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Abstract On site measurements of historically accumulated paint layers on
the kiosk of Guadalajara were taken using a terahertz time-domain spectrom-
eter. Sub-surface air gaps produced by delamination were found on various
regions of the structure. The occurrence of the air gaps correlates with the
position in the structure, being more frequent on the southeastern side.
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1 Introduction

An iron kiosk located in Guadalajara, Mexico (20.6762138◦N,103.3471918◦W),
was analyzed using terahertz time domain spectroscopy (THz-TDS). From the
THz-TDS measurements, it was possible to obtain cross-sectional images of
various regions of the kiosk in order to determine its conservation state. All
analyses were carried out on site at the Plaza de Armas, Guadalajara, in
an uncontrolled temperature (8 ◦C-15◦C) and humidity environment, further
demonstrating the possibilities of outdoors terahertz analysis.

Terahertz is generally defined as the frequency band located between 0.1-
10 THz (wavelengths from 30µm to 3 mm) on the electromagnetic spectrum
[1]. This type of radiation has both the ability to penetrate many optically
opaque, non-conducting materials [2], as well as to provide important infor-
mation regarding the sub-surface layer structure of samples. As a result of the
portability of some new THz systems, the THz-TDS technique lends itself to
the analysis of immovable cultural heritage objects, making it a valuable tool
for heritage science.

Both, THz-TDS and THz time-domain imaging (THz-TDI) have been
widely used for the analysis of murals [1, 2, 3], easel paintings [4, 5], stone
objects [6, 7], manuscripts [8], mummies [9, 10], among other cultural ar-
tifacts. Considering the fact that both of these techniques can be realized in
reflection or in transmission, terahertz can be adapted for the analysis of many
different heritage objects. However, the applications of terahertz to complex-
shaped three dimensional heritage objects have been relatively limited up until
recently [11, 10], as the technique relies on normal incidence between the emit-
ter and the sample. By using a terahertz hand-held single point gauge (SPG),
the authors were able to overcome this obstacle, and successfully measure
various points of an irregularly shaped three-dimensional kiosk. The spectra
obtained were later processed in order to recreate cross-sectional images of
distinct regions of the kiosk. These images are valuable in determining the
integrity of the layers that reflect the stratigraphic structure and coatings of
the kiosk.

2 The Kiosk of Guadalajara

The Kiosk was assembled in Plaza de las Armas in the city of Guadalajara,
Jalisco, Mexico, in 1909. It was built in preparation for the centennial cele-
bration of the independence of Mexico. Its Art Nouveau style is attributed to
the firm Fonderiés D’Art, Du Val D’Osne of Paris, France. A photograph of
the kiosk is presented in Figure 1a. The kiosk is placed on an octagonal rock
foundation. On each of the vertices there is a column decorated with a cary-
atid, alternating with four of them holding harps, while the other four hold
tambourines. Furthermore, the kiosk is decorated with intricate iron work and
lamps, as well as a lantern on the uppermost part of the cupola. The struc-
tural elements such as the beams, in addition to the decorative elements, were
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Fig. 1: a) Photograph of kiosk in Plaza de Armas, Guadalajara, Mexico. The
two caryatids that were analyzed, caryatids 3 and 2, are denoted by the red
arrows. Figures b) and c) show details of the caryatids and the regions that
were analyzed. Figure d) shows members of the THz group taking on site
measurements of kiosk.

fabricated with cast iron. Protective coatings were applied on the surface in
order to prevent metal corrosion, as well as for cosmetic purposes.

In 1954, Plaza de Armas was subjected to important changes. The governor
of the moment, González Gallo, directed many renovations throughout the city
in order to modernize it. One of the most important conservation efforts was
performed on the kiosk during this period. The cupola was disassembled, and
various coats of fresh paint were applied on the structure. Many amends and
touch ups have been performed on the kiosk over the years, up until 2018,
when the kiosk underwent a full restoration. This explains the various paint
layers present on the structure.

3 Methods

3.1 Instruments

The THz-TDS analyses of the kiosk were realized using a API Teragauge TDS
system fitted with a single point gauge (SPG). This device is an array that con-
tains two fiber coupled photoconductive switches that are used as THz emitter
and detector respectively, a beam splitter and a polyethylene lens aligned to
form a normal incidence reflection are system all of this is contained in a
convenient casing designed to be hand-held, a conical nozzle is fitted to the
system in such a way that its smaller aperture (∼8 mm) sits at the focal plane,
allowing easy and quick manual alignment of the device by simply placing the
nozzle in contact with the point where a reflection measurement is required.
The photocondictive devices in the SPG are gated by ultrafast pulses that are
guided through 5 m fibers from a fiber-based femtosecond laser, a relative delay
between the pulses gating the emitter and detector is introduced by a mechan-
ical delay line. Figure 2a shows a diagram of the SPG. The entire system was
powered by a fuel-run generator. The use of the SPG allowed the authors to
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select regions of interest on the kiosk and obtain spectra corresponding to
specific points within said regions.

While the surfaces studied have complex geometries, the dimensions of
the caryatids under study are very large compared to the reference nozzle
aperture, therefore the curvature of the surfaces under study had a negligible
effect on the THz measurements. The lens used is a 25.4 mm focal length lens
which produces a nearly diffraction limited focal point (∼1 mm at 300 GHz).
All measurements were taken by averaging 10,000 waveforms over a period of
10 seconds, resulting in a terahertz pulse with a bandwidth of ∼1 THz and a
dynamic range of 3 decades aproximately.

3.2 Analysis of Kiosk

Figure 1a shows a photograph of the kiosk in Plaza de Armas, as well as
indicating the caryatids that were analyzed. Two caryatids were investigated;
caryatids 2 and 3. Three regions on each one were selected for analysis, in
order to study the most important points of the sculptures at different heights.
Figures 1b and 1c display the chosen regions. On caryatid 2, the areas of study
were the right arm, the right side of the skirt and the tambourine held by the
left hand. On caryatid 3, the areas of study were the left arm, the front of the
skirt, and the lower part of the right side of the skirt.

In the following sections the processed data that we collected will be pre-
sented and discussed. It is important to point out that the layer structure of
the coating is complex and uneven over the kiosk, since different materials
were applied along the last century. There were stages in which decorations
were painted on the kiosk and oxide might have formed in some places be-
tween the metal and paint layers. Therefore the point-by-point layer structure
is different and hard, if not impossible, to determine non-destructively. While
it would be of interest to determine the composition of the layers, it is not
so relevant in terms of characterizing the state of conservation, therefore, we
only focus on the presence of air gaps in this article.

3.3 Processing of Data

The incident pulse emitted by the SPG traverses the multilayered structure.
The reflected THz radiation at each interface forms a train of pulses, which
are then detected by the SPG. The reflected pulse can be analyzed in order to
find reflections originated by layers in the internal structure of the sample [2].
In the absence of deterioration, the layers are thin enough that it is difficult
to identify them individually with the bandwidth of our system. However, it
is possible to detect the presence of wider air-gaps between the layers caused
by delamination.

The processing of the signals obtained at the various points of the kiosk was
realized using a deconvolution with respect to a reference waveform acquired
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by placing a flat metallic reflector in the sample position [12]. Figures 2c-e show
the deconvolution process that was applied to the samples obtained from the
kiosk. The deconvolution was carried out using a double error-function filter.
Figure 2 c) displays the waveform of the reference and of the sample in the
time domain, as they were measured using the TDS system. This specific
sample corresponds to a point on the base of the skirt of caryatid 3. A double
error function filter is applied in the frequency domain to the ratio of the
Fourier transforms of the corresponding waveforms also depicted in Figure 2d.
This permits the elimination of noise present in the high frequencies of the
spectrum. The deconvolved signal can be observed in Figure 2e. This process
allows us to distinguish peaks that are separated by 1.6 ps (∼240µm in air)
or more, which are hard to separate in the original time domain signal. These
peaks correspond to changes of refractive index in the internal structure of the
sample. All the data presented in the following sections has been deconvolved.

Fig. 2: a) Diagram of THz single point gauge (SPG). b) Diagram of THz
SPG for analysis of multilayered substrates of distinct refractive indices and
thicknesses. Figures 2 c), d) and e) illustrate the process of deconvolution of
a waveform corresponding to the base of the skirt of caryatid 3, beginning
with c) the original reference and sample waveforms, d) Fourier transforms
of sample and reference with Gaussian filter, e) deconvolved waveform after
processing.

4 Results and Discussion

Figure 3a displays twelve points measured along the trajectory indicated for
analysis of the right arm of caryatid 2. Figure 3b shows the layers that are



Ac
ce
pt
ed
Pr
e-
pr
in
t

6 F. E. M. Lambert et al.

present at each point. It is clear that the sample shows a complex layer struc-
ture. However, the layers appear to be inhomogeneous along the arm. Further-
more, it is possible to note the presence of a delamination of the paint between
the layers at the points 4,5, 6, 7, 8, 9, 11 and 12. From the measurements it
was possible to determine the corresponding air gaps were 480µm, 840µm,
945µm, 930µm, 1080µm, 990µm, 840µm and 885µm.

Fig. 3: Twelve points were analyzed along the right arm of caryatid 2, at an
interval of ∼1 cm. a) Denotes the selected points and b) their corresponding
deconvolved waveforms. In b) it is clear that the coating layers along the arm
are inhomogeneous, as well as the presence of air gaps at the points 4, 5, 6, 7,
8, 9, 11 and 12.

Figure 4a shows a photograph of the second region of interest on caryatid 2:
the tambourine. Spectra were taken at ten points along the outside edge of the
tambourine. In the photograph, as well as in Figure 4b it is possible to observe
the unevenness of the surface. The number of discernible peaks present at the
positions 1, 2 and 9 is greater than those present at any of the points that were
analyzed on the arm, showing at least two air gaps in each pixel with thick-
ness 885µm/600µm, 900µm/660µm and 930µm/690µm respectively. This
indicates that the tambourine presents multiple delamination-related air gaps.

Spectra were also obtained at the skirts of both caryatids 2 and 3. Fig-
ures 5a and b show photographs of the regions studied. Figure 5a corresponds
to the front of the skirt of caryatid 3, where only one point was analyzed. It is
clear in Figure 5 c), that there is delamination present at point 1, with an air
gap of 420µm. Furthermore, a clear air gap of about 1110µm can be observed
at point 2 and 1185µm for point 4 on the skirt of caryatid 2.

Figure 6a displays the left arm of caryatid 3. Thirty-one points along this
arm were measured. From Figure 6b one can discern that the layers are rel-
atively homogeneous along the surface of this region. Delamination between
layers is clear at the positions 17-20, corresponding to the middle of the arm
reaching a maximum value of 960µm in pixel 20.

Finally, five points were selected for analysis on the base of the skirt of
caryatid 3. Figure 7a is a photograph of the region of analysis. In Figure 7b, it
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Fig. 4: Figure a) denotes the location of the ten points that were analyzed
along the tambourine held by caryatid 2. In a) as well as in b) it is possible
to observe the unevenness of the surface of the tambourine. The layers differ
greatly from point to point, and delamination between layers is present at
points 1, 2 and 9.

Fig. 5: Analyses were carried out of the skirts of both caryatids 2 and 3. a)
Front of skirt of caryatid 3. b) Right side of skirt of caryatid 2. In c) points 2
and 4 indicate a delamination of the paint layers on the skirt of caryatid 2.

is clear that this area presents delamination at all of the five points that were
measured, and particularly at the points that are located higher on the base
(1, 2, 5) with a minumum air-gap of 930µm and a maximum of 1110µm.
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Fig. 6: Thirty-one points were analyzed along the left arm of caryatid 3. a)
Shows the location of the points on the sculpture. From b) it can be determined
that the coating layers on this part of the caryatid are relatively homogeneous,
in comparison with the other regions that were analyzed.

Fig. 7: Five points were selected for analysis along the base of the skirt of
caryatid 3, as illustrated in a). In b), it is possible to observe air gaps at all
five points that were measured.

5 Discussion

All spectra were processed and deconvolved in order to reproduce clear cross-
sectional images. By observing the complicated stratigraphic structure pre-
sented in these images, it was possible to register delamination between layers
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on certain regions of the kiosk. Despite the delamination of coating layers on
both caryatids, it is apparent that the damages on caryatid 2 are greater than
those on caryatid 3. It is possible that this is due to the fact that caryatid 2
faces to the southeast, while caryatid 3 faces to the southwest in combination
with the early-morning shade produced by the surrounding buildings and the
roof of the kiosk itself. Therefore, caryatid 2 undergoes more abrupt temper-
ature changes when receiving the winter morning sunlight. This can gener-
ate a significant temperature increase in the outer layers, while the metallic
core remains cold. This phenomenon produces stress between the layers and
ultimately delamination. This is consistent with previous publications, that
identify temperature contrast and changes, as well as sunlight, as the primary
factors responsible for weather-related degradation of coatings. [13] During
the winter in the Northern hemisphere, objects facing to the southeast are
exposed to intense morning sunlight, causing an abrupt contrast of tempera-
ture on their surface. As the angle of incidence of the sun’s rays is lower in
winter than it is in the summer, upright objects such as the caryatids are more
susceptible to damage in these months. Temperatures in Guadalajara during
the winter can vary from 4.7◦C during the night and up to 29.9◦C during the
day.[14]

6 Conclusion

An early twentieth-century kiosk in Guadalajara, Mexico has been investi-
gated using non-invasive THz-TDS. The analysis of the kiosk was realized on
site in outdoor, non-controlled conditions. Few analyses using THz-TDS have
been realized on three-dimensional irregularly shaped heritage objects in situ.
Regardless of the difficulties present at the moment of analysis due to out-
door conditions, the spectra obtained proved to be useful in determining the
deterioration state of the paint layers present on the kiosk.

By analyzing the deconvolved waveforms of the spectra obtained, the au-
thors were able to quantify the thickness of the air gaps between the paint
layers. It was determined that the delamination present on different regions
of the kiosk varied in degree according to the geographical position of each
caryatid. Deterioration could be observed on all of the regions that were ana-
lyzed. However, damages were more apparent on caryatid 2, as it faces to the
southeast, and is more susceptible to abrupt temperature changes.

The information obtained from this investigation is valuable in order to
guide a successful conservation intervention, as well as for the future appli-
cation of coating layers. Abrupt contrasts in temperature, along with other
climatic factors, appear to have affected the deterioration of the kiosk, as ob-
served in the cross-sectional images. This study further demonstrates the use
of THz-TDS for on site analysis of immovable cultural heritage objects.
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