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Abstract

Artificial countertop materials, including solid surface composites (SSC) and engineered stone 

(ES) may pose significant pulmonary health risks for workers who manipulate them. These 

materials have rapidly become popular in the multibillion-dollar countertop industry, rivaling that 

of natural materials such as granite and marble due to their variety of desirable esthetic qualities 

and reduced costs. Both SSC and ES consist of a mineral substrate bound together in a polymer 

matrix. For SSC the mineral is about 70% aluminum trihydrate (ATH) while ES contains up to 

95% crystalline silica by weight. Both materials emit airborne dusts when being manipulated with 

power tools during the fabrication process. Several deaths and dozens of cases of silicosis have 

been identified worldwide in workers who fabricate ES, while a single case of fatal pulmonary 

fibrosis has been associated with SCC dust exposure. This review examines the current state 

of knowledge for both SSC and ES regarding the composition, particle emission characteristics, 

workplace exposure data, particle constituent toxicity, and possible methods for reducing worker 

exposure.
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Background

Workers in the countertop industry, including those who manufacture, fabricate, and install 

commercial and residential countertops and bathroom fixtures, may not at first glance, 

appear to be at risk for serious dust-related pulmonary occupational hazards. Indeed, while 

their work may not elicit images of dust-laden air associated with underground miners, 

sandblasters and concrete cutters, countertop workers have been increasingly reported to be 

at risk due to hazards associated with the composition of some emerging popular materials 

they fabricate.1 While workers in this industry may install countertops made from a variety 
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of natural materials such as granite, marble, slate, and soapstone, this review focuses on 

the most popular manmade materials—solid surface composite (SSC)—and engineered 

stone (ES) and addresses the questions that have been raised in the last decade about the 

occupational safety of working with both ES and SSC.

SSC material is composed of a proprietary mixture of approximately 70% powdered alumina 

trihydrate (Al(OH)3, ATH) bound together in an acrylic polymer matrix, along with other 

binders, pigments, and trace metals2 SSC is usually extruded as slabs of varying thickness 

by the manufacturer, and then transported to local fabrication shops. Workers in the shops 

cut, grind, drill, sand, and polish the materials to fit the desired application. Fabricating SSC 

generates respirable airborne particulates of mixed composition, as well as small amounts of 

volatile organic chemicals (VOCs).3

ES is a manmade material with increasing popularity in the countertop industry around 

the world. Composed of an aggregate of crystalline silica (mostly quartz and occasionally 

cristobalite) and various polymer binders, ES materials can contain greater than 90% of 

crystalline silica by mass and are manufactured in large slabs.4 Following manufacturing, 

the slabs are transported to local fabrication shops where they are shaped to meet the 

needs of each customer. Working with ES generates respirable crystalline silica (RCS), 

in fabrication shops and installation sites. Grinding of stone countertop using a handheld 

grinder is a fabrication task associated with the highest RCS exposure.5,6 Overexposure 

to RCS leads to progressive, irreversible, and potentially disabling pulmonary silicosis 

and is associated with increased risk of lung, autoimmune diseases, tuberculosis, cancer, 

emphysema and kidney disease.7 The Occupational Health and Safety Administration 

(OSHA) estimated that 12,085 workers in the greater stone cutting industry were exposed 

to RCS in the workplaces in 2013. Of those, 7,441 experienced exposures greater than the 

previous permissible exposure limit (PEL) of 0.1 mg m−3.8 Recognizing that RCS remains 

a serious occupational hazard in the United States, in 2016, OSHA reduced its PEL from 

0.1 to 0.05 mg m−3 as an eight-hour time-weighted-average.9 In February of 2020, a new 

National Emphasis Program for RCS was instituted, specifically targeting the countertop 

industry for increased scrutiny for worker RCS exposures (Table 1).10

Main text

Components of SSC are associated with lung toxicity

There have not yet been any scientific investigations of lung disease in workers exposed 

to airborne emissions while working with SSC materials. However, exposure to principal 

components of the SSC emissions has been associated with lung disease in humans and 

animal models. Shaver and Riddell reported rapidly fatal pneumoconiosis in approximately 

20% of observed alumina abrasives manufacturing workers.11 In addition, manufacturing 

plastic-containing acrylate polymers releases ultrafine particles and VOCs.12 About 5–13 

months of pulmonary exposure to polyacrylate nanoparticles induced shortness of breath and 

pleural effusions in a group of 7 female workers (aged 18 – 47 y); lung pathology revealed 

nonspecific inflammation, fibrosis and granulomas, and transmission electron microscopy 

revealed acrylate nanoparticles deposited in the cytoplasm of pulmonary epithelial and 

mesothelial cells.13 Animal studies showed that intratracheal instillation ATH-produced 
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numerous confluent nodules and firm fibrotic masses at 60- day post-exposure, and by day 

210 the majority of the lungs had developed into a mass of confluent collagenous tissue.14 

While there are no studies reporting data on workplace exposure to SSC emissions, these 

findings suggest that SSC emissions constituents have the potential to induce lung injury in 

humans.

SSC particle characteristics

The physicochemical characteristics of airborne particles from some types of SSC have 

been determined in the previous studies. Qi et al.3 used an automated tool-testing system 

in a custom-built chamber to generate and measure the emissions from sawing SSC in a 

controlled environment.3 They found that the respirable (diameter < 5 μm) particles in the 

emissions were 82% ATH by mass, and the emitted particles have a mode at 1.05 μm (the 

number based geometric mean diameter) and another mode for ultrafine particles at 11.8 nm. 

In the follow-up studies, Kang et al. sought to determine the content of ATH across a range 

of particle sizes from both sawing and sanding SSC, as well as to characterize any emitted 

VOCs.15,16 Although the particle size distribution is affected by the fabrication process (eg, 

sawing vs. sanding), the aluminum content in the particles is consistent between fabrication 

processes and sandpaper materials, suggesting that the SSC material is the main source 

of the aluminum. Methyl methacrylate (MMA) was the most abundant VOC from both 

sawing and sanding SSC, but its generation rate was much lower from sawing and does not 

vary much with different sandpaper materials. Considering the generation rates of respirable 

particles and MMA during sanding and sawing SSC, the exposure to respirable particles not 

otherwise regulated (PNOR) could reach its PEL much faster than the exposure to individual 

VOCs (including MMA) could reach their PELs. To date, there have been no published data 

regarding workplace measurements of particle exposures during the SSC fabrication process, 

but these laboratory findings suggest that working with SSC materials using power tools can 

generate respirable particles at hazardous concentrations.

Exposure to SSC emissions has been associated with lung disease

Thus far, a single case of idiopathic pulmonary fibrosis associated with exposure to SSC 

emissions has been reported—that of a man, aged 64, who had worked with SSC materials 

in a home workshop for 16 years.17 Raghu et al. reported that the subject machined, ground, 

drilled, and sanded SSC. It is unclear what types of dust-mitigation techniques were used, 

if any, and photos of the workspace depict piles of accumulated SSC dust. Radiography of 

the patient’s lungs indicated interstitial pneumonia, while polarized light microscopy of lung 

biopsy sections revealed birefringent particles were localized in areas of fibrosis. Electron 

and dispersive X-ray spectroscopy of these particles indicated that they were composed 

primarily of aluminum and oxygen. Further Raman spectroscopy analysis indicated the 

presence of ATH and aluminum oxide. A single-case study is insufficient to causally link the 

SSC emission to pulmonary fibrosis; however, the presence of ATH deposits in the lung and 

no other known patient history of fibrogenic exposures suggest that the accumulation of SSC 

particles in the lungs contributed to the observed outcome.
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In vivo and in vitro investigations of the toxicity of SSC emissions

Our group has investigated the potential for toxicity of the emissions from sawing SSC.18,19 

To characterize the acute toxicity and particle clearance, male mice were exposed to 

either phosphate buffer saline (PBS, negative control), 62.5, 125, 250, 500, or 1000 μg 

of SSC particles or 1000 μg crystalline silica (Min-U-Sil 5; US Silica Company, Berkeley 

Springs, West Virginia, positive control) via oropharyngeal aspiration. Body weights were 

measured for the duration of the study. Bronchoalveolar lavage fluid (BALF) and tissues 

were collected for analysis at 1- and 14-days post-exposure. Enhanced-darkfield and 

histopathologic analysis was performed to assess particle distribution and inflammatory 

responses. BALF cells and inflammatory cytokines were measured. The geometric mean 

diameter of the particles from sawing SSC following suspension in PBS was 1.25 μm. 

BALF analysis indicated that lactate dehydrogenase (LDH) activity, inflammatory cells, 

and pro-inflammatory cytokines were significantly elevated in the 500 and 1000 μg SSC 

particles exposure groups at days 1 and 14, suggesting that exposure to these concentrations 

of SSC particles induced inflammatory responses. Histopathology indicated the presence of 

acute alveolitis at all doses at day 1, which was largely resolved by day 14. Alveolar particle 

deposition and granulomatous mass formation were observed in all exposure groups at day 

14. The SSC particles were poorly cleared, with 81% remaining at the end of the observation 

period.

Considering the importance of alveolar macrophages to the development of pulmonary 

fibrosis, we exposed a model of human alveolar macrophages (THP-1) to (<5 μm) SSC 

particles in vitro. We also determined relative toxicities of size fractions (0.07, 0.66, 1.58, 

5.0, and 13.42 μm diameter) of the airborne particles. Differentiated macrophages were 

exposed for 24 h to respirable particles from sawing SSC at concentrations of 0, 12.5, 25, 

50, or 100 μg/ml PBS. In the size-fraction experiment, one dose (100 μg/ml) was used 

for each size. Exposure to respirable SSC particles induced THP-1 macrophage toxicity 

in a dose-dependent manner. Viability was decreased by 15% and 19% after exposure to 

50 and 100 μg SSC particles/ml, respectively, which correlated with increased cell culture 

supernatant LDH activity by 40% and 70% when compared to control. Reactive oxygen 

species (ROS) production and inflammatory cytokines increased in a dose-dependent 

manner. For the size-selected particles, we observed a size-dependent relationship to 

toxicity. SSC particles of 0.07, 0.66, and 1.58 μm diameter killed 36%, 17%, and 22% 

of cells, respectively, while the larger particles showed no significant effect. These results 

indicate a potential for cytotoxicity of respirable SSC particles and a relationship between 

particle size and toxicity, with the smallest fractions appearing to exhibit the greatest 

toxicity.

Occupational exposure to engineered stone dust (ESD) is associated with lung disease

Epidemiologists have described several clusters of silicosis related to the ES fabrication 

industry. The earliest cases were detected in Israel and Spain when ES products were 

relatively new on the market. Kramer et al. studied patients with silicosis associated with ES 

over a 14-year period. During that time, 25 cases of silicosis with restrictive lung disease 

were observed, with 10 of those eventually receiving lung transplants, and 3 patients died 

while waiting for their transplant. The average length of employment was 18.5 years. All 
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silicosis cases were associated with dry cutting ES material. Compared to International 

Society for Heart and Lung Transplantation registry data, the incidence of silicosis among 

these workers was more than 14x higher than average.20 Another cluster was reported in 

Spain in 2014 involving 46 cases of silicosis.21 Among these workers, the median age was 

33, with 11 years on average working in the industry. Pérez-Alonso et al. reported that 

poor industrial hygiene, little or no dust mitigation, and inadequate or missing personal 

protective equipment were commonplace, even when performing dry cutting tasks. In 

addition, mandatory annual chest radiographies were not performed to screen for emerging 

silicosis. In the United States, the first case of ESD-associated silicosis was reported in 2014 

in Texas, where a 37-year-old male had been exposed to ESD for 10 years.1 In subsequent 

years, 18 cases of silicosis, and 2 deaths, in ES workers have been reported in California, 

Colorado, Texas, and Washington states.4 In 2018, the government of Australia undertook 

a nationwide program of silicosis screening for all at-risk ES workers. Of the 799 workers 

screened, silicosis was identified in 98 (12%), with 15 suffering from progressive massive 

fibrosis.22 These findings suggest that silicosis in the ES industry may be more prevalent 

than indicated through self-reporting alone. Considering that ES has only become widely 

popular in this industry in the last two decades, and with latency periods observed for some 

workers in the range of 10–20 years, many workers with chronic exposure to ESD may only 

just now be experiencing symptoms of silicosis.

Exposure to ESD is associated with changes in lung function

Functional changes in the lungs are often noted in ESD exposures. Ophir et al. observed 

significant reductions in diffusion lung carbon monoxide in a single breath, forced 

expiratory volume, forced vital capacity, total lung capacity, and vital capacity in a group of 

68 workers with up to 20 years of occupational exposure to ESD, compared to unexposed 

control. Furthermore, the authors found a significant association between the severity of 

these functional deficits and the number of respirable-sized silica particles in sputum 

collected from subject airways.23 Hoy et al. noted restrictive and obstructive defects, 

reduced gas transfer, and progressive declines in forced expiratory volume and ventilatory 

capacity.24 Pulmonary function testing showed restrictive defects with reduced diffusion 

capacity.4 Wu et al. found that workers with silicosis from exposure to ESD had more 

severe outcomes with fewer years of exposure than workers with natural stone dust-induced 

silicosis.25

Acute, chronic, and accelerated silicosis

There appear to be differences between ESD-associated silicosis and silicosis from other 

occupational sources.26 The principal trend reported globally is the short time of exposure 

to ESD to the onset of symptoms, which appears to be approximately 10 years. Some cases 

are occurring after only a few years of exposure.4,24 Along with rapid onset and progression 

of symptoms, another hallmark of ESD-silicosis is the severity of symptoms and poor 

prognosis for affected workers. Incidence of disabling loss of lung function, lung transplants, 

and death appear to be higher in workers exposed to ESD than comparable occupations 

with RCS exposure.20 Taking these trends into account, it may be useful to understand the 

etiology of silicosis and its various categories.
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Silicosis can be broadly categorized via pathophysiology into two ways: acute or chronic. 

So-called acute silicosis differs from chronic types in several ways. For acute silicosis, 

the histology reveals proteinaceous fluid filling the alveolar space. The source of this 

proteinaceous material appears to be hypertrophic type ii pneumocytes.27 Interstitial fibrosis 

and pneumonitis, with small silicosis nodules may also be presented.28 Acute silicosis is 

also differentiated from chronic silicosis in the speed of progression of symptoms. Alveolar 

proteinosis may progress rapidly, with onset of symptoms usually occurring in less than 4 

years of exposure.29 The prognosis for patients with acute silicosis is poor; a bilateral lung 

transplant is often required. Typically, cases of acute silicosis are associated with extreme 

occupational overexposures to very fine crystalline silica dust of very high purity, such as 

used in sandblasting, abrasives manufacture, or drilling and blasting through quartz rock.30

In contrast to the acute form, chronic silicosis typically develops only after prolonged 

exposure to RCS, with onset occurring after 20 years or more. Histopathologic analysis 

of lung tissue typically reveals well-developed silicotic nodules. These nodules eventually 

mature into dense, largely acellular bundles of deposited collagen. Polarized light 

microscopy can detect birefringent polyhedral silica particles of 1 and 2 μm in diameter 

interspersed among the nodules. Radiography shows rounded opacities. Functionally, 

chronic silicosis results in restrictive lung disease, causing impaired gas exchange and 

dyspnea.

Castranova et al. postulated a four-step process for the development and progression of 

chronic silicosis.31 First, inhaled RCS reaches the deep lung and causes direct cytotoxicity. 

Surface silanol groups may act as H-donors and damage biological membranes.32 Si· and 

SiO· radicals formed on freshly fractured cleavage planes can generate ROS, causing 

lipid peroxidation and cell damage.33,34 Second, alveolar macrophages are recruited to 

phagocytize the RCS, resulting in further oxidant production.35 Third, macrophages, 

recruited polymorphonuclear leukocytes, and alveolar type II epithelial cells release 

proinflammatory cytokines and chemokines.36 Finally, alveolar pneumocytes secrete 

fibrogenic factors, including platelet-derived growth factor (PDGF) and fibronectin.

A third classification of silicosis exists that shares features of both acute and chronic 

forms and has been termed “accelerated” silicosis. Similar to acute silicosis, accelerated 

is associated with shorter, intense exposures, typically in the range of 2–10 years.37–40 

Histologically, in a pattern more resembling early chronic silicosis, the accelerated form is 

also associated with fibrotic masses composed of collagen and reticulin enveloping silica 

particles. The alveolar septa undergo type II epithelial cell hypertrophic and hyperplastic 

thickening.37,41

Exposure to ESD is associated with autoimmunity

Silicosis has been associated with systemic inflammation and resultant autoimmune 

disorders for more than a century as cases of diffuse scleroderma were first described 

in a group of stone masons.42–44 Research has linked diseases such as systemic lupus 

erythematosus,45–47 systemic sclerosis,48 and rheumatoid arthritis.42,49,50 The biologic 

mechanism underlying silica-induced autoimmune disorders is not clear. The presence of 

elevated antinuclear antibodies (ANA) is often reported in a subset of silicosis cases.51 In a 
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group of 68 patients with silicosis of varying progression, lung antibodies were detected in 

47. Of that antibody positive group, all expressed IgG lung antibodies, while 32 presented 

IgA, and IgM were detected in 15.52

Autoimmune disorders have also been described in patients with ESD-associated silicosis. 

Shtraichman et al. found that in 40 cases of silicosis in Israeli countertop fabricators, 9 

(23%) presented autoimmune symptoms.53 Of these nine subjects, six reported symptoms 

of arthritis, four Raynaud’s disease, two dysphagia, one myalgia, and one xerostomia. Six 

out of nine subjects were smokers, a factor which has been found to exacerbate silicosis 

and autoimmunity.54 Turner et al. recently identified a group of three Australian workers 

with an average exposure duration of 19.3 years. In addition to functional deficits, these 

workers presented clinical features of autoimmunity including arthropathy, sicca, Raynaud’s 

phenomenon, and positive autoantibody titers. A common theme among these workers 

was dry cutting techniques generating very high exposures, coupled with minimal or no 

respiratory PPE.55 In a survey of 18 cases of ES workers with silicosis across several 

states, Rose et al. identified five workers with symptoms of autoimmune disease. This subset 

of patients was found to suffer from either rheumatoid arthritis or scleroderma. Crucially, 

in some workers who presented with autoimmune symptoms, silicosis was not initially 

suspected. Only after lung biopsy was performed on these subjects was their silicosis 

discovered.4

ESD characterization and exposure control

Efforts have recently been made to characterize emissions from manipulating ES materials 

with various powered tools. Johnson et al. measured respirable particle emissions and 

the fraction of RCS in a controlled, simulated workspace environment.56 The emissions 

generated by different tasks included cup grinding, wheel grinding, polishing, blade cutting, 

and core drilling. Each task was performed with and without local exhaust ventilation 

(LEV), as well as with or without wetting techniques. The ES material used in this case 

contained >85% quartz. They found that, when operated dry with no LEV, silicon carbide 

wheel grinding resulted in the highest RCS exposure, followed by sawing and cup-grinding. 

The percentage of crystalline silica in the collected particulate mass averaged 53% overall 

(range: 9.3–76.2%).

Following the hierarchy of controls,57 eliminating or substituting crystalline silica in the 

ES is the most preferred method of reducing worker exposure to RCS. Using a strategy 

of short-term task-based sampling, Qi et al. reported that working with ES alone led to 

significantly higher RCS exposures than working with mixed stone types (ES and granite, 

which is a natural stone) with P = 0.03 for grinding and P≪0.01 for polishing.8 Carrieri et 

al. determined the physicochemical characteristics of particles generated by grinding three 

types of ES and compared them to the particles from grinding granite.58 Overall, grinding 

the granite produced the most respirable particles. However, the types of ES with high (90%) 

silica content, produced 3 and 4-fold greater RCS than granite (30% silica), even though the 

overall respirable particles concentration was lower with ES. The type of ES with low (9%) 

silica content, unsurprisingly, produced the least RCS, approximately the third of the amount 

as granite, and far less than the high silica ES materials.
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Engineering control is the preferred exposure control method after elimination and 

substitution. In virtually all countertop workshops, practices often involve sawing, grinding, 

polishing, and other work that generates airborne particles. A variety of engineering controls 

have been reportedly used to reduce emissions and the workers’ exposure to RCS. However, 

the real-world implementation of sufficient engineering control methods is far from ideal. 

Phillips et al. found that approximately 74% of countertop shops in three metropolitan areas 

of Oklahoma reported using predominantly dry methods in at least one step of their work, 

and four shops (9%) reported using no particle collection or suppression systems at all.59 

Utilizing wet-sawing techniques has been shown to reduce mean respirable particle and 

RCS exposure more than 10-fold. Local exhaust ventilation (LEV), similar to what has been 

employed to reduce welding fume exposures for metal fabricators, can reduce exposure 

by an additional 10-fold for sawing ES, from an original 69–0.6 mg m−3.60 However, the 

reduced RCS exposure was still significantly higher than the OSHA PEL of 0.05 mg m−3. 

When grinding stone countertops in a dust control booth with a filtration unit, the short-term 

RCS exposure was reduced by 78.7%.61 Utilization of tools modified with water jets, or 

a sheet-wetting method that wet the entire work surface continuously, in combination with 

LEV appears to be able to further reduce RCS exposures during ES edge grinding and blade 

cutting. However, addition of LEV to some tools with spray-wetting attachments may reduce 

their effectiveness, so a comprehensive understanding of the effects of these measures is 

required for each tool.56 Without the interference of LEV, using the wetting method of 

combining water spray and sheet-wetting, the short-term RCS exposure was found to be 

reduced to 0.033 ± 0.011 mg m−3 for grinding mixed stone types (ES and granite), which 

was below the OSHA PEL of 0.05 mg m−356 (Table 1).

In vitro study of ESD toxicity

To date, there has been only one in vitro investigation of ESD toxicity.63 studied the 

toxicity of several types of ESD when incubated with human bronchial epithelial cells 

(BEAS-2B). Compared to silica control, the freshly generated ESD samples produced more 

ROS, although this difference was reduced over the following hours. In assays of hemolysis 

and LDH release, all ESD samples generated negligible values when compared to silica. 

After thermal degradation of the polymer coating the particles, cytotoxicity was increased. 

In contrast to their hemolysis and LDH assay results, markers for epithelial-mesenchymal 

transition, a critical step in the development of fibrosis, were increased by all ESD samples, 

while the presence of a polymer coating on the samples had no effect.

Conclusions and the future directions

There are currently gaps in the knowledge regarding the occupational exposure risk and 

toxicity mechanisms of both ESD and SSC emissions. For ESD, while several ongoing 

studies are attempting to characterize the particles emitted during various real-world 

fabrication tasks, an international effort has been made to identify workers with ESD-

associated silicosis, changes in lung function, and autoimmunity. In comparison, relatively 

little is known about occupational exposures to SSC emissions and only one case of lung 

disease has been associated with this material. It may be the case that SSC emissions 

are simply less hazardous, or workers are not exposed to quantities sufficient to cause 

disease. More information regarding the workers’ exposure to SSC emissions is required to 
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make these determinations. Additionally, working with SSC materials releases VOCs, the 

inhalation of which in conjunction with solid particles has not yet been investigated.

The rapid progression of accelerated silicosis in ESD-exposed workers is of concern. It is 

unclear if these cases are the result of massive overexposure to the RCS released by working 

with these materials, or if it is something intrinsic to the material (trace metals, pigments, 

and organics) that potentiates this effect. More controlled cell culture and animal studies 

are required to elucidate the molecular mechanisms underpinning this observed toxicity. 

Considering the numbers of reported ESD-associated silicosis cases, more prevention efforts 

are needed to protect workers in this occupational sector. Industrial hygiene techniques that 

may have been sufficient at keeping RCS under regulatory limits when working with natural 

stone may be inadequate to protect workers fabricating ES, which contain much greater 

amounts of crystalline silica as well as polymer binders. While it is beyond the scope of this 

review to proscribe changes to the industry, the hierarchy of controls doctrine would suggest 

that elimination of the RCS hazard through a change in material composition may be the 

most effective course of action.

Although the nature of particles and VOCs differ between emissions from ES and SSC, we 

observed that both may induce pulmonary damage. Considering the size of the countertop 

fabrication industry and the sometimes-variable emission controls used in these workplaces, 

it is imperative that we identify which components of these materials are causing toxicity, as 

well as any systemic implications they may present.
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List of abbreviations:

ATH aluminum trihydrate

BALF bronchoalveolar lavage fluid

ES engineered stone

ESD engineered stone dust

LDH lactate dehydrogenase

LEV local exhaust ventilation

MMA methyl methacrylate

OSHA Occupational Health and Safety Administration

PEL permissible exposure limit

RCS respirable crystalline silica

SSC solid surface composite
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VOC volatile organic compounds
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