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Abstract: Roman wall paintings at Ostia Antica were studied for the first time in situ in an integrated
approach using nuclear magnetic resonance (NMR) depth profiling, portable X-ray fluorescence
(XREF), and visible induced luminescence (VIL) in order to explore the materials used in their con-
struction and gain insight into the evolution of the Roman painting technique over time. NMR re-
vealed the signatures of covered wall paintings through details of the structure of the top painted
mortar layers, and the loss of this information that can be encountered when paintings are detached
from the wall for preservation purposes. XRF provided information about the pigment composition
of the paintings, and VIL was used to identify Egyptian Blue. Egyptian Blue was only found in the
earlier wall paintings studied dating from 1st century B.C.E. to the 1st century C.E. The pigment
palette seems to become limited to iron-based pigments in the later paintings, whereas the palette
of the earlier paintings appears to be more varied including mercury, lead, and copper-based pig-
ments.
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Highlights

* NMR depth profiles reveal the mortar-layer signature of hidden wall paintings

* NMR suggests a doubling of the top mortar layer in high-quality wall paintings

* The mortar-layer stratigraphy is destroyed when detaching wall paintings from the
wall for preservation

* VIL suggests that Egyptian blue was used mostly in earlier and higher quality wall
paintings

1. Introduction

Ostia was the ancient harbor city of Rome during Antiquity. Located at the mouth
(Latin: Ostium) of the river Tiber, it was born as a military settlement to protect the nearby
city of Rome, the capital of the Roman Empire, and control trade across the sea. The city
has a history almost as long as Rome itself: Founded, according to the sources, by king
Ancus Marcius in the 7th century B.C.E., it was inhabited until at least the 6th century
C.E. Today, Ostia Antica is one of the biggest and richest archaeological sites in Italy, with
more than 34 ha excavated, mostly between 1939 and 1942. Large areas of the city have
been brought to light, revealing a large number of public and private buildings. Many of
these buildings still have their wall, floor, and (in some cases) ceiling decorations, offering
a complete and accurate view of the taste and trends in Roman times.

Nondestructive analytical methods are essential tools in cultural heritage diagnostics
[1]. Depth profiling with mobile NMR instruments is a comparatively new method in the
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portfolio of cultural heritage and art diagnostics [2-10]. The measurement explores the
hydrogen concentration and mobility of molecules similar to magnetic resonance imaging
(MRI) [11,12]. Variations in the hydrogen concentration and environment define the con-
trast in NMR depth profiles of layered materials. Moisture content, in porous media in
particular, is straightforward to quantify and has been investigated to study the prevailing
moisture in a wall painting [3], and other materials such as wood [13] as well as the per-
formance of stone consolidants [2,14].

Several wall paintings and wall painting fragments dating from the 1st century B.C.E.
to the 3rd century C.E. were investigated in Ostia Antica [15] by NMR depth profiling
[16], portable X-ray fluorescence (XRF) [17], and visible induced luminescence (VIL) [18—
21] to explore the materials used in their construction. This work expands a long-term
collaboration of the Pratt Institute in Brooklyn with RWTH Aachen University [22-24],
and with the Université Catholique de Louvain to analyze wall paintings in an art histor-
ical context [15]. Combining pigment analysis and depth profiling of painted walls has
unveiled hitherto hidden similarities among wall painting fragments as well as painted
walls supported by computer-assisted comparison of a large set of NMR depth profiles
based on principle-component analysis [24,25]. This relationship could now be tracked in
remnants of Egyptian blue in earlier and higher-quality wall paintings in Ostia Antica.
The signature of hidden wall paintings could be identified in NMR depth profiles for the
first time, and the stratigraphy of the top mortar layer in high-quality wall paintings was
found to be consistent with an application of that layer in two steps. It is found that during
detachment and conservation of wall paintings, the information provided by NMR depth
profiling of the mortar-layer stratigraphy is lost.

2. Materials and Methods
2.1. Materials

A selection of fragments was measured in the archeological storage facility of the site
along with a detached wall painting and a number of wall paintings from five different
buildings, which are shown in Figure 1.

Santuario della Bona Dea
Salcello del Silvano

Terme del Bagnino Buticosus
Case a Giardino

Mitreo di Lucrezio Menandro

LA ol ol Dl

Bte

Figure 1. Map of Ostia Antica showing the investigated sites in red.

The Santuario della Bona Dea (Sanctuary of the Good Goddess), located in the Fifth
Region of the city, is one of the few buildings of the city that still preserves Third and
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Fourth Styles paintings in situ, dated between the end of the 1st century B.C.E. and the
beginning of the 1st century C.E. The most recent paintings have been detached, con-
served, and reattached to a steel grid with a ventilation gap between the grid and the wall.
The Third-Style paintings, located in the cellar of the temple, are still attached to the wall
and only partially excavated, dating to the earlier construction of the temple (1%t century
B.C.E)).

The Terme del Bagnino Buticosus (Baths of the Attendant Buticosus) was built at the
turn of the 1st century C.E. and refurbished at the beginning of the 3rd century C.E. [26].
At this time, the painted west wall of room 1 with niches was decorated with a second,
painted mortar layer of low quality.

The Case a Giardino (Garden Houses) are a compact complex of living spaces and
shops constructed during the 2nd century C.E. between 123 and 125 A.D [27].

The Mitreo di Lucrezio Menandro (Mithraeum of Lucretius Menander). The mithraeum
was built at the very end of the 2nd century C.E. inside a former apartment house. This
house was decorated with rich wall paintings during the second half of the 1st century
C.E,, and the paintings were kept in place when the building was transformed into a
mithraeum [28].

The Chapel of Silvano (Salcello del Silvano) built in the 3rd century C.E. was a cult room
dedicated to the deity, “Silvano”, which is located in the Mill houses (Caseggiato dei Molini)
[28]. Due to time constraints, this room was only investigated by XRF and VIL.

2.2. NMR Depth Profiles

The NMR depth profiles are numbered as ‘spot n” in this work (Table 1). The walls
measured are described as follows:

The Santuario della Bona Dea: Two areas were measured on the detached paintings
(spots 1, 2). The third site measured (spot 3) was chosen on a wall painting from the cellar
and still attached to the wall for comparison.

The Terme del Bagnino Buticosus: Two areas were measured a niche apart (spots 4,5).

The Case a Giardino: Two areas were investigated, one on an outside wall protected
by a modern roof (spot 6) and one on an inside wall perpendicular to the outside wall
(spot 7).

Table 1. Location and description of the spots studied by NMR.

. . Spot
L D Ph
ocation escription Number oto
Santuario della Bona Dea detac.he(.i wall 1,2
painting
Santuario della Bona Dea wall section 3

Terme del Bagnino Buticosus wall sections 4,5
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wall sections front

jardi 7
Case a Giardino and side 6,
Mitreo di Lucrezio Menandro wall sections 8,9
Nuovi Depositi fragments 10, 11, 12

In the Mitreo di Lucrezio Menandro, two areas (spots 8 and 9) were studied, each in a
different room. Spot 8 is located in room 2, which belongs to the earlier time period of the
building construction. Spot 9 is located in the newer room and to the left of the Mithraeum
altar.

The wall painting fragments were selected according to their art-historical im-
portance and with attention to the available information on the absence of water-repellent
conservation treatments. The latter is important as in order to properly collect NMR depth
profiles, the porous material needs to be able to take up water, which becomes the source
of the NMR signal. The wall painting fragment with spot 10 derives from the second half
of the 1st century C.E. The fragment with spot 11 showed two painted mortar-layer as-
semblies: An older one from the 1st century B.C.E. was covered with a newer one from
the end of the 1st century C.E. The fragment with spot 12 has an intense red color. It dates
from the 1st century B.C.E. and is the oldest fragment studied in this project. It represents
a beautiful Second-Style monochrome landscape. Contrary to the painted walls, all frag-
ments were moisturized from both sides for NMR depth profiling to approach maximum
moisture saturation across their entire thickness.

The NMR measurements were conducted with a Magritek PM25 Profile NMR-
MOUSE with a maximum depth of access of 25 mm at a 1H NMR frequency of 13.85 MHz
(Figure 2a). The measured signal is the decay of the transverse nuclear magnetization (Fig-
ure 2b) established in the stray field of a strong permanent magnet, which is the dominant
component of the NMR-MOUSE. The signal is acquired with a multi-echo sequence fol-
lowing Carr, Purcell, Meiboom, and Gill, employing an echo time of tE = 120 us and a
pulse width of 25 us [11,12]. A total number of 64 echoes was recorded composing one
CPMG decay, and 256 scans were averaged with a recycle delay of 0.25 s at one sensor
position. Depending on the water saturation and the material properties, the acquired
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NMR signal decays in a non-exponential fashion. Its amplitude reports the number of hy-
drogen atoms in the sensitive slice. It scales with the moisture content. The signal decay
is analyzed in this work in terms of a sum of decaying exponential functions with charac-
teristic NMR relaxation times T2 and inverted into a distribution of relaxation times (Fig-
ure 2c). Although formally imprecise, this inversion is known as an inverse Laplace trans-
formation [11,12]. The recorded signal derives from a roughly square-shaped sensitive
slice with a 40 mm edge, which, depending on the measurement parameters, is about 0.2
mm thick. This slice is located at a fixed distance of 25 mm above the sensor surface. To
acquire a depth profile, the sensitive slice was shifted across the range of interest inside
the wall by changing the distance between the sensor and the wall in steps of 0.25 mm.
Before acquiring a depth profile, the spot under investigation was moisturized several
times with a mist of demineralized water from a spray bottle. For the water to be absorbed
by the painted wall, it is important that the surface has not been treated with wax or an-
other water-repellent substance. Even then, it took more than 30 min for the water to per-
meate to depths of 18 mm and more. Because of that, the shift direction of the NMR-
MOUSE between scans was set towards the wall in the forward direction of the water
migration into the object in order to accelerate the measurement process. In this way, three
to four depth profiles could be acquired in a day’s work.
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Figure 2. Measuring with the NMR-MOUSE. (a) The NMR-MOUSE set up on a translation stage,
which rests on a scaffold, ready to measure a depth profile at the Case a Giardino. (b) The measured
signal is a function that decays with time. (c) Inverse Laplace transformation decomposes the signal
decay into a distribution of relaxation times T>.

2.3. Portable X-ray Fluorescence (XRF)

The elemental composition of the painting surfaces, i.e., the possible pigments pre-
sent were investigated in situ with a portable X-Ray Fluorescence (XRF) spectrometer:
Bruker AXS Tracer III/IV® [17] operating at a voltage of 40 kV and a current of 1.15 uA
with nonfiltered Rhodium radiation with which elements of atomic number 13 (Al) and
higher can be detected. All measurements were acquired with an accumulation time of 30
s.

2.4. Visible Induced Luminescence (VIL)

The presence of Egyptian Blue was determined with Visible Induced Luminescence
(VIL) [18-21]. A Fuji FinePix S digital camera was modified by removing the inbuilt
UV/IR-blocking filter and replacing it with a NIR high pass filter. Two Nissin Di700A
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flashes with UV/IR cut filters served to excite the IR luminescence of the Egyptian Blue
pigment. All measurements were acquired in the dark with tarps surrounding the camera
to block stray radiation.

3. Results
3.1. Hidden Wall Paintings

From the wall painting fragments investigated at the Nuovi Depositi (the archeolog-
ical storage facility), the one with spot 11 showed two painted mortar-layer assemblies.
The covered, older one dates from the 1st century B.C.E. and the newer one from the end
of the 1st century C.E. (Figure 3a). It was customary to cover older wall paintings with
newer ones as the walls accumulated the traces of time and the style of decoration changed
over the years. The newer layer of the fragment was a bit thinner than the access range of
the NMR-MOUSE, so that the onset of the covered, older wall painting was within reach
of the depth profile. The moisture-content profile shows a rich structure, typical of several
mortar layers [23]. The depth-resolved distribution of relaxation times exhibits a peak at
long relaxation time near 10 ms across the entire range up to 16 mm with varying ampli-
tude, suggesting that free water has permeated throughout all layers of the fragment. Both
the moisture-content profile and the depth-resolved distribution of relaxation times are
discontinuous at the same depth of 17 mm as that measured with a ruler on the fragment
(Figure 3a). Little to no water is taken up in the interface region between the newer and
the older covered wall paintings. The very first millimeters of both wall paintings are
characterized by a peak at long relaxation times near 10 ms and one at shorter relaxation
times near 0.2 ms, suggesting similar surface properties of both wall paintings. These sig-
natures in the NMR depth profiles set a reference for other depth profiles, where a covered
wall painting is not confirmed by other means.
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Figure 3. Depth profiles of covered wall paintings. (a) A fragment from the Nuovi Depositi showing two layers of wall
paintings. (b) The west wall of room 1 of the Terme del Bagnino Buticosus exhibits a new mortar layer covering an older
one. (c) The Case a Giardino appeared to have a doubling of the mortar layer stratigraphy on the outside wall (left) while
the mortar layers were partially detached at the inside wall (right).

Contrary to fragments, wall paintings on walls can only be moisturized from one
side, so that the signal intensity decreases with depth. This was the case for the two pro-
files measured in the Terme del Bagnino Buticosus (Figure 3b; spots 4, 5) and the two profiles
from the Case a Giardino (Figure 3c; spots 6, 7). Two profiles were acquired at the niched
west wall of room 1 of the Terme del Bagnino Buticosus, one niche apart (Figure 3b, middle,
right; spots 4, 5). Heavy rain challenged the measurement, but the sensitive equipment
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could be protected in one of the roofed niches, assisted by an umbrella and a tent. The
original wall paintings had been refurbished with an uneven, newer, painted mortar layer
of low quality. The covered, older painted layer revealed its existence at a damaged edge
on the left side of the wall (Figure 3b, left). Although the water-saturation levels are dif-
ferent, both depth profiles show similar moisture-content profiles with a second peak be-
ginning to build up at 15 mm and 12 mm depths. This discontinuity in the moisture-con-
tent depth profiles is also evidenced in the depth-resolved relaxation-time distributions
by a disruption of the peak at long relaxation times and a noticeable change in amplitude
of the peak at short relaxation times. The peak at short relaxation times is only detected in
certain depth ranges, suggesting a layered mortar base, which is only recognized in the
moisture content profiles upon close inspection. With decreasing moisture content, the
signal in the distributions at long relaxation time shifts towards shorter relaxation time
and decreases in intensity. This results from the fact that the signal at long relaxation times
derives from water that is freer to move through large pores by wetting and drying, while
the signal at shorter relaxation times comes from water confined to small pores and pore
walls, which cannot move easily [11,29]. In view of that and the fact that spot 5 (Figure 3b,
right) has taken up more than double the moisture of spot 4 (Figure 3b, middle), the depth-
resolved relaxation-time distributions are also reminiscent of the reference depth profile
(Figure 3a) for spot 11 of the covered wall painting fragment.

The Case a Giardino is an integrated complex of living spaces and shops built between
123 and 125 C.E. Based on quality and accessibility, a painted wall outside and one inside
were chosen for measurement. The wall painting on the outside wall was still well at-
tached to the original brick wall. A crumbled edge revealed that the mortar layers applied
in the preparation of the painting appeared to have been doubled (Figure 3c, left). While
the moisture-content profile of spot 6 (Figure 3c, middle) reports a simpler mortar stratig-
raphy of this wall than for the fragment in the depository (Figure 3a; spot 11), it resembles
the profiles measured at the Terme del Bagnino Buticosus (Figure 3b; spots 4, 5). A second
peak starts to appear at a 14 mm depth consistent with the onset of a second layer struc-
ture. In the depth-resolved relaxation-time distribution, the peak at the long relaxation
time has faded away, and another peak begins to rise with increasing depth. The envelope
of the peak positions in the depth direction slightly declines with increasing depth at long
relaxation times and increases at short relaxation times. This observation agrees with the
interpretation that there is less water in the larger pores at a larger depth and even less
water in the smaller pores, consistent with the moisture-content profile decreasing with
depth.

To investigate if this doubling of the mortar stratigraphy was limited to the outer
wall, another spot was measured at an inner wall perpendicular to the outer one (Figure
3a, right; spot 7). The depth profile resembles that of spot 6 in the first 8 mm, but then the
signal amplitude drops significantly for the next 4 mm before it rises again (Figure 3c,
right). In view of the somewhat lower moisture content in spot 7, the relaxation-time dis-
tributions of both spots appear similar, except for the gap between 8 and 12 mm. This
provides evidence that the mortar layers at spot 7 had separated at 8 mm, a point where
the relaxation-time distribution at spot 6 (Figure 3c, middle) changes noticeably, indicat-
ing a transition to another layer. The existence of a gap was also confirmed acoustically
when slightly knocking on the painted wall. Unfortunately, the gap is too wide to access
the depth, where the onset of a second stratigraphy could be expected, such as that in spot
6.

The onset of peaks in moisture-content depth profiles at characteristic depths, here
14 to 17 mm, is the most obvious evidence in NMR depth profiles indicating a hidden wall
painting. Depth-resolved relaxation-time distributions are more difficult to read because
peak amplitudes and peak positions not only depend on the material properties of the
mortar layers but also on the water saturation, which decreases with depth and is hard to
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control experimentally. However, along with the moisture-content profiles, depth-re-
solved relaxation-time distributions suggest that a new set of layers leaves its signature in
a discontinuity of the peak at long relaxation times.

3.2. Stratigraphy of the Top Mortar Layers in Wall Paintings of High Quality

Some of the depth profiles from high-quality wall paintings revealed a striking sim-
ilarity in the first few millimeters, showing two prominent peaks. This is well visible in
the first 6 mm of the wall painting fragment in Figure 3a (spot 11) while in the profiles
from the Case a Giardino (Figure 3c; spots 6 and 7), such a splitting may also be indicated
in the first 3 mm by a hump on the right of the prominent surface peak towards a higher
depth. The splitting is also visible in the first 5 to 6 mm of the two profiles measured at
the Mitreo di Lucrezio Menandro (Figure 4a; spots 8, 9), whereby spot 9 took up only
about one-third of the water compared to spot 8, and the very first 3 mm take up even less
water. The fragment with spot 10 (Figure 4b, left) shows a peak slitting, such as that of
spot 8 on the wall of the Mitreo (Figure 4a, left), but the fragment with spot 12 (Figure 4b,
right) shows only one peak and only takes up a very small amount of water. The intricate
structure of the NMR depth profiles relates to the way the wall had been prepared for
painting with a sequence of mortar layers with decreasing grain size towards the surface
as described by Vitruvius [30]. The very first layer can be applied in two steps, the first
one at the time of building up the layer structure and the second one at the time right
before painting. Among others, this technique is documented in a house at Pompeii,
where the work of wall painting was discontinued by the eruption of Mount Vesuvius in
the year 79 C.E. [31,32]. This doubling of the first layer is hypothesized to be seen by the
two peaks in the range from 0 to 6 mm of the depth profiles from high-quality wall paint-
ings.

The water at spot 12 (Figure 4b, right) resides in the small pores as seen in the high
peak intensity of the depth-resolved distribution of relaxation times at a short relaxation
time. Interestingly, the amount of absorbed water increases with increasing depth. This
feature and the pronounced difference in water uptake between the different fragments
and wall sections is well visualized when the moisture-content profiles are drawn on the
same scale (Figure 4c). The fact that there are such large differences in water absorption
capacity suggests that the observed amount of water taken up results not only from dif-
ferent mortar formulations and variations in the wetting procedure but that the fragments
and walls with low water uptake had been treated with a water-repellent substance, in-
formation that had been unavailable at the time of measurement.
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Figure 4. Depth profiles from wall paintings of high quality. (a) Mitreo di Lucrezio Menandro (spots 8, 9). (b) Fragments
from the Nuovi Depositi (spots 10, 12). (c¢) Comparison of moisture-content depth profiles including that of the fragment

with spot 3.

3.3. NMR Depth Profiles of Wall Paintings in Different Conditions of Preservation and
Conservation

Not all wall paintings are suited for NMR depth profiling, and this is because the
NMR signal comes from a proton-rich substance in the pore space of the mortar-layer
structure. Demineralized water is the natural fluid of choice because it is readily available
and does not harm the painting when applied slowly as a fine mist as indicated by the
archeologists on site. Wall paintings that have been treated with a water-repelling agent
such as wax and certain stone strengtheners will not take up water easily. One example is
the fragment with spot 12 (Figure 4b, right), which appears to have been treated predom-
inantly from the front where the water ingress is lower than from the back. On the other
hand, the photo showing the side view of the fragment suggests a far richer layer structure
(Figure 5¢). A similar situation, albeit not as pronounced, is encountered with spot 10 (Fig-
ure 5b). The photo suggests a layer structure such as that of the fragment with spot 11
(Figure 5a), but the fragment takes up less water, and the water content profile reveals
only two peaks without further detail. Whereas the layer structure of a wall painting
treated with wax, or some other water-repellent substance, is not irreversibly lost, it is,
however, in the case of restoration processes involving the detachment of the painting
from the wall. This is the situation encountered with a wall painting in the Santuario della
Bona Dea. A wide wall painting section of Fourth Style, located in the portico around the
temple, had been detached from the wall, secured on an iron grid, and placed back onto
the wall with a gap in between for air ventilation (Figure 5d). Depth profiles (spots 1 and
2) were challenging to measure, because it was cumbersome to ensure water was absorbed
into the painted structure, suggesting a water-repellent surface treatment. In addition to
that, the steel frame on which the detached wall painting was mounted attracted the mag-
net of the NMR-MOUSE. However, the attraction force was weak enough to be controlled
so that two depth profiles could be measured, albeit at an apparent, and not the true,
depth scale. The apparent position of the sensitive slice is shifted due to the distortion of
the stray magnetic field of the sensor by the iron grid (Figure 5d; spots 1 and 2). Both
moisture-content profiles are uninformative, because the original mortar layers had been
ground down to a thin surface layer during the restoration process to apply a new backing
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to the painted surface. On the other hand, the profile from spot 3 of a partially excavated
wall painting still on its original wall and belonging to an early-phase construction of the
building (1st century B.C.E.) reports a different mortar stratigraphy (Figure 5e; spot 3).
Despite spraying the surface with water, the moisture content is low at the surface but
increases steeply with increasing depth. The low surface moisture is not surprising in view
of the measurement having been conducted on a hot day with the surface exposed to the
sun and the structure taking up the surface spray water very quickly. The high moisture
content further inside the wall is likely to be capillary water from the ground. Unfortu-
nately, the signal-to-noise ratio is low, so the depth-resolved distribution of relaxation
times appears fragmented. Nevertheless, two water populations can be identified, one
near T2 = 10 ms belonging to water in large pores and one near T2 = 0.1 ms from water
confined to small pores.
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Figure 5. Signatures of wall painting conservation treatment in NMR depth profiles of moisture content overlaid on photos
of their stratigraphy. (a) The untreated wall painting fragment with spot 11. (b) The wall painting fragment with spot 10.
(c) The fragment with spot 12. (d) Depth profiles from spots 1 and 2 of the detached wall painting in the Santuario della
Bona Dea. (e) Profile from spot 3 of a wall painting still on its original wall close to the ground in close vicinity to the
detached wall painting. On the left of the measured spot, the picture of a face appeared after wetting the wall.
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3.4. XRF and VIL Results

The elemental compositions of the areas studied by NMR were also analyzed by port-
able XRF and VIL to gain information about the pigments use and to correlate the wall
stratigraphy with its surface composition. Although XRF only gives information on the
elemental make up of the areas studied, the determination of the possible pigments pre-
sent can be aided by the knowledge of their availability with time (circa 1st century B.C.E.—
3rd century C.E.). In recent years, there has been an increased interest in the study of an-
cient Roman pigments and new information is now available [33—47]. Most of these stud-
ies, however, have been performed in the laboratory on either wall painting fragments or
samples. Moreover, there have only been a few studies of the pigment composition of
fragments of Ostian wall paintings [48-51]. The work presented here represents the first
in situ integrated approach in the analysis of Ostian wall paintings that still remain on-
site in their original buildings.

All areas analyzed by XRF display a high signal intensity for calcium. This is expected
due to the use of lime mortars in the wall preparation. Strontium is also always present
and also to be expected, as it is a common impurity found in limestone, the raw material
for the preparation of lime mortars. In addition, sulfur is also always found as a trace
element, whereby outdoor walls display a much higher Sulfur signal intensity. It is possi-
ble that the Sulfur signal from the outdoor walls results from sulfate efflorescences, alt-
hough this cannot be confirmed with XRF and would need to be further investigated by
XRD, FTIR or Raman. The XRF spectra of the areas corresponding to spots 3 and 8 studied
by NMR were the only ones that showed the presence of copper. These areas were also
analyzed by VIL to confirm the presence of Egyptian Blue. Table 2 shows the elemental
compositions at the areas of spots 1-9 and 12 studied by NMR. Due to time constraints at
the archeological site, and the time constraints of the number of experiments that could
be performed per day, it was not possible to analyze spots 10 and 11 by XRF nor VIL.
Likewise, “spot 13", the site at the Salcello del Silvano, was only investigated by XRF and
VIL but not by NMR due to the same time limitations.

Figure 6 shows the XRF spectra for the NMR-measured spots 1, 2, and 3 of the San-
tuario della Bona Dea (Figure 6a—c, respectively) and at the Terme del Bagnino Buticosus (Fig-
ure 6d,e). Spot 1, which is located on a red area of the wall painting, mainly exhibits a
high-intensity signal for iron and so the red pigment is assigned to an iron-based red (e.g.,
Red Ochre), although the use of organic lakes cannot be discarded and would need to be
further investigated by molecular techniques such as FTIR or Raman spectroscopy. Spot
2, located on a black area of the painting, mainly shows the presence of iron and manga-
nese, so the pigment is attributed to iron and manganese-based compounds such as um-
ber. However, the presence of an additional black pigment such as carbon black cannot
be ruled out by XRF. Spot 3 displays a richer palette, with the presence of yellows, red,
green, blue, and black pigments. Their elemental compositions (Table 2 and Figure 6c)
suggest the presence of Iron-based yellow, red, and green along with a copper-based blue,
later identified as Egyptian Blue by VIL. The black background is indirectly attributed to
carbon black, because of the lack of manganese and phosphorous, which would indicate
possible umber and bone black, respectively, on spot 3. Figure 6d,e shows the XRF spectra
obtained at the Terme del Bagnino Buticosus. Both spots 4 (Figure 6d) and 5 (Figure 6e)
mainly display a high signal for iron and therefore the red pigment is attributed to an
iron-based red.
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Figure 6. XRF spectra of spots 1-5. (a—c) Spectra of spotsl to 3 acquired at the Santuario Della Bona Dea. (d,e) Spectra of
spots 4 and 5 measured at the Terme del Bagnino Buticosus.
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The XRF spectra of spots 6 and 7 acquired at Case a Giardino (Figure 7a,b) are very
similar in their elemental composition, although spot 6 was measured on a yellow area
and spot 7 on a red area. Both spectra also mainly display a high signal intensity for Iron
and therefore the pigments on spots 6 and 7 were assigned to Iron-based yellow and red
(e.g., red and yellow ochres). Figure 7 shows the spectra acquired at the Mitreo di Lucrezio
Menandro on the NMR spots 8 (Figure 7c) and 9 (Figure 7d). The elemental composition
of the area of spot 8 shows the presence of copper, which was later assigned to Egyptian
Blue by VIL. This wall belongs to an early construction phase of the house dating to the
later part of the 1st century C.E., before the Mitreo was built. Spot 8 is in an area that also
displays white, green, and red pigments. Therefore, both red and green were assigned to
iron-based pigments and white to lime white (calcium-containing white).
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Figure 7. XRF spectra for spots 6 to 9. (a,b) Case del Giardino. (c,d) Mitreo di Lucrezio.

Figure 8 shows the XRF spectrum of spot 12, which displays a very high signal inten-
sity for mercury, and therefore the red pigment is attributed to cinnabar (Hg), which ap-
pears to be of high purity given the low signal observed for iron, which would otherwise
possibly indicate a mixture or layering of both cinnabar and an iron-based red.

Figure 9 shows the spectrum of the area corresponding to spot 13 at the Salcello del
Silvano, a chapel or cult room that dates to the 3rd century C.E. The spectrum shows a
high signal for iron and calcium and the significant presence of lead. These signals are
attributed to Iron and Lead-based pigments. Investigations of other areas of the wall
painting do not show the presence of Lead (data not shown) and mainly display high
signals for iron and calcium. It appears to be worthwhile to investigate whether the choice
of pigment more expensive than the iron-based ones [52] on the clothes of Silvano may be
due to its divinity status. Figure 10 shows the VIL images for the areas where Egyptian
Blue was detected: at the Santuario della Bona Dea, spot 3 (Figure 10a) and the Mitreo di
Lucrezio Menandro spot 8 (Figure 10b)

No Egyptian Blue was detected in any of the paintings studied that dated after the
1st century C.E. In addition, it is interesting to point out that the presence of cinnabar in
spot 12 correlates with a mortar stratigraphy more complex than for spots 3 and 8. A cor-
relation between the presence of the expensive cinnabar, and a more complex and higher-
quality mortar stratigraphy was also found in wall paintings at the Villa dei Papiri, in
Herculaneum, dating to before the earthquake of 62 C.E. [23]. This correlation between
more expensive pigments and its more complex layer preparation will be further investi-
gated in future campaigns at both sites.
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Figure 8. XRF spectra for spot 12 displaying the presence of mercury attributed to cinnabar.
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Figure 9. XRF spectra for spot 13 showing the presence of iron and traces of lead, which may indicate
a mixture of iron and lead-based pigments.

Figure 10. VIL of wall paintings and fragments containing Egyptian Blue and measured by NMR.
(a) Spot 3 at the Santuario della Bona Dea. (b) Spot 8 at the Mitreo de Lucrezio Menandro
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Table 2. XRF results for the different sites and fragments investigated.

Building/ Area Elements .
D P XRF/VIL
Fragment Spot ate studied Present igments by /
Ist
1 Ca, Fe, Sr (S) Iron-based red
cC.E.
Santuario 1st
della Bona ’ Ca, Fe, Mn, Sr Iron-Manganese based
Dea «CE S) black
1st Si Ca, Fe, Cu, Iron-base.d yellow, red z?nd
3* (Pb) green, pigments, Eqyptian
c¢B.C.E. Blue (C black)
3rd
Terme del 4 b %S Ca, Fe, (Pb) Iron-based red
Baoni cC.E. .
agnino
Botiscus 3rd
5 Ca, Fe Iron-based red
cC.E.
2nd
6 S, Ca, Fe, Sr Iron -based yellow
Case a c C.E.
giardino
2nd
7 ; S, Ca, Fe, Sr Iron-based red
cC.E.
1st (Si), Ca, Fe, Cu, Iron-based red, green and
Mitreo di 8 Sr yellows, Egyptian Blue,
Lucrezio cC.E. Calcium-based white
Menandro
9 Ca, Fe, Sr Calcium-based white
Fragments .
12 S, Ca, Fe, Hg, Sr Cinnabar (HgS)
Sal?ello del | S, Ca, Fe, Pb, Iron and Lead-based
Silvano 13 ] .
. - (Cu), (Zn), Sr pigments

4. Conclusions

The present study is the first integrated in situ approach to the investigation of the
materials and techniques of the wall paintings at Ostia Antica that remain on site at their
original settings. The NMR results presented here have shown that it is possible to suggest
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the presence of an earlier hidden painting below a newer one without the need for de-
structive sampling. This was shown repeatedly both on fragments as well as on the wall
paintings studied at the site. NMR has also shown that the mortar stratigraphy infor-
mation is lost when wall paintings are detached from their original sites for preservation
purposes, whereby the painting surface is preserved but the information on the construc-
tion and wall preparation is lost through the removal process.

XRF and VIL analyses of the paintings suggest that a richer pigment palette seems to
be present in earlier wall paintings and the artists’ palette seems to become limited to earth
colors (iron-based pigments) with the rare use of lead pigments and the apparent “loss”
of Egyptian blue on the later paintings (2nd-3rd centuries C.E.). This is also observed in a
recent study on Ostian wall painting fragments dating from the 2nd Century B.C.E. to the
1st century C.E. [51]. A pigment palette containing red and yellow ochres, green earth,
cinnabar, Egyptian blue along with lead white is found in paintings dating to that period.
However, the study does not provide information on wall paintings dating to after the 1st
century C.E. It is interesting to point out that the present XRF study did not detect chro-
mium on the green areas analyzed in contrast to the presence of chromium in several of
the fragments investigated in [51].

The earlier wall paintings studied here also display a more complex NMR stratigra-
phy, which could be correlated to the presence of a richer pigment palette including Egyp-
tian Blue and precious pigments such as cinnabar, although this needs to be investigated
further. Additional studies both on buildings of different time periods and fragments are
in need to tighten the correlation of NMR stratigraphy and pigment use.

Although the presence of organic coatings can be inferred by poor water uptake of
the wall paintings, we plan to include in situ FTIR analyses, which will allow us to confirm
the presence of coatings and reveal their composition. Moreover, the pigments will be
further investigated with the use of a portable Raman spectrometer along with FTIR,
which will allow us to further interpret the XRF results presented here.
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