderance. There is one exception (19.8%) in the data set with the rate increas-
ing. Otherwise, the increases in rate are of a similar magnitude to the changes measured
in Table 4.

Determining that an archaeological iron object reacts in a Category 1 manner, saves
resources in drying with silica gel and relaxes showcase design requirements. Many
exhibitions also contain mixed archaeological iron or copper alloy with organic materials
in the same showcase and some objects comprise mixed materials. The issues that these
scenarios raise for managing material-specific and conflicting environmental requirements
have been discussed [37]. Identifying Category 1 or 2 iron objects allows a showcase to
be developed for the organic material requirements with an understanding that those
iron objects are unlikely to be at high risk in these conditions. An added advantage
of measuring deterioration rate of iron by oxygen consumption is that an object can be
categorised with no requirement to know its chloride content, as the rate is a message to the
conservator regarding the stability of the object and hence, the action that must be taken to
control corrosion.

3.4. Measuring Deterioration Rates of Archaeological Iron: Informing Preservation Decisions

Previously, environmental limits have had to be set which take into account the
range of possible responses of an object type. Examining the oxygen consumption data
available for iron objects shows distributions that are very wide and, consequently, very
low RHs would be required to stop deterioration in all archaeological iron. As the long
term changes in oxygen depletion rate are found to be small or show a decrease in rate with
time, this method allows the individual object susceptibility to be assessed. Establishing
that an object is not deteriorating at a mid-range RH can offer a significant reduction in
resources required to manage environments, with implications for sustainability. It can
also significantly reduce the compromise in RH conditions required for mixed display with
organic objects. As an approach, it is much more evidence-based and allows a tailoring of
conditions to meet individual object needs.

This is exemplified by a cannon ball from Lindisfarne Priory. Oxygen depletion
analysis of the cannon ball showed that it did not react at 50% or 60% RH but did at
80%, placing it in Category 2. This permitted its display with bone objects in a showcase
conditioned to 40–60% RH with Prosorb. Conversely, a knife blade reacted at 50% RH,
indicating Category 3. This prompted a split case design with one portion of the showcase
dried with silica gel to between 5 and 30% RH and a separated portion controlled to
40–60% RH with Prosorb for textile objects. Dehumidifiers have been used in mixed display
with Category 3 objects. Munters MG50 dehumidifiers have been shown to be capable
of maintaining 30–35% RH long term with careful showcase design. Hybrid solutions
have also been used with one case containing mixed archaeological iron and organics
controlled with a dehumidifier to 30% RH. A second mixed copper alloy and organic case
is controlled with silica gel, when this reaches 35% RH, it is swapped with silica gel from
the dehumidifier case.

4. State of Preservation

For many materials, degradation processes can cause them to become more envi-
ronmentally sensitive. Weeping glass develops gel layers that are very sensitive to low
RH values [5], whereas glass with thin gel layers shows no low RH sensitivity. As paper
degrades, once the degree of polymerisation of the cellulose chains drops below about
300, the paper becomes very sensitive to handling [38]. Research with weighted silk ob-
jects indicated a molecular weight below 100,000 Da would require additional support or
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conservation to be suitable for display [39]. Light, heat and pollution may cause damage
to parchment, as does corrosion of iron gall inks or fading and colour changes to paints.
However, in many cases, damage to the text and paint layers is directly related to damage
of the parchment structure (e.g., cracking, flaking, etc.). The following example (Section 4.1)
examines the role that the state of preservation of parchment can play in its environmental
sensitivity and how this influences collections care decisions. An investigation of the
application of these principles to leather is also reported (Section 4.2).

4.1. State of Preservation of Parchment: Introduction

Parchment degradation develops from an intact fibre structure of high hydrothermal
stability through different stages of fibre structure change that produce decreasing physical
and hydrothermal stability. The degradation may progress to a terminal stage with a
considerably disintegrated fibre structure that is transformed into a gelatinous substance
by contact with water or storage in moist conditions, or into small fibre fragments without
any detectable hydrothermal activity.

The IDAP project (Improved Damage Assessment of Parchment) developed methods
for characterising the state of preservation of parchment based on shrinkage temperature
measurements supported by other advanced analytical techniques [40], including Atomic
Force Microscopy (AFM) [41]. The extent of damage was described in terms of 4 major
categories according to the state of preservation of parchment, i.e., undamaged, slightly
damaged, damaged, heavily to completely damaged, which are shown in Table 6. One of
the techniques used in the IDAP project was dynamic mechanical analysis with controlled
RH (DMA-RH) [42]. This has also been used recently to study the behaviour of casein films
used in food packaging [43]. For parchment, differences in mechanical behaviour with
changes in RH were observed for the different damage categories. These differences showed
some correlation with differences in shrinkage temperature (Ts). It may be beneficial to
vary the environmental conditions in which parchment is stored or displayed according
to the extent of its decay, which has been determined and categorised in the IDAP project.
This paper proposes, for the first time, the following environmental conditions for each
damage category for historical parchment. Further testing of more historical parchment
samples is still required to extend the existing database.

Recommendations that come from the IDAP project and which take into account these
categories are presented for slightly damaged, damaged and heavily damaged parchment.
Parchment in the slightly damaged category is extremely sensitive to changes in relative
humidity (RH) and temperature. Even minor variation in these factors may cause changes
in its dimensions (area and thickness) resulting in curling and waving of the structure.
Moreover, dimensional changes of the parchment may cause damage to text and paint
layers. High RH values may accelerate chemical degradation and microbiological attack of
the parchment structure. In this damage category it may be expected that a few fibres are
damaged to an extent that they may shrink irreversibly at room temperature by exposure
to a high RH. Parchment in this damage category should be kept cold under very stable
temperature and RH conditions to avoid spontaneous shrinkage or gelatinisation. Only
short-term exhibition (e.g., or research purposes) in well regulated and controlled environ-
ments should be allowed for parchment. Storage and exhibition conditions should be the
same with respect to temperature and relative humidity. For safe keeping of parchment
in this damage category it is recommended to make copies of the parchment with text
and illuminations for research and exhibition purposes and to take care not to expose
the parchment to damaging conditions during the copying. ISO 11799 [44] recommends
temperatures between 2–18 ◦C and RH between 50–60%. However, some micro-organisms
thrive at 60% RH, therefore it is recommended to not exceed 45% RH. In mixed collections
containing acid papers, it may be especially advisable to maintain an RH of 45% or lower.
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Table 6. Proposed damage categories for historical parchment and their recommended environments.

Recommendations for Storage and Exhibition of Parchment in
Four Damage Categories

Category 1-Undamaged-no or very little visible damage, Tf > 43, Ts > 48

Max. light (lux)
Max. UV

(µW/lumen)
Max. Temp.

(◦C)
Max. RH

(%)
Note

Storage 0 0 18 55 Regularly control

Exhibition 50 75 18 55 Regularly control

Category 2-Slightly damaged—spread minor visible damage (e.g., dirt, stains, some gelatine and/or calcite formation, loss of ink
and paint), Tf 30–38, Ts 45–51

Max. light (lux)
Max. UV

(µW/lumen)
Max. Temp.

(◦C)
Max. RH

(%)
Note

Storage 0 0 18 55 Regularly control

Exhibition 50 75 18 55 Regularly control

Category 3-Damaged—more spread visible damage (some areas may be easy to tear by hand and surface may be partly covered by
dirt, stains, some gelatine and/or calcite formation, and suffer from loss of ink and paint), Tf 38–45, Ts 41–49

Max. light (lux)
Max. UV

(µW/lumen)
Max. Temp.

(◦C)
Max. RH

(%)
Note

Storage 0 0 15 ≤45 Regularly control

Exhibition 50 75 15 ≤45
Short time
exposure

Category 4-Heavily to completely damaged—most part or the whole parchment is very fragile (e.g., felt-like or stiff, brittle and easy
to break and the surface may be covered by dirt, stains, severe formation of gelatine and/or calcite and with loss of ink and paint),
Tf 29–33, Ts 33–38

Max. light (lux)
Max. UV

(µW/lumen)
Max. Temp.

(◦C)
Max. RH

(%)
Note

Storage 0 0 ≤5 <45 Regularly control

Exhibition 50 <75 2–15 <45
Very short
exposure

Tf—first observed shrinkage; Ts—start of the main shrinkage interval.

In the heavily damaged category, fibres may be so damaged that they shrink, gela-
tinise, melt and/or fragment irreversibly at room temperature on exposure to humidity.
Parchment in this damage category should be kept cold or frozen (in case gelatinisation of
the parchment takes place below room temperature) under very stable temperature and
relative humidity conditions. In some cases, the fibre transformation may even take place at
normal RH conditions (50–55%). Exposure to higher temperature, light and electromagnetic
radiation will accelerate oxidative reactions leading to degradation of the parchment fibres,
binding media, and pigment layers. Higher temperature may also dry out the parchment
structure which may cause the parchment to stiffen. Low temperature in combination with
a high RH may cause condensation of water on the surface of the parchment. Particular
attention should be directed to closed showcases where condensation may occur when the
temperature in the surrounding environment drops. This situation may create an ideal
microclimate for microorganisms and accelerate chemical reactions.

These general precautions and recommendations are based on the present state of the
art knowledge and experience of damage in parchment and the influence of damaging
factors in the environment. New knowledge and experiences may therefore lead to detailing
or modifications of the recommendations, specifically in relation to research to establish
optimum conditions with respect to relative humidity and temperature for storage of
parchment in different stages of deterioration. This should include the effect of freezing
heavily damaged parchment to stop the process of gelatinising.
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Use of the IDAP EWS (Early Warning System) parchment sensor system and data
loggers for measurement of RH and temperature is recommended to monitor environmental
conditions and warn against potentially damaging factors [40]. In the future, it may be possible
to supplement this monitoring with specific sensors for acidic and oxidative pollutants.

The project noted that the recommendations are for guidance only as detailed studies are
required to determine which specific climatic conditions provide optimal storage conditions
for historical parchment in different degrees of degradation caused by different mechanisms.

4.2. State of Preservation of Parchment: Method

A parchment document (19th century) which was recently acquired (2019) by English
Heritage from a private collection, relating to the Wrest Park collection was analysed for its
shrinkage temperature (Ts). Several groups of fibres were removed from different (non-text)
locations with a scalpel. The fibres were placed in water in a glass slide and heated in a
hot stage equipped with a microscope (Mettler FP80, Leitz microscope). The fibres were
observed during the heating and the temperature at which the first fibre shrank and then
that at which main group of fibres began to shrink noted following the protocol used in the
IDAP project.

4.3. State of Preservation of Parchment: Results and Discussion

The fibres from the parchment document had a first observed shrinkage temperature of
48 ◦C and start of the main shrinkage interval was at 50 ◦C, placing it in the slightly damaged
category according to the IDAP classification. The fibres were considered long, with some
splitting and fraying, but no gelatinisation, consistent with the slightly damaged category.

4.4. State of Preservation of Parchment: Informing Preservation Decisions

Using the initial scheme for decision-making in environmental control of parchment,
which was based on damage categories developed in the IDAP project (Table 6), guidelines
for environmental conditions to match the state of preservation of the document were
considered. The example of the English Heritage parchment document in the present study
evidences how shrinkage temperature (Ts) measurement and microscopic examination can
be used to assign extent of damage for parts of an individual object, where small samples
can be taken. The recommended environment for the parchment letter on the basis of Ts
(Table 6) is less than 18 ◦C and 55% RH. In mixed collections containing acid papers, it
may be advisable to keep the RH below 45%. International standards developed for all
parchments give values of 2–18 ◦C and 50–60% RH [45]. The more targeted approach was
considered superior and adapted. No English Heritage stores are temperature controlled
because of object susceptibility (the collection has only a very few pieces of parchment) and
for sustainability reasons. Storage was recommended at stores in limestone tunnels under
Dover Castle. These naturally maintain temperatures below 18 ◦C and are dehumidified
reliably below 55% RH.

5. Developing Schemes for this Approach

All the approaches discussed require significant knowledge on how materials in
increasing states of deterioration react to the environment. The following example shows
part of the work required to develop such information.

5.1. State of Preservation of Leather (Vegetable Tanned): Introduction

Leather, like parchment, is a hygroscopic material that reacts very quickly to fluctua-
tions in environmental conditions. The weaker its structure, the less variation in relative
humidity and temperature it can tolerate. As with parchment, leather degradation develops
from an intact fibre structure of high hydrothermal stability through different stages of fibre
structure change that decrease its physical and hydrothermal stability. Measurements of its
stability have also been performed by hot stage microscopy. In the STEP project [4] it was
concluded that changes in the hydrothermal stability of a given leather are dependent on
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the storage conditions and on the tannin type. Hydrolysable tanned leathers are generally
more durable than condensed tanned, though the order of durability can change through
changes in the storage conditions.

Studies on vegetable tanned leather are reported in this paper to illustrate the work
required to build historical leather response databases on which to base environmental
recommendations for single objects. Further work will be required to establish an analytical
database such as that which already exists for parchment [40].

5.2. State of Preservation of Leather: Method

Leather samples (calfskin) tanned with a mixture of hydrolysable tannins (sumac, valonea
and unsweetened chestnut), of thickness 1–1.2 mm split to 0.8 mm, were purchased from the
Research Institute of Leather and Plastic Sheeting in Freiberg (Forschungsinstitut für Leder
und Kunststoffbahnen (FILK)). Accelerated ageing studies of leather (calf vegetable tanned
sumac) were carried out using the methodology reported in the EU funded NANOFORART
project (http://www.nanoforart.eu/, accessed on 22 December 2022). The ageing conditions
for leather followed the procedure outlined in ISO 5630-5 for paper materials. Samples were
aged at 150 ◦C for 24 h. This provided the opportunity to study changes in the mechanical
properties with RH of unaged and aged leather samples. A historical leather sample (calf
leather, vegetable tanned) taken from an old book binding (aged approximately 100 years)
was also measured. This was provided courtesy of ZFB (Zentrum für Bucherhaltung GmbH,
Leipzig https://zfb.com/, accessed on 22 December 2022).

The samples were pre-dried for 24 h and then measured using DMA with controlled
RH (See Supplementary Material). Measurements were made in tension under a small
strain (0.1%) at 1 Hz using the Dynamic Mechanical Analyser (DMA, Tritec 2000B Lacerta
Technology, Loughborough UK) connected to a commercial RH controller. Sample were
held in clamps in the DMA and sample size was about 3–5 mms in width and thickness
0.5–0.9 mm with the distance between clamps of 5 mm. Samples were maintained at 20%
RH for 30 min and then subjected to a programmed increase in RH (1%/min) to 80% RH.
They remained at 80% RH for 100 min and then RH was decreased at 1% RH/min to 30%
RH as shown in Figure 10. Changes in displacement expressed as a percentage (D%) of the
sample on humidification and dehumidification were recorded with increase in RH (%).
This protocol had been used to study parchment in the IDAP project. [40] The calculated
values of slope on humidification could then be related to values obtained and used in
damage assessment categories for parchment samples in the IDAP project.

5.3. State of Preservation of Leather: Results and Discussion

The resulting displacement (D%) curves plotted against time are shown in Figure 11
for modern and historical samples on humidification and dehumidification. The imposed
RH programme is also shown. As the RH increases, the rate of moisture uptake and the
accompanying displacement is lower for the historical leather, together with a slower
release of moisture on dehumidification.

In Figure 12, the data has been re-plotted against RH. There is a difference in the
extent of displacement between the unaged, aged and historical samples with programmed
increases in RH. This corresponds with observations for samples of parchment in the
IDAP project. There it was demonstrated that the rate of displacement with RH (measured
between 20–40% RH) was a marker for the state of preservation of collagen in parchment:
i.e., the more damaged (e.g., gelatinised) sample showed very low values of displacement
with RH, while relatively undamaged samples showed a much higher displacement [40].
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Figure 11. Displacement (D%) of unaged leather sample (black) together with the historical sample

(grey) vs. time when exposed to programmed RH (1%/min) (top black curve) from 20 to 80% RH.

Figure 12. Curves show change in displacement (D%) against RH (%): 1 (grey) and 2 (dark grey)

and curve 3 (black) represent aged, historical and unaged leather, respectively. The forward arrow

shows the change on humidification, the upward arrow shows the change when the sample remains

at 80%RH and the downward arrow shows the change on dehumidification.

Damage to the leather was interpreted in terms of change in D% over RH (20–40%)
and compared with values for parchment [40] (Figure 12). The change in slope measured
between 20–40% RH for the unaged leather sample showed a higher value (0.019% RH/min)
than for the accelerated aged leather sample (0.013% RH/min) (Figure 11). These values
interpreted in terms of the IDAP database of DMA-RH for historical parchment samples
correspond to categories 3 (damaged) and 4 (heavily damaged), respectively. The historical
leather sample gave a value similar to the accelerated aged sample indicating also a high
level of damage, i.e., category 4 damage (0.011RH%/min). These categories of damage
as established from DMA-RH measurements in IDAP for parchment were found to also
correlate with damage as observed using Atomic Force Microscpy (AFM) This non-invasive
imaging method (see Supplementary Material) was used in the IDAP project [40] In a
subsequent paper [45], it was demonstrated that for thermally aged samples the AFM
images showed differing levels of loss of intact collagen surface structure and this correlated
both with decrease in shrinkage temperature (Ts) and decrease in rate of displacement with
RH when measured by DMA-RH. This correlation opens the opportunity of also using
non-invasive AFM for damage assessment. The combination of Ts, AFM, and mechanical
testing can provide valuable information on the level of damage incurred by parchment on
exposure to environmental fluctuations and pollutants. Recent work [46] has demonstrated
that it is possible to image directly on the parchment surface and to observe damaged
gelatinised areas close to the text.
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Some preliminary measurements using AFM have been made on historical leather
samples [47] where its potential to discriminate between the state of preservation of collagen
in two different samples was demonstrated: one showed aligned collagen fibrils with
characteristic D-banding, and the other showed a complete loss of the collagen banded
fibril structure. AFM is used to study collagen structure in biomaterials [47] In addition
to AFM, some correlation has also been reported between measurements made using
non-invasive technique of unilateral NMR and leather shrinkage temperatures [48].

The leather work is at an initial stage and development is required to validate a
reliable analytical methodology and the implications for the environmental requirements
of individual leather objects. The leather RH response clearly alters on both accelerated and
natural aging. Further work will be required to develop an analytical scheme for leather
and more testing is required to validate the parchment scheme for wider application to
decision-making.

This general approach of using state of preservation to inform decisions can only be
used when suitable analytical methods are available and the results can be interpreted in
terms of likely future response to environment. This is not the case for most of the materials
comprising cultural heritage at present. However, there have been significant advances in
non-invasive, portable analysis over the past two decades [48–50] and several groups are
actively working investigating object response [51–53]. The increasing requirements for
sustainability and reducing environmental control footprints are likely to drive such work
in future.

6. Conclusions

This paper has proposed that, where available understanding, techniques and re-
sources allow, preventive conservation decision-making benefits from being informed by
evidence of individual object responses to environments. While broad categorisation of
material types can offer a guide to likely appropriate environmental controls, this has a
dual disadvantage. It puts at risk any objects whose instability is greater than expected and
it is potentially wasteful of resources where objects show no deterioration within a broader
range of environmental parameters. As environmental control methods tend to be costly in
terms of energy, materials and human resource, a more tailored approach to object needs
has the potential to offer more sustainable solutions for storage and display. Sustainability
will clearly become even more important within conservation in the coming years and this
approach has potential for very significant improvements.

The investigations reported here exemplify the work that is needed to create the
knowledge and frameworks required to understand individual object responses within
the broader material categories. Three analytical approaches have been proposed and
the examples offered evidence how these have been harnessed to understand and modify
environmental parameters for objects in the British Museum and English Heritage collec-
tions and more widely. The breadth of materials in heritage collections and their variable
preservation state presents a great challenge to conservation scientists in developing the
frameworks within which to understand individual object responses but the blueprint for
doing so, and the advantages this approach offers, are clear.
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