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ABSTRACT

As is the case for other accelerated light-ageing methods, microfade test results are usually
rated against the responses of the International Standards Organisation’s Blue Wool Fading
Standards, the production of which is regulated by the International Standards Organisation.
The suitability and convenience of the ISO Blue Wools for this purpose have been
questioned on various grounds, including wavelength sensitivity, manufacturing or batch
response variations, and the effect of their woven texture on systematic errors. In the
present article, the effect of manufacturing variations was assessed by carrying out
microfade testing on samples of I1SO Blue Wools from various suppliers and manufacturers
spanning more than 20 years. Our results confirm that the first three I1SO Blue Wools, which
are of most relevance to locating colourants at risk of significant light-fading on display in
museums, had measurable batch-to-batch and/or manufacturer variations in fading rates,
most significantly in the case of Blue Wool 2. Different batches were often also
distinguishable by their colour and the texture of the wool fabric. It is argued that while
texture-related systematic errors and manufacturing variations are inconvenient, they are
not significant in light of the other potential sources of disparity between the results of
accelerated exposure tests of any kind and fading at ambient light levels, and it is
concluded that the advantages of the use of ISO Blue Wools as internal standards for
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microfade testing outweigh their disadvantages.

Introduction

Microfade testing (MFT) was developed and first
described in the late 1990s by Whitmore, Pan, and
Bailie (1999) at the Carnegie Mellon University. It is
an accelerated light-exposure technique used in heri-
tage science to rapidly screen for light-sensitive colour-
ants in museum objects. Its unique strengths
compared to other accelerated light exposure tech-
niques are its rapidity - a few minutes per colour —
and non-destructiveness, which allows it to be used
on real objects avoiding the need to identify and
characterise colourant systems and create surrogates
for testing. The apparatus essentially consists of a
fibre optic reflectance spectrometer with a very
intense visible light source projecting up to 10
megalux (MIx) onto a sub-millimetre area of an
object’s surface. Spectral change, from which colour
change may be calculated, is simultaneously recorded
typically over five to ten minutes, during which time a
cumulative light dose equivalent to several years on
display is delivered. The induced fading is compared
to that of the first three or four most fugitive Inter-
national Standards Organisation (ISO) Blue Wool
Fading Standards (BWs) exposed under identical con-
ditions. Like other accelerated photo-ageing tests,
the extrapolation of test results to ambient light

levels relies on the validity of the reciprocity principle,
which posits that light-fading is proportional only to
the cumulative light dose (lux hours) and independent
of the intensity at which it is delivered (lux) (e.g. Feller
and Johnston-Feller 1979). Thus 1000 h exposure at
100 lux is equivalent to 100 h at 1000 lux.

There have been questions about the suitability of
the I1SO BWs as internal calibration standards for MFT
since the method was introduced to museums,
where the BWs are also employed as ambient light
dosimeters and as a universal scale for communicating
lightfastness (Feller and Johnston-Feller 1978; Bullock
and Saunders 1999; Bacci et al. 2004). These reser-
vations, some of which echo similar concerns in main-
stream industrial contexts, include manufacturing
consistency (Rawland 1963; Michalski 1987; Ford
2011); wavelength or spectral power distribution
(SPD) dependence (including ultraviolet (UV) sensi-
tivity) (e.g. Padfield and Landi 1966; Michalski 1987;
Zhang, Cookson, and Wang 2008; Hattori, Yoshizumi,
and Crews 2012); the influence of temperature and
relative humidity (RH) (Saunders and Kirby 2001); and
storage and ageing (Korenberg 2016). Relative fading
rates are also strongly affected by the choice of
equations used to calculate colour difference (AE)
from spectral change data (Kuehni Rolf 2008; Pretzel
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2008; Ford 2011). An interlaboratory trial of lightbox
aging of BWs in museums found notable and not
entirely explicable differences between the behaviour
of the same BWs under ostensibly similar environ-
mental and exposure conditions (Saunders and Kirby
2001). The perceived shortcomings of BWs as
ambient exposure dosimeters led to the development
and marketing in 2005 of the LightCheck® dosimeters
by a European consortium of cultural institutions
(Dupont et al. 2008). However, in a trajectory which
does not bode well for proposals to develop and distri-
bute alternatives to the BWs for MFT, these quickly met
with commercial failure and are no longer available.
Specifically, microfading related concerns include the
effect of texture at the 0.3-1 mm? scale (Vannucci
and Roehrs 2019) and dose-response reciprocity at
the very high light intensities employed (del Hoyo-
Melendez and Mecklenburg 2011; Londero and Whit-
more 2016). Some of these issues were discussed by
Ford and Druzik (2013), and most have been raised
at successive international microfading workshops
including those convened by the ICN in Amsterdam
in 2009, the Staatliche Museen zu Berlin (Roehrs
2016); and the Getty Conservation Institute (Beltran
2018).

The advantages of BWs include their familiarity in
museums, the existence of international standards
governing their manufacture and quality control com-
bined with the size and global scale of the textile and
other industries that rely on them, and their long
history and probable future as standards by which
fading can be compared across decades and indus-
tries. As internal standards for MFT the BWs provide a
relatively stable basis for comparing test results
obtained under different illumination conditions such
as the declining intensity as xenon bulbs age or the
use of LEDs with very different SPDs to filtered xenon.

This paper examines the issue of manufacturing
consistency and contextualises the results in terms of
other (mostly) unavoidable uncertainties and the
main purpose of MFT — which is to screen for and
protect objects containing fugitive colourants which
might be quickly damaged on display and to avoid
unnecessarily access limitations and expensive precau-
tionary display changeovers of more lightfast objects
(Ford and Smith 2010).

The blue wool fading standards

Pugh and Guthrie (2001) have previously reviewed
the development, chemistry, and use of dyed fabric
fading standards mostly with reference to the set of
blue wools regulated by the International Standards
Organisation (ISO) according to BS EN ISO 105 (ISO
2014). They also touched upon a different set of
dyed fabric fading standards - the AATCC L series
which are regulated by the American Association of

Textile Chemists and Colorists (AATCC 2000). The
latter has been used in conservation (e.g. Cox Crews
1987); however, it is the ISO BWs that are universally
used as internal standards for MFT. The ISO BWs are
sometimes referred to as ‘British’ BWs because 1SO
105 was derived from British Standard BS 1006. The
European Committee for Standardisation (CEN)
adopted the ISO Standard rebadging it as BS EN I1SO
105 although subsequently the two standards have
begun to diverge (Hall 1996).

The 1SO and AATCC BW sets are both comprised of
eight blue-dyed woven woollen fabrics of approxi-
mately geometrically spaced lightfastness intervals
under exposure conditions regulated by their respect-
ive standards. They range from the most light-sensitive
at1SO Blue Wool 1 (BW1) and AATCC L1 (L1) to the least
at BW8 and L8. The spacing between each consecutive
standard in both cases was designed to be twofold, i.e.
BW?2 (and L2) is twice as lightfast as BW1 (and L1) and
so on (e.g. James Heal 2021). While this may have been
the intention, in practice the light sensitivities of BWs
do not necessarily follow this simple rule. For
example, at a meeting in the 1960s, Jaeckel, a dye
industry scientist, stated that ‘[he did] not think that
the standards [were] regularly spaced under all or
even most conditions of practical interest’ (Jaeckel,
Ward, and Hutchings 1963). Such conditions may
include different light sources (daylight, filtered day-
light, xenon and carbon arc) and degree of UV
filtering, temperatures, humidities, alternating
exposure and dark periods, cumulative exposures
and, in the case of sunlight exposure, sample orien-
tation, geographic location, and season (Choudhury
and Chatterjee 2018). His concerns were met with
‘Mr Jaekel's very profound results on the spacing of
the blue standards are more of academic than of prac-
tical interest. The ISO blue scale is internationally
adopted and in use... it is only important that pro-
duction be reproducible’. Reproducibility of pro-
duction is the main topic of this paper.

ISO blue wool manufacture and distribution

The ISO BWs are at least partly manufactured and dis-
tributed by different companies. They are sold as indi-
vidual handkerchief-sized swatches of fabric by textile
industry suppliers and by conservation suppliers as a
set of all eight BWs mounted on a small cardboard
base primarily for use as ambient light dosimeters in
display locations (Figure 1). Not all of the individual
BWs distributed under the name of a particular manu-
facturer are necessarily manufactured by them at any
one time. For example, at the time of writing the UK
Company SDC Enterprises (SDCE) state that they use

[their] own dyes for 6 out of 8 of the Blue Wools, which
are commission dyed in the UK. Blue wools number 2
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and 4 are dyed in Germany, but all of the blue wools
undergo quality control testing to international and
SDCE master standards by a UKAS independent lab-
oratory. (Briggs 2020)

The German company referred to is probably Deutsche
Echtheitskommission (the German Authenticity Commis-
sion, DEK) which has manufactured fabric fading stan-
dards in one form or another since 1911 (Craemer 2010).

Amongst other considerations, the frequency with
which dyed standards are manufactured is probably
contingent on demand and the projected shelf life of
the product. The latter is implied by DEK’s statement
that ‘if properly stored, these test materials can be
used for at least two years in an unrestricted stan-
dard-compliant manner for determining and evaluat-
ing colour fastness’ (DEK 2018). We were unable to
find published data supporting any particular shelf-
life. Changes in the selection of wool substrates seem
to occur more regularly than the production of the
dyestuffs themselves and occasionally stocks of
dyestuffs (for both series) run out and production of
the relevant BW may cease for a time. For example, dis-
tributor James Heal (2021) advises that

the full range of ISO blue references is currently avail-
able [but] due to problems sourcing the dyestuff in the
wider supply chain for health and safety reasons, the
L9 (high light fastness) cannot be produced. As a
result, only L2 is currently available. (Note: the distribu-
tor most likely meant L8 and L1.)

Figure 1. Examples of two commercial BW standards cards
(BW1-8 from top to bottom). The BW2 and BW3 standards
on the right-hand side card, framed in red, have a finer
weave than the others and there are visible colour differences
between equivalent BW numbers.

In the early 2000s, stocks of the Acid Blue 121 dye
used in BW4 were thought to be exhausted and
could not be remanufactured because its synthesis
involved potentially carcinogenic intermediates. In
response, the ISO initiated a project to develop
improved offset lithography printed BW standards on
card rather than dyed woven fabric (Pugh and
Guthrie 2001). Although a ‘Pigment Printed Lightfast-
ness Standard’ already existed (BSI 1998), the resulting
printed cards proved not to follow a sufficiently geo-
metric fading pattern (Pugh 2004) and mostly did
not make it to market with the apparent exception of
one - a BW4 sample belonging to a set tested during
this study (BF NMA1) which was distributed sometime
before 2000. Lacking the texture of woven standards,
the printed versions developed by Pugh’s group may
have been more suitable for MFT but the project was
abandoned when a previously unknown stock of
Acid Blue 121 was located (Pugh n.d.).

Uncertainties in the interpretation of
accelerated fade testing results

Before considering the impact of manufacturing-
related inconsistencies it is useful to understand the
sources and approximate magnitudes of other uncer-
tainties in accelerated fade testing and the use of
BWs as internal standards and ambient light dosi-
meters. Temperature and RH are uncontrolled in MFT
but appear to be close to ambient (Ford 2011) and,
putting aside those variables, there are likely four
main approximations involved in the application of
MFT (and other accelerated exposure methods) to
the reality of display. Two of these, the effect of illumi-
nant SPD and reciprocity ‘failure’ (a term borrowed
from conventional photography where exposure/
response consistency was paramount) are inherent to
the photochemical response of each colour system
and cannot be generalised. The remaining two are
the choice of equations used to convert reflectance
spectra differences to colour change and the accuracy
of calibration data for BW fading.

An approximate estimate for the absolute lightfast-
ness of the I1SO Blue Wools under ambient conditions is
necessary to relate MFT and other accelerated results
to display exposures. To this end, Michalski (1987)
aggregated published accelerated BW fading data
and somewhat idealised the spacing to construct
Table 1, which was later incorporated into the publi-
cation ‘CIE157-2004 Control of Damage to Museum
Objects by Optical Radiation’ (CIE 2004, Table 3.3). In
this table, the spacing is three-fold and lightfastness
is expressed as MIx-h/JND; that is the cumulative
exposure in megalux hours (MlIx-h) which induces a
‘just noticeable difference’ (JND) in appearance. In an
email of 10 October 2010, Michalski stated that his
confidence in his estimates’ accuracy was of the
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Table 1. Dose-responses for ISO BWs according to Michalski (1987), taken from Table 3.3 of CIE157-2004 (CIE 2004).

Blue Wool Category 1 2 4 5 6 7 8
Mix-h for 1 JND if no UV 0.3 (0.15) 1 10 30 100 300 1000
Mix-h for 1 JND if UV present 0.22(7) 0.6 35 8 20 50 120

The figure in brackets for BW1 is included because more recent estimates for BW1 suggest it is only about half as lightfast as Michalski’s estimate under UV-

free conditions.

order of 1 BW step either side due to the variety of the
test conditions under which the data were obtained
and the necessary (but unproven) assumption that
estimates based on accelerated testing would approxi-
mately apply to ambient lighting conditions (S.
Michalski, Personal Communication, 10 October,
2010). Some of the variation in BW lightfastnesses
and spacing under lightbox ageing conditions, in this
case due to the origin and age of the BWs alone, is
apparent in our results in Table 5.

As can be seen in Figure 2 below, the trajectory of

photochemical mechanistic reasons (Giles 1965; Cox
Crews 1987). The approximately exponentially declin-
ing BW fading trajectories mean the single fading
rate figures in Table 1 are only an average over some
(undefined) cumulative exposure, and that the early
fading of the BWs may occur much more rapidly
than this average. An exposure of 1 MIx-h can be con-
sidered equivalent to about five years display under
typical museum conditions (80 lux, 3000 hrs/year)
and, according to accounts of the fading of BW1 in
museums (e.g. Whitmore, P.M., email 29 September

colourants’ fading curves differ, probably for  2014), the value of 0.3 Mix-h (UV-free) as the average
13 =
5 Fading curves, CIELab (CIE76) —BW1
11 —BW2
10
& B —BW3
o
g 8 —BW4
o 7
g 6 - =-Black ballpoint
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Figure 2. Fading curves calculated from the same L*a*b* data according to the CIELab (upper) and CIEDE2000 (lower) colour

differencing equations.
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exposure causing 1 JND in BW1 may overestimate its
lightfastness during the first months by a factor of
two or more. For this reason, as a matter of caution
the National Museum of Australia has downrated the
lightfastness of BW1 to 0.15 MIx-h/JND in its exposure
guidelines (Beltran et al. 2021, Appendix 5).

The fading curve of a black ink is also plotted in
Figure 2 to illustrate the dependence of the lightfast-
ness estimation on the CIE equation used to calculate
it. The black ink is more lightfast than BW1 In CIELab
(CIE 1986) (sometimes known as CIE76), but less light-
fast than BW1 in CIEDE2000. In contrast to the BWs, the
fading curve of the black ink is approximately linear
and consequently where it falls within the BW scale
at the end of a test run varies with cumulative
exposure. In CIEDE2000, assuming the respective BW
and black ink curve shapes are not partly or wholly
artefacts of accelerated exposure, the black ink
fading which at five minutes is equivalent to mid
BW1-BW2, will far exceed that of BW1 if the test is con-
tinued out to say 20 min. The BW and black ink fading
curves can easily be modelled and projected into the
future; however, in practice it is probably sufficient to
say that the ink is extremely fugitive and as a result
should only be displayed very conservatively and pre-
ferably monitored where possible.

Colour difference and therefore lightfastness esti-
mates depend on how they are measured. Colour is
not a material property but a human perception, and
fading has traditionally been evaluated by trained
observers comparing contrast (not colour) before and
after exposure with a set of increasingly contrasting
patches on an ISO standard grey scale (GS). According
to this scale 1, JND is regarded as equivalent to the one
labelled GS4. Whilst nowadays colour difference is
usually (and necessarily in MFT) calculated from spec-
tral reflectance using one of the many available
colour differencing equations, direct observation
remains the gold standard. Pugh and Guthrie (2001),
for example, observed that

studies have shown that none of the established

colour-difference formulae, such as Commission Inter-

nationale de [Eclairage (CIE) L*a*b* or CMC (l:c), are
appropriate for correlating AE with grey scale ratings

when assessing a colour change that is due to fastness
testing.

Of the three iterations of the CIE equations univer-
sally used in MFT, CIEDE2000 (CIE 2001), is regarded
as most faithfully representing the human perception
of colour change (Habekost 2013). Most of the data
Michalski relied on was probably based on observer
GS comparisons rather than instrumental methods
using the then quite new ClELab equation, and as
such the relative fading of colourants calculated
using CIEDE2000 is likely to be more accurately
located within his scale. In the real world, a noticeable
difference depends on a range of factors like the visual

complexity of an object, the intensity and other
characteristics of lighting, and (irreducibly) the visual
acuity, training, and even cultural background of the
individual observer (Wood, Shouse, and Passaglia
1970; Garcia et al. 2007; Kuehni Rolf 2008). Direct con-
trast between adjacent faded and unfaded areas is
ideal for a visual estimation but only encountered
where colourants are partially shielded from light or
an identical unexposed object is available for compari-
son. Under well-controlled experimental conditions, a
JND is generally accepted to be within the 1.0-2.0 AE
range (e.g. Pretzel 2008). Ironically, given the use of
blue-dyed wools in fade testing, CIELab selectively
overestimated the ability of test subjects to discrimi-
nate between blue shades with the result that, as
can be seen in Figure 2, switching from CIELab to
CIEDE2000 more than halves the absolute fading
rates of the BWs for the same exposure. Therefore,
when BWs are used as internal standards, a switch
from ClELab to CIEDE2000 increases the relative
fading of colours other than blue by as much as a
BW step (depending on the colour). Because they are
different shades of blue, the fading of individual BWs
relative to the others also change; for example, BW4
initially responds more rapidly than BW3 when AE is
calculated using CIEDEOO until it crosses the BW3
curve at about 0.5 Mix-h and the ‘correct’ order is
established.

As Padfield and Landi (1966) pointed out, the BWs
‘are intended to govern daylight exposure and do
not fade at the same relative rates in artificial light'.
This is reflected in Table 1 by separate estimates for
UV-free light and sunlight through unfiltered glass.
The SPDs of broadband UV/IR filtered xenon short-
arc and light emitting diode (LED) sources used in
MFT differ substantially from 1SO illuminants and (in
many cases) from museum lighting as well. UV is nor-
mally almost completely filtered out from xenon
sources for MFT, and a good deal of blue light is
additionally absent from many LEDs (Figure 3) with
the expected result that in Figure 4 the absolute
fading of all three BWs for the MFT setup using the
LED source is significantly less than for a photometri-
cally equivalent xenon source. This may also be seen
in Figure 5 of Hagan et al. (2022).

Although reciprocity, or lack of it, is a property of
individual colourant systems, it is a function of illumi-
nation intensity — typically in the 10°-10” lux range
for MFT, 10*-10° lux for ISO and other lightbox
exposure methods, and 10" —10% lux for museum
display. A question is, what kind of function? There
have been persistent concerns that MFT may be an
unreliable guide to lightfastness under ambient con-
ditions compared to typical cabinet accelerated
fading tests based on a common assumption that reci-
procity failure is likely to be a straightforward, perhaps
linear, function of intensity. This led del Hoyo-
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Filtered xenon and Nichia LED MFT Sources

Filtered xenon

——Nichia LED 7500K
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Figure 3. Spectral power distributions (SPD) of a typical UV/IR
filtered xenon MFT source and a high-powered Nichia LED MFT
source.

Melendez and Mecklenburg (2011) for example, who
observed significant reciprocity failure for BW1 in the
4-0.25 MIx range, to conclude that ‘only those tests
conducted at low-illumination intensity ranges where
reciprocity holds should be employed when one esti-
mates the extent of damage in a museum environ-
ment’. Londero and Whitmore (2016) also examined
reciprocity for BW1, but from light intensity values
close to those used in museum display to beyond
those typical in MFT setups. They replicated del
Hoyo-Melendez and Mecklenburg’s results at the
upper range but found a complex relationship
between fading and intensity over the entire range
in which deviations from reciprocity were as serious
at typical lightbox and ISO test intensities as MFT
(Figure 5). Because it is completely impractical to
experimentally construct reciprocity curves for all
non-lightfast colourant systems, insistence on restrict-
ing accelerated fade testing to intensities where reci-
procity is known to hold would rule out all reliance
on any form of accelerated testing at all.

Filtered Xenon vs LED MFT Sources

Filtered xenon Nichia 7500K LED

AEg

BW1 BW2 BW3

Figure 4. Influence of SPD on the fading (AEq) of BWs 1-3 in
which the MFT sources were equiluminous (1000 mlm). Fading
is slower with the LED, and the AE ratios of the BWs differ, par-
ticularly for BW3.

013~ = Exposure, AE=2.0

0.25 3 -n

0.15 4

Exposure [Mix Hr]
n

0.05 T T T T

Intensity (MIx)

Figure 5. 1SO BW1 exposures to reach AE =2 vs illumination
intensity after Londero and Whitmore (2016). The red point is
the approximate lightfastness of BW1 under ambient con-
ditions as determined by J. Druzik (personal Communication,
18 November, 2016). Reproduced with permission of P.M.
Whitmore.

As a result of the uncertainties related to acceler-
ated ageing, a confidence interval for accelerated
exposure-based lightfastness ratings of greater
than the nearest BW step is probably unwarranted
(Ford and Smith 2011). This degree of confidence,
however, is still extremely useful and should be
viewed in the context of the necessarily coarse-
grained, often order of magnitude, risk assessments
for other hazards affecting museum objects (CCl
2021). Whilst experience in industry and museums
has abundantly demonstrated the applicability and
value of accelerated exposure test results (e.g.
Ford and Smith 2017), the observation by Whit-
more, Bailie, and Connors (2000) that ‘accurate pre-
diction of the fading of different colorant systems is
an elusive, perhaps unachievable goal’ remains true.
Ford and Smith (2011) hedged against this unavoid-
able uncertainty by applying stricter display criteria
to objects of higher significance, even more so for
those assessed as very fugitive for which the conse-
quences, and most likely the uncertainties, are
greater (del Hoyo-Melendez and Mecklenburg
2011).

Beyond the technical and scientific aspects of fade
testing, its application to display limitations involves
yet another even more subjective consideration
which is just as important: what rate of destruction
of light-sensitive colourants is considered acceptable?
This variable known as ‘risk tolerance’ in mainstream
risk management is fundamentally a matter of
opinion, depending on factors like the perceived sig-
nificance of the object and the reasons for its display
(Richardson and Saunders 2007; Brokerhof et al. 2008;
Ford and Smith 2011). For example, the general toler-
ance for fading suggested by CIE157-2004 is 1 JND/
100 years — probably unrealistically low for most
museums - while it is TJND/50 years in the lighting
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policy published by the Victoria and Albert Museum
(V&A) (Ashley-Smith, Derbyshire, and Pretzel 2002).
The difference between the two recommendations,
neither of which has attracted widespread criticism
in terms of their target, amounts to an arbitrary dou-
bling of permissible light levels (or display duration)
by the V&A. This variation, which by no means cap-
tures the full range of lighting recommendations
based on cumulative exposure, is of a similar order
to the technical and scientific uncertainties including
reciprocity, systematic errors, and variations in BW
responses. Moreover, in many cultural institutions
light-driven object changeover schedules for perma-
nent exhibitions are for practical reasons scheduled
to take place at fixed intervals, say two and five
years for all but the most vulnerable objects (Ford
and Smith 2011), rendering finer fading rate distinc-
tions irrelevant even if they could be technically
justified.

Experimental
Blue Wool samples

The MFT results were obtained during two indepen-
dent projects with overlapping aims and were only ret-
rospectively combined for publication. In total, 14 sets
of BW standards were available (Table 2). Those
prefixed ‘BF’ were collected from several cultural insti-
tutions in Australasia and Europe and tested at the
National Museum of Australia (NMA), and the four
prefixed ‘CK’ were purchased in the UK from different
distributors at different times by the British Museum
(BM) where they were tested. Some were supplied
mounted on cardboard, and the rest were from loose
fabric swatches. Where available, information pertain-
ing to manufacturers, suppliers, and year of purchase
is included. As illustrated in Figure 1, different
examples of the same BW numbers (whether swatches
or mounted) could sometimes be distinguished by
visible colour differences which must affect instrumen-
tally measured fading rates, and the coarseness of their
weave.

Table 2. Origins and appearance of Blue Wools.

Colour measurement

The L*a*b* coordinates of each of the BF BW
samples were measured in triplicate using an X-
Rite handheld spectrophotometer with a 10 mm
aperture, specular reflection excluded, D65 illumi-
nant, 10° observer. Each replicates involved separ-
ately repositioning the instrument onto the BW
sample. The results are recorded in Table 3 and
for BW2 plotted in Figure 6. For lightbox testing at
the BM (below) a Minolta CM-2600d spectropho-
tometer was used to measure before and after
exposure colours, specular reflection excluded, D65
illuminant, 10° observer.

Microfade testing

The samples were tested using Newport Oriel Micro-
fading Testers based on the Apex lamp (Druzik 2010)
in which visible light is projected onto the surface of
a sample through a lens assembly connected to a
UV/IR filtered xenon arc lamp via a 300 um optical
fibore (spot size about 400 um). Except for the
model of the lamp, the setup is very similar to that
described by Whitmore, Pan, and Bailie (1999),
differing only in the visible bandpass filters which
in our cases were single ‘hot mirrors’ with relatively
sharp cut-offs close to 400 nm. Each BW sample
was tested in triplicate with independent refocusing
before each run. They were exposed to approxi-
mately 6-8 MIx over 10min for a cumulative
exposure of approximately 1 Mix-h, during which
spectral and colourimetric data were collected at 10
s intervals. Colour change (AE) was calculated from
L*a*b* values using the CIEDE2000 colour differen-
cing equation (CIE 2001). The results are summarised
in Table 3 and, for BW2 Figure 6.

Texture-related systematic errors were estimated by
running 10 replicates of a single BW2 sample (BF NGS)
and comparing that to a textureless commercial
orange-yellow coloured paper with a similar fading
rate.

BW set Format Weave BW1-4 Supplier (S), manufacturer (M) and date (where known)
BF NMA1 Cloth ccep Wm C Jackson Australia (S), SDC Enterprises UK (M), probably pre-2000
BF NMA2 Cloth CCCC Wm C Jackson Australia (S), SDC Enterprises UK (M), 2008

BF NMA3 Cloth Ccccc Wm C Jackson Australia (S), SDC Enterprises UK (M), 2012

BF UO Cloth Cccc

BF NHBc Card CCcC

BF KBc Card CCcc

BF KB Cloth CFFC

BF NGS Cloth CFFC SDC Enterprises UK (M), circa 2014

BF AWM Cloth CFFC

BF MV Cloth CFCF

CKJH Card CFFF James Heal (S), DEK GmbH Germany (M), 2013

CK PEL09 Card CCcc Preservation Equipment (S), 2009

CK PEL13 Card CFFC Preservation Equipment (S), 2013

CK old Cloth Cccc

Card = commercial fabrics mounted on cards, cloth = not mounted on card. C = coarse weave, F = fine weave, P = printed on card.
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Table 3. L*a*b* colour coordinates of BF BWs 1-3. D65, 10° observer, specular excluded.

BW1 BW2 BW3

L* a* b* L* a* b* L* a* b*
BF NMA1 44.55 —5.73 —36.38 42.62 —8.48 —40.70 38.70 1.44 —42.63
BF NMA2 42.88 —4.83 —35.67 44.67 —7.64 —42.33 35.46 7.56 —46.92
BF NMA3 39.52 143 —42.97 44.10 =341 —42.54 35.82 6.97 —46.35
BF UO 44.98 —4.93 —37.68 44.63 —7.18 —43.75 38.35 2.54 —43.70
BF NHBc 45.03 -3.73 —37.08 43.60 —7.24 —42.35 41.02 7.76 —48.66
BF KBc 44.21 -291 —38.57 44.50 -832 —42.84 42.39 7.01 —48.60
BF KB 45.27 -1.56 —41.95 46.64 —6.39 —38.51 43.62 4.20 —46.61
BF NGS 39.16 —-0.69 —39.33 46.11 —6.13 -3841 42.48 4.53 —46.00
BF AWM 44.96 —4.14 —36.41 46.93 —6.51 —38.46 43.30 4.73 —46.66
BF MV 43.97 -5.39 —34.55 46.31 -5.95 -39.37 37.54 6.80 —47.87
Average 43.45 -3.25 —38.06 45.01 -6.73 —40.93 39.87 5.35 —46.40
Std. Dev. 2.28 232 2.70 143 1.45 2.08 3.08 2.20 1.95
Range 5.82 7.16 8.42 4.31 5.07 534 8.16 6.32 6.03

Conventional light-box ageing

All the ‘CK’ BW standards samples were exposed within
a purpose-built lightbox fitted with 12 Osram ‘L 18W/
954 Lumilux de Luxe’ fluorescent lamps. UV radiation
was filtered using a polycarbonate sheet. The illumi-
nance in the lightbox was measured using an Elsec
light meter and found to be approximately 26,000
lux. The samples were exposed until the cumulative
exposure reached 1 Mix-h, approximately the same
as the MFT exposure after 10 min. The temperature
inside the lightbox, which was not actively controlled,
varied between 20 and 25°C during the ageing test.

Results and discussion
BW colour variation

The colours and colour variation within the BF samples
are provided in Table 3. The colours of the CK PEL BW?2
and BW3 samples from 2009 are observably different
from their 2013 counterparts (Figure 1). The average
systematic error for the BF L*a*b* triplicate measure-
ments, calculated as the mean colour distance from
the mean (MCDM) after Berns (2000), averaged 0.17
AE. The clustering of BW2 L*a*b* coordinates in
Figure 6, and that of the other BWs which were

Figure 6. Colour measurements of BF BW2 samples. The cyan labelled BWs are the three slowest responders (i.e. lowest AE values
during microfade testing). The clustering suggests that three or four separate dyeings are represented within this particular group

of BW2 samples.
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similar to BW2, suggests they were the result of a few
distinct dyeings, and that some batches were distribu-
ted by more than one supplier. These observations are
consistent with the statement by DEK representatives
in 2011 on their website that, for example, ‘a new
batch of dyestuff for Blue Wool Reference No. 2 has
been produced. Combined with the shade of the
wool fabric the new Blue Wool Reference No. 2
seems to be less brilliant in colour and therefore
similar to Blue Wool Reference No. 1’ but that ‘the
fading behavior of the old and new Blue Wool Refer-
ence No. 2 is identical. This has been confirmed
during lightfastness test series in several accredited
institutes’ (DEK 2011).

BW MFT responses

The microfading results for each of the BF BWs in
Table 4 are averages of three replicates and for the
CK BWs a variable number of runs ranging from n=3
to n=10. Significant variations in the microfade
responses of the same BWSs from different sources
are evident, for instance the mean AE values for
BW2s from different sources range from 1.9-2.9 for
the BF BWs and 2.6-3.8 for the CK BWs, with an
overall between-source (as opposed to replicate) rela-
tive standard deviation (o,) of 18.1%. This was
approximately double the same values for BW1 and
BWS3. These results do not necessarily capture all of
the variations in behaviour observed by other micro-
fade testing users; for example, Season Tse in an
email of 20 September 2013 has reported ‘abnormally
high’ fading rates for BW2 approaching BW1, and com-
paratively low rates for BW3 compared to BW4 accord-
ing to the CIELab equation.

In relation to the contribution of texture, the relative
standard deviation (0,) of the 10 replicate MFT
exposures for the single BW2 sample BF NGS (11%)
was four times that of the un-textured dyed paper
(2.4%). This is consistent with the data in Table 4 and
other unpublished and published replicates including
Vannucci and Roehrs (2019), whose relative standard
deviation for BW1, BW2, and BW3 replicates was 9%,
14%, and 26% respectively. Standard deviations rise
with BW number as AE falls nearer to the detection
limit imposed by the 10-minute runs at typical MFT
intensities. For the purpose of routinely checking the
MFT setup prior to testing museum artefacts the
texture-related scatter can be avoided by using a sub-
stitute ‘local’ standard like the yellow-dyed paper
above or the approach developed by Vannucci and
Roehrs (2019) in which a single yarn drawn from the
fabric of BW1 is squashed between microscope slides.

The BW1/BW2 and BW2/BWS3 spacings varied con-
siderably from one set to the other largely because
of BW2 variation: for instance, the BW1/BW2 ratio
was 1.3 for BF KBc but 2.4 for BF NMA3. Overall

Table 4. Absolute and relative responses of BWs 1-4 under
MFT conditions.

AEgo(0) AE Ratios
BW1/ BW2/
BW1 BW2 BW3 BW2 BW3
BF NMA1 50(0.3) 27(04) 10(0.2 19(03) 27(0.7)
BF NMA2 49(0.5) 27(04) 09(0.1) 18(0.3) 29(0.6)
BF NMA3 45(0.3) 1.9(0.1) 1.0(0.2) 24(0.2) 1.9(04)
BF UO 45(0.2) 29(0.1) 1.1(0.2) 16(0.1) 2.6(0.5)
BF NHBc 43(0.2) 27(0.5) 1.1(0.2 1.6(03) 2.5(0.6)
BF KBc 39(0.1) 29(0.3) 1.1(0.1) 13(0.1) 27(04)
BF KB 43(0.2) 2.0(0.4) 1.2(0.) 21(04) 1.7(04)
BF NGS 42(06) 24(02) 1.1(0.1) 18(0.3) 22(0.3)
BF AWM 40(0.1) 29(0.1) 1.2(0.1) 14(0.1) 24(0.2)
BF MV 49(0.5) 26(0.2) 13(0.1) 19(0.2) 21(0.2)
BF Average (o 45(04) 26(04) 1.1(0.1) 18(03) 24(04)
replicates)
BF Between- 8.3% 14.1% 10.1% 18.3% 16.3%
batch 0, (%)
CK JH 2013 52(0.7) 26(04) 10(0.2 20(0.4) 26(0.7)
CK PEL 2013 50(09) 32(04) 13(0.1) 16(03) 25(04)
CK PEL 2009 44(04) 34(02 12(0.2) 13(0.1) 28(0.5)
CK Old 42(0.5) 3.8(0.8) 1.1(0.2) 1.1(03) 3.5(1.0)
CK average (o 4.7 (0.5) 3.3(05) 1.2(0.1) 15(0.3) 28(0.5)
replicates)
CK between- 10.1% 15.4% 11.2% 26.1% 15.8%
batch o,¢ (%)
Combined 45(04) 28(03) 1.1(0.0) 1.7(0.2) 25(04)
average (o
replicates)
Combined 9.1% 18.1% 10.5% 20.9% 17.7%
between-batch
Orel (%)

0yel = between-batch relative standard deviation (%) and o replicates refer
to replicate measurements of the same BW (n = 3 for BF, n = various for
BM). Exposures 6-8MIx for 10 min or approximately 1MIx-h.

absolute BW1 and BWS3 variations are minor, which
suggests that the bracketing of this important range
for museums is relatively consistent under a given
SPD even if BW2 is more variable. While there is no
internationally accepted fading standard more fugitive
than BW1, it is not uncommon for triarylmethane dyes,
for example, to exceed this threshold.
Post-manufacture ageing may also play a part
which, if true, appears to be most evident in the light-
box results for CK Old BWs in which BW3 fades more
rapidly than BW2 and the BW1 AE is suppressed. Inter-
estingly, this distinction did not show up in the equiv-
alent MFT results for the same BWs. Likewise, there was
no indication of age-related variation in the MFT
results for the BF samples. Changes to lightfastness
due to ageing might include the effect of dye degra-
dation, accumulated pollutants and particulates, or as
mentioned in the context of the colour of the BWs,
thermal wool yellowing, especially at high relative
humidity (Duffield and Lewis 1985; Duffus 2013).

Lightbox BW responses

There is a systematic doubling of AE resulting from the
same cumulative exposure with MFT compared to the
lightbox across the CK BW2s (Table 5). BW1 and BW3
results are less divergent in this respect, although
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Table 5. BM lightbox ageing under fluorescent lamps at 26kix compared to MFT results.

Lightbox MFT
Samples Colour change AEy Cumulative exposure Mix-h/JND Colour change AEy, o(n)
CK JH 2013 BW1 4.8 3.00 52 0.7 (10)
CK JH 2013 BW2 13 0.81 26 0.4 (6)
CK JH 2013 BW3 0.8 0.50 1.0 0.2 (3)
CK PEL 2013 BW1 4.7 2.94 5.0 0.9 (4)
CK PEL 2013 BW2 1.4 0.88 3.2 0.1 (3)
CK PEL 2013 BW3 0.8 0.50 13 0.1 (3)
CK PEL 2009 BW1 58 3.63 44 0.4 (4)
CK PEL 2009 BW2 15 0.94 34 0.2 (4
CK PEL 2009 BW3 0.5 0.31 1.2 0.2 (5)
CK Old BW1 29 1.81 4.2 0.5 (4)
CK Old BW2 1.2 0.75 38 0.8 (4)
CK Old BW3 1.6 1.00 1.1 0.2 (3)

there is an overall bias towards higher AE values from
MFT in both cases. The BW1/BW?2 ratios of the CK PEL
blue wools purchased in 2009 and 2013 are much
higher in the lightbox tests than MFT, and it may be
relevant that the fabrics are also visually different.
The reasons for the remarkable disparity between the
lightbox results for CK Old BW1 and BW2 compared
to the newer samples, and why it is not apparent
during MFT, is unknown; however, it may involve a
combination of thermal ageing and the different time-
scales of the two methods. Bleaching of age-yellowed
wool substrate and fading of blue dye offset each
other and these two processes may occur at different
relative rates at different intensities. The much lower
measured colour change of the CK Old BW1 and BW2
samples in the lightbox may reflect more thorough
bleaching of age-yellowed wool substrate than
during MFT over the same cumulative exposure.
There is also no opportunity during the brief burst of
MFT illumination for photochemically initiated
thermal reactions to play out as they might during
the 40 h of lightbox ageing. Bacci et al. (2004) called
the result of this combination of photochemical and
thermal colour changes to BWs an ‘equivalent light
dose’ to distinguish it from purely light-induced
colour change.

The anomalous CK Old samples aside, it is unsurpris-
ing that the MFT results for BW1 tend to be similar to,
or slightly higher than, the lightbox results, since that is
what Londero and Whitmore’s (2016) reciprocity curve
in Figure 5 predicts. The quite large systematic differ-
ences between the MFT and lightbox results for BWs
2 and 3 may be a manifestation of differently shaped
reciprocity curves.

Conclusions

Our results have confirmed the existence of manu-
facturing-related variations in the responses of the
ISO BWs under MFT conditions. Of the three BWs in
common use, BW2 appears to be most variable,
sometimes closer to BW1 and at other times BW3.
Confusingly, and for different reasons, BW4 initially

fades more rapidly than BW3 when the CIEDE2000
equation is used, although the two fade in their
‘correct’ order throughout using the older CIELab
equation originally used by Whitmore, Pan, and
Bailie (1999). BW1 and BW3 provide relatively
stable benchmarks for the comparative rating of
most non-lightfast colourant systems using MFT,
and it probably matters less in practice exactly
where within this range BW2 lands. Other forms of
accelerated light-ageing share the same uncertain-
ties but without the enormous advantage of allow-
ing rapid lightfastness screening of real museum
objects without having to create and test historical
surrogates. There is some evidence of a BW ageing-
related variation in the lightbox experiments, which
for some reason does not manifest during MFT.
The manufacturing-related variations in BW2 fading
are probably of minor significance compared to
other known, subjective and (in practice) indetermi-
nate factors. While they will certainly affect lighting
decisions based on particular arbitrary thresholds,
BW response variations have little impact on the
ability of MFT to discriminate between the most vul-
nerable colourants and the much greater proportion
of relatively or completely lightfast pigments and
dyes found in most collections (Ford and Smith
2010). In this context, the scatter due to texture
and the manufacturing-related BW fading rate vari-
ations appear to be more of a nuisance for MFT
than a substantive disadvantage.

Heritage risk management commonly relies on
imprecise and often order of magnitude estimates of
the potential impact of hazards and there is no indi-
cation that either MFT or the traditional accelerated
light-fading methods at lower intensities do not
meet that standard in general. The benefits of a long-
standing, reasonably well regulated and universally
available set of physical fading standards outweigh
their disadvantages, and we concur with Michalski
(1987) who wrote that the approximations involved
‘do not affect the usefulness of the [BW] scale for
museums; rather they demonstrate the irrelevance of
great precision’.
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