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Abstract 

Scientific imaging of a large fragile work of art can be especially challenging, but especially rewarding to better grasp 
the complexity and changes that have occurred during its creation and lifetime. Here, noninvasive imaging, macro 
X-ray fluorescence (MAXRF) imaging spectroscopy and reflectance imaging spectroscopy, from the visible to the near 
infrared spectral range, are utilized to document a 14-m-long Japanese narrative handscroll, The Miraculous Interven-
tions of Jizō Bosatsu. Due to the scroll’s age and its handling during past use as a teaching tool, it has a number of 
conservation needs and shows evidence of past repairs. The scroll has extensive and severe creasing, breaks and 
tears, as well as unstable and powdering pigments. Microscopic observation and scientific analyses were performed 
both to document the current condition of the scroll and to better understand its long history. Combining RIS and 
MAXRF allowed for pigment characterization through elemental and molecular information. While RIS and MAXRF 
previously have been applied to the study of other painted materials, their application to East Asian paintings is rare. 
The obstacles of the scroll’s length and fragile uneven surface were overcome by optimizing the setups of the two 
imaging systems. The MAXRF and RIS analyses, here focused on a select scene of the scroll, found certain original 
pigments common in early Japanese scroll paintings were used frequently, such as vermilion, iron-based compounds 
(yellow and red ochres), and copper-containing greens, while others occurred sparingly, such as azurite and red lead. 
A chloride-containing lead-based white pigment was employed. Faded organic colorants, notably indigo as well as an 
organic yellow/brown, could be detected but their vibrancy has been muted over the centuries. In the case of indigo, 
it may be visibly observed in some areas; however, analysis revealed its previously unknown presence mixed with a 
copper green in a select area. This focused study sets a foundation for further studies on both this object and other 
Asian works of art. 
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Introduction
The Miraculous Interventions of Jizō Bosatsu (Freer Gal-
lery of Art, Smithsonian Institution, Washington, DC: 
Gift of Charles Lang Freer, F1907.375a) is a Japanese 
handscroll dating to the mid-thirteenth century which 
has one of the earliest surviving depictions of this narra-
tive in Japanese art. Artistically, the scroll demonstrates 
the skill and versatility of an unknown artist in painting 
people of all social classes with sympathy and realism in 
a uniquely Japanese style. These richly painted scenes are 
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bridged by explanatory text. The scroll had been heav-
ily used as a teaching tool, and has undergone restora-
tion efforts prior to its purchase by Charles Lang Freer 
(1854–1919) in 1907 through art dealer Nomura Yozo 
(1870–1965) of the firm Samurai Shokai based in Yoko-
hama, Japan.

This handscroll has been noted in art historical arti-
cles because it illustrates scenes from an early version 
of the narrative text [1–4]. Despite interest in this early 
narrative handscroll, there has been little investigation 
into materials that may allow for better understanding 
of its production and changes across its approximately 
14  m length and 30  cm width. There are many conser-
vation issues that have been documented which must be 
addressed to ensure the scroll’s preservation yet com-
plicate the scientific investigation. These include fad-
ing, discoloration, losses, cracks, breaks, tears, flaking 
and unstable pigments. Examples of these conservation 
concerns are represented in Fig. 1. The mounting is also 
badly creased and delaminated in many places.

Furthermore, previous treatments and alterations 
over the lifetime of the painting complicate a full under-
standing of the original work, yet may also shed light on 
past restoration and collecting practices. While these 
efforts are not documented, there are clues to many of 
the changes that occurred. Over centuries, handscrolls 

were made in a consistent manner, such as this exam-
ple, by attaching regularly sized sheets of paper along 
the left and right edges of the sheets to make a long, 
continuous surface. Several of the sheets of paper in 
this handscroll, primarily those containing text, are sig-
nificantly narrower indicating that they were trimmed. 
This often was done to remove mistakes from the text, 
with the addition of rewritten, short sections of paper, 
during the production process. Shorter sections of 
paper may also have been used to complete illustrated 
scenes. Many handscrolls had sections removed over 
time as samples for collectors of calligraphy and images 
from old and important artworks. Some of the texts and 
images in this scroll are incomplete or missing, favor-
ing the latter supposition. This observation is further 
supported by close examination of the damage to the 
scroll, especially the countless creases running across 
its surface that developed over centuries of use. Though 
some edges of the paper sheets may have been trimmed 
lightly during reoccurring remountings, inconsistencies 
in the creases passing through the seams in the papers 
indicate where sections were more heavily trimmed, 
removed or are out of sequence. Additionally, Japa-
nese painter Kanō Tan’yū (1602–1674) created a copy 
of a portion of the scroll in 1627 CE (F1907.375b). 

Fig. 1 A section of the handscroll, The Miraculous Interventions of Jizō Bosatsu (Freer Gallery of Art, Smithsonian Institution, Washington, DC: Gift of 
Charles Lang Freer, F1907.375a), depicting Jizō among the Kings of Hell. Cracks, abrasions, and degraded pigments are observed. The gold border is 
from non-original mounting material decoration
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Differences between these two works suggest that some 
text is now missing from the original [2].

As a first step in the study of the materials, non-con-
tact, non-destructive imaging-based techniques were 
chosen to characterize the pigments of the delicate scroll. 
Specifically, reflectance imaging spectroscopy (RIS) from 
the visible to the near infrared (400 to 1000 nm), macro 
x-ray fluorescence imaging spectrometry (MAXRF), were 
performed sequentially. Such methods are increasingly 
used in the investigation of painted surfaces. These imag-
ing techniques were supplemented by point-based analy-
ses: fiber-optic reflectance spectroscopy (FORS) from 
350 to 2500  nm (extended spectral range and greater 
spectral resolution than RIS) and XRF point analyses (at 
finer spectral and spatial resolutions and longer acquisi-
tion times).

Reflectance imaging spectroscopy (RIS), also known as 
reflectance hyperspectral imaging, consists of the collec-
tion of spatial co-registered images in many contiguous 
spectral bands such that the reflectance spectrum can be 
constructed for each spatial pixel. While it was developed 
for the remote sensing field, it has found applications in 
many other fields including art conservation science [5, 
6]. Complementarily to the elemental information gained 
through the MAXRF imaging technique, RIS provides 
molecular information and allows for the identification 
and mapping of chemical compounds present in the art-
works. RIS is usually performed from the visible near 
infrared (NIR) to the short-wave IR range, from 400 to 
2500 nm, and has been used for identification and map-
ping of pigments and paint binders on easel paintings 

and illuminated manuscripts [7] and also mural paint-
ings [8]. Despite the greater prevalence of these tools, 
their application to the scientific investigations of East 
Asian scroll painting is limited. Site specific point XRF 
and reflectance spectroscopies have been implemented 
for the analyses of scrolls [9, 10]. Research into other 
Japanese painted or printed surfaces, such as screens and 
woodblock prints, has also leveraged point and imaging-
based spectroscopies [11–19]. Only recently Asian art-
works have been studied through imaging spectroscopy 
with the aim of characterizing the materials [20]. Li et al. 
developed a large-scale RIS scanning system to meas-
ure a large Chinese scroll and combined the result with 
MAXRF data [21]. However, even such a system cannot 
directly accept a long handscroll without user interven-
tion and handling. Additionally, the detailed investigation 
of scrolls that have been heavily handled (i.e., showing 
cracks and losses attributed to use) through their life-
time must be further explored, requiring great care in 
the manner in which they can be imaged, accounting for 
topography and creases that have formed with use.

Each object investigated by these imaging methodolo-
gies brings its own unique challenge. Here, requirements 
included that the scroll be unrolled to a given scene, 
positioned, and remaining in a flat horizontal position. 
The size and fragility of the scroll prevents it from being 
imaged while in a vertical orientation. This necessitated 
mounting the RIS camera and the MAXRF scanning 
system above the artwork, aimed downward (Fig.  2). In 
each case a conservator unrolled and positioned the 
scroll beneath each instrument. While the entirety of 

Fig. 2 The (left) MAXRF and (right) reflectance imaging spectroscopy (RIS) setups for imaging of the handscroll. Inset shows the proximity of the 
XRF system to the surface and highlights the surface topology of the scroll
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the scroll was documented by RIS, only small sections 
on each sheet were captured by MAXRF due to the 
close measurement distance of this technique coupled 
with the scroll topography and time constraints. For the 
MAXRF scanning the scroll was positioned underneath 
the MAXRF system and raised to the correct height by 
inserting paperboard shims. The surface topology then 
could be minimized, but not eliminated, by gently plac-
ing weights at the scroll edges. For the RIS imaging the 
camera was mounted vertically above a hole in a height 
adjustable table which allowed imaging of the unrolled 
portion of the scroll.

Though data collection and analyses were carried 
out across the handscroll, the research presented in this 
manuscript will focus on a scene partway through that 
illustrates Jizō Bosatsu appearing before the Kings of Hell 
to promote compassion in the judgement of the souls 
before them (Fig.  1). This scene is chosen based on the 
range of colors represented as well as some of the charac-
teristics of degradation and damage observed. Here, Jizō 
appears on the upper left side of the veranda with King 
Emma, in the brown green robes, at the center. Other 
kings and attendants are present on the platform and 
below.

Results and discussion
Visual and microscopic observation of this section of the 
scroll reveals the fine painted details present throughout 
the work. However, it also reveals areas of flaking and 
degraded paints (Fig. 3). The figure of Jizō on the left side 
of the veranda shows heavy damage and evidence of sub-
sequent repair.

MAXRF scanning and analysis focused on two central 
figures of the scene, which differ greatly in their degree of 

preservation. The figure of Jizō shows significant damage, 
while King Emma remains intact (Fig.  4). In XRF x-ray 
radiation is used induce emission of fluorescent X-rays 
from the paint in order determine the chemical elements 
present from which the pigments used can be inferred. 
Scanning the MAXRF system over an area allows one 
to build an image map of the distribution of a given ele-
ment, with greater amounts of the element appearing 
brighter in the image map. Elemental maps of the figures 
of Jizō and King Emma are given in Fig.  4. It should be 
noted that measured XRF signals will include not only 
those from the thin paint layer but also those from the 
underlying clay-loaded paper and supporting materials 
(also paper based). The presence of mica on the surface 
of the scroll has also been noted, likely from the transfer 
of this material from the coating of a previous replace-
ment backing. Calcium (Ca), silicon (Si) and small iron 
(Fe) XRF signals are present throughout the scroll from 
the mica and clay.

RIS data was collected from the complete scene and 
a basis set of reflectance spectra was found using mul-
tivariant statistical imaging processing. These basis or 
endmember spectra were used to make spectral maps 
(Fig.  5). RIS provides molecular information about the 
pigments, specifically the electronic transitions which 
are complementary to the elemental information from 
MAXRF. The ability of extending the results of the com-
bined technique to the rest of the scene is certainly an 
advantage of the detailed RIS analysis. Using the reflec-
tance spectral features and the elemental information 
from the MAXRF the pigments were determined. Due to 
the very thin paint layers and signals from the support-
ing material, analysis of the binder material by FORS was 
not conclusive; it is likely an animal glue, the traditional 
binder for Japanese paintings of this time [22].

Despite significant loss of paint, several observations 
can be made with regard to the figure of Jizō. MAXRF 
maps show that a lead (Pb) white paint was used for the 
face, hands, chest and feet. The presence of copper (Cu) 
and microscopic investigation suggests the use of a cop-
per green-pigment to decorate Jizō’s robes. Only small 
marks of green remain, yet this is sufficient for detection 
by MAXRF. Higher iron (Fe) signals indicate the presence 
of an iron-containing pigment, visible in the edges of the 
figure (Fig. 4). No evidence for ochres such as red ochre 
(containing hematite,  Fe2O3) or brownish ochre (contain-
ing goethite FeO(OH)) or even yellow ochre (containing 
FeO(OH)·nH2O) have been detected with RIS in this area 
(lack of characteristic absorptions in the 700 to 950 nm 
region of iron oxides and hydroxides [6]), maybe due to 
degradation phenomena. Also, no red ochre, or hematite, 
has been detected in Jizō’s inner or outer garments. There 
are, indeed, areas of complete loss in the center of the 

Fig. 3 Photodocumentation image of the face of Jizō, showing the 
fine drawing detail drawing and the significant loss of white paint
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figure, where higher calcium and silicon signals can be 
observed. In these cases, there is no pigment assignment 
to be made by RIS or MAXRF as the original pigments 
and supporting material are completely missing. MAXRF 
shows the presence of mercury (Hg) underneath Jizo’s 
feet, where through RIS, the presence of vermilion or 
cinnabar (HgS) is found (Fig. 5). The associated red end-
member shows a narrow transition edge around 600 nm 
characteristic of the HgS semiconductor [6]. It should be 
noted that the aim of this research is not to differentiate 
between the forms of HgS: natural form cinnabar and 
synthetic form vermilion. Here, we will refer to all forms 
of HgS as vermilion.

An unexpected XRF silver (Ag) signal at the top left of 
the figure necessitated further investigation. This signal 
arises from two small areas of repair near Jizō’s shoulder 
(Fig.  6) of similar tone as darker nearby gray black pig-
ment. It is probable that this was a repair performed with 
reused materials. Scrolls made from sheets of thick, clay-
loaded paper, such as this example, are prone to delami-
nation. Until recently, it was common practice to remedy 
this problem by splitting the paper into two layers. The 
back layer of the paper was then cut up, flipped over 
and used to patch losses in the front layer of the support 
paper because it was a compatible match. Since the back 
surface of scrolls were often decorated with drawings in 
silver or gold (Au), these decorations sometimes appear 

inadvertently in the repairs of losses. Similar silver dec-
oration has been observed in other repaired sections of 
this scroll. Paper fiber analysis combined with careful 
observation, mapping and matching of the old repair 
papers during conservation treatment and remounting 
could be used to support this hypothesis.

The figure of King Emma shows several pigments sel-
domly seen in the handscroll: a dark blue and an orange 
red. MAXRF data supports the initial assumption that 
these are likely a copper blue (azurite,  C2H2Cu3O8) and 
lead red  (Pb3O4) (as opposed to vermilion given the pres-
ence of lead but lack of mercury), respectively. These 
assignments were confirmed by RIS and FORS measure-
ments. As visible in Fig. 5, the RIS red lead endmember, 
shows an inflection point at about 580 nm which is blue 
shifted from the vermilion inflection point at 600  nm 
more indicative of red lead than vermilion [6]. The RIS 
blue endmember maps the blue in the hat of the King 
Emma and has the typical reflectance spectral shape 
of azurite, such as a maximum of reflectance around 
450  nm and absorbance centered at 700  nm [23]. The 
FORS spectra show narrow absorptions at 2284 and 
2353 nm indicative of the hydroxyl and carbonate groups 
of azurite [23]. These spectral features are different than 
the green endmember spectra (that present a maximum 
of reflectance at 530  nm (green) and absorbance cen-
tered at 700 nm and FORS does not show any evidence 

Fig. 4 Selected MAXRF element maps from two areas of interest (top) Jizō and (bottom) King Emma. MAXRF scan areas are approximately 
7 × 12 cm and 7 × 16 cm, respectively. Outlines of the figures are drawn in yellow. Intensity scales for each element line series are shown below. 
Some intensity variation may be attributed to the surface topology resulting in a greater gap between object and instrument (e.g. see the Ca K12 
and Fe K12 maps)
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of hydroxyl and carbonate groups spectral features) that 
maps the visually green areas of the scene. These spec-
tral features are more common with copper-based greens 
such as malachite  (Cu2CO3(OH)2) [23]. A small azurite 
signal is also observed by RIS in the brushes resting verti-
cally atop of the altar.

There are extended areas that present high copper in 
the XRF signal. Significant copper green containing areas 
include the bamboo blinds behind the altar as well as the 
wooden flooring in this area. Additional copper XRF sig-
nals can be observed as outlining portions of Jizō’s robes. 
Far weaker copper signals can be found in the decorative 
tiles on the veranda floor. Malachite was commonly used 
as a green pigment in Japan and its color could be altered 
by the method of processing [22]. FORS analysis rules 
out the presence of azurite in these green areas for the 

Fig. 5 (Top) The area of the scroll analyzed by reflectance imaging spectroscopy (RIS). (Lower left) The map of the reflectance spectral endmembers 
obtained from the spectral angle mapping algorithm. (lower right) the reflectance spectral endmembers, zoomed to the 400 nm to 850 nm region, 
found from analysis of the RIS data cube

Fig. 6 Photodocumentation image from near Jizo’s shoulder, 
showing two silver paper fills to the left of the copper green line
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reasons noted above. Chloride-containing copper greens, 
such as atacamite or paratacamite, are unlikely due to the 
lack of correlation between the Cu and Cl maps (Fig. 4). 
Comparing the copper and zinc MAXRF maps, there are 
many similar trends. With the exception of the azurite, 
the other copper areas all have a detectable level of zinc 
as well. A scatter plot of copper to zinc intensities shows 
there are green pigments having different zinc-to-copper 
ratios (Fig. 7) suggesting there are copper pigments pre-
sent that vary slightly in their elemental composition. For 
example, the green bamboo blinds (highlighted green 
in Fig.  7) and King Emma’s blue hat as well as the blue 
brush tips on the altar (highlighted blue) are readily dif-
ferentiated based on the zinc-to-copper intensity ratios 
of approximately 6–8% and < 1%, respectively. Other 
regions on the scatterplot are less directly linked to a 
specific aspect of the painting and may include mixtures 
that contain a copper green pigment (e.g., King Emma’s 
brown green robe). Zinc is present in minerals contain-
ing copper and may be found in the refined pigment [24]. 
Such zinc content in copper green pigments has been 
observed in Japanese and Western paintings [25–28], and 
may be attributed to zinc carbonate minerals, such as 
rosasite and zincrosasite.

A trace XRF arsenic (As) signal also was observed in 
the green bamboo blinds; however its source is not deter-
mined at this time. Since the As signal is approximately 
1% the intensity of the Cu, it is most likely a trace element 
in an accessory mineral from the ore. Trace amounts of 
arsenic within copper pigments have been previously 
noted and these compounds may similarly be found in 
copper-containing ores [27–29]. The chemical nature of 
the zinc and arsenic compounds within this scene cannot 
be deduced from the data; however its presence may aid 
investigations into the sources of the different pigments 
found throughout this scroll as well as serve as useful ref-
erence points when comparing to other similar works.

MAXRF and RIS also show the altar and writing table 
was painted with vermilion with a lead white. The pig-
ment of the brown altar drapery has not been identified 
and may be from a discolored organic yellow as the XRF 
spectra do not find any characteristic element. RIS data 
shows an increase in reflectance with increasing wave-
length for the brown endmember which maps to the 
brown areas such as the brown altar drapery. This is con-
sistent with the behavior of an organic material (Fig.  5, 
see endmember “brown”).

Contrarily, red ochre or hematite has been found, 
through RIS, in the planks attached around the necks 

Fig. 7 (Left) Band intensity scatter plot of the zinc and copper XRF K12 line intensities from each point with select regions highlighted in green or 
blue and (right) the corresponding regions overlaid on the Cu K12 intensity map. Outlines of the figures are drawn in yellow
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of the souls near the bottom of the scroll, supported by 
point XRF which shows elevated iron levels. It also has 
been detected in the faces of King Emma and his attend-
ants and in some details in the altar, as is shown in the RIS 
map results for the yellow endmember (Fig. 5, hematite 
areas colored yellow). The spectral endmember has the 
characteristic spectral features of hematite: an increase 
in reflectance around 580  nm turning into a maximum 
at 650  nm, a second maximum around 750  nm and an 
absorption at about 840 nm [6]. Elevated iron levels were 
not detected in the face of Emma though this maybe due 
to matrix effects from the presence of lead and mercury.

Thicker areas of vermilion are present on the raised 
writing desk atop the altar as determined from the com-
bined results of MAXRF and RIS. This area corresponds 
to very high mercury signals. This area may have had a 
thicker vermilion paint layer to distinguish the desk from 
the altar, however later restoration cannot be completely 
ruled out. It should be noted that the past restoration 
treatments of this scroll would be expected to use many 
of the same traditional pigments as for its original pro-
duction. RIS cannot determine the application date of 
the vermilion, but further study into the impurities and 
inflection point shifts may help differentiate vermilion 
pigments [23, 30].

An RIS endmember corresponding to indigo maps the 
muted slate stones surrounding the platform that may 
have been a more vibrant color in the past (Fig. 5. indigo 
endmember colored pink). Indigo was identified by its 
inflection point near 720 nm [23]. It is also notable that 
indigo was found in the central staircase along with the 
copper green (Fig. 8), but not in the side staircase. This 
could not be observed in normal viewing, as both stair-
cases appear as a similar color, though the degradation 
and discoloration of the paper complicate visual inter-
pretation. It is not immediately known if this was part 
of the initial composition or part of a later restoration 
nor whether the indigo gave a subtle change or a more 
vibrant hue to the green stairs. In either case, it would 
appear to be a decided choice to accentuate the central 
staircase by this mixture of colors.

RIS mapping of the white pigmented areas was chal-
lenging as the spectra, in the visible range, are similar 
to the background paper. As noted previously, much of 
the thin white lead paint has flaked from the surface. 
However, in  some notable areas, such as Jizō’s feet and 
the panels on the side of the veranda a white pigment is 
present and it was possible to map it using the mixture 
tuned matched filtering (MTMF) algorithm (Fig. 8). The 
spectral endmember has no clear spectral features in the 
400 to 1000  nm range that allows for the identification 
of the pigment used. A previous investigation of a sepa-
rate section of this scroll identified the lead based white 

via sampling and examination by XRD as laurionite, 
PbCl(OH) [31]. A wide range of white pigments, includ-
ing several lead-based whites, have been employed in 
Japanese paintings [22, 31, 32]. Due to the very thin paint, 
it was not possible to determine any specific features of 
the lead-based white employed in this scene by FORS. 
The Cl map (Fig. 4) shows elevated intensity in areas of 
high Pb content. Point XRF analyses on the white ribbon 
of the altar hanging show the presence of lead and chlo-
rine. The peak intensities of this segment show lead and 
chlorine intensities that are very similar to reference lau-
rionite as well as to the previously sampled area (and very 
different from basic lead carbonate); however, additional 
techniques would be required for confirmation. Other 
lead white and chlorine containing compounds may be 
present, such as blixite [31].

Conclusions
Non-invasive spectral mapping measurements, such as 
MAXRF and RIS demonstrated here, and are found to be 
ideal tools for the investigation of fragile painted works 
of art. Combining these two techniques proved benefi-
cial, particularly when supplemented by point analysis 
methods. Together these methods were found to greatly 
increase the confidence of pigment assignments of such 
thin paint layers. Small amounts of pigment in damaged 
areas can still be found with these methods. However, 
when entire sections of the paint and support are lost, 

Fig. 8 Reflectance imaging spectroscopy maps showing the 
distribution of (top) indigo and (bottom) lead-based white obtained 
with ENVI’s MTMF algorithm
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the information of the pigments originally present can-
not be recovered. Yet, clues to restoration methods, such 
as the reuse of the silver-containing paper, may be found 
through the scientific analyses and close examination 
during the remounting of such works. Further, elemental 
information, such as the presence of zinc and trace levels 
of arsenic in copper-containing greens may prove fruit-
ful when comparing mineral sources and manufacturing 
methods.

While this research has particularly centered on a sin-
gle scene from the handscroll, further information about 
its creation may be obtained by comparing across the 
different sections of the scroll. This scene showing the 
Kings of Hell does account for many of the pigments and 
is fairly characteristic of the color palette of the earlier 
section of the scroll. On the whole, this earlier section is 
more vibrantly colored, while the later sections become 
more muted. There are some pigments and color choices 
not captured within the scene under investigation. Of 
particular note, pink-colored garments were used solely 
in one scene earlier in the scroll and were found to be a 
mixture of a lead-based white and vermilion. Similarly, 
a later scene employs a mask decorated in gold, the only 
use of the metal aside from the non-original border. Sub-
sequent sections also use more frequent uses of a dark 
brown ochre and brighter yellows ochres. While all these 
pigments are known for their use in traditional Japanese 
paintings [22], additional investigation is warranted into 
the artistic decisions for pigment choices depending on 
the depicted illustrations.

Experimental methods
MAXRF was performed using a Tracer 5g (Bruker) hand-
held XRF with a graphene window and 1.2  mm colli-
mator connected to an MPS-400E Mobile Art Scanner 
(Dewitt Systems). The Tracer Rh anode was operated at 
45 kV and 40 µA with no filter and a 1.2 mm collimator. 
Data was collected by rectangular raster scans across the 
surface of the painting over a mylar support at 2 mm per 
second with the Tracer positioned roughly 5  mm from 
the scroll surface. Weights were used to reduce the scroll 
topology, yet some height differences could not be miti-
gated. XRF elemental data was fitted in Artax software 
(Bruker), giving the net elemental counts (background 
signal removed). Fitted elements, related to the instru-
ment and the artwork, included Ag, Al, Ar, As, Au, Ca, 
Cl, Cu, Fe, Hg, K, Mn, Ni, P, Pb, Rh, S, Si, Sr, Ti and Zn. 
The resulting file was exported, reformatted, and plotted 
in ENVI (L3Harris Geospatial) and Surfer (Golden Soft-
ware) for interpretation.

RIS was performed with a custom SOC-730 visible-
near infrared camera (Surface Optics) [33]. To accom-
modate imaging of the long handscroll, the camera 

was mounted vertically over a hole in a table with the 
scroll positioned below and used a f/5.6 aperture. Illu-
mination used four SoLux 4700 K lights. The scroll was 
unrolled to a given sheet and imaged by 1–3 captures 
along its length depending on the sheet dimensions. 
This yielded an image with one pixel being 1/3 mm.

Data processing and analysis was performed in ENVI. 
For more details see Delaney [6]. Images were flat-field 
corrected by white reference paper (Color-aid) images. 
Calibration of the RIS data cube to apparent reflectance 
was performed using 99% and 2% 25  mm diameter 
Spectralon reflectance standards (LabSphere). Image 
registration was performed according to Conover [34]. 
The identification of the basis set of reflectance spec-
tra or spectral endmembers was done using the ENVI 
Spectral Hourglass Wizard tool. In brief, the tool allows 
the user to find spectra clustered in a reduced spectral 
space obtained by a noise whitening principal com-
ponent analysis in the spectral dimension of the data 
cube. The reflectance endmember spatial distribution 
is then mapped using either spectral angle mapping 
(SAM) or mixture tuned matched filtering (MTMF) 
[35] algorithms included in the ENVI software.

FORS measurements over the spectral range of 350 to 
2500 nm were taken using a FieldSpec 3 (Malvern Pana-
lytical) using a 30 W halogen fiber optic illuminator set 
at 45 degrees to the surface normal collecting fibers. The 
spot size at surface of the work of art is 2 mm diameter 
and typically 32 spectra were averaged for each reflec-
tance spectrum. Data collection time was 7  s per point 
and the light level was about 5000 lx. Point XRF analyses 
were taken using an Artax spectrometer (Bruker) with 
a Rh tube with capillary optics operated at 40  kV and 
400 µA for 60 s acquisitions in an air environment.
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