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Abstract

This study aims to shed light on the occupational diseases that affected quarry workers during the Roman period,
particularly silicosis caused by inhaling crystalline silica dust. While physical injuries like fractures were common, the
focus here 1s on respiratory diseases previously overlooked. The study mtroduces a new methodology to assess the
mmpact of Roman quarries on workers' health, and the quality and uses of the extracted stones. It involves petrographic
examination, XRD (X-ray Diffraction), and XRF (X-ray Fluorescence) analysis to measure the content of various types
of crystalline silica in ancient quarries. The study analyzes archaeological evidence and skeletal remains from sites like
Pompeii and Herculaneum and reviews ancient historians like Pliny the Elder and Strabo. This research offers a deeper
understanding of the health risks associated with harsh working conditions in Roman quarries, particularly focusing on
the prevalence of silicosis among workers.
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Introduction

Beyond the physical injuries such as wounds and fractures commonly suffered by quarry workers in ancient times,
especially during the Roman period, archaeological studies of skeletal remains from sites like Pompeii and Herculaneum,
as well as limestone quarries in ancient Egypt, provide clear evidence of frequent workplace accidents. In Pompeti,
skeletal remains of miners display signs of poorly healed fractures in long bones, indicating frequent accidents(Roberts &
Buikstra, 2003, pp. 120-130). In Egyptian limestone quarries, patterns of fractures in ribs and long bones suggest injuries
from falls or heavy stone handling (David, 1999, pp. 98-110). In Herculaneum, repeated fractures in the spine and limbs
point to recurrent accidents and inadequate medical care (D'Anastasio & Capasso, 2001, pp. 143-155). Similar evidence
from Roman Britain, such as at Lydney Port, shows that miners frequently suffered rib and limb fractures, with varying
stages of healing, indicating insufficient recovery periods after injuries (Roberts & Buikstra, 2003, pp. 156-168). Further
evidence from mines in Rio Tinto, Spain, and other sites like Jerash in Jordan and Breda in Germany shows that workers
endured injuries due to harsh working conditions and chronic exposure to mineral dust (Domergue, 1990, pp. 213-220)
(Weisgerbe, 2000, pp. 87-95) (Jackson, 1988, pp. 145-150) (Fiema, 2002, pp. 45-52). The archaeological analysis of these

fractures provides a deeper understanding of the nature of work and the health risks faced by workers in ancient times.

In our research on ancient sources, particularly the works of Pliny the Elder, a Roman historian who wrote extensively on
various topics including minerals and occupational diseases, we found references to the dangers of inhaling mineral dust in
mines and quarries. In his work *Natural History*, Pliny noted, "Inhalation of dust from minerals leads to deadly
diseases, causing workers to suffer from breathing problems and scarring of the lungs."(Rackham, Jones, & Eichholz,
1938-1963) Additionally, the Greek geographer Strabo, in his *Geography®, highlighted the harsh working conditions in
mining, mentioning that workers often developed respiratory illnesses due to dust inhalation: "Workers in mines and
quarries suffer from harsh conditions leading to respiratory diseases caused by imhaling dust."(Jones, 1917-1932)

This study aims to address a previously overlooked disease, known as silicosis, a chronic lung disease caused by inhaling
crystalline silica dust. Although there 1s no evidence that Roman physicians specifically identified this disease, they were
aware of the health problems caused by dust inhalation. This awareness i1s documented in the works of ancient historians
like Pliny the Elder and Strabo, as mentioned earlier. Silica, present in materials like sandstone, limestone, and granite,
was a significant component of Roman quarries. Vitruvius noted the prevalent use of limestone by the Romans (Vitruvius,
1931-1934, p. 75) , which was commonly used in North African buildings. The study analyzes the incidence of silicosis
among Roman quarry workers based on the materials they extracted.

1. Mechanism of Silicosis:

Silicosis occurs when crystalline silica dust, inhaled from sources such as sandstone, limestone, granite, and
marble(Silicosis, 2024), reaches the alveoli in the lungs, where the body cannot effectively remove it(Silicosis, 2024). The
immune system's macrophages attempt to engulf and destroy the silica particles, but silica resists digestion, leading to the
destruction of macrophages. This process releases enzymes that cause inflammation and tissue damage(Silicosis, 2024).
The resulting scarring reduces lung elasticity and impairs breathing over time, with symptoms worsening
progressively(American Lung Association, 2024). Chronic exposure can lead to persistent cough, shortness of breath,
fatigue, unintended weight loss, and, in severe cases, respiratory failure and death(Symptoms and Medical Monitoring,

2024).
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Fig.1 The light microscopy images show lung tissue from rats exposed to crystalline silica particles for 6 months.
Observations include the disintegration of macrophages and the mfiltration of foamy macrophages in the alveoli, along
with the activation of alveolar surfactant proteins (Panel A). Granuloma formations are visible in the interstitial tissue
(Panel B). Multiple granulomas are observed in intrapulmonary lymph nodes (Panel C) and peribronchial lymph nodes
(Panel D).Source:(Gernand & al, 2010)

2. Amount of Silica in Sandstone, Limestone, Granite, and Marble:

Sandstone contains a high percentage of silica, primarily composed of quartz, a form of crystalline silica. The silica content
i sandstone ranges from 25% to 75%(Cleveland Clinic, 2024). In contrast, imestone has a lower silica content compared
to sandstone, primarily consisting of calcium carbonate, but it can contain small amounts of silica, ranging from 10% to
309%(American Lung Association, 2024). Granite has a moderate silica content ranging from 20% to 60%, composed of
silica minerals such as quartz, feldspar, and mica(Verywell Health, 2024). Marble, primarily composed of calcium
carbonate like limestone, contains small amounts of silica, ranging from 1% to 5%. The concentration of silica in marble 1s
much lower than in sandstone and granite (Symptoms and Medical Monitoring, 2024).
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Fig.2 Hexagonal quartz crystals found in granite, a type of silica. Source:(Anna, 2024)

Fig.4 Left: Scanning electron microscope image of a bipyramidal quartz crystal, with slightly rounded edges and tips. Right:
Thin section of volcanic quartz from the same deposits, showing fractures resulting from the section preparation process.
Both grains are approximately 0.3 mm in width. Source:(Asiasellet, 2024) /

Consequently, the exposure rate to the disease among quarry workers, particularly those working with sandstone, which
contains a high percentage of silica, makes sandstone quarry workers more susceptible to silicosis. Studies indicate that the
prevalence of silicosis among these workers can currently reach up to 72% (Yadav, Anand, & Singh, 2013). On the other
hand, limestone contains a significantly lower amount of silica compared to sandstone, with percentages ranging from 10%
to 30%. Based on this, limestone quarry workers are less likely to develop silicosis compared to sandstone quarry workers,
though risks still exist, especially if working conditions are poor or if personal protective equipment is not used properly
(Ghotka, Maldhure, & Zodpey, 1995, pp. 155-160), as was the case in quarries during the Roman period. As for granite, it
contains a moderate percentage of silica, ranging from 20% to 60%. In a study conducted on granite quarry workers, it was

found that the prevalence of silicosis among these workers can reach up to 32.7% after five years of exposure to silica dust
(Kuosma, Macaskil, Leigh, & Mandryk, 1991, pp. 626-631).
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Fig.5 X-ray image of a lung from an individual with advanced silicosis, showing densities in the soft lung tissue in both
upper lobes (black arrows) with linear scarring extending from the lower lobes (white arrows). Source: (Learning
Radiology, 2024).

3/ Diagnosing Silicosis from a Roman-Era Skeleton:

Diagnosing silicosis, or any lung disease caused by inhaling dust, from the skeletal remains of a person who lived during
the Roman era 1s a complex task. However, certain indicators can help researchers identify this disease through skeletal
remains. This process ivolves looking for indirect evidence that suggests the presence of a chronic lung disease. Several
methods and steps can be employed, such as analyzing long bones, examining ribs and the spine, conducting chemical
analysis, using microscopic examination, and studying the common markers of diseases. In long bone analysis, signs of
fractures may appear due to osteoporosis caused by reduced physical activity from chronic shortness of breath, as well as
the presence of chronic infections that may result from a decline in overall health and a weakened immune system
(Roberts & Mancheste, 2007, pp. 154-163)When examining the ribs and spine, structural changes such as hypertrophy or
erosion caused by long-term inflammation in the lungs can be observed (Prowse & al, 2004, p. 475) (Roberts &
Mancheste, 2007, p. 165). Chemical analysis of bones, such as stable isotope analysis, can reveal dietary patterns and
overall health status, indicating the presence of chronic diseases. The chemical analysis can also detect high levels of heavy
metals, suggesting chronic exposure to silica dust (Prowse & al, 2004, p. 482). Microscopic analysis can also be used to
examine the bones under a microscope to look for signs of chronic pulmonary fibrosis, such as the presence of small silica
deposits (Prowse & al, 2004, p. 478).Finally, it is important to consider the presence of other symptoms concurrent with
silicosis,such as pulmonary tuberculosis (TB), which was common in ancient times and can be exacerbated by lung
diseases (Roberts & Mancheste, 2007, p. 177).Diagnosing silicosis through a Roman skeleton requires a multidisciplinary
approachthat combines paleopathology, analytical chemistry, and microscopic analysis. This approach can help
researchers detect signs of chronic respiratory diseases that affected ancient Roman workers due to exposure to silica dust.

4/The impact of working in Roman quarries on workers' health

At first glance, it may seem impossible to assess, but numerous attempts have led to the development of a method
mvolving a series of physical and chemical analyses. This includes measuring the crystalline silica content and comparing it
with the availability of water in the area. This method can help assess the health conditions within the quarry. The
method's steps can be summarized as follows:

A/ Sample Collection: In the study of Roman quarries, collecting stone samples is a fundamental step to understand the
characteristics of the quarry and the potential health impacts on workers. Between 3 to 10 stone samples, sized between 3
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to 6 cm?, are selected from various locations within the quarry to ensure comprehensive geological representation. GPS
technology 1s used to accurately document the geographical location of each sample, aiding in precise site analysis and
identification of the geographical origins of the samples. Field conditions around each site, such as fractures, humidity,
and temperature, are documented to provide a complete context for the sample analysis. This methodology ensures the
reliable collection of data for studying the health risks associated with working in Roman quarries.

B/ Transportation and Storage of Stone Samples: The containers used play a crucial role in maintaining the integrity of
the samples and preventing damage or contamination. It is preferable to use sturdy containers, such as thick plastic or
metal, to ensure they can withstand the heavy weight and protect the samples. The containers are lined with materials like
foam or sponge to absorb shocks and prevent internal collisions. The containers are labeled with waterproof and durable
labels to indicate essential information about the sample, such as sample number, collection date, geographic location, and
any notes on the collection conditions. This helps in easily tracking the samples and prevents mix-ups. Although stone
samples do not require stringent sterilization like biological samples, maintaining the cleanliness of containers is essential
to avoid contamination with other materials that could affect the analysis results. The storage of samples involves securing
the containers in a stable environmental location, away from extreme fluctuations in temperature and humidity. This
precaution ensures that the properties of the samples remain unchanged due to environmental conditions, thereby
enhancing the accuracy of analytical results. These measures ensure that the samples reach the laboratory in optimal
condition, which in turn improves the precision of analyses and the validity of scientific conclusions.

C/ Sample Analysis: This involves a series of standard procedures in the analysis of geological samples, including
preparing and evaluating the samples using various techniques to obtain accurate information about their mineral
composition. Preparation begins with thoroughly cleaning the rock samples to remove any impurities or contaminants that
might affect the analysis results. This typically includes washing the samples with distilled water and possibly using a brush
to remove fine particles. After cleaning, the samples are dried and prepared for slicing into thin sections if necessary.
Then, a series of analyses are conducted, including:

Petrographic Examination

A petrographic microscope 1s used to examine thin sections of the samples. This method allows for the analysis of the
mineral composition and internal texture of the rocks. Through this analysis, the content of quartz (crystalline silica) and
other minerals can be identified, providing valuable information about the geological characteristics of the sample (Tucker
& Maurice, 2001, pp. 1-10).

XRD Analysis (X-ray Diffraction)

XRD analysis is used to determine the crystalline structure of minerals present in the sample. It works by directing an X-
ray beam at the sample and measuring the diffraction patterns produced when the rays interact with the atoms in the
sample (Van, René, & Andrzej, 2002, pp. 1-20). These patterns help identify minerals based on the arrangement of atoms
within the crystals, as each type of crystalline silica has a unique crystal structure that affects its physical and chemical
properties (IARC, 2012, pp. 355-405). Here's a detailed explanation of the crystal structure of the main types of crystalline
silica:Starting with quartz, which has a hexagonal crystal structure, it forms a significant part of sandstone due to its high
resistance to weathering and erosion. These rocks often contain high percentages of quartz, which enhances their hardness
and resistance to external factors (Heaney & Peter, 1994, pp. 1-40). In limestone and marble, quartz appears in smaller
amounts as secondary minerals or impurities. In contrast, granite generally contains a large proportion of quartz alongside
feldspar and mica, making it a preferred rock for its durability and aesthetic appeal (Heaney & Peter, 1994, p. 39). And
cristobalite has a crystal structure that transitions between tetragonal at high temperatures and cubic when cooled. Like
quartz, it consists of SiO, dimers, but the arrangement of atoms differs, leading to distinct physical properties and an
mcreased risk when inhaled (IARC, 2012, pp. 355-405). Cristobalite is rare in sandstone because its formation requires
extreme heat and 1s almost absent in limestone and marble, which are primarily composed of carbonates. It can only form
in granite under high thermal conditions, such as exposure to volcanic activity or industrial processes (Heaney & Peter,
1994, p. 35). Tridymite has a structure similar to cristobalite and can exist in crystalline forms ranging from cubic to
hexagonal. It forms at higher temperatures compared to cristobalite and has a tetrahedral silica structure with a slightly
different arrangement, affecting its thermal and chemical stability (American Lung Association, 2024). Tridymite 1s rare in
sandstone due to its high thermal requirements and does not naturally occur in limestone or marble. However, it may be
present in metamorphosed granite that has been subjected to elevated temperatures, although such conditions are
uncommon (Heaney & Peter, 1994, pp. 32-38). Opal does not have a precise crystalline structure like other forms of silica
and 1s often classified as amorphous. Opal contains water molecules between silica layers, making it less hard and less
hazardous from a health perspective compared to other crystalline forms. Each of these forms has unique properties that
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affect their industrial and commercial uses, as well as the necessary health precautions when handling them (Mineralogical
Society of America., 2020). Opal is rare in limestone and marble due to their high calctum content, but it can occur in the
spaces between sand grains in sandstone, especially in environments rich in water and silica. In granite, opal can be found
in fissures where silica precipitates from aqueous solutions (Heaney & Peter, 1994, pp. 34-40).
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Fig.6 SEM and TEM images of SiO. nanoparticles according to ICP concentration. Source: (Cho, Mansoo, Chol, Jung, &
Seon, 2020) * (Scanning Electron Microscopy (SEM): This technique uses electrons instead of light to create a detailed
mmage of the surface. SEM reveals the surface details of a sample with high resolution, aiding in the assessment of surface
structure and the composition of nanoparticles./ Transmission Electron Microscopy (TEM): This technique also uses
electrons, but they pass through the sample, providing higher-resolution images of the internal structure of materials. TEM
is useful for observing the internal structure of nanoparticles, including shape, size, and internal distribution./ ICP
Concentration: This usually refers to "Inductively Coupled Plasma" (ICP), a method used to analyze the chemical
concentrations of elements in various samples. In the mentioned context, "ICP concentration” likely refers to determining
the concentrations of specific elements within SiO. nanoparticles using this technique. In ICP analysis, the sample 1s
converted into plasma by heating it to very high temperatures using an induction power source. This plasma excites the
atoms 1n the sample, causing them to emit photons at specific wavelengths that can be measured to determine the
quantitative concentrations of different elements within the sample. This technique is widely used in fields such as

environmental chemistry, materials science, and geological research to accurately analyze chemical composition. For more
details, see (Thermo Fisher Scientific, 2018)
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Fig.7 Scanning electron microscope micrographs of vertical cristobalite mn rough rock fragments. Source:(Horwell,
Williamson, Llewellin, & al, 2013).

Fig.8 Yazganite and tridymite minerals under a binocular microscope. Source: (Karaman, Mehmet, & al, 2015)
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Fig.9 Scanning electron microscope images (30,000x) of opal samples. Source(Graetsch, Horst, & al., 2024)

Based on the analysis above, we can determine the hierarchy of stone types by the presence of different forms of
crystalline silica. Sandstone 1s found to contain high levels of quartz, owing to its significant resistance to erosion and
weathering. Opal can also be present as deposits in the mterstices between grains. Granite, in addition to quartz, includes
significant amounts of feldspar and mica. Cristobalite and tridymite may occur in metamorphosed granite under high-
temperature conditions. Limestone and marble contain smaller amounts of quartz as secondary minerals or impurities.
Cristobalite and tridymite are rarely found in these rocks due to their carbonate composition. Consequently, we conclude
that the likelihood of respiratory diseases such as bronchitis, silicosis, and lung cancer varies depending on the type of
rock quarried. This analysis ranks sandstone quarries as the most hazardous for workers, followed by granite quarries, and
finally marble and limestone quarries. The relative risk in quarries, therefore, depends on the type of stone extracted, and
when comparing quarries of the same stone type, the assessment should involve X-ray fluorescence (XRF) analysis.

X-ray Fluorescence (XRF) Analysis

We always resort to XRF analysis to determine the level of risk posed by quarries to workers' health. This method allows
us to analyze the crystalline silica (Si0.) content in samples, particularly from sandstone, which can vary due to several
geological and environmental factors. One of the primary factors 1s the source of the deposits, as the silica content can
vary based on the original source of the sediments. Sandstones derived from silica-rich rocks, such as granite or quartzite,
have a higher silica content compared to those from silica-poor rocks (Folk & Robert, 1980, p. 102) (Boggs & Sam, 2014,
p- 251). The process of deposition also plays a crucial role, as depositional environments (such as rivers, deserts, or seas)
mfluence the silica content. Rapid sedimentation environments may retain higher crystalline silica concentrations (Blatt,
Harvey, Robert, & Tracy, 2006, pp. 329-335). The age of the rock is another factor, as older rocks typically undergo more
geological transformations, which can either increase or decrease the silica content (Tucke & Maurice, 2001, p. 178).
Additionally, chemical and physical changes, including chemical interactions with groundwater during burial and
lithification processes, can affect the silica content (Blatt, Harvey, Robert, & Tracy, 2006, p. 335).

Therefore, there 1s no fixed percentage of crystalline silica in sandstone; it varies depending on the geological and
historical conditions of its formation. This means that even quarries extracting the same type of stone can differ in terms
of health risks. Here, XRF analysis is utilized to determine the chemical composition of a sample. X-rays are emitted onto
the sample, causing the emission of photons with specific energies that correspond to the elements present in the sample.
These energies are measured and analyzed to accurately determine the proportions of elements like silica (Van, René, &
Andrzej, 2002, pp. 3-18). After analyzing samples from two quarries of the same type, we compare the results to ascertain
which quarry poses a greater risk to workers. Additionally, we evaluate the risk levels of the quarries using metrics
established 1n the following tables:
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Table.1Classification of Limestone Quarries Based on Crystalline Silica Content

Category Crystalline Silica | Description Risk Level with Water
Percentage Spraying and
Traditional Protective
Clothing
Low Risk | Less than 10% Quarries have a very low percentage of | Very low
crystallime  silica, making them more
susceptible to erosion and less hazardous to
workers.
Moderate 109% - 209% Quarries have a moderate percentage of | Low
Risk crystalline silica, providing a balance between
hardness and erosion.
High Risk | 209% - 309% Quarries have a high percentage of crystalline | Moderate
silica, making them more resistant to erosion
and harder, increasing the risk to workers.
Very High | More than 30% Quarries have a very high percentage of | High
Risk crystalline silica, making them among the
most resistant and hardest types, significantly
increasing the risk to workers.

Table.2Classification of Sandstone Quarries Based on Crystalline Silica Content

Category Crystalline Silica | Description Risk Level with Water
Percentage Spraying and Traditional
Protective Clothing
Low Risk | Less than 25% Quarries have a low percentage of | Low
crystalline  silica, making them less
hazardous to workers.
Moderate Risk | 25% - 509% Quarries have a moderate percentage of | Moderate
crystalline  silica, requiring moderate
protective measures.
High Risk | 50% - 75% Quarries have a high percentage of | High
crystalline silica, making them hazardous
and requiring strict protective measures.
Very High Risk | More than 75% Quarries have a very high percentage of | Very high

crystalline silica, making them extremely
hazardous to workers.

Table.3Classification of Granite Quarries Based on Crystalline Silica Content

Category Crystalline Silica | Description Risk Level with Water
Percentage Spraying and
Traditional Protective
Clothing
Low Risk Less than 20% Quarries have a low percentage of | Low
crystalline  silica, making them less
hazardous to workers.
Moderate Risk 20% - 40% Quarries have a moderate percentage | Moderate
of crystalline silica, requiring moderate
protective measures.
High Risk 40% - 60% Quarries have a high percentage of | High
crystalline silica, making them hazardous
and requiring strict protective measures.
Very High Risk More than 60% Quarries have a very high percentage of | Very High

crystalline silica, making them extremely
hazardous to workers.
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Table.4Classification of Marble Quarries Based on Crystalline Silica Content

Category Crystalline Description Risk  Level with
Silica Percentage ‘Water Spraying and
Traditional Protective

Clothing

Low Risk Less than 5% Quarries have a very low percentage of | Very Low

crystalline silica, making them less hazardous
to workers.

Moderate Risk 5% - 15% uarries have a moderate percentage of Low
(o)

crystalline  silica,  requiring  moderate

protective measures.

High Risk 15% - 25% Quarries have a high percentage of crystalline | Moderate
silica, making them hazardous and requiring
strict protective measures.

Very High Risk More than 25% Quarries have a very high percentage of | High
crystalline silica, making them extremely
hazardous to workers.

So far, through the analysis of the crystalline silica content in various rocks, along with the availability of water for spraying
and traditional protective measures, we can estimate the health risk levels and classify quarries based on silica content. The
results show that sandstone quarries are the most hazardous, followed by granite quarries, then marble and limestone
quarries. The availability of water for spraying and the use of protective fabrics help reduce the risk, but inadequate
measures in the past have increased the suffering of workers. Therefore, these physical and chemical analyses are crucial
for understanding health conditions and the prevalence of silicosis within quarries.

5/ The Fame of Quarries and the Quality of Stones Extracted and Their Uses

Based on Vitruvius's statement that the primary goal in construction was to ensure durability for the longest possible
period, it 1s clear that quarries significantly influence the longevity of buildings (Vitruvius, 1931-1934, p. 75). Since
sandstone and limestone were the most commonly used materials in ancient Roman construction, Vitruvius referred to
various types of rocks, including travertine (limestone), which he noted could "withstand damage caused by heavy loads or
weather; however, it does not withstand exposure to fire, as it cracks and splits immediately. This is because, in its natural
composition, it contains only a little moisture and not much earthy material..." (Vitruvius, 1931-1934, p. 75). He also
mentioned another type of rock, stating, "... the quarries in the land of Tarquinii contain stone of peperino color; the main
work areas are around Lake Bolsena and in the territory of Statonia..." and added, "... it i1s not affected by frost nor
exposure to fire; instead, it remains solid and lasts for a long time because it contains little air and fire..."(Vitruvius, 1931-
1934, p. 74). Vitruvius refers to the best types of stones suitable for long-term durability, specifically limestone and
sedimentary stones in general, as well as high-quality peperino stone. Therefore, the selection of quarry sites 1s based on
the physical characteristics of the stones present and their resistance to natural elements. This preference is reflected in
the widespread use of limestone and sedimentary stones in Roman buildings and structures. Vitruvius also noted that the
second type of stone was favored by sculptors due to its high quality and resistance to environmental factors such as cold
and heat. Additionally, he mentioned that bronze workers found molds made of this stone to be "very useful for bronze
works" (Vitruvius, 1931-1934, p. 75). Vitruvius further noted that "if these quarries were near Rome, all our buildings
would have been constructed with stone from them" (Vitruvius, 1931-1934, p. 75). Conversely, he mentioned that "since
the quarries of Crustumerium and Palla are located near the city, necessity compels us to use their products" (Vitruvius,
1931-1934, pp. 75-76). This indicates the 1mportance of proximity between the quarry and the construction site,
emphasizing that quarries should be close to where the construction is taking place. Therefore, it can be inferred that the
quality and reputation of quarries can also be determined by the content of crystalline silica (S10.) present, irrespective of
the distance, whether far or near. Crystalline silica is a fundamental component that defines the characteristics of stones
and plays a crucial role in enhancing the hardness and resistance of stones to environmental and physical factors, such as
increasing hardness. Quartz, one of the most common types of crystalline silica, significantly contributes to the hardness of
stones and provides considerable resistance to erosion and weathering (Heaney & Peter, 1994, pp. 20-29). The same
applies to cristobalite and tridymite, crystalline forms that form under high-temperature conditions, increasing the stone's
hardness, although they are less common than quartz (Dee, William, & al, 2013, pp. 703-709). Moreover, a high
percentage of crystalline silica improves chemical resistance, making stones less susceptible to reacting with acids and
other chemicals (O'Donoghue & Michael, 1997, pp. 156-163). Additionally, high crystalline silica content enhances the
durability of stones, making them ideal for construction in environments exposed to harsh conditions such as heavy rains
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and strong winds. Therefore, the crystalline silica content in stones plays a crucial role in determining their hardness and
environmental resistance. Stones with high silica content are ideal for engineering and architectural uses that require high
durability and long-term sustainability. Understanding this relationship helps in selecting the most suitable materials for
construction and improving the quality of architectural structures, leading to the hypothesis that quarries were sometimes
specialized for a specific purpose only. This includes quarries for decoration and sculpture, internal and external medium-
scale construction, flooring, walls, and columns in large structures and public buildings, specialized engineering structures,
bridges, and monuments requiring high durability and long-term sustainability. We have created tables categorizing
limestone and sandstone quarries based on their crystalline silica content.

Table.5 Quality of sandstone based on crystalline silica content.

Crystalline Silica Percentage Quality Description

< 25% Low Quality Low hardness, weak resistance to erosion, limited uses such
as decoration and interior sculpture.

25%-50% Medium Quality Medium hardness and resistance, good balance between

durability and cost, suitable for moderate interior and
exterlor construction.

H09%-75% High Quality High hardness, excellent resistance to erosion, ideal for
flooring, walls, and columns in large structures and public
buildings.

Table.06 Limestone based on crystalline silica content.

Crystalline Silica Quality Description

Percentage

<10% Low Quality High fragility, weak resistance to erosion, limited uses such as
decoration and interior sculpture.

109%-20% Medium Quality Medium hardness and resistance, good balance between
durability and cost, suitable for moderate interior and exterior
construction.

209%-30% High Quality Good hardness, reasonable resistance to erosion, ideal for
flooring, walls, and columns in large structures.

Conclusion and Discussion.

The analysis of the mechanism of silicosis reveals a strong connection between the inhalation of crystalline silica particles
and the development of the disease. These particles, when inhaled, reach the alveoli in the lungs and resist digestion by
macrophages. This resistance leads to inflammation and scarring of lung tissue, which reduces elasticity and causes
symptoms such as persistent cough and shortness of breath. In advanced cases, the condition can worsen to respiratory
failure and death. This mechanism clearly explains why silicosis is prevalent among workers frequently exposed to silica
dust. The amount of silica in different types of rocks plays a crucial role in determining the risk of silicosis among quarry
workers. Sandstone, which contains a high silica content ranging from 25% to 75%, is considered the most hazardous to
workers' health. Studies indicate that the prevalence of silicosis among sandstone quarry workers can reach up to 72%.
Granite, with a medium silica content ranging from 20% to 60%, also poses significant risks, with a silicosis prevalence rate
of 32.7% among workers after five years of exposure. On the other hand, limestone contains lower amounts of silica,
ranging from 10% to 309%, resulting in a lower risk of silicosis. However, the risk remains, especially under poor working
conditions or lack of adequate personal protective equipment, as was often the case in ancient times. These findings
idicate that the type of rock and the level of exposure to silica dust are the primary factors determining the risk of silicosis
among Roman quarry workers. Diagnosing this condition in Roman skeletal remains requires specialized methodologies.
Signs of the disease can be detected through the analysis of long bones, ribs, and the spine, revealing conditions such as
bone fragility and fractures resulting from chronic respiratory distress and persistent infections. Additionally, chemical
analysis of bones, including stable isotope analysis, can provide insights into dietary patterns and chronic illnesses.
Microscopic examination can reveal small silica deposits, which serve as strong indicators of chronic lung fibrosis. It 1s also
crucial to consider the presence of comorbid conditions, such as tuberculosis, which may have been exacerbated by
respiratory issues. This interdisciplinary approach helps researchers understand the health conditions of Roman workers
and the impact of quarrying on their health. The analysis of quarry samples is critical for assessing health risks. By
collecting and analyzing samples using techniques like petrographic examination, XRD, and XRF analysis, researchers can
determine the crystalline silica content in rocks. These analyses are instrumental in evaluating the dangers posed by
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different quarries to workers' health. The results indicate that sandstone quarries are the most hazardous for workers due
to their high silica content, followed by granite, marble, and limestone quarries. Previous studies have shown that silica
levels can vary even among rocks of the same type, indicating that quarries extracting the same kind of stone can differ in
their health risks to workers. XRF analysis plays a crucial role in determining the chemical composition of samples and
assessing their danger. This analysis helps accurately identify the crystalline silica content, enabling the assessment of a
quarry's risk level. Quarries with high silica content require stringent protective measures for workers, while those with
lower levels are considered less dangerous.Additionally, using water sprays and protective fabrics can reduce health risks, a
measure often lacking in Roman quarries. The quality and reputation of stones from Roman quarries were mainly based
on their physiological and physical properties. According to Vitruvius, selecting stones with high durability and resistance
to environmental factors, such as erosion and harsh weather conditions, was essential to ensure the long-term sustainability
of buildings and structures.Sandstone and limestone were the most commonly used stones due to their ability to withstand
heavy loads and environmental factors, although limestone tends to crack when exposed to fire. Among other stones,
Peperino stone was noted for its high quality and resistance to frost and fire, making it ideal for construction that requires
long-lasting durability. The importance of the distance between the quarry and the construction site was significant, as it
was preferable for quarries to be close to the building locations to facilitate transportation and use. However, the quality of
the stones played a more critical role in the decision-making process. For example, Vitruvius mentioned that stones from
certain quarries would have been preferred for construction in Rome if they were closer, indicating that the quality of the
stones could outweigh distance considerations if the quality was excellent. The crystalline silica content plays a crucial role
in determining the hardness and durability of stones. Quartz, one of the forms of crystalline silica, significantly contributes
to the hardness and resistance of stones to erosion and weathering. Stones with high quartz content, such as sandstone, are
more resistant to environmental factors. Similarly, cristobalite and tridymite also contribute to the hardness of stones,
although they are less common than quartz. Thus, a high silica content provides stones with greater chemical resistance,
making them less prone to reacting with acids and other chemicals. It also enhances the durability of stones, making them
suitable for construction in harsh conditions. For example, stones used in Roman bridges and monuments, which require
high strength, often contained high levels of silica. Therefore, quarries can be classified into various specializations based
on the crystalline silica content, such as quarries for decoration and sculpture, interior and exterior construction, flooring,
walls and columns, and specialized engineering structures. This classification helps guide the use of different stones
according to their unique properties and the architectural and engineering needs of construction.In conclusion, crystalline
silica plays a vital role in archaeological research to understand the social and economic conditions in ancient Roman
times and other civilizations.
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