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Annette S. Ortiz Miranda1, Dale Kronkright2 and Marc Walton1* 

Abstract 

During a routine condition survey in 2007 at the Georgia O’Keeffe Museum in Santa Fe, micro-protrusions were found 
scattered across the surfaces of the artist’s oil paintings produced between 1920 and 1950. In many of her works, 
including Pedernal (1941) and A Man from the Desert (1941), lead soaps were found aggregated at the painting surface, 
forcing the surrounding paint to deform into pin-sized protrusions. The structure and composition of the protrusions 
was analyzed to determine why they formed. Microsamples were removed from four of O’Keeffe’s paintings and 
investigated using a combination of SEM–EDX, GC–MS, and FT-IR. The combined GC–MS and FT-IR results indicate 
that the protrusions contain primarily lead carboxylates. The results obtained for a series of ground samples removed 
from four different paintings were then compared with samples collected from a commercially pre-primed canvas roll 
found in the artist’s house in Ghost Ranch, NM. We identified two different types of canvases: i) a commercially pre-
primed canvas and ii) artist primed canvas. This commercially pre-primed canvas roll has a similar morphology to the 
ground layers in her paintings that contain protrusions additionally these grounds were found to contain an excess 
of free fatty acids and metal carboxylates (lead soaps) based on a comparison to canvases the artist primed herself. 
Based on the analytical results from the four paintings and the commercial pre-primed canvas, we concluded that the 
artist’s use of this particular commercially pre-primed canvas between 1920 and 1950 play an important role in the 
observed micro-protrusions.
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Introduction
In 2007 the Georgia O’Keeffe Museum in Santa Fe, 
NM undertook a condition survey of their collection to 
broadly explore deterioration mechanisms in the artist’s 
paintings. From this survey, it was found that many of her 
works produced between 1920 and 1950 had disfiguring 
micro-protrusions scattered across their surfaces as may 
be observed in Fig. 1b and d. These protrusions range in 
size from 30 to 200 µm and have a characteristic appear-
ance of metal carboxylate that have aggregated just below 

the top surface [1]. Based on anecdotal evidence, these 
soap features started to form only 20 years after the com-
pletion of the paintings when the artist herself asked the 
pioneering conservators Caroline and Sheldon Keck to 
help diagnose their cause. Recently formed soap protru-
sions on O’Keeffe’s artworks, evident from protrusions 
forming under areas of retouching added within the 
last decade (Fig.  1c, d), suggest ongoing deterioration 
through the present day. Thus, active soap formation 
remains a significant concern for the long-term stability 
of these artworks.

Drying oils in paintings are composed of triglycer-
ide molecules with unsaturated fatty acid chains that 
polymerize when exposed to oxygen, forming a rigid 
crosslinked network once “cured” [2–4]. Metal soaps 
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in these networks form by reaction between long alkyl 
chain, saturated carboxylic acids (fatty acids), naturally 
present in the binding media, and Zn or Pb oxides or 
carbonates (white pigments). However, even after the 
paint is considered sufficiently cured, glyceryl esters 
may hydrolyze, mediated by the presence of water in the 
ambient environment, and detach from the polymer net-
work as additional free fatty acids. Hydrolysis reactions 
in paintings can thus produce a large reserve of free fatty 
acids available for reaction with metal ions. Despite the 
common occurrence of such hydrolysis reactions within 
paintings, the phenomena and the conditions involved in 
the formation of metal carboxylates soap protrusions are 

not fully understood [26]. Commonly, such soaps remain 
where they developed initially without any deleterious 
effect to the surrounding matrix [5]. This observation has 
led to a significant amount of recent research attempting 
to address what reactive forces induce metal carboxy-
late soaps to sometimes undergo phase segregation [6–
8]. Since their initial discovery [9, 10] two decades ago, 
understanding how, where, and why protrusions occur 
has become one of the critical research foci in oil paint-
ing conservation.

This investigation explores the hypothesis that the soap 
protrusions formed within O’Keeffe’s paintings are asso-
ciated with changes the artist made to her technique. 

Fig. 1 a Pedernal (1941), oil on canvas, b Detail of the metal soap protrusions in Pedernal (1941), c Calla Lily on Red (1928) and d) detail of Calla Lily on 
Red (1928) with new protrusions growing under re-painted areas (indicated by arrows), Georgia O’Keeffe Museum, Santa Fe
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O’Keeffe moved from her teaching position in Texas, at 
the invitation of the famous photographer and gallerist 
Alfred Stieglitz to focus on oil painting, arriving to NYC 
on June 10, 1918. For the next 5 years, O’Keeffe painted in 
Manhattan, Lake George, and Maine, developing greater 
fluency with the media and creating a unique form of 
painting that explores a tension between abstraction and 
representation of subjects found in, or developed from 
nature. Beginning in January of 1923, and continuing for 
the following 8 years, Stieglitz opened an exhibition of 50 
to 100 new paintings by O’Keeffe. It is this demand for 
her oil paintings, in particular in Stieglitz’s annual gal-
lery exhibitions of her work, requiring approximately 
one new painting every week, that forced O’Keeffe to 
abandon sizing and priming her own canvases. Instead, 
she increasingly adopted the use of commercially pre-
primed1 canvas. However, coinciding with Stieglitz’s 
death in 1946, the artist refused to participate in annual 
gallery exhibitions and thus returned to hand-sizing and 
priming her canvases again.

Commercial pre-primed canvas during this period usu-
ally consisted of one or various ground layers contain-
ing white pigments and fillers such as lead white, barium 
white, zinc-white and calcium carbonate which were 
sometimes amended with plasticizers and other additives 
(e.g. non-drying oils, honey, glycerin, sugar, soaps) to 
keep the material composite pliable for longer shelf-lives 
[11–13, 31, 47]. During the course of this study, such a 
roll of commercial pre-primed canvas, partially used by 
O’Keeffe, was found stored in the garage at O’Keeffe’s 
Ghost Ranch, NM. This composite material became of 
primary interest to our investigation in order to establish 
its relationship to the lead soap protrusions formations 
observed on her paintings.

This case study thus characterizes soap protrusion 
formed on Georgia O’Keeffe paintings with an aim to link 
how the artist’s use of a commercial pre-primed canvas 
contributed to the degradation state of her paintings and 
influenced aggregation of soaps. Data are presented to 
trace the origin of the reactive components in the multi-
layered system observed in the grounds used by O’Keeffe. 
With this aim, the following paintings in the collection 
of the Georgia O’Keeffe Museum were included in our 
investigation:

• Storm Cloud, Lake George, 1923, oil on canvas, 
18 × 30 1/8 inches. Gift of The Burnett Foundation, 
2007.1.18.

• Pedernal, 1941, oil on canvas, 19 × 30 1/4 inches. Gift 
of The Georgia O’Keeffe Foundation, 2006.5.172.

• A Man from the Desert, 1941, oil on canvas, 16 
15/16 × 7 1/16 inches. Gift of The Georgia O’Keeffe 
Foundation, 2006.5.167.

• Pink & Green, 1960, oil on canvas, 30 x 16 inches. 
Gift of The Burnett Foundation, 1997.6.18.

The selection of the Georgia O’Keeffe paintings 
included in this study was based on their state of pres-
ervation as well as the period of production based on the 
hypothesis that the artist made significant changes to her 
studio materials during the years of her annual gallery 
exhibitions of new paintings, from 1923 to 1946. Samples 
were collected from four O’Keeffe paintings: Pedernal, A 
Man from the Desert, Storm Cloud, Lake George and Pink 
and Green. Two paintings with commercially pre-primed 
canvases exhibited high amounts of soap protrusions: 
Pedernal and A Man from the desert produced by the art-
ist during the period (1924–1950). The other two paint-
ings in this study, Storm Cloud, Lake George and Pink 
and Green, lack protrusions and were painted on artists-
primed canvases. A sample from a pre-primed commer-
cial canvas roll used by the artist was also included in this 
study.

Results and discussion
Sem‑edx
Cross sections of ground samples taken from Pedernal 
and A Man from the Desert (1941), which were painted 
before Stieglitz’s death in 1946 and O’Keeffe’s subsequent 
permanent move to New Mexico in 1949, are presented 
in Fig. 2a–d. The optical (Fig. 2a and c) and backscattered 
electron (BSE) micrographs (Fig. 2b and d) show that the 
samples are composed of two layers which are labeled 
here as ground (1) for the lower layer that consists mainly 
of calcium-rich particles with some lead-based agglom-
erates, and a preparation layer2 (2), primarily composed 
of lead particles with a few calcium particles (indicated 
by the lower Z-contrast), that is in contact with the vis-
ible paint layers immediately above. Energy dispersive 
X-ray microanalysis (EDX) analysis reveals the spatial 
co-occurrence of Ba and S, indicating the presence of the 
mineral barite  (BaSO4) evenly distributed through both 
layers (Additional file  1). Apart from the difference in 
chemical composition of each respective layer, there are 
some morphological differences between the ground and 
preparation layers. For example, the pigment distribution 
in the preparation layer shows an abundance of small 

1 The term pre-primed will be used to refer to a canvas with a commercially 
applied ground layer or layers.

2 The term preparation layer will be used to indicate the presence of an inter-
mediate layer between the ground and paint (design) layer.
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individual lead-based pigment particles that surround 
larger agglomerates of this material (Fig. 3) creating low-
density regions and micro-pores between the particles. 

In a semipermeable system like a painting, the presence 
of these agglomerated particles results in a breccia-like3 
[46] appearance and provides the layer with porosity. The 
cross-section prepared from the commercial pre-primed 

Fig. 2 Incident light and BSE images of: Pedernal (1941) (a, b), A Man from the Desert (1941) (c, d), commercial pre-primed canvas roll (e, f), Pink and 
Green (1960) (g, h) and Storm Cloud, Lake George (1923) (i, j)

3 Fragments of minerals cemented together by a fine-grained matrix.



Page 5 of 15Ortiz Miranda et al. Herit Sci           (2020) 8:107  

canvas roll, in Fig.  2e and f, shares the same identical 
elemental compositions, layer structures, and pigment 
size/distributions as Pedernal and A Man from the Desert 
indicating that these paintings were prepared on the 
commercially pre-primed canvas, a fact confirmed by the 
continuous priming layer under the original tacks along 
the tacking edges of both paintings. These characteristics 
are thus “fingerprints” for O’Keeffe’s use of this commer-
cial material on these works of art. 

In contrast, the ground samples collected from Storm 
Cloud, Lake George (1923) and Pink and Green (1960), 

made both before and after the annually gallery exhibi-
tions of new work of O’Keeffe’s oil paintings from 1923 
to 1946, exhibit a single ground layer (Fig.  2g–j). The 
BSE images (Fig. 2h and j) of these sections reveal dif-
ferences in morphology and pigment size/distribution 
of the lead pigment particles in comparison to the gal-
lery exhibition-era paintings with lead particle sizes 
more homogeneous, evenly distributed, and compact. 
These findings support the archival information about 
the artist’s use of commercial pre-primed canvas dur-
ing the years of annual exhibitions of new work from 
1923 to 1946.

As is observable to the naked eye, both Pedernal 
and A Man from the Desert exhibit protrusions with 
a “waxy” appearance or pinpoint losses where there 
was once a protrusion (Fig.  1b). Cross-sections of 
these protrusions from Pedernal and A Man from the 
Desert are presented in Fig.  4. The optical image of a 
cross section from the sky of Pedernal and the corre-
sponding BSE image is presented in Fig.  4a, b. From 
these images three different layers are visible: in addi-
tion to the ground and preparation layers there is a top 
layer composed of a mixture of Pb and Co associated 
with a cobalt aluminate pigment (labelled 3 in Fig. 4a, 
b). The soap aggregate in Fig.  4b has a low Z-contrast 
due to the fact that the region is rich in organic mate-
rial studded with occasional lead white pigment parti-
cles. Another observation is that the soap protrusion 
partially ripped during the process of microtoming 
(indicated by the arrows in Fig.  4b) which provides a 
qualitative indication of the softness of the soap-rich 
region. A similar structure is observed in the cross sec-
tion of A Man from the Desert (Fig.  4c. d) where the 
same three layers can be identified. The soap protru-
sion area in the right upper corner of Fig. 4d abuts the 
preparation layer. It is notable that the soap protrusion 
extends through the top layer into the preparation layer 
densely packed with lead-based pigment agglomerates 
(indicated with an asterisk in Fig. 4d) and in direct con-
tact with the soap protrusion aggregate in the upper 
right corner of the sample (square in Fig.  4d). Similar 
composition was observed in the soap protrusion col-
lected from the un-painted commercial pre-primed 
canvas roll rich in organic material indicated by the 
low Z-contrast (Fig.  5). In this cross section nearly all 
the lead white pigment has dissolved leaving only a few 
intact pigment particles within the protrusion (Fig. 5b). 
EDS analysis confirms that the remaining particles are 
lead white pigment (Fig.  5c). The organic-rich area of 
both soaps does not exhibit a mineralized core (crys-
talline material), as has been observed previously for 
crystalline lead soap protrusions [16, 17], possibly due 

Fig. 3 BSE detail image of the preparation layer “breccia-like” aspect 
obtained for: Pedernal (1941) (a), A Man from the Desert (1941) (b), 
un-painted commercial pre-primed canvas roll (c)
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to the relatively young age of O’Keeffe’s paintings and 
the early stage of the development of the soaps.

Ft‑ir
FT-IR spectra were collected for both layers of the com-
mercial pre-primed canvas paintings grounds and the 
single layer ground samples of the artist primed canvases, 

Fig. 4 Darkfield optical images and BSE images of: Pedernal (a, b) and A Man from the Desert (c, d). Samples layer composition: ground layer (1), 
preparation layer (2) and visible layer (3). Lead-based white pigment agglomerates are indicated with an asterisk

Fig. 5 BSE images obtained for a soap protrusion collected from the surface of the un-painted commercial pre-primed canvas roll (a). Detail of 
remaining lead white particles (b) and EDS map (c)
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as well as for soap protrusion samples from Pedernal 
and the commercial pre-primed canvas roll. The main 
objective was to compare the FT-IR spectra of the dif-
ferent grounds to gain insights into their influence into 
the soap protrusion formation (Fig.  6). Representa-
tive spectra obtained for the ground layer of Pedernal, 
A Man from the Desert and the commercial canvas roll 
were identical and dominated by bands at 2513, 1796 
and 1400 (ν  CO3

2−), 871  cm−1 (out of plane bending 
C-O) and 712 cm−1 (in-plane bending C-O) characteris-
tic of calcium carbonate  (CaCO3) (Fig. 6b). Also demar-
cated in Fig.  6 are weaker vibrational bands associated 
with the oil-based binding medium (2958 (νCH3), 2929 
(νCH2), 2852 (νCH3), 1740 (νasC = O)  cm−1. The spec-
trum obtained from the preparation layers of both paint-
ings (Fig. 6a pink and green lines) exhibit very different 
features that may be ascribed to basic lead carbonate 
(hydrocerussite,  (PbCO3)2·Pb(OH)2)) at 3536 (O–H), 
1400 (νsC-O), 1045 (νsC-O) and 681  cm−1 (in-plane 
bending C-O) along with oil-based medium. The band 
at 838  cm−1 assigned to the presence of neutral lead 
carbonate  (PbCO3, the mineral cerussite) is observed 

in the spectra obtained for the preparation layers [24]. 
Together these features indicate that there are just minor 
differences in the distribution and concentration of lead 
carbonate in the commercial canvas roll (Fig.  6a yellow 
line) and ground samples collected from Pedernal and 
A Man from the Desert (Fig.  6a pink and green lines). 
Other weak bands ascribed to barium sulfate  (BaSO4, the 
mineral barite) around 1180 and 1080  cm−1 were iden-
tified in the spectra of the commercial pre-primed can-
vas and the preparation layers of Pedernal and A Man 
from the Desert. Variation in the intensity of these bands 
is likely due to the inhomogeneous distribution of the 
barite within the layer. These results are in accordance 
with a non-invasive study performed by Salvant et al. of 
similar works by O’Keeffe, where the co-occurrence of 
lead white, calcium carbonate, barium sulfate and lead 
soaps was reported [1]. In Fig.  6a, the spectra obtained 
for the artist prepared grounds from Pink and Green 
and Storm Cloud, Lake George (red and blue, respec-
tively) are compared to the preparation layer of the 
commercial canvases. The spectra from Pink and Green 
and Storm Cloud, Lake George are dominated by bands 

Fig. 6 a FT-IR spectra obtained for the preparation layer of A Man from the Desert, Pedernal and the commercial pre-primed canvas roll; artist primed 
canvas grounds (Pink and Green and Storm Cloud, Lake George). b FT-IR spectra obtained for the ground layer of the commercial canvases. c Detail 
of the IR bands in the region of 1800–1700 cm−1. d FT-IR spectra obtained for the soap protrusions from Pedernal and the commercial pre-primed 
canvas roll. All IR spectra were normalized to a single peak (2929 cm−1) and plotted offset for clarity
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characteristic of basic lead carbonate and the oil-based 
binding medium but possess none of the features indicate 
the formation of metal carboxylate soaps. In contrast, the 
most notable spectral feature from the preparation layers 
of A Man from the Desert, Pedernal, and the commer-
cial pre-primed canvas is the band at 1520  cm−1 which 
indicates the presence of amorphous lead carboxylates 
(Fig. 6a) [18–21].

A broad shoulder at 2958  cm−1 (ν  CH3) in the spec-
tra of the preparation layers of A man from the Desert, 
Pedernal and the commercial pre-primed canvas is 
attributed to an increase of  CH3 that could be caused by 
hydrolysis and fragmentation of the polymeric chain due 
to water from the ambient environment [32]. While it is 
important to consider exposure of the preparation layer 
to humidity as a mechanism that promotes the formation 
lead carboxylate soaps, we cannot discount the deliberate 
addition of fatty acid containing materials to the prepara-
tion layer formulation. This is supported in Fig. 6a where 
the spectra of the paintings with commercial pre-primed 
canvases have preparation layers that exhibits a band 
maximum around 1709  cm−1 characteristic of ν(C = O) 
in carboxylic acids associated with fatty acids not cova-
lently bound to the polymerized oil network [22, 23]. 
When comparing this feature to same region of Pink and 
Green and Storm Cloud, Lake George (Fig. 6a) this band 
has its maximum at 1740  cm−1 and is associated with 
ν(C = O) in a glyceryl ester form attached to the linseed 
oil network.4 Since the ground of Pink and Green and 
Storm Cloud, Lake George were prepared by artist using 
traditional methods, these spectra can be used as base-
line for what would be expected from a typical ground 
medium prepared by the artist. The spectrum from the 
preparation layer of the commercial pre-primed canvas 
roll, in contrast, has a much higher free fatty acid con-
tent compared to the rest of the samples (yellow trace, 
Fig. 6a). Thus these spectral differences in the ν(C = O) IR 
band suggest a higher concentrations of free fatty acids 
in the commercially pre-primed canvases beyond what 
would be expected by hydrolysis alone.

To more thoroughly explore the free versus network 
bound carboxylate content of the commercial pre-primed 
canvas and the artist primed ground materials, the enve-
lope region between 1800 and 1700 cm−1 was subjected 
to deconvolution and peak fitting analysis as shown in 
Fig.  6c. In this region, carbonyl stretching bands from 
both network bound glyceryl esters (RCOOR’) and free 
fatty acids (RCOOH) may be observed as overlapping 
bands. As seen in the spectra from A Man from the 

Desert and Pedernal, the total peak area contribution of 
C = O in the form of free fatty acid (bands at 1700 and 
1710  cm−1), is higher than the contribution in glyceryl 
ester form [22, 24, 25]. Similar features were observed for 
the commercial pre-primed canvas roll in Fig. 4c where 
the contribution of C = O in ester form is relatively low 
in comparison with the artist primed canvases used in 
Pink and Green and Storm Cloud, Lake George. In the 
case of the commercial pre-primed canvas roll sample, a 
small shoulder at around 1726  cm−1 associated with an 
aldehyde C = O was identified, which contributes to the 
broadening of the carbonyl band. Acids and aldehydes 
are known degradation products of linseed oil [22, 24, 
25, 44, 45]. In contrast, the C = O band with maximum 
at 1740 cm−1 in the spectra of the artist primed canvas 
grounds (Pink and Green as well as Storm Cloud, Lake 
George) indicate that the C = O contribution in network 
bound esters is significantly higher than the contribution 
of C = O in the form of fatty acids. These results are in 
accordance with the absence of soap protrusions in Pink 
and Green and Storm Cloud, Lake George. The presence 
of higher amounts of C = O in form of free fatty acid can 
be due to: hydrolysis of glycerol esters within the oil net-
work, the presence of a not chemically treated oil, and/
or to the presence of additives (e.g. metal stearates) in the 
commercial pre-primed canvas grounds.

As has been shown by previous studies [18, 26], a broad 
band with maximum centered around 1520 cm−1 is com-
monly associated with amorphous lead carboxylates. 
While these studies are based on pure materials and con-
trolled experimental conditions that cannot be applied 
directly to real paint samples, they do inform the chemi-
cal reactions occurring in complex modern oil paintings. 
For example, [26] showed that the presence of saturated 
fatty acids (SFAs) and metal ions is a sufficient condi-
tion for crystalline metal soaps to form. Therefore, that 
a 1520 cm−1 feature is observed both in the protrusions 
aggregate of Pedernal and the commercial pre-primed 
canvas (Fig.  6d purple and red lines), suggest that the 
protrusions in Georgia O’Keeffe paintings may currently 
be mostly in an amorphous phase, but with potential 
crystallization of the soap material occuring over time. 
The spectra of the protrusions contain several unattrib-
uted bands (at 1632, 1308, 1102, 969, 840 and 770 cm−1 
(labelled in Fig.  6d) in addition to the bands from lead 
soaps. While not conclusively identified, these bands 
could suggest the presence of oxalate and sulfate compo-
nents [48, 49]. Soap protrusions aggregates can remain 
active and the process to reach a stable end stage depends 
on several factors: the composition of the paint, the avail-
ability of fatty acids, environmental pollutants as well as 
environmental conditions [6, 7, 17, 52]. The presence of 
these oxidation products suggests an inherent instability 

4 The contribution of ν1 + ν4 combination band of lead carbonate to the band 
1740 cm-1 should be considered in all cases [50, 51].
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of the paint and therefore particular attention should be 
taken regarding the storage conditions and during possi-
ble cleaning actions.

Gc–ms
The relative amounts of free fatty acids in the oil network 
vs. fatty acids carboxylates (metal carboxylates) may be 
discerned through fatty acid profiles obtained by means 
of GC–MS analysis. Fragments from the samples were 
extracted and derivatized by two different trimethylsilyl 
derivatization reagents: 1,1,1,3,3,3-hexamethyldisilazane 
(HMDS) and N,O-bis(trimethylsilyl)trifluoroacetamide 
(BSTFA) where HMDS induces silylation of free fatty 
acids present in the oil binding medium. BSTFA, on 
the other hand, will silylate all fatty acids present in the 
sample including free fatty acids and metal carboxylates 
[27–30]. The use of these two derivatization agents can 
qualitatively determine the metal carboxylate and the 
free fatty acid content in the ground samples. Figure  7 
reports the results obtained from the HMDS and BSTFA 
derivatization methods, showing an estimated relative 
response of the trimethylsilyl fatty acids and metal car-
boxylates present in the ground samples compared to the 

total of the fatty acids (azelaic, palmitic and stearic acids) 
content.

What may be immediately discerned from Fig. 7 is that 
the artist-prepared ground used in Pink and Green has 
a much lower concentrations (based on peak height) of 
total palmitic and stearic acids than that of the commer-
cial pre-primed canvases. This result could mean either 
that there is a lower amount of oil medium overall in Pink 
and Green (which is inconsistent with our visual obser-
vations of this work), or that a lower proportion of the 
medium is in the form of free acids or soaps. Based on 
the FTIR results, and the fact that the priming layers in 
all cases are based on lead white, it seems very likely that 
a lower proportion of the medium in the ground for Pink 
and Green is in the form of free acids or soaps. Compari-
son of the BSTFA and HDMS results in Figs. 7 and 8 indi-
cates that there is a higher contribution of metal soaps as 
compared to free fatty acids in commercial pre-primed 
canvases vs. the artist-prepared ground. This is consistent 
with the FTIR results, which showed the presence of lead 
soaps in the commercial pre-primed canvases but not in 
the artist-prepared grounds. In addition, for the three 
commercial pre-primed ground samples, Fig.  7 shows 

Fig. 7 Ratio of the area of peaks of trimethylsilyl fatty acids (azelaic, palmitic and stearic) to area of the sum of the trimethylsilyl fatty acids (azelaic, 
palmitic and stearic) obtained for the ground samples of Pink and Green, Pedernal, A Man from the Desert and the commercial canvas roll derivatized 
with HMDS and BSTFA. The results were normalized to the internal standard (tridecanoic acid)
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that there is a higher proportion of stearic acid in the 
soap fraction as compared to the free fatty acid fraction.

Formation of metal soaps is commonly believed to 
be the consequence of the hydrolyzed oil, followed by 
reaction with the metal ions from the pigment [7, 33]. 
However, soap protrusions can be also be produced by 
hydrolysis of additives [34, 35]. Our FT-IR results showed 
that the relative amount of fatty acids saponified in the 
pre-primed commercial canvas grounds was much higher 
than the amount of free fatty acids presents in the artist-
prepared canvas ground. A possible explanation, based 
on the high amounts of metal carboxylates identified by 
means of GC–MS, is that the metal carboxylates were 
part of the formulation of the commercial pre-primed 
grounds [12, 36]. One hypothesis that may explain the 
presence of the soap protrusions is that these metal car-
boxylates were added to the commercially primed canvas 
formulation which has the deleterious effect of mak-
ing the artists material more reactive and susceptible to 
external conditions (e.g. environmental conditions and 
conservation treatments) [12–15]. The growth process 
of the lead soap protrusions requires sufficient free fatty 
acids to migrate through the multilayered paint sys-
tem [33]. The paintings studied here are also varnished. 
Hence, absorption of environmental moisture prob-
ably occurs from the back. A combination of moisture 
absorption from the back of the canvas, combined with 
the excess of FFA and the porosity of the preparation 
layer (observed in the SEM images), facilitates migration 
of the metal ions and SFAs from the ground to the upper 

layers. Once the lead soaps are in the upper layer, that 
is likely rich in additives due to the formulation of this 
modern paint, they can crystallize and aggregate, creat-
ing the soap protrusions.

Conclusions
In a series of Georgia O’Keeffe oil paintings from 1924 
to 1950 an advanced degradation phenomenon was 
found to be related to a high concentration of lead 
soaps protrusions. The aim of this study was to char-
acterize samples of the ground layer of O’Keeffe paint-
ings from different periods of production, in an attempt 
to understand the condition of the Georgia O’Keeffe oil 
painting’s due to the presence of lead soap protrusions.

The results obtained in this study have provided use-
ful information regarding the composition of commer-
cial twentieth century canvases used by O’Keeffe. We 
found significant differences between the composi-
tion of commercial pre-primed and artist primed can-
vas grounds: (i) the number of layers in the canvases 
grounds, (ii) the “breccia-like” aspect of the prepara-
tion layer and (iii) the pigment composition and size/
distribution. Qualitative GC–MS analysis demonstrates 
a high response of unsaturated fatty acids in the prep-
aration layer of the pre-primed commercial canvas. 
These constituents in the commercially primed can-
vases together with the porosity (“breccia-like” aspect) 
of the preparation layer observed by means of SEM 
plays a crucial role in the vulnerability of the painted 
surfaces for the formation of lead soaps protrusions. A 

Fig. 8 GC-MS chromatograms obtained for Pink and Green, Pedernal, A Man from the Desert and the commercial canvas roll samples after derivation 
with BSTFA
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comparison of O’Keeffe paintings from different peri-
ods suggest that the formation of the lead soaps pro-
trusions in O’Keeffe paintings is likely explained by the 
material composition of the preparation layers and its 
interaction with the upper layers.

In the two 1941 paintings (Pedernal and A Man from 
the Desert) painted on pre-primed commercial canvas, 
lead carboxylates have aggregated and developed into 
mechanically damaging and visual compromising lead 
soap protrusions. Analysis by FT-IR showed a broad IR 
absorption band at 1520 cm−1 suggesting that lead soaps 
in Georgia O’Keeffe oil paintings are also present in an 
amorphous state, and GC–MS data indicated that the 
protrusions contain primarily lead palmitate and lead 
stearate [8, 18, 26]. Based on FT-IR data, and the appear-
ance of new soap protrusion in retouched areas we can 
suggest that lead carboxylates in Georgia O’Keeffe oil 
paintings will continue to actively form.

Our results facilitate a better understanding how 
commercially prepared grounds were used by Geor-
gia O’Keeffe and can be related to the poor stability and 
durability of a number of her paintings. O’Keeffe’s case is 
of relevance because the artist deliberately changed her 
technique and decided to use a different type of canvas in 
a crucial moment of her career, initiated by the increas-
ing demand for her paintings. The artist stopped prepar-
ing her own canvases, made with lead white and linseed 
oil, due to the higher demand for her work. Instead, 
during the period of 1923–1946, she used a commercial 
pre-primed canvas that based on our study was rich in 
metal carboxylates and like the root cause of the reactiv-
ity of the paintings produced in this period. Knowledge 
of the compounds identified in the commercial canvases 
presented here and deterioration phenomena related to 
them is indispensable for the decision-making process 
in the design of conservation treatments for modern oil 
paintings. The findings presented here can be considered 
in the development of future studies of soap protrusion 
formation.

Materials and methods
Sample locations and preparation
Table  1 show the list of samples included in this study. 
Paint fragments were embedded in Buehler Epo Thin 2 
epoxy and prepared as cross sections using ultramicrot-
omy to cut away excess resin and expose the fragment 
surface. While embedded paint fragments are usually 
polished by hand, microtomy was used to minimize dam-
age to the soap protrusion complexes that are known 
to be soft and water sensitive [37, 38]. Additional small 
fragments of unmounted samples were analyzed using a 
combination of the techniques described below.

Optical microscope
Optical microscopy was primarily utilized for initial 
examination and photo-documentation of the study 
group samples. Samples prepared as cross section 
were characterized using a Wild M3Z Type S optical 
microscope.

Environmental scanning electron microscopy
Secondary electron images were obtained using a FEI 
Quanta 650 ESEM scanning electron microscope inte-
grated with a Schottky field emission gun for high 
resolution and excellent beam stability and an Oxford 
AZtec EDS microanalysis system. The analytical condi-
tions were low vacuum, 15 and 20 kV accelerating volt-
age and a working distance of 10  mm. Samples were 
directly observed in order to avoid interference with 
the particulate structure of the coating element used 
for eliminating charging effects.

Fourier transform infrared spectroscopy
IR spectra were collected by using a Bruker LUMOS 
FT-IR Microscope in Attenuated Total Reflectance 
(ATR) mode averaging together 32 scans at a resolution 
of 4 cm−1 in the mid-infrared region (4000–500 cm−1). 
During the infrared analysis, the sample was brought 
into contact with the tip of the Germanium (Ge) ATR-
crystal (100  µm in diameter) on the predefined meas-
urement position. The spot size was adjusted to 50 µm. 
Spectra were processed using the OPUS 5.0 version IR 
software.

Data processing method
For performing the determination of the carbonyl 
stretching bands contribution from triglyceride esters 
and free fatty acids in the samples, main features of the 
commonly used procedure including second derivative, 
and curve fitting analysis were applied [39–41] to semi-
quantitatively determine the content of functional groups 
[42, 43]. The position of overlapped IR bands that appear 
as shoulders of most intense bands in the IR absorption 
spectra were made to correspond to the frequency of the 
minima in the second derivative of the spectra with a 
nine-point Savitsky-Golay smoothing filter. The selected 
band frequencies were used as initial parameters for 
curve fitting analysis. Prior to curve fitting, linear base 
line correction was subtracted from the 1800–1700 cm−1. 
In a second step, curve fitting analysis of the IR spectra 
covering the carbonyl groups region (1800–1700  cm−1) 
was performed using Lorentzian line shape. Curve fitting 
analysis was performed using a bandwidth at half height 
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of 13  cm−1 and a resolution enhancement factor of 2.4 
(these values were constant). These values were selected 
to avoid possible random noise artefacts indistinguish-
able from the carbonyl bands.

Gas chromatography–mass spectrometry
Chemicals
Reagent grade palmitic acid, azelaic acid, oleic acid, and 
stearic acid ≥ 95% were obtained from Acros Organics, 
Sigma-Aldrich and EMD Millipore and its composition 
was confirmed by FT-IR.

Table 1 Summary with the paintings analyzed in this study
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Absolute ethanol, acetone, diethyl ether, n-hexane 
and iso-octane (HPLC) grade, lead nitrate and stearic 
acid (purity > 99%), hexadecane, tridecanoic, hexa-
decenoic and octadecanoic acid (purity 99%), (N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) containing 
1% trimethychlorosilane (TMCS) and 1,1,1,3,3,3-hexam-
ethyldisilazane (HMDS) were all purchased from Sigma-
Aldrich (U.S.A.). Standard solutions were prepared in 
acetone (azelaic acid 4.06 µg/g, palmitic acid: 4.39 µg/g, 
and stearic acid: 6.62 µg/g). Internal standard tridecanoic 
acid solution was prepared in iso-octane 140 µg/g.

Sample treatment
Derivatization of metal soaps and free fatty acids with 
BSTFA containing 1% trimethylchlorosilane.

Samples (10  µg), were derivatized according to the 
conditions described in Nasa et  al. [30], using 5 µL of 
the tridecanoic acid solution (internal standard for deri-
vatization). The mixture was dried under nitrogen flow 
at room temperature, and subsequently added with 20 
µL of BSTFA and 150 µL of iso-octane. The reaction time 
and temperature were set at 81 min and 78 °C. 5 µL of the 
n-hexane were added just before injection.

Derivatization of free fatty acids with HMDS
Samples (10 µg) were added with 5 µL of tridecanoic acid 
solution (internal standard for derivatization), and then 
dried under nitrogen flow at room temperature in order 
to remove the solvent. The residual solid was subjected 
to derivatization for the GC–MS analysis with 20 µL of 
HMDS, 150 µL of iso-octane at 60 °C for 30 min. 5 µL of 
the n-hexane were added just before injection.

The injection volume for all samples was 1 µL.

Gas chromatography mass spectrometry
GC–MS instrumentation consisted of a Thermo Trace 
GC-DSQII with a 5972 Mass Selective Detector single-
quadrupole mass spectrometer.

Samples were injected in splitless mode and injec-
tor was set at 280  °C. GC separation was performed on 
a fused silica capillary column TR-5MS (nonpolar phase; 
5% phenyl polysilphenylene-siloxane). Chromatographic 
conditions were initial temperature 80 °C, 2 min isother-
mal, 20 °C/min up to 280 °C, 10 min isothermal.

MS parameters: electron impact ionization (EI, 70 eV) 
in positive mode; ion source temperature 230  °C; chro-
matograms were acquired simultaneously in full scan 
(range 50–650  m/z) and interface temperature 280  °C. 
Retention time and corresponding mass spectra were 
used for compound identification, retention times were 
obtained for a series of standards of the most significant 
fatty acids (palmitic, stearic, azelaic and oleic). Xcalibur 

software and NIST libraries were used for identification 
of compounds and data analysis.
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