Depth profiling of wall painting from Villa della Piscina by LIBS technique
1st sample
Violeta Lazic
ENEA TECFIS-DIM Frascati
The sample and the measurements
The analyzed fragment is shown in (Fig. 1) and has the code 21_4.

Figure 1: Sample

The laser energy on the sample was set to 30 mJ and the repetition rate was 2 Hz. The spot diameter on the
sample was of 0.23 mm and 100 pulses were applied at one point.

Beige - edge
The laser induced crater is very small and here (Fig. 2) it cannot be discerned from irregularities already present
on the surface. At this point, during the laser sampling a video was registered showing that after 6 pulses a
white colored layer was reached while the crater’s bottom turns to a dark color after about 28 pulses.

Figure 2: Laser induced crater on the beige area close to the edge (indicated with the arrow)

On this pigment three elements have been detected by PIXE technique: Fe, Cu and Pb.
By LIBS we detected here 21 elements excluding O and N that are also present in air.
From the depth profiling, shown in Fig. 3 for some elements where their line intensities are normalized on a
not saturated Ca I line (452.6 nm), we might observe that:
1) Pb is present in all sample layers but its intensity decays with depth, reaching a stable value after about 18
laser pulses.
2) Composition of the top layer – after the first pulse (S1) is different than shots 3-4 (L1) where, for example,
there is the highest content of Zn and less Ti, Fe and Na.
3) Starting from shot 5 (in the video we had observed the color change at the shot 6) there is an increase in the
intensity of Ti, Fe and Zn. In following we averaged and analyzed the spectra for the layer L2 between the 7th
and the 11th laser shot.
4) From about shot 30 the composition is practically stable and for estimating the composition here (L3) we
used the spectra averaged over laser pulses 35-65.

Figure 3: Normalized line intensities ratio (on Ca) from Pb, Zn, Ti, Fe and Na during depth profiling of beige area close to the edge.

The examples of the spectra are shown in Fig. 4. The analytical lines from all the observed elements and
normalized on a not saturated Ca I line (452.6 nm) are shown in Figs. 5-7 for Shot 1 (S1) and for the layers L1,
L2 and L3 (see Fig. 3). In case of layers we considered the averaged spectra in the chosen interval of the laser
pulses.

Figure 4: Spectra from beige area for shot 1 (S1) and for the layer 3 (L3), top – full range, bottom – details

Figure 5: Relative ratios of Mg, Si, Al, Na, Li, K, Ba and Ca for the shot 1 and in the layers L1-L3 on the beige area

Figure 6: Relative ratios of C, Cu, Mn, Fe, Pb, Ti and Ca for the shot 1 and in the layers L1-L3 on the beige area

Figure 7: Relative ratios of Cr, V, Zn, Rb and Ca for the shot 1 and in the layers L1-L3 on the beige area

Results of the depth profiling:
1) The surface contains the highest amount of C, Na, Li, K, Ba and Rb and they all, excluding Na, progressively
decay with depth. It seems that there is a kind of varnish here
2) The first layer below the surface is rich in Mn, Fe, Zn, Cr and Sr where the first two elements might
contribute to the coloration
3) The white layer (L2) is characterized by the highest amount of Fe, Cr, V, Si and Al
4) In the bulk (L3) Ca presence is dominant and all the other elements except Mg have the lowest
concentrations among the examined layers.

White strip

Figure 8: Laser induced crater on the white strip (indicated with the arrow)

The sampling point corresponds to a removed colored layer (Fig. 8). The element lines normalized on the Ca I
peak as a function of the shot number are shown in Fig. 9. After only 4 laser pulses the almost stable values of
the line ratios are reached. All the elements except Ca are reduced when passing from S1 to L1 (not shown).

Figure 9: Normalized line intensities ratio (on Ca) from Pb, Zn, Ti, Fe and Na during depth profiling of white strip.

Both on the surface (S1) and in the bulk (L2) the ratios of Cr, V, Zn and Ca are too low for being attributed to
the transition white layer (L2) observed when analyzing the beige pigment.

Light blue pigment (azzurro)
On this pigment four elements have been detected by PIXE technique: Cu, Si, Na and Pb. From depth profiling,
shown in Fig. 10, we might observe that:
1) Pb is present in all sample layers but its intensity rapidly decays wit depth, reaching a stable value after
about 12 laser pulses.
2) Composition of the top layer – after the first pulse (S1) is different than shots 3-4 (L2) where, for example,
there is a higher content of Zn and less Pb, Fe and Ti.
3) Between 18th and 69th shot the composition is practically stable and in following we considered the averaged
data for shots 30-60 as belonging to layer 2 (L2)
4) At the shot 70th ((S70) it seems that a new interface is reached as we observed an important jump of the Zn
line intensity together with an increased Fe emission. After this point there is an increase in Na line intensities,
assigned to layer 3 (L3) for which we considered in following the spectra averaged over shots 78-92. However,
this change in the measured composition might also occur if the crater walls collapse.

Figure 10: Normalized line intensities ratio (on Ca) from Pb, Zn, Ti, Fe and Na during depth profiling of “azzurro” pigment.

The analytical lines from all the observed elements and normalized on the Ca I line are shown in Figs. 11-13 for
Shot 1, Shot 70 and the layers L1, L2 and L3 (see Fig. 10). For the layers, we considered the averaged spectra in
the chosen interval of the laser pulses.

Figure 11: Relative ratios of Mg, Si, Al, Na, Li, K, Ba and Ca for the shots 1, 70 and in the layers L1-L3 for the azzurro pigment

Figure 12: Relative ratios of C, Cu, Mn, Fe, Pb, Ti and Ca for the shots 1, 70 and in the layers L1-L3 for the azzurro pigment

Figure 13: Relative ratios of Cr, V, Zn, Rb and Ca for the shots 1, 70 and in the layers L1-L3 for the azzurro pigment

From the depth profiling it is evident that:
1) The top pigment “azzurro” might be based on Lazurite (Na8-10Al6Si6O24S2–4)) as we detected the highest
content of Si, Al and Na in S1. The top layer contains also the highest amount of Pb, Ti, Li, K, Cr, V and Rb
2) Both Pb and Sn have the highest concentration on the sample surface
3) Cu does not contribute to the coloration as its presence does not change importantly through the layers
4) The role of Zn in the coloration is not clear as it has the maximum beneath the sample surface (in L1), as in
case of the beige area, and here for S70.
5) Presence of an interface or the crater’s wall collapse at S70 is confirmed from the increased amount of Cr, V,
and Rb beside that of Zn and Fe
6) The deepest layer (L3) is the richest in Ca at expense of the all other elements except Na.

Green pigment
On this pigment four elements have been detected by PIXE technique: Cu and Pb.
From depth profiling by LIBS, shown in Fig. 14, it seems that there is a presence of overpainting:
1) As for the previously discussed pigments, after the first shot (S1) there is a layer richer in Zn but in case of
the green pigment the maximum Pb and Fe emissions occur after the 5th shot and not on the top (S1). Around
this point we considered the layer 1 (L1) between shots 4-6.
2) Around the shot 15 there is another layer (L2) rich in Zn and we considered the shots 12-17 as the layer 2
(L2).
3) For the bulk composition we took the interval L3 between 40-65 shots.
4) Again, n the deepest sampled layers it seems that there is an increase of Na and Ti signal, so the last
considered layer was taken between 73-93 shots.

Figure 14: Normalized line intensities ratio (on Ca) from Pb, Zn, Ti, Fe and Na during depth profiling of green pigment

From the results of the depth profiling (Fig.s 15-17) we might observe that:
1) The pigment’s surface has the highest presence of Mn and Ba only and this might be due to the surface
contamination
2) If we consider the “clean” green pigment as L1, it is characterized by a large presence of Cu, Fe and C. Here,
also Pb has the maximum concentration as well as the other elements like Mg, Si, Al, Ti, Na, K and Rb.
3) The next layer, L2 has very similar element ratios as azzurro pigment, characterized by a large presence of Cr,
Zn, Sr beside Fe and Rb that are well present also in the green layer. All this indicates an overpainting.
4) On this painting the behaviors of Pb and Sn are very similar for S1 and in layers L1-L2.

Figure 15: Relative ratios of Mg, Si, Al, Na, Li, K, Ba and Ca for the shot 1 and in the layers L1-L4 for the green pigment

Figure 16: Relative ratios of C, Cu, Mn, Fe, Pb, Ti and Ca for the shots 1, 70 and in the layers L1-L4 for the green pigment

Figure 17: Relative ratios of Cr, V, Zn, Rb and Ca for the shot 1 and in the layers L1-L4 for the green pigment

The different amount of Fe and Cu in the green/blue layers suggest the alternace of celadonite and Egyptina
blue in the repainting.

Celadonite (Fe>Cu)
Blu egizio (Cu>Fe)

Yellow pigment
Here only two elements have been detected by PIXE technique: Mn and Pb. Results of depth profiling by LIBS
(photo Fig. 18 and Fig. 19) indicate that:
1) After the first shot there is a large layer with similar, although oscillating line ratios, here considered
between 5-20 shots. This varnish also visually looks thick.
2) At the shot 22 there is a huge jump in Mn and Pb line intensities (S22) followed by a strong Na emission
between shots 24-33 and this was attributed to a visible disruption of the crater’s wall.
3) The emission line ratios are then stable and L2 was calculated from the shots 40-75
4) Later, there is an important increase in Ti emission and we analyzed another layer (L3) between the shots
85-96.

Figure 18: Photo of the sampled yellow pigment; the arrow indicates the laser induced crater

Figure 19: Normalized line intensities ratio (on Ca) from Pb, Mn, Ti, Fe and Na during depth profiling of yellow pigment

Comments of the results of the stratigraphy, excluding the shot 22 interpreted as a moment of the crater’s wall
collapse :
1) The surface has the highest presence of Fe, Mn and Pb beside Na, Li, Ba, V, Rb, Cr and Ti. Fe and Mn keep
high values also in the underneath layer (L2), indicating that the pigment contains the both elements. As also
Pb, Rb, Na, Li and V are the highest in the top layers (S1 and L1) these elements might be attributed to the
mixture used for the painting.

2) Again, the sub-surface contains the highest amount of Zn placing a question if this element is always a part
of a pigment but it immigrates below the sample’s top. In L1 here there is also the highest concentration of Cu
although this element has high values also in the bulk (L3)
3) The deepest layer (L3) is the richest in Ca where the all elements except Mg and Ti are in lower
concentrations than in the upper layers. Here, the high amount of Ti should be further examined.

Figure 20: Relative ratios of Mg, Si, Al, Na, Li, K, Ba and Ca for the shots 1 and 22, and in the layers L1-L3 for the yellow pigment

Figure 21: Relative ratios of C, Cu, Mn, Fe, Pb, Ti and Ca for the shots 1, 22 and in the layers L1-L3 for the yellow pigment

Figure 22: Relative ratios of Cr, V, Zn, Rb and Ca for the shots 1 and 22, and in the layers L1-L3 for the yellow pigment

Brown pigment
Here the elements detected by PIXE technique are Fe, Cu and Pb. From the depth profiling by LIBS (Fig. 23) we
identified:
1) A subsurface layer for shots 2-4 (L1) that is rich in Fe
2) The next layer that keeps high values of Pb and Na, here analyzed between shots 9-22 (L2)
3) For the bulk, we analyzed the spectra averaged between 45-85 shots (L3)

Figure 23: Normalized line intensities ratio (on Ca) from Pb, Mn, Ti, Fe and Na during depth profiling of brown pigment

The results if depth profiling:
1) The pigment is based on Mn and Fe, and the top layers (S1 and L1) also have the highest amount of Na, Li, K,
Ba, Zn, V and Rb.
2) The layer 2 is rich in Sn, Pb, Ti, Fe compared to the bulk (L3) and it contains the highest concentration of C,
Cu, Mg, Si and Al

Figure 24: Relative ratios of Mg, Si, Al, Na, Li, K, Ba and Ca for the shot 1 and in the layers L1-L3 for the brown pigment

Figure 25: Relative ratios of C, Cu, Mn, Fe, Pb, Ti and Ca for the shot 1 and in the layers L1-L3 for the brown pigment

Figure 26: Relative ratios of Cr, V, Zn, Rb and Ca for the shot 1 and in the layers L1-L3 for the brown pigment

CONSLUSIONS

 Pb is present in all layers and pigments analyzed. Compared to the white (unpainted surface) in all the
colored areas, particularly on the yellow one (thick), Pb show higher values (Fig. 27).

Figure 27: Relative ratios of Pb and Ca as a function of the shot number for all the probed areas

 The beige area (edge) seems to have a surface a coating. Colorations here is due to Fe and Mn while Cu
in the pigment has slightly higher values of Cu compared to the bulk. The underneath white layer,
starting from the shot 5 or 6, is characterized by the highest amount of Fe, Cr, V, Si and Al.
 The area with azzurro color has the highest content of Fe, Mn, Ba, Si, Al and Na beside the light
elements and Pb
 The green painted layer is characterized by a large presence of Cu, Fe and C beside the light elements.
Under this painting we found a layer with very similar element ratios as azzurro pigment, characterized
by a large presence of Cr, Zn, Sr beside Fe that is well present also in the green layer. All these indicate
an overpainting.
 The thick yellow coloration is due to Fe and Mn and here we observed a large amount of Pb, Na, Li, Ba,
V, Rb, Cr and Ti.
 The pigment is based on Mn and Fe, and the top layers (S1 and L1) also have the highest amount of Na,
Li, K, Ba, Zn, V and Rb. Here, Cu is less present than in the bulk.
 Sn values are the highest in top layers of yellow and brown pigment

Role of TiO2 at the surface
Upon indication from Raman spectra, it has been attempted to check if titanium (detected as TiO2 traces in the
anatase form on Raman spectra) could be due to a modern restoration or the suggested addition of kaolin (an
Alumina idrosilicate Al2O3•2SiO2•2H2O) to the pigments whenever lighter tones were desired.
In order to check the latter hypothesis a correlation analysis was performed on differently colored area where
Ti was detected by LIBS. Results are shown in fig. 28 and annex Table. The correlation of Ti and Al is very clear
for all colors except brown. The suggested use of kaolin as whiter is thus confirmed.
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Depth profiling of wall painting from Villa della Piscina by LIBS technique
2nd sample
Violeta Lazic
ENEA TECFIS-DIM Frascati
The sample and the measurements
The analyzed fragment is shown in (Fig. 1) and has the code 31_3.

Figure 1: Sample

The laser energy on the sample was set to 30 mJ and the repetition rate was of 2 Hz. The spot diameter on the
sample was of 0.3 mm and 50 pulses were applied at the each examined point. The acquisition delay was 1.5
and the gate (minimum) was of 1.05 ms.

Light blue pigment
On this pigment four elements have been detected by PIXE technique: Cu, Fe, Ca and Pb. From depth profiling
(Figure 2), where the average ablation rate corresponds to 1.2 µm/shot, we might observe that:
1) The pigment is based on Cu and Fe where Cu has a not uniform distribution (grains).
2) Pb is present also beneath the pigment and its concentration is slightly higher in the top layers than in the
bulk.
3) Ti is clearly a part of the decorative layer, which thickness is of about 11 µm.

Figure 2: Normalized line intensities or ratios ratio (on Ca) for Fe, Cu, Ti, Pb, Li and Ca during depth profiling of the “celeste” pigment.

Yellow pigment
From depth profiling (Figure 2), where the average ablation rate corresponds to 1.2 µm/shot, we might
observe that:
1) The pigment contains both Fe and Cu.
2) Pb concentration is the same as in the bulk.
3) Ti is clearly a part of the decorative layer

Figure 3: Normalized line intensities or ratios ratio (on Ca) for Fe, Cu, Ti, Pb, Li and Ca during depth profiling of the yellow pigment.

Brown pigment
On this pigment four elements have been detected by PIXE technique: Fe, Ca, Sr and Pb. From depth profiling
by LIBS (Figure 4) we might observe that:
1) The pigment contains both Fe and Cu.
2) Pb concentration lower than in the bulk.
3) Ti is present in the decorative layer

Figure 4: Normalized line intensities or ratios ratio (on Ca) for Fe, Cu, Ti, Pb, Li and Ca during depth profiling of the brown pigment.

Red pigment
On this pigment four elements have been detected by PIXE technique: Fe, Ca and K. The color is ablated
already by 2 laser pulses. From the depth profiling by LIBS (Figure 5) it is evident that:
1) The pigment contains both Fe and Cu.
2) Pb concentration similar to that in the bulk.
3) Ti is present in the decorative layer

Figure 5: Normalized line intensities or ratios ratio (on Ca) for Fe, Cu, Ti, Pb, Li and Ca during depth profiling of the red pigment.

White pigment
On this pigment the elements detected by PIXE are: Ca, Sr and Pb. Excluding the first, cleaning shot, the signals
are quite stable during depth profiling (Fig.6) except for the 12th pulse. Here, it seems that an interface with the
preparation layer is reached.

Figure 6: Normalized line intensities or ratios ratio (on Ca) for Fe, Cu, Ti, Pb, Li and Ca during depth profiling of the white pigment.

White preparation layer
The measurements were performed at the sample’s edge where the decorative layer had been detached.
Except for the first laser shot where some contamination is present, the signal for the detected elements,
normalized on the corresponding Ca I line, is stable. Here we observed Cu in extremely low concentrations
compared to the other, previously examined layers.
Comparison between differente pigments and the preparation layer

Comments:
•

Both the red and blue pigment contain Fe and Cu. Because the red color contains much less Ca
compared to the other colors, as measured by PIXE, the normalization on Ca gives high element ratios
for many elements.

•

On the red area both Si and Al are very high.

•

Pb results somehow higher in the top layers painted by red, blue and white respect to the preparation
layer but this is probably caused by the fluctuating Pb distribution, as observed from the depth
profiling. From the last, some systematically higher values of Pb than in the bulk occur just slightly on
the blue color.

•

Ti is present in yellow, brown and blue painting.

•

White painting seems very similar to the preparation layer and the main diffrences regard higher
amounts of light elements in the painting

