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ABSTRACT

In the present work, we investigate the concentration of radon and its alpha-emitting progeny at the archaeo-
logical site of Huaca 20 in Lima, Peru. The site holds significant cultural and historical importance as an
ancient pre-Inca ruin, providing valuable insights into the lives and rituals of its former inhabitants. We
quantified the radon levels accurately with passive CR-39™ detectors deployed within specially designed
chambers at the site for 28 days. In a controlled laboratory environment, we processed the detectors afterward,
examining and analyzing the resulting tracks using advanced microscopy and the ImageJ analysis software.
The ground-level concentration of radon and its alpha-emitting progeny was determined, revealing el-
evated levels ranging from 2.4 = 0.6 to 8.9 + 0.9 (kBq/m?). These findings underscore the unique presence
of radon at Huaca 20 and highlight the potential impact on microorganisms at ground level. Likewise, these
results can contribute to studies on the radiological risks faced by visitors, excavators and archacologists.
Finally, we show the spatial distribution of radon concentrations within the site by creating an iso-concentra-
tion map. The iso-concentration map reveals a relation between areas with elevated radon levels and the good
preservation of funerary contexts.
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INTRODUCTION

can also be artificial structures, such as temples or

The sacred and ritual archaeological sites that
hold cultural and religious significance for the
ancient communities of the region in the pre-Co-
lumbian cultures of the Andean peoples in South
America are called Huacas. They can manifest as
natural features such as mountains, hills, caves,
or water sources considered sacred and venerated
due to their connection with deities or spirits in the
cosmology of the pre-Columbian cultures. They

truncated pyramids, built for ceremonial and reli-
gious purposes. In Inca culture, Huacas, known
as wak’as, represented interaction between the
earthly and spiritual realms. Accordingly, they
regarded them as sacred entities, centers of wor-
ship, and rituals dedicated to divinities. In the
modern context, Huaca refers to archaeological
remains and ancient sites identified and protected
as cultural heritage. These sites provide valuable
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insights into religious practices, social organiza-
tion, and the worldview of ancient Andean civi-
lizations, and they are the subject of study and
tourist visits. (Moore 2004; 2016; Decano 2014;
Curatola y Szeminski 2016)

Located in the San Miguel district of Lima,
Perti, Huaca 20 is an archaeological site within
the expansive Maranga Complex, encompassing
a vast array of pre-Inca ruins. Occupied from the
Early Intermediate Period (100-600 AD) to the
Late Intermediate Period (1000-1476 AD), this
site distinguishes itself through its remarkably
well-preserved architecture and a remarkable as-
semblage of artifacts. During the 1990s, a team
of archaeologists from the Pontificia Universidad
Catolica del Pert (PUCP) spearheaded the ini-
tial excavations at Huaca 20. After unveiling a
complex of structures serving residential and
ceremonial functions, the site revealed an abun-
dance of burials, offering invaluable insights into
the culture and lifestyle of its ancient inhabitants.
Among the noteworthy discoveries at Huaca 20
are an assortment of ceramics, textiles, and jew-
elry. The ceramics exhibit intricate adornments,
featuring geometric patterns interwoven with
depictions of animals and plants. Crafted from
cotton and wool, the textiles showcase intricate
designs and patterns. The jewelry repertoire en-
compasses beads, pendants, and earrings. The
Huaca 20 holds immense significance as an ar-
chaeological treasure, providing a profound un-
derstanding of pre-Inca civilizations from Pert
(Vallenas Chacon et al., 2018). This place has
undergone successive occupational phases, en-
compassing domestic and funerary activities. In
the former scenario, the structures predominantly
comprised adobe and rounded cobblestone, situ-
ated on a clayey and coarse sandy terrain. This
terrain underwent substantial modifications due
to persistent flooding, primarily attributed to the
cyclic manifestation of El Nifio phenomena (Ana
Cecilia Mauricio 2014; Carlos Olivera Astete,
2014; Fernandini, 2015).

As previously stated, Huaca 20 has under-
gone multiple investigations. During excavation,
workers are subjected to particulate matter expo-
sure and radon gas exhaled from the archeologi-
cal site’s soil. Radon is a naturally occurring ra-
dioactive gas that is generated from the decay of
uranium and radium within rocks. Radon gas is
odorless and colorless, becoming a considerable
threat to health, such as the leading cause of lung
cancer in non-smokers. (Leenhouts, H.P., 1999).
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High radon exposures occur in poorly ventilated,
enclosed spaces such as mines, basements, bed-
rooms, and certain workplaces. In this line, ar-
chaeological sites under excavation or with poor
ventilation, such as temples, tombs, and sanctuar-
ies, are also potential places for high radon expo-
sure (Quarto et al., 2013; Balcazar et al., 2014).
High indoor radon concentrations can also play a
role in the preservation of human remains and ar-
tifacts at certain archaeological sites. The under-
ground site can be considered a low-ventilated
room (space or chamber) where the radioactive
gas induces local conditions that limit microbial
activity. Radon and its progeny release energetic
alpha particles that, if absorbed, can damage mi-
crobial cells and contribute to preserving organic
materials like human remains, wood, leather, and
textiles. Microbial activity is reduced by creat-
ing a highly ionized matter by Coulomb explo-
sion processes that induce a low rate of microbial
decomposition with the outcome that organic
materials can be remarkably well-preserved over
time. (Lee et al., 2019; Sukanya, Joseph, 2023).
From an environmental perspective, releasing ra-
don into the atmosphere can disrupt ecological
systems, impacting plant and animal life. Fur-
thermore, some studies assess atmospheric elec-
tric field fluctuations arising from variations in
conductivity induced by radon exhalation. These
observations can indicate some geological pro-
cesses and be used to monitor aerosols and pos-
sible seismic events (Ponomarev et al., 2011). Its
diffusion into water sources can affect aquatic
ecosystems, presenting potential risks to marine
life and the possibility of entering human con-
sumption routes (Viktor et al., 2017; Koppel et
al., 2022). Rn*??and Rn??° (thoron) decay by emit-
ting alpha particles with a half-life of 3.82 days
and 55.6 s, respectively. Also, the decay chain of
Rn??? involves several alpha-emitting progenies.
The alpha-emitting progeny in this decay chain
include Po*'8, Po?"“, and Po?!°. Similarly, certain
alpha-emitting progenies exist in the decay chain
of Rn??°, such as Po*'¢, Bi*'?, and Po*'? (Balakrish-
nan et al., 2021; Jun et al., 2022). Furthermore,
these alpha-emitting progenies possess the affin-
ity to bind with aerosols and dust particles, lead-
ing to their subsequent deposition in epithelial
cells (Puskin, James, 2006; Mustafa, Krewski,
2009; Nazir et al., 2020). Consequently, the in-
halation of radon and its progeny contribute to
more than 50% of the natural radiation dose
received by humans (Kumari et al., 2015). It is
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essential to note that, from now on, when we cite
radon and its alpha-emitting progeny, we refer to
Rn??2, Rn?*, and all of their alpha-emitting prog-
eny mentioned above.

Thus, studies have conducted comprehensive
analyses to measure radon and its progeny within
archaeological sites, notably the Egyptian and
Mexican pyramids. These rigorous researches
aim to determine the maximum permissible an-
nual doses, considering various occupational
variables of workers. Additionally, these efforts
have resulted in the implementation of robust
guidelines to maintain radon levels within accept-
able limits actively, ensuring the preservation and
safety of these treasured historical sites (Espinosa
etal., 1997; Bigu et al, 2000; Pedro Urra Gonzalez
2005; El-Kameesy et al., 2016; Salama et al.,
2018; Kenawy, Morsy, 2022). This study aims to
collect and quantify data on the concentration of
radon and its alpha-emitting progeny and calcu-
late their respective doses to develop safety pro-
tocols. This assessment is especially relevant for
visitors, excavators, and archaeologists, as they
are exposed to inhalation of dust particles gener-
ated within archaeological sites, which inherently
carry radon (and its progeny) and pose the highest
radiological hazard.

EXPERIMENTAL PROCEDURE

Huaca 20 has the following coordinates: S
12°3°56.086” O 77° 4> 52.138”. The study area
in Huaca 20 is characterized by recent fluvial
deposits from the Quaternary period affected by
periodic flooding due to the rising waters of the
Chillon River. These deposits consist of uncon-
solidated material: fine-grained sands with abun-
dant silt and, to a minor extent, clayey silt. During
the measurement period, the average temperature
was 29°C, with a humidity range of 85-99%. The
concentration measurements of radon and its al-
pha-emitting progeny were carried out at Huaca
20 using CR-39™ detectors. The places where
the detectors were situated are shown in Figure
1. The CR-39™ detectors, composed of poly-
meric polyallyl diglycol carbonate (PADC), were
placed inside specially designed chambers. The
chambers were precisely sealed to prevent any
external interference or disruptions arising from
fluctuations in environmental conditions. The
CR-39™ detectors are highly sensitive to alpha
particles emitted by radon and its progeny. When
alpha particles interact with a solid-state nuclear
track detector (SSNTD) CR-39™, they can create
latent tracks. These tracks are not visible to the
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Figure 1. Location map of devices at Huaca 20 archacological site. The orange
points represent the places where the devices were situated
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naked eye but can be visible through an optical
microscope after a chemical etching process. The
etching process removes material from the detec-
tor, leaving behind a visible track that records the
path of the alpha particle, as shown in Figure 2.
By analyzing and counting these tracks, it is pos-
sible to estimate the radon concentration and its
alpha-emitting progeny from the soil.

We chose the measurement approach (cham-
bers) to minimize potential disruptions in the mea-
surement process and to ensure that the accumu-
lated radon and its progeny were representatives
of the site. This methodology allowed for the reli-
able quantification of radon levels and provided
valuable insights into the concentration of radon

and its alpha-emitting progeny at Huaca 20. Fig-
ure 3 presents a detailed schematic illustration of
the devices used in the investigation. The devices
were positioned at the center of a robust support
structure comprising three distinct materials. The
support structure, with a surface area ranging from
0.7 m? to 1.0 m?, was designed to ensure reliable
and stable placement of the devices. It consisted of
an opaque plastic insulator, which effectively pre-
vented any external interference, and a thin alu-
minum sheet strategically incorporated to increase
the impedance for radon escape and to impede the
external electromagnetic field that can modify the
density track distribution. A total of 15 devices
were constructed and subsequently deployed at

Figure 2. The figure at the top displays a CR-39™ detector without trace signals. The figure at the bottom
exhibits a detector after exposure, with alpha tracks particles. These tracks are shown by the rounded black points
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ground level for data collection. A secure and
consistent setup was established by placing the
devices onto the support structure. The edges of
the devices measured 20.00 cm in width and were
uniformly covered with soil sourced from the
excavation site. The soil layer, with a thickness
ranging between 5.00 cm and 7.00 cm, served as a
protective covering and facilitated the integration
of the devices with the surrounding environment.
Stones were strategically positioned atop the soil
layer to bolster the overall stability and robustness
of the system. This additional layer of stones pro-
vided structural reinforcement and ensured that
the devices remained securely in place throughout
the study. By reinforcing the system’s rigidity, the
stones played a crucial role in maintaining the in-
tegrity of the experimental setup.

The placement and construction of the devices,
along with the arrangement of the support struc-
ture and the incorporation of the soil and stone
layers, aimed to establish a reliable and controlled
environment for data collection. These measures
were essential to minimize any potential sources
of interference or bias and to ensure accurate and
precise measurements of the targeted variables.
We strategically deployed the measurement de-
vices at the archaeological site of Huaca 20; their
precise geographical placement can be observed
in Figure 1. After completing the designated ex-
posure period of 28 days in order to achieve the
secular equilibrium between Radon and Radium,
we collected the detectors from the site and trans-
ported them to the controlled environment of the
laboratory for further processing. The subsequent
processing involved a designed chemical develop-
ment procedure. In this procedure, the detectors

were subjected to a controlled chemical etch-
ing process through immersion in a thermostatic
bath containing a 6N NaOH solution. The chemi-
cal etching process was conducted at 70°C for 7
hours. The primary objective of this procedure
was to trigger a reaction that would unveil the hid-
den tracks on the detectors.

Subsequently, the revealed tracks on the de-
tectors were examined using LEICA microscopy
equipment. A high-powered 20X optical micro-
scope was utilized to visualize the tracks on the de-
tectors, providing enhanced resolution and clarity
in their examination. Each detector underwent an
analysis, comprehensively examining 35 distinct
fields considering an error of less than 10% in the
estimation of alpha track density. This comprehen-
sive approach ensured a thorough investigation of
the tracks and facilitated the collection of a consid-
erable amount of data for subsequent analysis. We
employed ImageJ software to facilitate the exami-
nation and analysis of the tracks (Bator et al., 2015;
Alexandropoulou et al., 2019; Frutos-Puerto et al.,
2021). Due to the high density of tracks observed
within each field and the need to apply specific vis-
ibility criteria such as circularity and track diame-
ter, the software implemented a customized macro.
This tailored approach allowed for the efficient and
accurate identification, measurement, and analysis
of the tracks on the detectors.

RESULTS

The concentration of radon and its alpha-emit-
ting progeny was ascertained by analyzing the ob-
tained readings under the microscope, employing
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Figure 3. Diagram of the measurement system
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Figure 4. Map of Iso-concentration.

Table 1. Concentration of radon and its alpha-emitting
progeny

Detector CR-39™ Concentration (kBqg/m®)
P1 7.7+13
P2 49+0.7
P3 24106
P4 41+05
P5 8.9+0.9
P6 85+0.8
P7 34106
P8 40+0.7
P9 85+0.8
P10 48+1.0
P11 53+0.7
P12 54+0.8
P13 84+0.6
P14 3.5+04
P15 45+04

an appropriate calibration factor as outlined in the
study by (Nikolopoulos et al., 2013). Table 1 pres-
ents the resulting radon concentration values.
Figure 4 displays the iso-concentration map
generated using Surfer 12 software (Golden Soft-
ware, 2016), providing a visual representation
of the spatial distribution of radon concentra-
tions across the Huaca 20. The map serves as a
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valuable tool for identifying regions with vary-
ing levels of radon accumulation. Upon examin-
ing the iso-concentration map, it becomes evident
that the measurement points exhibiting the best
preservation of funerary contexts, as documented
by (Fernandini, 2015), align with areas charac-
terized by elevated radon concentrations. These
measurement points, labeled explicitly as P1, PS5,
P9, and P13, emerge as the sites with the high-
est reported concentration levels of radon and its
alpha-emitting progeny.

CONCLUSIONS

The analysis of the concentration levels of ra-
don and its alpha-emitting progeny at the Huaca
20 archaeological site has revealed compelling
findings. The measured values ranged from (2.4 +
0.6) to (8.9 +0.9) (kBg/m?), indicating significant-
ly elevated levels of these radioactive elements.
Such concentrations surpass those reported in pri-
or studies focusing on soil (Saad et al., 2013) and
building materials (Shoeib, Thabayneh, 2014),
drawing attention to the site’s uniqueness in terms
of radon presence.

Various factors have influenced the Huaca 20
site throughout history, leading to these remark-
able findings. Human interventions and frequent
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flooding, predominantly driven by the cyclic ap-
pearances of the Niflo phenomenon, have played
a substantial role in shaping the current radon and
alpha-emitting progeny levels. We assume that
these factors have created an environment con-
ducive to the accumulation and retention of radon
within the site’s structures and surrounding soil.

Furthermore, we have observed a relationship
between the concentration levels of radon and its
alpha-emitting progeny and the preservation of
archaeological contexts within the Huaca 20 site.
From the findings of the states of the archaeo-
logical artifacts reported by (Fernandini, 2015),
classified as good, regular, poor, and very poor,
and motivated by the findings, we can infer that
there is a relationship between the good state of
conservation of these artifacts with the areas with
the highest concentration of radon according to
the iso-concentration map. Although we cannot
definitively establish causality at this stage, these
findings suggest the importance of further inves-
tigations in other Huaca to validate the observed
relationship and explore its broader implications.

This study provides compelling evidence of
radon and its alpha-emitting progeny concentra-
tion levels at the Huaca 20 archaeological site. The
unique combination of historical interventions and
cyclic flooding events has contributed to this dis-
tinctive radon profile. Furthermore, the correlation
between radon concentrations and the preservation
of archaeological contexts highlights the potential
significance of radon as a contributing factor to the
site’s archaeological integrity because the subsoil
environment can act as a natural preservative by in-
hibiting the growth and activity of microorganisms
that would otherwise degrade organic materials.
However, it is important to note that the preserva-
tion potential of radon depends on various factors,
including the geology of the site, the presence of
radon-emitting minerals, and the burial conditions
of the remains or artifacts. These findings warrant
further research and encourage similar studies in
other archaeological sites to comprehensively un-
derstand the complex interplay between radon,
preservation, and the broader archaeological land-
scape. Additionally, archaeologists and conserva-
tionists will find aspects of safeguarding the health
of researchers and visitors in this study.
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