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Abstract Very few real easel paintings have been scanned by means of terahertz time-domain
imaging (THz-TDI) up to now. In this study, four different areas of an eighteenth century easel
painting have been scanned by THz-TDI with the aim of proving useful information to the
conservators for its imminent restoration treatment, owing to the complexity of its structure.
Despite the unevenness of the layers composing the painting (lining canvas, original canvas,
patching materials, and paint layers), the recorded THz dataset has been processed so that the
THz images of the single layers composing the multilayered object have been clearly obtained.
Relevant information about the painting structure, the presence of structural defects,
overpainting, and the existence and extension of the original remains could have been
determined. Infrared photography and X-ray radiography have been used for integrating the
collected THz data and comparing the different outputs.
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1 Introduction
Terahertz is defined as the radiation ranging from about 0.1 to 10 THz (wavelength 3 mm–
30 μm, wavenumber 3.3–333 cm−1). Even though they cannot penetrate metal and are strongly
attenuated by water, THz waves can penetrate a wide variety of nonconducting materials. They
can pass through clothing, paper, cardboard, wood, masonry, plastic, ceramics, and also paint
layers [1].
Terahertz time-domain imaging (THz-TDI) systems are based on terahertz time-domain
spectroscopy, in which the properties of a material are probed with short pulses of terahertz
radiation. The THz generation and detection scheme is sensitive to the sample material’s effect
on both the amplitude and the phase of the radiation. When used in reflection geometry, the
system can be exploited for extracting tomographic results and information about each
reflecting layer of a sample [2–4].
Owing to the capacities of imaging single layers of a multilayered sample and to the
existence of portable THz-TDI systems, THz-TDI is finding application for examining paintings [5–9] and other cultural heritage objects [10, 11]. In addition, contrary to X-ray, terahertz
radiation has low photon energy and it is non-ionizing; thus, it is safe for the paintings and the
operators working with it. Terahertz imaging has been tested for the study of cultural heritage
with promising results, having the ability to image depictions underlying the superficial ones or
giving information about their structure and composing materials. From 2006 up to now, a small
number of painting replica [12] and real easel paintings have been investigated with terahertz
time-domain imaging [8, 13–18]. In our previous work [8], the single layers composing a
neoclassical easel painting belonging to the National Gallery of Denmark have been imaged
singularly by using a signal separation method which can work for uneven surfaces.
In this study, a heavily retouched and restored easel painting has been examined by THzTDI before a conservation intervention to provide useful information for carrying on the
restoration work, with the aim of providing insights about its complex structure. A lining
intervention was performed on the painting during a past conservation treatment and the
unevenness of the double canvas layer was so extreme that obtaining THz aerial images of the
single uneven layers composing the multilayered object has been challenging. The adopted
signal separation method worked well for imaging the single regions of interest composing the
multilayered object, with an impressive high level of clarity.
The THz examination provided essential information about the original state, later additions
and preservation state of the painting, where the THz records have been combined with those
obtained by X-ray radiography (XRR) and reflected infrared (IR) photography.

2 The Investigated Paintings
The investigated art piece (Fig. 1) belongs to the Cathedral of Tepic (Mexico, MX, 21.5119407
N, 104.8915346 W), and it is exposed in the Chapel of the Sagrario. It is an oil painting on
linen canvas, probably dated at the eighteenth century. It represents San Joaquín holding the
enfant Mary.
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Fig. 1 The easel painting San
Joaquín y la Virgen. The white
squares localize the four scanned
areas

On the back of the painting, a cotton fabric covered by a layer of silver paint was placed
during a past conservation intervention. This past restoration caused new problems which
affected both the original canvas and the pictorial layers, where a generalized cracking pattern
was generated. In addition, several layers of repaints were found on the original depiction,
differing significantly from the general characteristics of the Mexican painting of the viceroyalty period. In order to evaluate the presence and the preservation state of the original paint
layers and to assess the feasibility of the removal of the overpaintings, we have scanned the
sample with THz time-domain imaging, comparing the output data with those obtained by
XRR and IR photography.

3 Analytical Instrumentation and Methods
The THz-TDI investigations of the painting were performed with a portable Picometrix T-Ray
5000 device, consisting of a femtosecond fiber laser coupled to a photoconductive transceiver
head mounted on an XY-scanning stage and a rapid-scanning normal incidence system for
generating and detecting terahertz frequency pulses within the range of 0.1–1 THz. Four areas
of the painting (Fig. 1) were raster scanned in a reflection configuration at normal incidence
[19].
For the area no. 1 (15 × 15 cm), the scan velocity was set to 70 mm/s (0.5 mm pixel size, 7.1
temporal waveforms averaged per pixel at a data acquisition rate of 1000 scans/s). For the area
no. 2 (15 × 13 cm), no. 3 (15 × 15 cm), and no. 4 (15 × 15 cm), the scan velocity was set to
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Fig. 2 a Waveform (100, 200) extracted from the THz dataset shown in Fig. 3b; the red points represent the
maximum and the minimum of the signal. b Fourier transform of the waveform (100, 200) extracted from the
THz dataset shown in Fig. 3b; in purple, the area bounded above by the spectral amplitude within the 0.025–0.93
THz. c In black, the same waveform shown in a; six ROIs have been isolated from the waveform, colored in pink
(ROI1), blue (ROI2), magenta (ROI3), green (ROI4), red (ROI5), and yellow (ROI6). These segments of the
signal have been used for plotting the images of Fig. 5

100 mm/s (1 mm pixel size, 10 temporal waveforms averaged per pixel at a data acquisition
rate of 1000 scans/s).
The 160 ps measurement window has a temporal resolution of 0.1 ps.
In the text, we will present THz C- and B-scans, using a nomenclature in common with that
used for ultrasonic testing, and time-of-flight (TOF) plots.
Depending on the THz image shown in the text, the calculated parameters at each pixel are
the peak-to-peak value, E(t)max–E(t)min (Fig. 2a), the signal amplitude integrated within a
certain time interval, the integral of the Fourier transform of the signal at specific frequency
ranges (Fig. 2b), and the value of the spectral amplitude at a specific frequency.
The single regions of interest (ROIs) of the signals have been separated by using the
method described in [8]. Figure 2c shows the six regions of interest isolated from the
waveform (x, y) = (100, 200) extracted from the THz dataset (Fig. 3b) recorded for the scanned
area no. 1.
If not indicated otherwise within the text, the pixel values of the THz C-scans are imaged by
a 0–255 (black-white) grayscale color map.
The X-ray images were acquired by a high-frequency Mara Universal Russian PBL II
(40 kV/1.4 mA) equipment which generates digital images by a green phosphor plate. XR
radiographs were recorded at 40 kV voltage, 1.2–1.4 mA, acquisition time 14 ms.
The infrared photographs were taken with a CCD digital medium format Phase one 40+
camera. An external UV-visible filter was used for limiting the acquisition range to 720–
1100 nm. A 100-W bulb was used as light sources.
X-ray radiographs and IR images were acquired for the areas corresponding to the areas 1,
2, and 3 of Fig. 1.

4 Results and Discussion
Figure 3a, b shows the visible detail of the scanned area no. 1 and the corresponding terahertz
image (spectral amplitude integrated over the 0.025–0.93 THz; Figs. 2b and 3b). The THz
record shows an extremely pale appearance of the hand.
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Fig. 3 a Visible image of the scanned area no. 1. b THz frequency parametric image of the scanned area. c 2D
TOF plot of the area highlighted in b by a red dashed square. d 3D TOF plot

Areas of high intensity in the THz image are found in correspondence of the sleeve of the
Virgin dress, at pixels (x, y) = (0–150, 0–150). By looking at the 2D TOF plot of this detail
(Fig. 3c), it is clearly understood that these high-intensity areas depend upon accidental
prominences of the painting surface at that location, which cause variations in the arrival
times and amplitudes of the signals. The 3D TOF (Fig. 3d) shows how the painting surface is
tilted towards the transceiver head: in fact, the painting frame was bent when the THz
measurements were taken. Despite this, the 3D TOF plot shows how the dark converging
lines visible in the THz C-scan of Fig. 3b at about the pixel coordinates (x, y) = (150–300, 75–
300) correspond to some depressions of the surface, possibly to abrasions of the paint surface.
The THz B-scan of Fig. 4a, at scanline y = 61, shows the stratigraphy of the painting.
It can be observed that a restoration canvas has been added on the back of the painting to
strengthen the original one. The two canvases are highlighted in Fig. 4b, where the THz
dielectric interface corresponding to the original canvas is shown in green and the one
corresponding to the restoration one appears in yellow. The two canvases do not always
match, and the original is often found detached and lifted up from the restoration canvas. The
THz region between the two canvases is highlighted in red in the B-scan of Fig. 4b.
Consequently, by crossing the THz B- and C-scan datasets, it can be deduced that the
prominences previously detected within the painting surface are caused by defects of adhesion
among the canvases.

Fig. 4 a B-scan at scanline y = 61. The scanline is plotted as dashed yellow line in Fig. 3b. b B-scan at scanline
y = 61, in grayscale color map. The interfaces corresponding to the original canvas and the region between the
canvas and the restoration canvas have been highlighted in green, red, and yellow respectively. c B-scan at
scanline y = 200. The scanline is plotted as dashed yellow line in Fig. 3b. d B-scan at scanline y = 200, in
grayscale color map. The isolated ROIs have been highlighted with different color: pink, first ROI; blue, second
ROI; magenta, third ROI; green, fourth ROI; red, fifth ROI; yellow, sixth ROI; they correspond to the colored
signal segments shown in Fig. 2c
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Figure 4c shows the B-scan at scanline y = 200. An extra patch has been added locally on
the back of the painting and it can be observed on the B-scan as the last interface located
between the pixel nos. 125 and 225 approximately.
The pulses arising from the reflections at the interfaces corresponding to the ROIs have
been isolated from the entire waveforms as described in Section 3 (Fig. 2c). Figure 4d shows
the B-scan at scanline y = 200 in grayscale color map, while the isolated regions of interest
appear pink (painting surface), blue (back of the surface paint layer), dark pink (at the
preparation layer), green (original canvas), red (canvas/canvas interface), and yellow (restoration canvas).
The corresponding THz C-scans are plotted in Fig. 5a–f, where the imaged parameter is
E(t) integrated within the time intervals corresponding to the single ROIs.
The hand of the Virgin does not show any contrast in the THz image of the surface of the
painting (Fig. 5a), while it can be detected at inner paint layers (Fig. 5b), until the preparation
one (Fig. 5c). Those ROIs correspond to the THz signal recorded at 1.5–3.5 and 2.2–5.5 ps
after the signal global maximum respectively. We have interpreted this evidence as that the
original hand of the Virgin is currently hidden behind a later overpainting. While the original
hand of the Virgin has been painted with a pigment highly reflecting the THz radiation at the
exploited frequencies, it has successively been overpainted with a paint having no special
response within the inspected THz range. From the literature, we know that among the white
pigment, the lead white (basic lead carbonate) is the one which has a strong absorption in the
0.1–1 THz range [6]. It follows that the overpainting does not contain this pigment, while it is
highly conceivable that this pigment was used for painting the original flesh. This assumption
it is supported by the XRR record acquired from the same area, which shows the original hand
of the child (Fig. 10d) as the most radiopaque area of the painting, but not the overpainted

Fig. 5 THz images of the first scanned area and corresponding to the first (a), second (b), third (c), fourth (d),
fifth (e), and sixth (f) ROIs, as shown in Figs. 2c and 4d
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hand. Owing to its characteristic absorption within the 0.1–1 THz range and to the lead
shielding effect versus the X-rays, lead white is most likely the pigment used.
Despite the presence of the overpainting, the original depiction seems to be well preserved
at least in correspondence of the thumb and the palm of the hand. The THz image of the
original canvas is presented in Fig. 5d, while the lining canvas in Fig. 5f; in addition, the two
round patches found on the back of the painting are also clearly imaged. The THz image of the
interface between the two canvases (Fig. 5e) shows some horizontal bands of varying intensity.
After the completion of the conservation intervention, the conservators have elucidated that the
detected strips are the brushstroke signs related to the inter canvas adhesive application made
during a past restoration treatment.
The second area scanned corresponds to the visage of the Virgin (Fig. 6a). Figure 6b shows
the THz peak-to-peak image of the scanned area. The face does not appear clearly contrasted
with the background, while dark features are observed on the areas included between the pixels
(x, y) = (100–250, 200–250) and (x, y) = (50–295, 1–100). The red mantle of the Saint does not
present contrast with the background either. This means that the red pigment used does not
absorb the radiation at 0.1–1 THz, excluding the use of, e.g., minium or vermillion pigments
[19–21]. The THz B-scan at scanline y = 90, which is passing along some of the dark features
observed in the THz C-scan, is presented in Fig. 6c. The dark features detected on the THz Cscan (Fig. 6b) correspond to prominences of the painting surface which, as it has been
observed for the scanned area no. 1, depend upon detachments and lifts up of the original
canvas from the restoration one (Fig. 6c). These rises are well identifiable by 3D TOF plot
(Fig. 6d).
After the completion of the same signal separation adopted for the area 1, the THz images
corresponding to the single ROIs have been imaged (Fig. 7a–f). As observed for the peak-topeak THz image, the flesh of the enfant Mary does not appear in the THz image of the surface

Fig. 6 a Scanned area no. 2. b Corresponding THz peak-to-peak image. c THz B-scan at scanline y = 90,
localized by the dashed red line in b. d 3D TOF plot of the area
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of the painting (Fig. 7a). However, the face appears in the THz image of the paint layers behind
the current ones (Fig. 7b) and it is detected until the preparation layer (Fig. 7c). Even in this
case, we interpret this evidence as that the original visage of the enfant Mary is currently
hidden behind a later overpainting.
The X-ray record (Fig. 10h) and the IR photography (Fig. 10f) of the same area brought to
the same conclusion. Both the THz and the X-ray records show a scratch crossing the face of
the Virgin vertically, plus further minor scratches, which may be the reason for having
overpainted it. Again, the current depiction has been made with a pigment showing low
contrast within the exploited THz range, excluding the use of lead white, while the original
paint shows high reflectivity values within the same THz range. The observation made for the
previous scanned area regarding the use of lead white is also appropriate for this area of the
painting. The red mantle of the Saint could not be detected in the THz records at any of the
imaged ROI, thus excluding the use of minium, vermillion, or other red pigments with
characteristic absorptions within the inspected frequencies in original. The THz image of the
original canvas is shown in Fig. 7d and the restoration one in Fig. 7f, where two extra patches
located on the back of the painting are also imaged. Figure 7e shows the THz image of the
interface between the two canvases, where the detached areas can be observed in their
extensions, appearing as gray stains in the image.
Figure 8a shows the third scanned area, which include the face of San Joaquin, while Fig.
8b the corresponding THz peak-peak image. Differently from what observed in the THz image
of the visage of the Virgin, the paint of the flesh of the Saint stands out in the THz image. The
bright areas indicated in the image by red arrows correspond to prominences of the painting
surface, as observed previously for the other areas. This can be easily understood by looking at
the 3D TOF plot, where the same features are indicated by black arrows (Fig. 8c). The face is
identifiable in the THz image of the surface of the painting (Fig. 8d) and it is still visible in the
THz image of the inner paint layers (Fig. 8e). The visage of the Saint in the THz image appears
different from the current one and especially the nose seems to have a different curvature. It

Fig. 7 THz images of the second scanned area and corresponding to the first (a), second (b), third (c), fourth (d),
fifth (e), and sixth (f) ROIs
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Fig. 8 The third scanned area. b Corresponding THz peak-to-peak image. c THz 3D plot. d THz image on the
surface of the painting. e THz image of the inner paint layers. f Interface between the original canvas and the
restoration canvas. g Lining canvas and attached round patches

follows that the THz image shows the features of the original face, particularly the point of
lights and highlights.
This has been later confirmed by the X-ray radiography (Fig. 10n), where the original face
it is also imaged. The X-ray radiograph added further information on the appearance of the
original visage of the Saint (Fig. 10n). By comparing the current appearance with the X-ray
record, it can be observed a modification of the lips curvature, which causes a change of the
original expression;
The presence of a substance has been identified in the THz record at the interface between
the original and the restoration canvas (Fig. 8f). It appears restricted to some localized areas
and it is characterized by high intensity values in the THz image. After the conservation
intervention, the conservators confirmed that this substance was an adhesive applied locally in
large amounts during past conservation interventions. The THz image of the restoration canvas
is visible in Fig. 8g, where the round patches applied on the back of the painting are also
imaged.
The last scanned area is presented in Fig. 9a, and it includes the foot of San Joaquín. The
peak-to-peak THz image is presented in Fig. 9b, where, apart from the painting scratches and
defects, no special features related to the depiction are shown. Comparing this THz record with
the 2D TOF plots of Fig. 9e, f, it can be observed the reflectivity changes in the THz image of
Fig. 9a correspond to signal time delays outside the interval 50–70 ps, e.g., outside the optimal
focal distance.
The information provided changes when plotting the value of the THz spectral amplitude at
selected frequency intervals. In fact, within the interval 0.65–0.8 THz, some features, which
are not related to the current depiction, appear in the THz images. Figure 9c shows the THz
image of the absolute value of the spectral amplitude at 0.76 THz. On the top right part of the
image the border of the Saint’s robe is visible, characterized for having high THz reflectivity
values at this THz frequency. In addition, further shaped features are imaged in the THz record,
as indicated in the THz image by the red arrows (Fig. 9c). The same shapes observed in Fig. 9c
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Fig. 9 a The fourth scanned area. b Corresponding peak-to-peak image. c THz image of the value of the spectral
amplitude at 0.76 THz. d THz image of the inner paint layers. e 2D TOF plot. f 3D TOF plot

Fig. 10 a–d First scanned area: Vis (a), IRR (b), THz (c), RRX (d). e–h Second scanned area: Vis (e), IRR (f),
THz (g), RRX (h). i–n Third scanned area: Vis (i), IRR (l), THz (m), RRX (n)
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are imaged in Fig. 9d, where the THz image has been plotted by using the Fourier transform of
the signal windowed between 2.2 and 5.5 ps after the signal global maximum integrated over
the 0.03–0.93 THz range. Thus, it can be estimated that the shaped features are located
between 0.2 and 0.5 mm behind the surface of the painting (d = t × c/2n, where t is time delay,
c speed of light in air, n refractive index of the intervening medium). The nature of the imaged
shapes is hard to interpret; only the future conservation intervention will be able to establish if
those are accidental features, added restoration materials or profiles of a previous depiction.
The THz imaging campaign had, in this sense, the merit to indicate an area of the painting
where the retouch removal, if planned, must be conducted carefully due to the possible
presence of underlying original remains.
The foot of the Saint does not seem to show any response within the 0.1–1 THz range at
any paint depth. This evidence possibly excludes the use of lead white for its completion, at
any artistic stage.
Figure 10a–n shows the visible, IR, THz, and RRX records for comparison.

5 Conclusions
Four different areas of the painting San Joaquín y la Virgen have been scanned by THZ-TDI
with the aim of proving useful information to the conservators for the imminent conservation
treatment, owing to the complexity of its structure.
The THz records provided important information about the painting structure, confirming
the presence of a restoration canvas on the top of the original one, plus imaging further textile
patches attached on the back of the restoration canvas. The THz records have well-identified
areas of detachment between the canvas and the presence of one or more adhesive substances.
Regarding the paint layers, the processed THz datasets shows the original depiction behind
the current one, painted with pigments differing from those used for the later overpainting,
which entity and extension vary according to the scanned area. This has been observed in the Xray radiographs as well, which are also showing the original depiction behind the current one.
It follows that the repaints observed on the surface of the painting were probably applied to
hide the gaps, abrasions, and other deteriorations of the original paint layers, and although they
did not change the iconography, they altered the original construction and expressive values of
the artwork.
Regarding the red mantle of the Saint, the evidences obtained by the THz investigation
strongly suggest excluding the use of minium or vermillion for its completion at all the artistic
and restoration stages experienced by the painting. Sensitive areas of the painting, in which
features of doubt interpretation, probably past restoration materials, are found behind the outer
paint layers, have been also identified by the THz scanning.
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