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Introduction

Changes in the formulation of pigments and 
paint binders throughout the history of Western 
easel painting can impede the interpretation 
of analytical data and the characterization of 
materials in artworks. Paint may contain additives 
that should be considered when interpreting 
results obtained during both inorganic and 
organic analysis. Inorganic analysis of paint 
is further complicated by the incomplete 
understanding of the precise limitations of the 
common analytical tools used for the detection 
and identi�cation of potential additives, especially 
metallic driers, pigments, and the substrates of 
organic lake colors. X-Ray Fluorescence (XRF) 
spectroscopy is a non-destructive technique that 
is often used to collect elemental information 

Abstract:

Changes in the formulation of pigments and paint binders and the presence of additives used in the history of painting can 
complicate the interpretation of analytical data and may influence the characterization of the materials used in artworks.
The limitations of the common analytical tools used to identify potential paint components including metallic driers, pigments, and 
the inorganic substrates of lake colors may also make analysis more difficult. X-Ray Fluorescence (XRF) spectroscopy is a common 
non-destructive technique used to collect inorganic elemental information from artworks. Advancements in XRF technology now 
permit the gathering of data from multi-layered paint systems and scanning technology can help characterize pigments across the 
entire surface of an artwork. These tools require an even greater understanding of the potential materials in an artwork to avoid 
misinterpretation of the data. The authors tested XRF’s ability to characterize lead, manganese, and cobalt driers. The presence of 
metallic driers could have an impact on the interpretation of the inorganic components in paint films. Lake pigment substrates often 
contain aluminum, tin, and calcium salts. The detection of these ions was also studied. Finally, the XRF detection of aluminum in 
lapis lazuli samples was assessed. These three groups of materials were also mixed with driers and/or other pigments to determine 
whether the presence of additional metal ions inhibited the detection of the characteristic elements. The authors used a Bruker 
ArtTax Micro XRF and a handheld Bruker Tracer III-SD XRF unit with and without a vacuum or helium purge for these experiments.        

Keywords:

Artwork analysis; XRF; Paint driers; Lake Pigments; Lapis lazuli; Lead white; Megilp; Art materials history

Corresponding Author Contact Information: Baade, B.; 18 East Main St., Old College room 302, Newark, DE 19716, USA
E-mail: bbaade@udel.edu
Phone 302 897-8125

DOI: 10.51236/2618-7140-2020-3-4-84-95 © Baade, B., deGhetaldi, K., Rina, A., 2020

associated with inorganic materials in artworks. 
In previous years, elemental data of complex 
painted surfaces could only be obtained from 
cross-sections, which required destructive 
sampling. Recent advancements in XRF 
technology can now permit the gathering of 
elemental information in multi-layered paint 
systems and allow for the characterization of 
pigments across the entire surface of an artwork 
with scanning technology (Dik et al., 2008; Alfeld 
et al., 2012; Alfeld et al., 2013). Powerful tools like 
these require an even greater understanding of 
the materials potentially present in an artwork in 
order to avoid misinterpretation of the data. 
While many publications on the recent 
developments in XRF technology have focused 

on pigment analysis, the successful detection 
and characterization of inorganic components 
associated with paint additives is a topic that 
requires further study.  Such information should 
be considered a prerequisite when attempting to 
identify inorganic pigments in painted artworks. 
If metallic driers or siccatives are detectable 
in the concentrations traditionally used in 
artistic practice, this could have a major impact 
on the interpretation and characterization of 
the inorganic components in paint �lms. The 
incorporation of driers could easily affect the 
characterization of pigmented layers as they share 
similar elements with certain pigments. Lake 
pigment substrates are often based on aluminum 
salts but can also contain tin and calcium (Kirby 
et al. 2014). In addition, lead, copper, and iron 
are all components listed in historical lake recipes 
(Riffault et al. 1874). The interpretation of XRF 
data could be greatly improved by a better 
understanding of the possible in�uence of these 
components. Therefore, the presence of the 
elements associated with lakes could confuse or 
complicate XRF analysis if their presence is not 
considered. Additionally, the concentration of 
the various pigments, siccatives, and mordants 
can vary throughout the paint layers and these 
could greatly in�uence the interpretation of 
data, particularly if the analyst is attempting to 
accurately detect and characterize paint mixtures 
and layering stratigraphy. Finally, due to inherent 
differences in instrumentation (e.g. detectors, 
spot size, architecture, etc.) not all XRF systems 
are equally effective at detecting low-molecular 
weight elements associated with certain pigments. 
This aspect of XRF instrumentation may lead to 
mischaracterization of painted artworks if spectra 
from different instruments are interpreted using 
the same criteria. One aim of this study is to 
explore some of the discrepancies that might 
be encountered when analyzing the same set of 
samples with different instrumental models.

The �rst portion of this study documents the 
XRF analysis of metallic driers, including lead, 
manganese, and cobalt ions. Most of the driers 
were created from historically representative 
recipes and concentrations including leaded 
oil, lead-manganese oil, lead-containing megilp 
paint medium, and gumption paint medium 
containing lead acetate. Due to the dif�culty of 
producing a representative reconstruction of 
cobalt napthenate, commercially available cobalt 
drier was also analyzed. Unpigmented and 
pigmented samples of these driers/mediums were 
analyzed and compared to standards to determine 
detectability. Calibration curves were created 
using thin �lm standards (cited as �g/cm2) on loan 
from the Getty Conservation Institute in order to 
determine the concentrations or certain elements 
detected in the reconstructed paint samples. All 
samples were analyzed using a Bruker ARTAX 
Micro XRF unit as well as a handheld Bruker 
Tracer III-SD XRF spectrometer.   

The second portion of this study compares 
results obtained from the XRF analysis of oil 
paints containing red lakes made with aluminum, 
tin, and calcium-aluminum substrates. The 
reconstructed lakes were also mixed with metallic 
driers and mediums to determine whether their 
presence inhibited the characterization of the 
lake substrate. Analysis was performed using 
XRF units �tted with a vacuum or helium purge, 
depending upon the instrument, in order to 
allow for the characterization of elements lighter 
than potassium. 

The �nal portion of this study evaluated various 
samples containing lapis lazuli pigment. Paints 
made from two forms of true lapis lazuli pigment 
(a natural ultramarine re�ned according to 
Renaissance methods and a lapis pigment made 
from simply grinding the raw stone) were 
analyzed using the two XRF units. As with other 
samples, the lapis pigments were mixed with 
driers to see whether the presence of additional 
metal ions inhibited the detection of aluminum.

Analytical Methods

All samples of driers and paints containing driers, 
red lake oil paints, and Lapis Lazuli oil paints 
were created according to traditional practice 
and allowed to dry for several weeks. Samples 
were then analyzed using a Bruker ARTAX micro 
XRF unit, an open architecture system that uses 
a rhodium tube with an element detection range 
of potassium (K) to Uranium (U). Polycapillary 
optics allow for a small spot size, approximately 
70–100 microns. All spectra were interpreted 
using the Intax version 4.5.18.1 software. The 
spectrum was captured with and without a helium 
purge using the following parameters: 600�A 
current, 50kV voltage, 300 seconds live time 
irradiation. Additional analyses were performed 
with the handheld Bruker Tracer III-SD XRF 
spectrometer equipped with a rhodium tube and 
interpreted within the PXRF1 software (spot size 
approximately 1 cm x 0.5 cm). Lower Z elements 
were analyzed under vacuum with no �lter, 
using the parameters of 15kV high voltage, 55�A 
anode current, 100 seconds live time irradiation. 
Higher Z elements were analyzed using a Ti/Al 
25�m/305�m �lter using the parameter of 40kV 
high voltage, 10�A anode current, 300 seconds 
live time irradiation. These particular parameters 
were chosen as they were highly recommended 
by conservation scientists who specialize in XRF 
analysis. It should also be noted that since the 
time of this study, Bruker has manufactured 
additional handheld models that have improved 
detection capabilities. 

Thin �lm standards provided by the Getty 
Conservation Institute, were used to create 
calibration curves by calculating the net area 
under the primary peaks associated with various 
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elements. Any contributing elements from the 
Mylar substrate were subtracted from the spectra. 
The obtained values were used to estimate the 
concentration (microgram per cm squared) of 
the detected elements in the paint samples. Both 
instruments were positioned approximately 
3–4 mm away (Z axis) from the surface of the 
reconstructed paint samples and artworks during 
data collection.

DRIERS AND SICCATIVES

History of use and types of driers
Inorganic salts and solutions can be added to 
drying oils to catalyze oxidation reactions and 
quicken the drying time associated with these 
mediums. The technology associated with driers 
or siccatives has been known since the adoption of 
oil painting and the use of oil-containing varnishes 
(Elm 1934). The earliest reference to the use of 
driers in combination with oil dates to the second 
and third centuries and can be located in written 
accounts attributed to the Greek physician Aelius 
Galenus known as Galen (Eastlake 2001). Driers 
were also used in the preparation of traditional 
oil varnishes, varnishes that typically contained 
a drying oil (e.g. linseed oil, walnut oil) and 
natural resins such as sandarac, mastic, and 
rosin (Phenix and Townsend 2012). The �rst 
known oil varnish recipe is detailed in the Mappae 
Clavicula, a compilation of various manuscripts 
and recipes (including the Lucca Manuscript) that 
date as early as the eighth and ninth centuries, 
although the central core of the manuscript may 
date even earlier (Smith and Hawthorne 1974). 
Early varnish recipes involved heating natural 
resins until they could be effectively combined 
with drying oils at extremely high temperatures. 
Oil varnishes are not to be confused with spirit 
varnishes (when a natural resin is directly 
dissolved in an organic solvent), materials that 
appear to have been adopted for artistic practice 
much later (Phenix and Townsend 2012). It is 
likely that early oil varnishes contained driers to 
help speed the oxidation processes and hence the 
dry time associated with these surface coatings. 

Some of the earliest driers were lead-containing 
pigments (e.g. red lead, lead white). Lead white is 
the most important white used in easel painting at 
least until the mid-20th century, and the history 
and properties of lead white are well covered in 
the National Gallery of Art’s Pigment Handbooks 
(Gettens et al. 1993). Lead white alone, however, 
has been shown to only minimally increase 
the oxidation of drying oils (Boughton 1916). 
Impurities in lead white, such as lead acetate 
and litharge, probably account for the perceived 
catalytic effect of lead white pigment (Tumosa 
and Mecklenburg 2005). Lead salts can also be 
dissolved into hot oil to create leaded oil. Leaded 
oil will also increase oxidation but, unlike the 
addition of powdered lead pigments, it does so 
without adding turbidity to an oil varnish, while 
substantially speeding up the drying process. 

This quality would also allow the artist to speed 
up the drying of notoriously slow drying oil 
paints, like those containing red lakes or carbon 
black, without greatly affecting the color. While 
the use of leaded oil driers was likely common in 
historical practice, we have few speci�c ancient 
recipes for their production. Additionally, the 
ingredients in oil varnishes likely changed over 
centuries, and the proportions of each ingredient 
cannot be precisely known. 

Lead and manganese are important elements in 
pigments, mediums, and driers. The ubiquity 
of lead and manganese pigments in traditional 
paintings has made it dif�cult to detect the 
addition of driers in early varnishes and paints. 
Work done by the National Gallery; London 
does suggest the use of red lead as a siccative in 
an oil containing varnish on a late fourteenth-
century panel by Jacopo di Cione (Bomford et 
al. 1989). The drying properties of manganese 
were realized quite early, as this element has been 
found to have a much stronger catalytic effect on 
the auto-oxidation of oil paints than lead (Steele 
1924). Commonly used umber pigments derive 
their color from a combination of mixed phases 
of iron oxide and manganese dioxide (Helwig 
2007). It is not known how early manganese 
was used to create a siccative oil, but recipes 
dating to the mid-eighteenth century include the 
addition of lead white, lead acetate, raw umber 
and other materials. Such oils are referred to as 
“coarser drying oils” to differentiate them from 
lighter colored, carefully cooked leaded oils 
(Carlyle 2001). Many recipes for driers and lead/
manganese-containing oil mediums can be traced 
to eighteenth and nineteenth centuries (Carlyle 
2001). Megilp mediums (containing leaded oil 
and mastic resin) were developed as early as the 
eighteenth century while recipes for gumption (an 
“improved” medium containing lead acetate and 
mastic resin) were included in a popular reference 
published in 1828 (Carlyle 2001). The twentieth-
century restorer and author, Jacques Maroger, 
spent a large portion of his career attempting 
to rediscover techniques used by Old Master 
painters. He eventually postulated that painters, 
such as Peter Paul Rubens, used a medium similar 
to megilp, although no scienti�c evidence was 
published to support this conclusion. Since the 
publication of Maroger’s book, The Secret Formulas 
and Techniques of the Masters, in 1948, there have 
been selected circles of artists who continue to 
use megilp, despite the unfortunate rami�cations 
associated with the long-term preservation of 
these sensitive paintings (Maroger 1948; Mayer 
and Myer 2002). 

The drying properties of cobalt salts were likely 
realized with the introduction of the pigment 
smalt around the �fteenth century (Lutzenberger 
et al. 2010; White and Kirby 1994). Ralph Mayer 
mentions an 1852 Belgian reference to cobalt 
cooked into an oil to create cobalt linolate driers 
(Mayer 1957). Riffault mentions the use of cobalt 

driers in a manual dated to 1874 (Riffault et al. 
1874).  Cobalt lineolate was later superseded 
by other cobalt solutions, particularly cobalt 
napthenate. Commercial cobalt driers available 
today may also contain additional metallic salts 
to allow for even drying throughout the paint 
layers, although such formulations were beyond 
the scope of the outlined experiment (Bellettiere 
and Mahoney 1987). 

The XRF detection of inorganic paint components 
can be complicated by the uneven distribution 
of binding media and pigments within and 
across the surface of a painting. These variances 
are contingent upon the intended effects and 
sometimes idiosyncratic techniques used by the 
artist. Recent analysis performed on several works 
by Leonardo da Vinci (focusing on his sfumato 
technique) has suggested that XRF analysis can be 
used to determine the relative thickness of each 
paint layer, generating non-destructive, virtual 
cross-sections of a given painting based on the 
distribution and appearance of peaks associated 
with lead carbonate (De Viguerie et al. 2010). 
However, the study attributed all lead peaks to 
the lead white pigment and did not account for 
the possible presence of lead driers, Leonardo 
is known to have experimented with lead driers 
based on his own writings (Ritcher 1883). Further 
research is needed to explore the potential impact 
that leaded driers might have when calculating 
the theoretical thickness of paint layers.

Preparation of Driers and Siccatives
The following driers were selected for analysis: 
leaded drying oil (Pb), coarse drying oil (Pb, Mn), 
gumption (Pb), meglip (Pb), and a commercial 
cobalt napthenate drier (Co).  Paints and driers 
were applied to a Mylar substrate for analysis. 
Recipes for those that were created in-house 
were collected or extrapolated from historical 
sources. The Leaded drying oil contained 30g 
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litharge (lead II oxide) and 200ml cold-pressed 
linseed oil. The mixture was slowly heated to 
230˚C until the lead had dissolved, and the 
solution was clear. The mixture was allowed to 
cool and then allowed to settle for several weeks. 
After the unincorporated material had settled out 
of solution, the �nal product was decanted and 
collected. Coarse drying oil was made by heating 
a mixture of 212ml cold-pressed linseed oil, 6.4g 
gum Arabic, 25.5g litharge, 6.4g lead acetate, 
12.75g zinc sulfate, and 6.4g of raw umber. The 
mixture was heated at 250˚C and allowed to settle 
before decanting (Carlyle 2001). Gumption was 
made by grinding 1.3g mastic resin with 1.3g lead 
(IV) acetate followed by the addition of 1.63g
linseed oil. The megilp used for this study was
prepared by mixing a 1:1 ratio of leaded drying
oil (see above) with heavy mastic varnish (1 part
mastic resin by weight to two parts double distilled
gum turpentine by volume) (Carlyle 2001). The
cobalt drier used was a commercially produced
cobalt (II) napthenate sold by Grumbacher.

Analysis of Driers and Siccatives
Lead was detected in both pigmented and un-
pigmented �lms. Similar results were obtained 
using both the ARTAX and handheld Tracer 
III-SD XRF systems, although detection ranges
appeared to be far greater using the ARTAX unit
(see Table 1). It is important to note that the
approximate concentrations listed in Table 1 are
the reported values (after calibration has been
carried out) and likely not the actual values; this
is particularly evident in the case of the handheld
unit which is known to possess lower detection
limits as compared to the ARTAX. The highest
amount of lead was detected in the gumption
samples, with megilp samples containing the
lowest amount. Analysis of the coarse drying
oil samples did detect the small amount of
manganese. Interestingly, no zinc was detected
using either instrument, suggesting that the zinc
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sulphate was not successfully incorporated into 
the coarse drying oil. Cobalt drier was added 
directly to the oil paint and not through an 
additional medium or diluent in order to allow 
for more precise measurements. The drier was 
thoroughly mixed into each of the paints in the 
ratio of one drop to a teaspoonful (approximately 
5 ml) of oil paint. Cobalt was readily detected 
in all samples containing cobalt drier. Levels of 
cobalt were recorded at 430,225�g/cm2 using the 
Bruker ARTAX Micro XRF unit in the paints 
sample containing cobalt drier mixed with lac 
lake and linseed oil, whereas the handheld 
Bruker Tracer III-SD XRF spectrometer detected 
8,764�g/cm2. The paint containing cobalt drier 
mixed with charcoal and linseed oil yielded results 
of 714,255�g/cm2 with the ARTAX unit and 
28,379�g/cm2 with the handheld unit. The ARTAX 
generated greater detection limits associated 
with calcium, aluminum, and sulfur when these 
elements were present in the pigmented �lms as 
compared to the handheld unit. These can be 
attributed to the pigment present and not the 
drier as the same elements were not found in 
spectra collected from the unpigmented oil �lm. 
These results suggest that driers can be readily 
detected using XRF. Interpretation of XRF data 
of painted artworks should therefore consider 
the potential presence of these materials, 
especially as new technologies like Macro XRF 
scanning (MA-XRF) become more frequently 
applied to the non-destructive analysis of easel 
paintings and painted surfaces (Dik et al., 
2008; Alfeld et al., 2012; Alfeld et al., 2013). 
The presence of lead, manganese, and cobalt 
should not automatically be assigned to the 
presence of pigments that contain these elements.  

Case Study: XRF Analysis of a painting by 
Robert Minor

XRF analysis was carried out on Great Silas at 
Night (1890) and Souvenir of Italy (1890s) (Figure 
1) by the Barbizon painter, Robert Minor. XRF
analysis revealed the presence of cobalt through-
out the surface of the painting, however SEM-
EDS analysis could not detect any co-localization
of cobalt with pigment particles (particularly
blue, violet, or green pigments) or aggregates,
although cobalt was found to be present in the
EDS spectrum. The presence of cobalt drier was
initially discounted as the date of the painting
preceded that of the common date typically
associated with the use of cobalt driers. However,
Riffault et al. (translated for the American
audience in 1874) suggests that a cobalt drier
could indeed have been used by Minor, either as
an additive or as an ingredient in a commercially
produced oil paint (Mayer 1956; Riffault et
al. 1874). This case study suggest that further
research is needed for the systematic detection
and characterization of driers in oil paintings.

DETECTION OF LAKE PIGMENTS 
AND THEIR ASSOCIATED INORGANIC 
SUBSTRATES

History of Use and Types of Lake Substrates
As can be gleaned from reading Hofenk de 
Graaff and other texts, natural dyes can be 
extracted from insects, sea snails, lichens, trees, 
and plants. Red and yellow natural dyes are the 
most commonly encountered organic pigments 
found in traditional easel paintings, however 
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only red dyes were analyzed in this experiment, 
which included shellac, cochineal, and madder 
root. Cochineal insects (Dactylopius coccus) are 
wingless insects native to Central and South 
America. American cochineal contains only 
carminic acid as a coloring component, unlike 
European variants (Kirby and White 1996). Stick 
lac or raw unre�ned shellac is a resin produced 
by the female lac insect (Laccifer lacca or Coccus 
lacca), which is native to Southeast Asia plants. 
The insect secretes the resin as a protective 
coating while boring into the branch (Hofenk de 
Graaff 2005).  The unre�ned form of this resin, 
called sticklac, contains a red dye composed 
of laccaic acid. The dye was generally removed 
from the resin prior to the production of more 
re�ned forms of shellac (Harley 1982). The roots 
of the common madder plant, Rubia tinctorum, is 
composed of several types of red anthraquinone 
dyes, including purpurin, pseudo-purpurin, and 
alizarin, with the latter generally regarded as the 
most lightfast (Kirby et al. 2014; Schweppe and 
Winter 1997).

With few exceptions, organic dyes cannot be used 
directly as colorants in paint. They are generally 
water-soluble and need to be complexed with or 
absorbed onto an inert inorganic material. This 
process is similar to, and likely derived from, the 
mordanting of dyes on textiles. An early traditio-
nal substrate used for this purpose is amorphous 
hydrated alumina. A common method used up 
until the late eighteenth century involved the use 
of a hot aqueous, alkali solution to extract the 
dye (either from dyed fabric clippings or directly 
from the raw dyestuff). Traditionally, the alkaline 
solution consisted of potassium carbonate or 
potassium hydroxide, but later sodium carbonate 
became more commonly used, as it was readily 
available and relatively cheap. The resultant co-
lored liquid would then be �ltered to remove the 
residual dyestuff from the dye. Alum (aluminum 
potassium sulfate) was then added to precipitate 
the dye onto the aluminum hydrate, creating a 
water-insoluble pigment. Once the pigment had 
settled, any uncomplexed dye was rinsed away 
and the remaining lake pigment was dried for 
use. The name lake is derived from the word lac 
which in turn originates from the term shellac, 
an important source of red dye throughout 
the history of easel painting (Kirby et al. 2014). 

Early lakes were also made by dissolving scraps of 
fabric containing the dye rather than extracting it 
directly from the natural dyestuff. Dyes obtained 
by dissolving wool to release the color will also 
contain sulfur from the animal hair. By the late 
eighteenth century, lakes were often made using a 
reverse process whereby the dye was �rst extract-
ed in hot water, �ltered to remove the dyestuff, 
and mixed with alum before being precipitated 
with the alkaline salt. Lakes made in this manner 
will retain the sulfate groups from the alum which 
will subsequently become incorporated into the 
alumina substrate as it is precipitated.

While aluminum is a common inorganic element 
associated with red lakes, other elements from 
the natural dyestuff or its growing environment 
may also be detected. Jo Kirby has described how 
madder roots (which are used to make madder 
lakes) can preferentially uptake calcium from 
the surrounding soil (Kirby et al. 2005). Recipes 
for yellow and red lakes made from brazilwood 
often called for the addition of calcium carbonate 
derived from chalk or eggshells to create a more 
opaque pigment (the substrate of these pigments 
can therefore contain both aluminum and 
calcium). The potential presence of a  calcium-
containing substrate may be easy to overlook, 
particularly when an easel painting is analyzed 
using only XRF since calcium may be present 
as a �ller and/or in underlying ground layers 
(Bonizzoni et al. 2007). Tin salts (usually in the 
form of SnCl

4
) were also added to certain dye 

solutions to alter the hue or intensity of the 
resultant pigment, creating substrates that would 
contain tin and possibly aluminum, if alum was 
also used (Kirby et al. 2005). There were complex 
variations of the laking process employed by the 
nineteenth century, which included the addition 
of a variety of metal salts containing aluminum, 
tin, calcium, lead, iron, antimony, copper, and 
chromium (Riffault et al. 1874). Additionally, 
scarlet lakes were sometimes produced by 
precipitating a cochineal lake in the presence 
of vermilion (HgS) (Bearn 1923). Eventually, 
scarlet lakes were made by precipitating alizarin 
crimson directly on or mixing it with the pigment 
vermilion (Church 1915). The choice of substrate 
and corresponding formula was often determined 
by the desired color of the pigment. Aluminum-
calcium substrates, for example, were typically 
used in certain yellow lake pigments as well as 
“rose-pink” Brazilwood lake pigments (Kirby and 
White 1996). 

Preparation of Lake containing Oil Paint 
Films
This study focused on the characterization of two 
lakes with an aluminum containing substrates, 
one with aluminum and calcium, and one with 
aluminum and tin. The dyes were extracted 
directly from the dyestuff into an alkali solution 
before precipitating to ensure that any inorganic 
elements detected were directly associated with 
the dyestuff.  The four analyzed lake pigments 
were lac lake, cochineal lake containing calcium, 
cochineal carmine naccarat, and madder-tin 
lake. The source for the calcium containing 
cochineal lake was available to the authors from 
a supply that they produced for another study. 
Additionally, its recipe was known and recorded, 
and it had the sought-after inorganic substrate. 
The carmine pigment was purchased rather 
than made in-house as the authors had did not 
have access to the necessary equipment and had 
dif�culty reproducing a carmine naccarat of the 
quality associated with the historical pigment. 
All lakes were ground and dispersed into their 
binders using a glass muller on a roughened glass 

��������������������� �ART�AS �SCIENCE ANALYSIS �OF�MORDANTS� �DRIERS � �AND�LAPI S�LAZULI �USING�X�RAY�FLUORESCENCE



№
4

(1
2

) 2
0

2
0

№
4

(1
2

) 2
0

2
0

9 0 9 1

plate. Subsequent paints were then applied to 
a Mylar support and analyzed with the ARTAX 
Micro XRF unit (equipped with a helium purge) 
and the Bruker handheld XRF unit (equipped 
with a vacuum). The addition of a vacuum and 
helium purge enables detection of elements as 
light as sodium and a more accurate reading 
of aluminum (McGlinchey 2012). All mordants 
are expected to show peaks of Al, as alum 
(Al

2
(SO

4
)
3
H

2
O) was a component, to a greater or 

lesser extent, in all of the analyzed lakes. Additio-
nal paint �lms were prepared by adding each red 
lake pigment into lead white-containing linseed 
oil.  The resulting �lms were: lac lake and lead 
white, carmine and lead white, madder tin and
lead white, and cochineal calcium lake and
lead white. 

Analysis of Aluminum Substrates in Lake-
Containing Oil Paints
Overall, the ARTAX proved most successful 
and read higher concentrations of aluminum 
in lac lake, tin in madder lake, and calcium in 
cochineal lake. Even with a vacuum, the Bruker 
handheld detected negligible traces of aluminum. 
Aluminum peaks were suppressed in all samples 
containing the red lakes mixed with lead white 
paint. Aluminum was detected in three of the 
four red lakes; these results were observed using 
both XRF units (see Table 2). As with Table 1, the 
approximate concentrations of aluminum listed in 
Table 2 are the reported values (after calibration 
has been carried out); this is particularly evident 
in the case of the handheld unit, which was unable 
to detect any aluminum in some of the samples. 
No aluminum was found in the cochineal carmine 
paint using either the ARTAX or the Bruker 
handheld XRF unit (Table 2).  The helium purge 
and vacuum were ineffectual in the detection of 

aluminum in carmine. While the pigment was 
purchased commercially, recipes for carmine 
that the authors have consulted often contain a 
minimum of alum, far less than most lakes, and 
a reduced detection was expected. For example, 
an aluminum concentration of 8,742�g/cm2 was 
detected when analyzing the lac lake sample 
using the ARTAX unit (equipped with the helium 
purge), but aluminum was undetectable when the 
lac lake was mixed with lead white oil paint. Simi-
lar effects were noted with other lighter elements. 
For example, traces of sulfur that previously read 
as 25,520�g/cm2 in the madder sample using the 
ARTAX unit were undetectable in the same sample 
mixed with lead white oil paint. These results 
con�rm previous observations and studies as lead 
is known to absorb the �uorescence generated by 
lighter elements (McGlinchey 2012).

Case Study: XRF Analysis of a painting 
attributed to Adolphe Monticelli 
XRF analysis was performed on Flower Still Life 
(c. 1890s, University of Delaware) attributed to 
the French painter Adolphe Monticelli using the 
Bruker handheld unit. Analysis of translucent, 
deep scarlet-colored brushstrokes revealed the 
presence of iron, lead (likely from the lead-white 
ground due to the attenuated pattern of the La1 
and Lb2 peaks), tin, and trace amounts of calcium, 
manganese, and mercury (Figure 2). In addition, 
a trace amount of copper was found to originate 
from the handheld unit (likely the metallic 
housing) as con�rmed by performing a series of 
blank reference spectra. Additional spot analyses 
revealed a similar pattern of trace elements (Ca, 
Mn, and Hg) with varying amounts of lead, 
chromium, and iron; however, no tin could be 
detected save for areas containing deep scarlet-
colored paint. While it is theoretically possible that 
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metal salts containing aluminum, calcium, lead, 
iron, and chromium are present as mordants for 
this particular red lake, the absence of tin in all 
other regions of the painting points towards tin 
as the likely mordant (Riffault et al. 1874). For 
comparative purposes, the same handheld XRF 
unit was then used to analyze Bouquet (c. 1875) 
at the Philips Collection in Washington, DC, as 
this painting possesses a more secure attribution 
to Monticelli. Analysis of deep scarlet-colored 
brushstrokes revealed a similar pattern as seen 
in the XRF spectrum shown in Figure 2, again 
suggesting the use of a tin-mordanted lake. These 
results correspond to other �ndings relating to 
Monticelli’s works as the artist appears to have 
favored tin-mordanted cochineal lake (Stoner 
and Morrison 2012). In addition, Stoner and 
Morrison were able to detect trace amounts of 
vermillion, red earth, and chrome yellow in what 
appeared to be relatively pure passages of red 
lake paint (possibly due to unintentional mixing 
as Monticelli would often apply his colors into 
still-wet paint). As this tin-mordanted red lake has 
been found in several other paintings associated 
with the artist, its presence should be considered 
when dealing with questions surrounding 
attribution as well as the identi�cation of spurious 
works (Stoner and Morrison 2012). 

LAPIS LAZULI 

History of Use and Types of Lapis Lazuli
Natural, re�ned ultramarine pigment has been 
highly regarded for its brilliant blue color since 
antiquity. Ultramarine was made by physically 
re�ning ground lapis lazuli in a process 
developed by the Arabs and adopted in Europe 
around the twelfth century (Plesters 1993).  Its 

Figure 2
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use diminished dramatically with the invention 
of synthetic ultramarine in the nineteenth 
century. The coloring component in lapis lazuli 
and natural ultramarine is lazurite, a complex, 
sulfur-containing sodium alumino-silicate. 
Aluminum, sulfur, and sodium are the signature 
de�ning elements when characterizing a natural 
ultramarine pigment using XRF techniques. 
Residual calcium from calcite and possibly pyrite 
impurities can also be present even in the most 
re�ned natural pigment (Plesters 1993). 

Preparation of Natural Ultramarine (Lapis 
Lazuli) Samples
The natural ultramarine paint �lms were made 
from Dr. George Kremer’s highest grade, “Fra 
Angelico Blue” ultramarine. Kremer states that 
this is made using historically accurate methods 
(Kremer Pigments 2016). The pigment was 
ground into the appropriate binder and thickly 
painted onto thin-�lm Mylar substrates both with 
and without the addition of lead white pigment. 
While sulfur, sodium, and other trace elements 
can be present in natural ultramarine samples, 
the authors focused primarily on aluminum so 
that they could compare these results with those 
obtained from their analysis of lake pigments. 
Aluminum can be dif�cult to detect due to the 
low excitation ef�ciency of XRF technology 
(McGlinchey 2012). This dif�culty may be the 
reason why a recent study on the analysis and 
detection of nineteenth-century blue and green 
pigments using XRF and Raman spectroscopy was 
only able to successfully detect ultramarine using 
the latter analytical method (Rosi et al. 2004).
The natural ultramarine samples were analyzed 
using the ARTAX unit with and without the 
helium purge and handheld XRF unit under 
vacuum. The results are summarized in Table 3. 
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As with Tables 1 and 2, the approximate 
concentrations listed in Table 2 are the reported 
values (after calibration has been carried out); 
this is particularly evident in the case of the 
handheld unit which was unable to detect any 
aluminum unless the analysis was performed 
using the vacuum.

Analysis of Natural Ultramarine (Lapis 
Lazuli)
Aluminum peaks in all natural ultramarine 
samples could not be detected with the handheld 
unit unless the system was equipped with a 
vacuum purge (see Table 3). However, observed 
aluminum concentrations were extremely low 
even with the vacuum (1,887�g/cm2), generating 
peaks that were at times indistinguishable from 
the background signal. In addition, the relative 
concentrations of sulphur were also signi�cantly 
low unless the vaccum unit was used. The ARTAX 
unit was able to successfully detect aluminum in 
the ultramarine paint samples with and without a 
helium purge (concentrations at around 7,663�g/
cm2 and 3,943�g/cm2, respectively). As observed 
in the analysis of red lake paint samples, the 
presence of lead white completely hindered the 
detection of aluminum using both units, even 
with the additional helium purge and vacuum 
attachments. These results suggest that certain 
handheld XRF units may not be able to detect 
the signature peaks associated with aluminum at 
certain concentrations and therefore may not be 
reliable for the characterization of lapis lazuli. 

Case Study: XRF Analysis of paintings by 
Thomas Wijck
XRF analysis was performed on two seventeenth-
century paintings by Thomas Wijck housed at the 
Chemical Heritage Foundation in Philadelphia: 
An Alchemist and The Alchemist in His Studio 
c. 1640–1677 (Figure 3). Art historians were
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interested in characterizing the pigments present 
in the brilliant blue passages on both paintings. 
These areas were analyzed using the handheld 
XRF unit both with and without the vacuum. No 
peaks associated with aluminum were detected in 
either painting, although signi�cant amounts of 
calcium and iron were detected. In both instances, 
a trace amount of copper was found to originate 
from the handheld unit (likely the metallic 
housing) as con�rmed by performing a series of 
blank reference spectra. Commonly used blue 
pigments during this particular period include 
smalt, azurite, lapis lazuli, and indigo (Prussian 
blue was not in use until the early 18th century). 
The absence of aluminum and other characteristic 
elements associated with these blue pigments (e.g. 
copper, cobalt) should not automatically suggest 
the use of an organic blue pigment such as indigo 
as mass absorption effects (often created by the 
presence of lead) can lead to low detection limits. 
Additional analytical techniques are therefore 
required to characterize these blue paint passages 
in order to avoid misinterpretation and/or 
mischaracterization of Wijck's preferred palette. 

CONCLUSION

Many conservation labs are now using a hand-
held XRF instrument as their primary tool for 
characterizing inorganic materials. This can 
complicate interpretation, however, as hand-held 
units (even when equipped with a vacuum) still have 
a dif�cult time �nding signature peaks associated 
with lighter elements. Even when XRF analysis is 
used to gather elemental data within the correct 
parameters, the information must be interpreted 
with a full understanding of the possible in�uence 
of lakes, driers, and oil mediums that can also 
contain similar elements. While Bruker has 
since manufactured additional handheld models 
that have improved detection capabilities (such 

as the Tracer 5i), many professionals working 
in cultural institutions continue to rely on the 
Tracer III-SD model and, therefore, may �nd the 
information summarized in this study applicable 
to their research. As recent advancements in 
technology have allowed for the application of 
macro-XRF scanning units to the study of easel 
paintings, the analyst must possess a greater 
awareness of these materials. The in�uence of 
aluminum, tin, and other inorganic components 
in organic lakes should also be considered when 
interpreting XRF data, as mixtures of different 
pigments may suppress the detection of elements 
that are actually present. Finally, this study 
con�rms that it may be dif�cult or impossible 
to detect aluminum or other lighter elements 
in lakes and lapis/ultramarine pigments when 
they are admixed with lead containing media. 
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SUPPLIERS OF EQUIPMENT AND 
MATERIALS

Cochineal insects, stick lac (unprocessed shellac 
resin), gum Arabic, madder roots, raw umber 
pigment, highest-grade natural Afghanistan 
ultramarine (re�ned using traditional methods), 
calcite (natural calcium carbonate), alum 
(aluminum potassium sulfate), carmine naccarat 
from cochineal, potassium carbonate, Swedish 
cold-pressed linseed oil, and mastic resin were 
purchased from Kremer Pigments, Inc., New 
York, NY, USA. Lead white (prepared using the 
Dutch Stack Method) and vermilion (dry process), 
were purchased from Rublev/Natural Pigments, 
Willits, CA, USA. Raw samples of Afghanistan 
lapis lazuli were purchased from Pakistan Onyx 
and Marble 4304 Cherry Blossom Dr, Ypsilanti, 
Michigan, USA. Litharge (lead monoxide) and 
zinc sulfate were taken from an unspeci�ed 
source and con�rmed using XRF. Lead acetate 
and tin (IV) chloride were purchased from Fisher 
Scienti�c, Pittsburg, PA. USA. The study used 
Winsor and Newton English distilled turpentine 
and Grumbacher Cobalt Drier was used for 
the cobalt napthenate. These two items were 
purchased at a local art supply store. 

RECIPES

Lac lakes
20g of ground stick lac was added to 500 ml 
demineralized water in a large glass beaker. 
These were allowed to set overnight. 20g of 
potassium carbonate was then added and the 
whole was heated to 80°C. The whole was allowed 
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to cool and the solution was �ltered to remove 
residual resin and other particulates. The �ltered 
solution was again heated to 80°C. 120g of alum 
(aluminum potassium sulfate) was added to 
a beaker containing 150 ml of demineralized 
water and heated to dissolve. The alum solution 
was allowed to cool and then added to the dye 
solution with continual stirring. The mixture was 
stirred while the pigment precipitated until the 
effervescence ceased. The pigment was allowed 
to settle, and the liquid poured off of the top. 
The container was �lled with fresh demineralized 
water and the pigment was allowed to again settle. 
This procedure was repeated until there was no 
evidence of free dye and the liquid was completely 
clear. The water was then poured off and the 
pigment was dried in a drying oven at 50°C. The 
dried lake was then crushed and ground using a 
porcelain mortar and pestle. 

Cochineal with aluminum and calcium 
substrate
20g of ground cochineal insects were added to 
600 ml demineralized water in a large glass beak-
er. These were allowed to set overnight. 20g of 
alum was then added and the whole was boiled for 
an hour to extract the dye. The whole was allowed 
to cool and then �ltered to remove residual 
insects and other particulates. The �ltered 
solution was again heated to 80°C. 60g of natural 
chalk was slowly added to the hot solution while 
stirring to precipitate the pigment. The addition 
of chalk was stopped when precipitation ceased. 
The pigment was allowed to settle and the liquid 
poured off of the top. The container was �lled 
with fresh demineralized water and the pigment 
was allowed to again settle. This procedure was 
repeated until there was no evidence of free dye 
and the liquid was completely clear. The water 
was then poured off and the pigment was dried 
in a drying oven at 50°C. The dried lake was then 
crushed and ground using a porcelain mortar 
and pestle. 

Rose madder lake with tin
20g of ground madder root was added to 600 ml 
demineralized water in a large glass beaker. 
This was allowed to set overnight. The whole 
was heated to 70°C for an hour to extract the 
dye. 0.16g alum was then added and boiled for 
an additional �ve minutes. This was allowed to 
cool, and the solution was �ltered to remove 
the remaining root and other particulates. The 
solution was then heated to 50°C. 20 g of tin (IV) 
chloride was dissolved in demineralized water. 
This was then immediately added dropwise into 
the hot dye solution with continual stirring to 
precipitate the pigment. After precipitation, the 
pigment was allowed to settle, and the clear liquid 
poured off of the top. The container was then �lled 
with fresh demineralized water and the pigment 
was allowed to settle again. This procedure was 
repeated until there was no evidence of free dye 
and the liquid was completely clear. The water 
was then poured off and the pigment was dried 

in a drying oven at 50°C. The dried lake was then 
crushed and ground using a porcelain mortar 
and pestle. 

Leaded linseed oil 
17.6g of litharge (lead monoxide) was added to 
a stainless-steel pan containing 355 ml of cold 
pressed linseed oil. The two were stirred together 
and slowly heated with stirring to 230°C. The 
whole was allowed to cool to 100°C and strained to 
remove undissolved particles. The leaded oil was 
poured into a glass jar, sealed, and aged for six 
months. The clear leaded oil was then decanted 
from the precipitate.

Megilp
Heavy mastic varnish was made by dissolving 50g 
of fresh mastic resin in 100 ml of gum turpentine. 
The varnish was allowed to rest for a week and 
then decanted and strained to remove impurities. 
Megilp was made by mixing equal volumetric 
parts of the heavy mastic varnish with the leaded 
linseed oil (see above).

Gumption (Adapted from Ibbetson in Carlyle 
2001 pages 394–5)
85.05g washed and dried mastic resin was ground 
with 28.35g lead acetate on a glass plate using a 
muller to make a smooth, butter-like paste.

Coarse drying oil (Scaled down and adapted 
from Dossie, Recipe 1 in Carlyle 2001 page 349)
212 ml of cold pressed linseed oil, 6.40g gum 
Arabic, 25.50g litharge, 6.40g lead acetate, 12.75g 
zinc sulfate, and 6.40g raw umber pigment were 
slowly heated and stirred together to 250°C 
until they were completely incorporated and 
the solution was complete. The whole was then 
cooled to 60°C and 212 ml gum turpentine was 
added. The whole was poured into a glass jar, 
sealed, and aged for six months. The clear oil was 
then decanted from the precipitate.

Procedure for Making Oil Paint
Oil paint was prepared by placing the appropriate 
amount of pigment on a sheet of tempered glass. 
The binder was then added dropwise until a semi-
dry paste was obtained by mixing with a metal 
palette knife. The whole was then mulled using a 
ground glass muller. This was continued for a few 
minutes and the consistence was then checked. 
Additional binder or pigment was then added 
depending upon the consistency of the paint. 
The paint was then mulled again for ten minutes. 
The �nal consistence was deemed appropriate 
when the paste retained gloss but remained stiff 
enough to hold its shape when manipulated with 
the palette knife. 
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