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Pigments from Pasargadae and Persepolis in the
Metropolitan Museum of Art (NY): recent scientific
investigations on four paper squeezes

Pigmentos de Pasargada e Persépolis no Metropolitan
Museum of Art (NY): investigacoes cientificas recentes
em quatro moldes em papel

Abstract

Paper squeezes from architectural features and fragments from Pasargadae and Persepolis in
the Metropolitan Museum of Art (MMA) in New York City were examined using microscopic
investigation, imaging techniques, and chemical and molecular analyses. The study focused on
pigments from (1) an anthropomorphic ear from a relief fragment in Palace P, (2) a fragment of
a rosette from the crown of a Lamassu from Gate R (“Gate House”), both in Pasargadae; (3) a
stone axe from a delegation depicted on the north fagade of the Apadana, and (4) a stone block
with a Hebrew inscription from one of the standing door or window jambs of the Tachara at
Persepolis. Analyses confirmed red pigments identified in previous studies and revealed new
evidence of lazurite as a blue pigment and magnetite as black. The findings can help us
construct further aspects of specific ancient polychromatic contexts at Pasargadae and
Persepolis.

Resumo

Os moldes em papel retirados de fragmentos arquiteténicos de Pasirgada e Persépolis do
Metropolitan Museum of Art (MMA) de Nova lorque foram caracterizados através de
investigacao microscdpica, técnicas de imagem e anilises quimicas e moleculares. O estudo
centrou-se nos pigmentos de (1) um relevo de uma orelha antropomérfica de um fragmento do
Palacio P, (2) um fragmento de uma roseta da coroa de um Lamassu da Porta R (“Casa da Porta”),
ambos em Pasirgada; (3) um machado de pedra de uma delegagdo representada na fachada
norte da Apadana, e (4) um bloco de pedra com uma inscrigio hebraica de uma das molduras de
porta ou janela do Tachara, Persépolis. As analises confirmaram pigmentos vermelhos ji
identificados em estudos anteriores e revelaram novas evidéncias de lazurite como pigmento
azul e magnetite como pigmento negro. Os resultados podem ajudar a construir outros aspetos
de contextos especificos de policromia antiga em Pasirgada e Persépolis.
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Introduction paper squeezes as evidence for monumental painting in
ancient Iran

Carved between the sixth and fourth centuries BCE, the surfaces of the limestone facades of
the monuments built under the Achaemenid rulers in Pasargadae and Persepolis in Fars, Iran
— both UNESCO world heritage sites today (Figure 1), were originally covered with abundant
paints [1]. Work has been done to analyze some of the pigments in the twentieth century.
Recent investigations have summarized the potential for new work on reconstructing aspects
of the original polychromies, the painting process, and the people involved [2].
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Figure 1. UNESCO world heritage sites: a) the sites of Pasargadae, Persepolis and Nagsh-e Rustam in Iran; b) satellite map of heritage sites in Fars province
(photograph: Google Earth); ¢) Persepolis, Gate of All Nations; d) Pasargadae, Palace P (photograph: Archive of the Pasargadae WHS); ¢) Nagsh-e Rustam.
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Figure 2. Paper squeezes applied: a) excavation of Pasargadae, Gate R (Gate House, Palace with the Relief): view of Winged figure with paper squeeze applied on
the face, c. 1923 (photograph: E. Herzfeld [3, photo 2198]); b) Palmyra (Syria): view of a paper squeeze with a Greek inscription (photography: E. Herzfeld, [3, photo
3092]).

During archaeological fieldwork and early modern interventions on monuments and
buildings on both sites in the early twentieth century, Ernst Herzfeld (1879-1948) and his team
took paper squeezes of free-standing monuments and excavated objects to document
epigraphical and iconographic features of interest. In diaries and notebooks, we found
information about the process of squeeze-making, and how Herzfeld would read these
squeezes later. During a longer visit to Persepolis in 1923, Herzfeld notes that “... the entire day,
Djawad and Djuml made molds of the great terrace inscription. I read them in the tent in the
evening” (December 19, 1923, trans. A. Nagel) [4]. In a letter to his father, photographer Hans-
Wichart von Busse (1903-1962), who assisted Herzfeld during an excavation season in 1933
describes: “...one takes large sheets of thin cigarette paper, that was carefully hammered on [the
surface of the stone] with a hard brush, while damp. When it was well molded to the form, new
layers were added ... Once dry, one could lift off the paper layer ... and had an exact reproduction
of the original” (September 23, 1933, trans. A. Nagel) [4]. In essence, these paper squeezes are
cast impressions from (often inscribed) surfaces of ancient monuments. There is no
documentation that the stone facades would have been cleaned before the papers were attached
and wetted though we can assume that some light brushing happened to remove any dust or
dirt (Figure 2).

After Herzfeld’s permanent relocation to the Institute of Advanced Studies at Princeton in
America in 1936, he sold some of the paper squeezes to the Metropolitan Museum of Art (MMA)
in New York City in 1944, while he donated others to the Smithsonian Institution’s Freer Gallery
of Art, today’s National Museum of Asian Art in Washington, D.C. (NMAA) [2, 5]. In recent
years, the research potential of such paper squeezes has been recognized [2, 6-9]. In 2023, four
of Herzfeld’s paper squeezes housed in the MMA’s Department of Ancient Near Eastern Art
were investigated for possible traces of ancient paint residues (Figure 3). It is important to
reconstruct the archaeological context of the paper squeezes first since it will help us evaluate
the new evidence. Some of the structures introduced were hitherto never examined for
evidence of painting.
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Figure 3. Four paper squeezes from carved limestone facades at Pasargadae and Persepolis, MMA: a) ear from Palace P in Pasargadae; b) rosette from a lamassu
crown fragment at Pasargadae’s Gate R; ¢) axe from the North facade of the Apadana in Persepolis; d) limestone block with a Hebrew Inscription from the Tachara
at Persepolis.

The archaeological contexts of the paper squeezes

A paper squeeze from Palace P in Pasargadae (A)

According to a notebook entry written while excavating and opening a trench in Palace P on the
site of Pasargadae on April 26, 1928, Herzfeld, his assistant Friedrich Krefter (1898-1995) and
their team discovered a white limestone fragment with a human ear, slightly larger than life-
size by the east door, deep in the foundations. As a note next to a sketch of the ear in the find
notebook indicates, a paper squeeze (Abklatsch) was made immediately (Figure 4).
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Figure 4. Pasargadae, Palace P:a) in 2018; b) during excavations in April 1928 [3, photo FSA A.6 04.GN.0295]; ¢) limestone fragment [3, photo FSA A.6 04.GN.0455]
d) Herzfeld’s Find Notebook from Pasargadae (N-92) with a sketch of the limestone fragment with the carved ear. Note the reference to the paper squeeze
(“Abklatsch”) [3, photo FS-FSA_A.6_03.92.05, 10].

It is unknown how and where the objects from the Spring 1928 excavation season were first
deposited, and it is also unknown how and when Herzfeld was able to transport them out of
Persia. Visiting Pasargadae in 1905, 1923, and 1928, and later, Herzfeld documented and
collected materials at Pasargadae during all his visits. Today, materials from Pasargadae are in
museums in Berlin, Washington, D.C., Jerusalem, and Chicago. A photograph of the limestone
fragment of the ear was likely taken in the field shortly after excavations. It is unknown to us
where this limestone fragment with the ear is today. In Herzfeld’s publications on his fieldwork
at Pasargadae, objects excavated were dealt with only summarily if they were mentioned at all
[11]. The ear was not mentioned in any of Herzfeld’s publications or subsequent publications on
fieldwork on the site [10, 12-13]. In a caption to the photograph added (in English) at some
unknown time later it is described as a “Sculptor’s model of an ear”.

Palace P, in which the ear was excavated, consisted of a central columned hall with doorways
on four sides. The building had two porticoes, one facing a large green garden area. Recently
analyzed fragments of painted plaster found in the debris of the same palace, housed in
Washington, D.C., indicate that the upper portions of the columns of Palace P were made of
plaster-covered wood rather than stone [14]. There is currently no consensus about the exact
chronology of Palace P. Since the ear was excavated deep in the foundations, we conclude that
it likely stems from one of the early phases of the building, maybe under the time of Cyrus the
Great (c. 590-530 BCE). Later excavator David Stronach [12] suggested, “Palace P was begun
during the reign of Cyrus, its construction was halted, probably at the time of Cyrus’ sudden
death, and that the structure was only completed, with certain evident economies, by Darius”.
Only the lower parts of the doorway reliefs from Palace P are preserved depicting a king dressed
in along-pleated robe originally adorned with gold inlays, followed by an attendant. According
to Stronach, “inscriptions on the pleats of the robe identify the depicted monarch as Cyrus but
the style of the pleats can be associated with the reign of Darius” [13]. Herzfeld had noted traces
of paint on the robe. Judith Lerner was allowed to remove traces of paint from a stone relief in
Palace P, and she gave them to Harvard University where they were analyzed by a scientific
team [1]. Their results indicated that parts of the surface of the stones were decorated with red
ocher — a naturally occurring mixture of iron oxides (hematite). Traces of cinnabar were also
identified on Palace P surface carvings. Our first question was whether our previously
unpublished paper squeeze of the limestone ear of Palace P would provide additional
information on the polychromy of the monument.
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A paper squeeze of a Lamassu crown rosette fragment at Pasargadae (B)

The original stone fragment from which this paper squeeze was taken was excavated by
Herzfeld at Gate R, referred to as the “Gate House” or “Palace with the Relief” in 1928. It was
photographed shortly after (Figure 5). A handwritten note on a blueprint of the photo (in
English) reads “Pasargadae, R. Frgm. of a crown of Lamassu”. A sketchbook preserves a hand-
made drawing of the fragment, where it is described as Kronenrand (crown rim) and a note that
a Abklatsch (paper squeeze) was made. All sculptural fragments excavated at this Gate House at
Pasargadae were only briefly mentioned by Herzfeld but never published [11-12]. Again, the
current location of the crown fragment is unknown. There is significance in the fact that
Herzfeld’s documentation including the paper squeeze is currently our only important
evidence for the colossal winged lamassu which once flanked the outer portal of the
monumental Gate. During later excavations on the same structure, Ali Sami and David
Stronach discovered more fragments of winged beasts [12, 44n. 7, Pls. 47¢-d]. The much better-
preserved crowns of the lamassus flanking the Gate of Xerxes at Persepolis provide an idea of
the original layout of the animals at Pasargadae, now almost completely lost (Figure 5c).

Only four petals of a rosette and parts of the feathers of the crown are visible in the
Pasargadae Gate R paper squeeze preserved at the MMA. Rosettes with twelve petals were
featured on multiple stone animals excavated on the site of Persepolis. Sketches in Herzfeld’s
find notebooks preserved at the University of Chicago refer to pigments still visible on the
surface of these rosettes at Persepolis: according to Herzfeld, the petals and background of the
framed rosettes on one of such animals as excavated in March 1932 near “the great Gate”
preserved red paint, while the carpel or interior of the rosette was blue [2, p. 95 fig. 3.3]. Much
like in Palace P at Pasargadae, the excavated limestone fragments of the Gate R structure
indicate that the stone facades were originally painted. Of his sketchbooks from 1923 and his
1928 season at Pasargadae (SK, IV, IX, X, and XI) in the NMAA, one (IV, p. 8) contains
references to pigments he observed at Gate R’s standing remains (“Pasargadae, palace with the
Genius ... traces of red color on fringes and wings”) [15]. No reference to samples or paint on

Gate R was made in Stodulski’s study of paint materials from Pasargadae and Persepolis [1].

g ’ S e
T,
[
R - ( UL
Figure 5. Original limestone fragment excavated by Herzfeld in Gate R, Pasargadae in 1928 [3, photo FSA A.6 04.GN.0454] (a). Herzfeld’s sketch of the fragment

in a sketchbook (SK IX “Pasargadae I”, p. 28) [3, photo FS-FSA_A.6_02.02.09.027] (b). Close up to the Crown of one of the Lamassus at the Gate of Xerxes at
Persepolis (photograph: A. Nagel) (¢).
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A paper squeeze of a stone axe from the north fagade of the Apadana in Persepolis (C)

While the Pasargadae paper squeezes themselves were not written upon, two paper squeezes
from Persepolis in the MMA were labeled by Herzfeld. On one paper squeeze, we read the label
“Tributzug II i 3”. Connecting the label to drawings made by Herzfeld in his sketchbooks,

notebooks, and other circumstances, the paper squeeze likely corresponds with a stone axe
depicted on delegation XVII (“Sogdians”) on the west wing of the north fagade of the Apadana at
Persepolis [16, pl. 43;17, p. 49 No. 9;18, pp. 93-94, pl. 24;19, p. 335, fig. 8d (east facade)] (Figure 6).

Figure 6. Stone axes carried by the Sogdian delegation, north fagade, Apadana, Persepolis (photography:J. Lenderling [20]) (4). Stone axes in the same delegation
on the better-preserved east facade of the Apadana [21, p. 335 fig. 8d] ().

Construction of the Apadana began shortly after 520 BCE. Construction of the north fagade
was finished under Xerxes I between c. 486 and 465 BCE. The facades on the north side of the
Apadana were exposed to weathering conditions and molding by multiple expeditions in
modern times thereby destroying much of the evidence of original paint. British and French
explorers molded standing stone sculptures throughout the nineteenth century. At the same
time, fragments were hacked off; accumulated debris with fragments was cleared and the stone
items were transported to museums in London and elsewhere. The largest set of molds was
made by Lorenzo Giuntini (1843-1920) on behalf of a delegation from the British Museum in
London in 1892 and 1893. In 1899 and 1900, Friedrich Sarre (1865-1945) took an additional set of
molds from the north fagade. Finally, following a complaint by Herzfeld that there is no
complete cast of the tribute bearers depicted on the north fagade, Herzfeld was the latest in a
series of Westerners who made molds and paper squeezes of individual parts of the north
fagade [16, 18, 22].

While testimonies of early modern visitors commenting on the remains of the standing
stone columns are preserved, the facades on the east side of the Apadana were completely
buried by debris until 1932 when Herzfeld and his team of workmen financially supported by
the University of Chicago began excavations. During his fieldwork, Herzfeld noted traces of
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paint preserved on the lower parts of the east facade. Ceramic bowls with pigments deposited
in front of the monument provide evidence of the painter’s activities decorating the facades [2,
pp. 101-104]. Describing what was depicted on these facades, especially after Herzfeld had fully
excavated the better-preserved east facade in 1932, became a lifelong endeavor that was only
fulfilled by Gerold Walser (1917-2000) and conducted long after Herzfeld died [19].

A paper squeeze of a Hebrew inscription block from the Tachara at Persepolis (D)
The fourth paper squeeze has a handwritten note by Herzfeld describing it as an inscription
from the Tacara in Hebrew (Persep. Tacara Hebr).

South of the monumental Apadana, the Tachara at Persepolis has often been referred to as
the “Palace of Darius.” Begun under Darius the Great (c. 550-486 BCE), the building underwent
multiple changes. A large facade with a staircase was added to the west side of the building
under Artaxerxes I1I (359-338 BCE). Like the Apadana, the function of the Tachara changed. For
a brief period in modern times, before a more permanent expedition camp was built in the so-

called Harem building in 1932, the Tachara was used for tents set up by Herzfeld’s excavation
team (Figure 7). The high quality of the carvings on the standing door- and window jambs and
the polished stone floors indicate the importance of the structure in ancient times [2, 23-25].
Multiple fragments from the building’s stone facades are in museums in Berlin, Detroit, and
elsewhere, including a fragment of a shoe, Herzfeld himself removed from one of the door
jambs and sold to the MMA in 1944 (No. 45.11.17) [23].
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Figure 7. Standing doorjambs, Tacara, Persepolis (a). Drawing of the Tachara by Herzfeld, unknown date [3, photo FSA A.06 05.0860] (b). Example of a Late
Inscription on one of the door or window jambs at the Tachara [3, photo FSA A.6 04.GN.2671] (c). Sketch of Hebrew inscription in the Tachara in Herzfeld’s
Notebook [3, photo FS-FSA_A.6_02.01.06.025] (d).
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A series of sketches in Herzfeld’s notebooks from 1923 preserved in the NMAA, provide
additional context for these post-Achaemenid graffiti in the Tachara and Hebrew graffiti at
Persepolis in general (SKV; SK VI). One notebook (N-87, pp. 18-22) lists all Hebrew inscriptions
Herzfeld had recorded at Persepolis. Another notebook by Herzfeld contains modern
transcriptions of some texts (N-30).

Methodologies: examining and investigating the paper squeezes

The surface of all four paper squeezes was examined using a combination of imaging and
analytical instrumentation to identify possible pigments. We were especially interested in
detecting further evidence of paint since the surfaces of the monuments from which the
squeezes were taken were not previously studied. Multiband imaging (MBI) is a non-
destructive method for investigating and differentiating materials. It involves making a series
of images, each recording reflectance, and luminescence within a different limited range of
wavelengths. Using a Canon Rs camera, a series of band-pass camera filters (Midopt 550, X-
Nite BP1, X-Nite 330, X-Nite 830), and a set of LED lights and Tricolor lights, we recorded
variations in the absorption of materials at different wavelengths. Visible (VIS), Infrared
reflectance (IRR), Visible-induced infrared luminescence (VIL), and Ultraviolet reflectance
(UVR) techniques were used, too. Combined, these imaging techniques can help to distinguish
between the paper (substrate) and probable pigments.

The paper squeezes were also investigated under a stereomicroscope. Pigment samples
were then observed under Polarized Light Microscopy (PLM) to identify the particle size of the
pigments and the presence of other mineral inclusions utilizing a Zeiss Axio Imager M2M
microscope, with 50x, 100x, 200x, 400x, and 500x magnifications, an Axiocam HRc digital
camera, and AxioVision 4.X.X software.

Raman analyses were performed on the paper squeezes using a Bruker Optics “Senterra”
spectrometer equipped with an Olympus 50x long working distance microscope objective and
a charge-coupled device (CCD) detector. A Spectra-Physics Cyan solid-state laser and a
continuous wave diode laser emitting at 785 nm were used as the excitation source, and two
holographic gratings (1800 and 1200 rulings/mm) provided a spectral resolution of 3-5 cm™. The
output laser power was 1 and 10 mW, and the number of scans, and integration time were
adjusted according to the Raman response of the different particles.

As part of the materials analysis micro-samples were collected from all paper squeezes for
scanning electron microscopy with energy dispersive microanalysis (SEM-EDS). This included
one red (REP) and one blue grain (BEP) from the paper squeeze of the ear from Palace P at
Pasargadae; one red from the rosette (RLR) and one blue particle from the feather fragment of
the Lamassu crown (BLR) of Gate R at Pasargadae; one blue particle from the stone axe from
the Apadana (BAA); one blue (BIT), one red (RIT), and one black (Bk.IT) from the Hebrew
inscription of the Tachara at Persepolis. Selected micro samples were mounted on stubs,
carbon-coated, and analyzed by scanning electron microscopy-energy dispersive X-ray
spectrometry analyses (SEM-EDS) with an FE-SEM Zeiss Sigma HD, equipped with an Oxford
Instrument X-MaxN 80 SDD detector. Backscattered electron (BSE) images, EDS analysis, and
X-ray mapping were conducted with an accelerating voltage of 20 kV in a high vacuum. The
surface of the samples was carbon-coated before the analyses.
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Results

Multi-band imaging (MBI)

No pigments were specifically identified through infrared and ultraviolet imaging. VIL digital
imaging, however, revealed fluorescing remnants. The fluorescing remnants visible in Figure
8d3 and ds were mainly caused by contamination. The pink stains in Figure 3a were also

detected on the rosette paper squeeze which is a result of contamination (Figure 8ds). Some
other spots investigated showed fluorescent remnants (Figure 8d 1, 2, and 4).

Figure 8. Multi-band images from the paper squeezes: a) VIS photo: aA — block with Hebrew inscription paper squeeze, aB - stone axe paper squeeze, aC — ear
paper squeeze, aD — rosette paper squeeze; b-c) IRR and UVR photographs do not show any trace of pigments, the dark area of the rosette paper squeeze is dust
in URV; d) VIL photograph show fluorescence particles and spots specified by numbers; di-5) points 1, 2, and 4 can be traces of pigment, 3 and 5 points are
contaminations.

Raman spectroscopy

Raman spectroscopy (Raman) of the paper squeeze of the limestone ear showed a density of
blue (less than 100 um in size) and two red particles. The red particles came in two varieties:
dark and bright (Figure 9). The Raman spectra of the dark-red particles (225, 245, 292, 411, 496,
and 610 cm™) are attributed to hematite (a-Fe,O,) [26] which had been identified on other
architectural features from the site of Pasargadae earlier. The Raman spectra of the bright-red
particles are attributed to goethite (a-FeOOH) with wavenumbers 248, 299, and 387 cm™, of
which the strongest band is 387 cm™ [27]. The Raman spectra of the blue samples (378, 549, and
582 cm™) are strikingly consistent with reference spectra of lazurite (Nas[AlsSisO,,]Sy) [28].
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Figure 9. Raman analysis: a) close-up image of the paper squeeze of the stone ear; b) bright goethite red pigment; ¢) lazurite blue pigment; d) dark red of hematite
grain; ¢) Raman spectra of the pigments representing hematite, goethite, and lazurite.
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Figure 10. Raman analysis: a) close-up image of the paper squeeze of the rosette; b) Raman spectra of the grains; ¢) lazurite blue pigment on the paper; d) blue color
of modern ink (Prussian blue); ¢) hematite red pigment; f) red color (modern pigment).

Microscopic investigation of the paper squeeze of the rosette showed a dense layer of red
particles within the rosette pattern and blue particles on the feathers area (Figure 10). It is worth
noting that there was a range of red colors in the particles, one of them pink-red. The Raman
spectrum of pink-red grains in 330, 627, 774, 989, 1097, 1126, and 1332 cm™ revealed a modern
red pigment BR4 (Beta-naphthol) [29]. Most red grains were identified as hematite-dominant
by Raman spectroscopy, one was attributed to goethite (248, 299, 387 cm™). The Raman spectra
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of the two blue particles were 257, 378, 549, 584, 802, and 1087 cm™ of which the strongest bond
(549 cm™) is consistent with lazurite, and 1087 cm™represents calcite.

Red, blue, and black particles were documented on the paper squeeze of the stone axe from
the Apadana at Persepolis. The Raman spectrum of a red particle of the stone axe (Figure 11)
showed 218 and 310 cm™ Raman bands representing hematite (Fe,0;), as well as 252 and 343 cm™
bands indicating cinnabar (HgS) [28-30]. Furthermore, the Raman spectrum in 380 cm™could
be attributed to goethite [31].

One black particle was analyzed using Raman spectroscopy. Six Raman spectra were
identified in 284, 462, 1086, 1185, 1287, and 1328 cm ™ respectively. These Raman spectra did not
match clearly with previously identified Achaemenid black pigments such as carbon black, but
284 and 1086 cm™ Raman bands could be attributed to calcite, and 462 cm™ represents quartz.
The Raman spectrum at 1330 cm™ could refer to a carbon-black or a black earth pigment [32].
Referenced carbon-based pigments show similar Raman spectra with characteristic first-order
bands in the range 1300-1600 cm™. Two broad and overlapping bands with maximum intensity
at approximately 1580 cm™ (G band) and 1350 cm™ (D1 band) are in amorphous carbon. The
position, width, and relative intensity of D and G bands can be different from sample to sample
[33]. These parameters are influenced by several phenomena leading to disorder in
carbonaceous materials, especially on D band intensity [34].

The black particle was analyzed in the range of 1-1500 cm™. It was not possible to run a
second Raman spectrum to identify the G band. However, the fourth disorder band of carbon,
D4, shows likely a carbon black pigment since D4 is found below 1290 cm™as a shoulder on the
D1 band [32, 34]. The Raman spectrum in 1287 cm™ (Figure 11) indicates the presence of carbon
black that this D4 band observes in disordered materials such as soot and wood charcoal [32].
The additional band at 1185 cm™ might be caused by impurities.
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Figure 11. Raman analysis: a) close-up image of the curved shape of the paper squeeze of the stone axe; b) Raman spectra of the pigments; ¢) blue pigment within
the texture of paper; d) hematite red and black particle within the texture; ¢) trace of Prussian blue ink absorbed inside the paper texture.
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The Raman spectrum of the blue particles penetrating the paper indicated the presence of
Prussian blue with Raman spectra in 218, 275, 507, and 534 cm™. The strong vibrational band of
Prussian blue at 2154.96 is not there because the Raman spectra were taken from 1-1500 cm™.

Analyzing the blue pigments, we detected wavenumbers 240, 280, and 1086 cm™. These
Raman spectra do not provide clear evidence for a second blue pigment, possibly due to a poorly
crystalline form. However, the first band (240 cm™) could be referred to as azurite and the two
bands of 280 and 1086 cm™indicated calcite. Nevertheless, because azurite shows a strong
Raman band on 403 cm™[28], it is impossible to confidently identify this particle as azurite
(Figure 11). During the second run, it was difficult to focus due to the curved shape of the paper
squeeze. A sample was taken for elemental analysis, however (see below).

The paper squeeze of the Hebrew inscription block showed consistent microscale blue
particles (less than 100 pm in size) and two red particles. Raman spectra of 225, 292, 410, and
610 cm™ were identified as hematite. Raman spectra at378, 549, 582, and 1089 cm™ from the blue
particle indicated lazurite on the strongest band (549 cm™) and calcite at the 1089 cm™band
(Figure 12). A black particle was identified. Its texture was not like carbon black. Based on the
morphology, it was rather assumed to be magnetite black. Since light and heating effects on
magnetite and its transformation into maghemite and hematite with temperature increase was
proven by Raman spectroscopy [35], we just carried out an elemental analysis on this sample.
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Figure 12. Raman analysis: a) close-up image of the paper squeeze of the Hebrew Inscription block; b) Raman spectra of red and blue pigments; c-d) lazurite blue
pigments are widespread within the paper fibers; ) hematite red pigment.
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Elemental analysis

The SEM-EDS analysis of point 1 (Figure 13) on the blue grain (BEP) identified Si, S, Ca, and Na
as major constituents and Cl, K, Mg, Ti, Al, Fe, and Zn as minor constituents. Accordingly, Si,
S, Ca, Na, Al, Cl could be attributed to lazurite (Na, Ca)s(AlSiO,)(S, SO, CD.., verifying the
result of the Raman analysis. Analysis of point 2 identified Na, Ca, P, S, K, Cl, and Si as major
constituents respectively, and Ti, Al, Cu, Zn, and Fe as minor components (Table 1) that are also
consistent with the presence of lazurite. The presence of Cu as a minor element could not be
considered as contamination (Table 1). EDS analysis point 3 in the red particle (REP) identified
Fe as a major constituent besides some earthen components such as Si, Al and Ca indicating
hematite or goethite.

Iron oxide (FeO) is the main constituent of the red particle (RLR) that was earlier identified
as hematite or goethite, along with a minor silicate compound due to the presence of Si, Al, and
Mg (Figure 14). A tiny blue particle (BLR) was also analyzed, and Siand Al were detected as major
elements and Mg, Fe, Ca, K, S, and Na as minor constituents which could be attributed to
lazurite (Table 1).
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Figure 13. Paper squeeze of the limestone ear: a) blue particle (BEP) under PLM and b) SEM image; ¢) EDS spectrum of the bulk analysis of the rectangle 1in b; d)
shows both blue and red particles under OM and ¢) SEM image of yellow rectangle in d; f) EDS spectrum of point 2 in e; g) red particle (REP) under OM; h) SEM
image of g; i) ESD spectrum of bulk analysis of point 3 in h.
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Figure 14. Paper squeeze of the rosette: a) red (RLR) and blue (BLR) particles under PLM; b) SEM image of the red particle specified with a big rectangle in a; ¢)
SEM image of the blue particle specified with a small rectangle in a; d) EDS spectrums of point 4 in b; ¢) EDS spectrum of point 5 in c.
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Figure 15. Paper squeeze of the stone axe from the Apadana: a) blue particles (BAA) under PLM; b) SEM image of the yellow rectangle in a; ¢) EDS spectrum of
yellow rectangle in b (point 6).

EDS analysis point 6 of a blue assemblage of particles (BAA) detected Si, Al, and Ca as major
and S, Na, Mg, Cu, Fe, and K as minor elements respectively (Table 1). Since it is not a single
particle, probably due to the disintegration while sampling, accordingly it is composed of
separate particles in the SEM micrograph. Thus, it is not possible to precisely characterize all
particles or unambiguously attribute them to specific minerals. Although blue particles were
observed under the microscope, these complex constituents are associated with blue particles
that may be consistent with lazurite except Cu (Figure 15). Since the copper content is higher
than the trace amounts found in lapis lazuli stones excavated from Persepolis [36], if we
consider the same lapis lazuli resources (Badakhshan) as the source for producing pigment.
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Table 1. EDS and Raman results of the pigments found in the squeezes.

Name of squeeze Pigment EDS’ Raman Bands (cm™) Results
Ear Blue (BEP, EDS: point 1) Si,Na, S, (Cl, Al, Ca, K, Mg, P, Ti Zn, Fe, Mn) 378, 549, 582 Lazurite
Red (REP, EDS: point 3) Fe, Si, (S, Ca, Mg, Al, Zn, P, Cl, K, Mn, Cw) 225, 245, 292, 411, 496, 610  Hematite
Red - 248, 299, 387 Goethite
Rosette Red (RLR, EDS point 4) Fe, Si, (S, Ca, Mg, Al, P, K, Ti, Mn) 225, 292, 411, 610 Hematite
Blue (BLR, EDS: point 5) Si, Al, (Fe, Mg, Ca, K, S, Cl, Na) 378, 549 Lazurite
Red - 248, 299, 387 Goethite
Axe Blue (BAA, EDS: point 6) Si, Al, Ca, (K, Cl, Fe Cu, S, Mg, Na) 240, 280 Lazurite,
Azurite?
Red - 218, 310 Hematite
- 380 Goethite
N 252, 343 Cinnabar
Black - 1330 Carbon-Black
Hebrew Blue (BIT, EDS: point 7) Si, S, Ca, Al, Na, Fe, (CI, K, Mg, P, Cu) 378, 545 Lazurite
inscription Red (RIT, EDS: point 8) Fe, Si, (Al, Mg, K, S, Na, Ca, Cu, Ti, Mn) 225, 292, 410, 610 Hematite
Black (Bk.IT, EDS: point 9) Fe, (Si,Ca, K) - Magnetite

" Elements responsible for the coloring are in bold; minor and trace elements are in parentheses.
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Figure 16. Paper squeeze of the Hebrew inscription block: a) blue particle (BIT) under PLM and b) SEM image; ¢) high magnification of yellow rectangle in b; d) red
particle (RIT) besides some blue particles under OM; e) SEM image of d; f) EDS spectrum of point 7 in ¢; g) of a black particle (Bk.IT) under OM; h) SEM image of g;
i) EDS spectrum of the red particle in e (point 8); j) EDS spectrum of point 9 in h.
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Analysis of point 7 from the blue particle (BIT) indicated Si, Al, Fe, Ca, and S, as major
constituents and Mg, K, and Na as minor elements respectively as well as traces of P, Cl, and
Cu components (Figure 16). This composition is consistent with the EDS of point 8 (RIT) that
identified Fe, Si, and Al as major and Mg, Mn, K, Cu, S Ca, Ti and Na as minor constituents
respectively. The high content of iron (Fe) in point 8 could be related to hematite as it was
identified with Raman analysis. The other constituent represents the lazurite blue component.
Figure 16d shows how close the red particle is located next to the blue particles. This may be
contaminated. EDS analysis of point 9 from black particles (Bk.IT) identified mainly iron (Fe)
and trace constituents of Si, K, and Ca (Table 1). According to the EDS result, it is magnetite
(Fe;0,).

Discussion

High-magnification microscopic investigation and microchemical analysis techniques were
used to identify pigments within the fibers of four paper squeezes molded from limestone
monuments at Pasargadae and Persepolis. Red, blue, and black pigment particles previously
identified on the facades of certain monuments have now been documented on architectural
features of four additional, previously unstudied monuments (Palace P and Gate R at
Pasargadae; Apadana and Tachara at Persepolis) on the sites here, too.

An ear from Palace P in Pasargadae and a block with a Hebrew inscription from the Tachara
at Persepolis were found to have been painted with widespread and abundant blue pigment
particles. The surface of a rosette from the feather crown of a lamassu on Gate R at Pasargadae
was covered with red and blue pigments.

Materials analyses of the blue pigments revealed a complex chemical composition
indicating that lazurite was used which Raman spectrums confirmed it. Raman spectroscopy
revealed that the red on the ear and the rosette from Pasargadae contained a mixture of goethite
and hematite particles. Hematite was identified as red in the stone block with the Hebrew
inscription from the Tachara at Persepolis. It is worth noting that the spectra of red particles
from the stone axe on the Apadana showed three different minerals: goethite, hematite, and
cinnabar. Magnetite was identified as black pigment on the squeeze of the Hebrew inscription
stone block from the Tachara at Persepolis.

Analytical investigation showed that parts of the surface of the limestone ear from Palace P
at Pasargadae and the block with the Hebrew inscription from the Tachara at Persepolis were
originally painted in blue. The blue particles were mainly composed of lazurite. Lazurite was
never reported as a pigment either in Pasargadae or in Persepolis. Only Egyptian blue and
azurite were hitherto identified [1, 37-38].

The lazurite formula is (Na,Ca)s(AlSi0,)«(S,SO,,Cl).-.. The mineral responsible for the blue
color of lapis lazuli is lazurite. Although lazurite is the main mineral in the composition of lapis
lazuli rocks, most lapis lazuli rocks contain calcite (white phase), sodalite group minerals (blue
phases), pyrite (metallic golden), and other silicates such as augite, diopside, enstatite, mica,
hornblende, sanidine and nosean [36, 39-40]. Extracting a natural ultramarine, blue pigment
(lazurite) from lapis lazuli was common in the past [41]. The method of purifying ultramarine
has been described in Persian scientific texts on mineralogy and glazing, medicine and
pharmacology, colorant making, and art resources. Badakhshan in Afghanistan has been
identified as the main source of natural lapis lazuli in ancient West Asia and Egypt [42-45].
Recently, traces of lazurite were identified on paper squeezes from the Frataraka complex
below the platform of Persepolis in Berlin [46]. Reference Raman spectra from samples of
ultramarine (pure lazurite) from later periods in Iran show a Raman peak at 1096 cm™[47-49].
Such was not the case in our results where the Raman spectra showed a peak at 1086/1089 cm™.
This could be due to a mineral inclusion related to calcite [50]. The impurities, it identified as
signatures of other components of the rock matrix, both elements (Ca, Mg, K, and trace
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elements) and minerals (like calcite), accordingly the blue pigments cannot be a purified
ultramarine. Therefore, these blue pigments are ascribed to an insufficient purification of the
finely ground natural pigments. Provenance studies on ultramarine pigments indicate slight
differences in the elemental composition from each source studied in the past (i.e.,
Afghanistan, Siberia, and Chile). Samples from Afghanistan are generally characterized by a
higher concentration of potassium (K) and the trace element magnesium (Mg) [50-51]. The
minor elements of the blue particles (K and Mg) found on our paper squeezes can suggest that
either the blue pigment or its source originated from Badakhshan.

The fact that the paper squeeze of the ear excavated at Palace P in Pasargadae contains blue
pigments makes an earlier suggestion that it was a model of the sculptor unlikely: why would a
sculptor’s model have been painted? If the limestone ear was originally painted it likely
stemmed rather from the head of an anthropomorphic feature in an earlier building phase of
Palace P.

EDS results confirmed that Cuwas a significant constituent (minor) of the blue on the stone
axe depicted on the Apadana and the stone block with the Hebrew inscription from the Tachara
besides lazurite. Some lapis lazuli objects from Persepolis were analyzed previously and copper
was reported as a trace element in their composition [36]. Accordingly, the copper identified by
EDS could not be linked to the source of pigment, but it could be attributed to some blue
copper-bearing pigments such as Egyptian blue (CaCuSi,O:) or azurite (Cus(OH),(CO;),).
Earlier examinations identified Egyptian blue as a blue pigment on a painted plaster from the
same palace P at Pasargadae and on the facades of the Persepolis terrace [1, 52]. MBI technique
identified tiny fluorescence particles on the two paper squeezes through VIL images (Figure 8).
The fluorescence particles might represent copper and a low percentage of Egyptian blue in the
blue particle. Alternatively, since a band of azurite was identified besides lazurite in one Raman
spectrum (Figure 11), and since a combination of azurite and Egyptian blue was already
identified in Persepolis [1], using either one of the copper-bearing pigments or a mixture of two
blue copper-bearing minerals of Egyptian blue/azurite with lazurite is likely. On the other
hand, this can occur by contamination by using the same paint bowls or brush containing a
vestige of Egyptian blue/azurite for the lazurite blue during the painting of the stone facades.
Itis also possible that two different layers of blue were on top of each other. Because of the low
concentration of pigments, the analytical results cannot be used to support any of these
hypotheses.

The rosette of the feather crown from Gate R at Pasargadae was decorated with red and blue
paint--such was also noted by the excavators shortly after the excavation at Persepolis [2, p. 95
fig. 3.3]). Both goethite and hematite (iron oxides) were identified on the rosette and the ear
from Palace P at Pasargadae. The presence of both goethite and hematite may be a result of
heating goethite to produce hematite [28]. It has been proven that heating the natural goethite
leads to a similar spectrum as measured for the natural hematite [53]. However, one should
bear in mind that natural iron minerals are sometimes poorly crystallized and transform
rapidly during Raman measurements [35], although it is measured under low laser power (ca. 1
mW). On the other hand, goethite could stem from contamination from the ore, but it was
reported in previous studies that show a significant content of goethite in red pigments.
Therefore, it is impossible to verify this hypothesis. We can only conclude that two hematite
and goethite minerals were identified as red at Gate R, Pasargadae.

Hematite was identified as a red pigment on the block with the Hebrew inscription from
the Tachara at Persepolis. Interestingly, cinnabar was also identified besides goethite and
hematite in a single particle of the stone axe from the Apadana. The presence of hematite and
goethite follows the same idea that either hematite was produced from goethite or goethite
converted to hematite under the Raman measurement.

Hematite exists in many deposits throughout Iran, often within easy reach. Cinnabar,
however, is much rarer. Small deposits of cinnabar have been identified in Zarehshuran, Agh-
Darreh, and Shakh-Shakh, in northwestern Iran [54]. Such a combination of pigments of
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hematite and cinnabar was also identified in the red-surfaced plaster floors of the Tachara at
Persepolis and on the paint surface of Pasargadae [23-24, 52]. There, a thin layer of cinnabar
was used on top of a hematite layer [1]. Hematite was used as a primer coat to provide a smooth
surface on the plaster for the final paint layer. In this way, a rare and expensive pigment would
not have been wasted on the non-visible layer. However, neither the stones of Persepolis nor
the stones of Pasargadae are as porous as the plaster [55]. Therefore, hematite was not used to
provide a smooth layer in this case. It has been assumed that purer hematite was used for
darker red, whilst lead red was used for a reddish-pink decoration on painted plaster at
Pasargadae [52]. Accordingly, the reason for combining different reds can be simply a creation
of intended different red hues in a painting. The cause for observing dark-red cinnabar instead
of reddish-pink, in the paper squeeze of the stone axe, could be either because of mixing
hematite and goethite with cinnabar or cinnabar degradation. It is worth noting that cinnabar
may have degraded and changed into the dark red metacinnabar (HgS) phase by exposure to
light and weathering over a long period, the original bright red color darkens and transforms
into black [55-57]. Due to the small size of the particles, it is not possible to trace this
phenomenon on the paper squeezes. Different red hues open a question about the stratigraphy
of the polychromy surface of the northern facade of Apadana. Scientific examination of
remaining pigments on the surface of the palace or other paper squeezes would help us answer
this question in the future.

The black pigment of the block with the Hebrew inscription was identified as magnetite
black. It was assumed the Achaemenid black pigments are soot from the burning of organic
materials. Indeed, carbon black was previously found at Pasargadae and Persepolis [52]. It is
the first time that magnetite black has been reported in Achaemenid polychromy. It is
impossible, however, to declare that magnetite black was a prevalent pigment as much as
carbon-black during the time of the Achaemenids by finding a particle of magnetite. One
should consider the possibility of hematite reduction to magnetite due to the weathering of the
source rock (ore) [58]. This alteration is found in the natural deposits that high temperature and
high pressure of hydrogen can accelerate its reduction reaction, although, the more stable
phases of iron oxides are hematite and magnetite.

We do not want to exclude that some red and blue pigments identified on the paper squeeze
of the stone axe or on the paper squeeze of the rosette could have originated from modern pen
ink (Figure 11e). The ink may have been inserted either by Herzfeld and his team when they were
marking the area of the molding or by archaeologists or curators who were studying and
labeling the papers later.

Conclusions

Multianalytical investigations of four paper squeezes from previously unstudied stone reliefs
at Pasargadae and Persepolis contribute to our existing and growing knowledge about evidence
of ancient polychromy on these sites. There is evidence that an ear excavated in Palace P and a
feather crown from Palace R, both at Pasargadae, have been painted. Previous examinations
on the polychromy of other stone monuments close to the four architectural fragments and
features introduced here provided evidence for the use of hematite as red pigment, goethite
and cinnabar for red hues and carbon oxide to produce black pigment. Our study also suggests
that the painters used lazurite blue and, probably, magnetite black. These findings are
important in two respects. With ongoing studies on other monuments on the sites of
Pasargadae and Persepolis, this investigation provides additional evidence that parts of the
Achaemenid Persian stone facades were painted with blue materials probably made from lapis
lazuli. The lazurite blue particles identified on the squeezes indicate the importance of the use
of precious materials on the sites. Previously, only azurite and Egyptian blue were identified as
the main blue pigments used for Achaemenid stone reliefs. These findings also prove that
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indirect scientific investigation in combination with traditional methods of documentation
provides an opportunity to discover new information on ancient polychromies.
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