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Abstract  
Respirable crystalline silica (RCS) is a known human carcinogen and a contaminant of potential concern. Proppants are 
used during the process of well stimulation (hydraulic fracturing) as additives in the fluid cocktail and sand is often used as 
a proppant which contains high percentage of silica determined by the quartz content. Empirical occupational exposure 
risk models were employed in this study to assess the potential health consequences from chronic RCS exposures based on 
RCS data from NIOSH and risk assessment formulas. Evaluating the lifetime (LT) excess cancer risk (LCR) potential, 
based on a risk target of 105, the job titles that are likely to experience any substantial potential effect of cancer induction 
are the sand mover (LCR = 16.1 × 105) and transfer belt (LCR = 19.2 × 105) operators. The sand truck driver and data Van 
operators are among the job functions with a cumulative disease burden of 7.2% that are unlikely to be affected by < 2% 
carcinogenic disease burden.  The chemical truck, sand mover and transfer belt (T-belt) operators may potentially be at 
risk of other occupational nonmalignant respiratory diseases with hazard quotient (HQ) of 0.65, 1.79, and 2.13 
respectively. It is recommended that continuous occupational health monitoring of potentially exposed workers should be 
included as part of the project plan and the engineering risk controls that have been put in place should be ranked to 
highlight the effectiveness of any risk reduction/prevention methodology employed.   
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1 Introduction 
The earth’s composition is made up of about 75% silicon and oxygen making them the most abundant elements. The 
chemical combination of a silicon atom and dual oxygen atoms form a compound called silica mineral (SiO2). This is a 
noncombustible material with a melting point of 16,000 C (29,120 F); SiO2 is odorless and has no representative color [1]. 
SiO2 molecules are ordered in a continuous repeating three-dimensional pattern, which align to form a crystalline 
structure. Crystalline SiO2 exist in nature with three stable polymorphs–quartz, -cristobalite and tridymite. Quartz 
sub-polymorph known as the alpha quartz is the most abundant of all crystalline SiO2 polymorphs.  Respirable crystalline 
silica (RCS) from occupational sources are classified as: Group 1 substances, by IARC, which are carcinogenic to  
humans [2], representing health risk factors to exposed workers. 
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Table 1. Calculated and guidance RCS exposure values 

Occupational Exposure Guidelines 

Component Units OSHA PEL ACGHI TLV NIOSH REL 

RCS mg/mଷ 

8-HR TWA  10-HR TWA 

ቊ
10	mg/mଷ

%	ܱܵ݅ଶ ൅ 2
ቋ 0.025 0.05 

The adjusted OSHA PEL exposure and severity value (Adapted from Esswein et al. [14]) 

 Job Titles 

 A B C D E F G H I J K L M N O Totals 

  #Sample 16 3 2 5 3 1 1 1 4 10 1 50 6 7 1 111 
Median 
TWA 

0.10 0.14 0.04 0.04 0.07 0.04 0.02 0.01 0.02 0.06 0.04 0.38 0.45 0.06 0.01 0.11 

GM 0.09 0.12 0.04 0.07 0.05 0.04 0.02 0.01 0.02 0.05 0.04 0.26 0.33 0.05 0.01 0.12 

 *	mg/mଷ 7.34 10.01 3.10 3.17 4.97 3.10 1.51 0.94 1.44 4.39 2.95 27.43 32.62 4.03 0.50 7.85 

**Severity 0.41 0.56 0.17 0.18 0.28 0.17 0.08 0.05 0.08 0.24 0.16 1.52 1.81 0.22 0.03 0.44 

Note. GM = Geometric Mean, * 8-hr TWA adjusted, ** Severity = Median TWA/ OSHA PEL-TWA; if severity > 1, > OSHA PEL. A=Blender Operator, B=Chemical Truck Operator, C=Fueler, 
D=Hydration Unit Operator, E=Mechanic, F=Operator, Data Van, G=Pump Truck Operator, H=QC Tech, I=Roving Operator, J=Sand Coordinator, K=Sand Truck Driver, L=Sand Mover Operator, 
M=T-belt Operator, O=Water Tank Operator 

The highest median occupational exposures of RCS after the adjustment to the standard 8-hr TWA, were the (L) Sand 

Mover and (M) T-belt Operators, with median exposures of 27.43	mg/mଷ and 32.62 mg/mଷ respectively, which is 
consistent with the NIOSH study [14].  

2.2 Theoretical occupational carcinogenic risk and hazard quotient 
The inhalation reference exposure (ܫ௥ሻ	value of 0.003 mg/m3 [3, 4] was used in this study to predict the total LT carcinogenic 

risk (ܮ஼ோ) in the hydraulic fracturing industry, provided the worker continuously inhaled the RCS dust at the calculated 

dust concentration (ܥ௝) during the exposure period. The product summation of the total occupational exposure to the 

calculated median 8-hr TWA for each job title (ܥ௝ሻ throughout the employment period for the job ( ௝ܶሻ	gives the cumulative 

LT dust concentration intake (ܥ஽௖ሻ as given in equation 2: 

஽௖ܥ ൌ ൛∑ ሺܥ௝ ∗ 	 ௝ܶሻ	
௡
௝ୀଵ ൟ ൌ ݉݃/݉ଷ െ  (2)																																																														ݏݎݕ

Where ௝ܶ 	was calculated using equation 3: 

௝ܶ ൌ ቊ
ሺEF	 ∗ 	EDሻ

ሺܶܮሻ
ቋ ൌ yrs																																																																															ሺ3ሻ 

The exposure frequency (EF) and worker’s lifetime (LT) were assumed to be 45 years and 70 years respectively. While the 

exposure duration (ED) was calculated as: ቄቀ
଼

ଶସ
ቁݏݎݑ݋݄	 ൈ	ቀ

ହ

଻
ቁݏݕܽ݀	 ൈ	ቀ

ସ଼

ହଶ
 .ቁቅݏ݇݁݁ݓ	

Therefore; the potential excess lifetime carcinogenic risk (ܮ஼ோ) using theܨܪ௧௘௖௛	was determined using equation 4:   

	஼ோܮ ൌ ஽௖ܥ	 ∗ 	 	஼ோܮ			,௥ܫ ൐ 10ିସ 		ൌ 	Risk																																																												ሺ4ሻ 

Exposure effects with the potentials of non-carcinogenic health complications can be estimated using the hazard quotient 
equation (eq. 5). 
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ொܪ ൌ
஽௖ܥ
௥ܫ
ொܪ						, ൐ 1		 ൌ  ሺ5ሻ																																																																									"݇ݏܴ݅"	

Table 2. Potential carcinogenic and non-carcinogenic occupational risk due to RCS dust 

 
A B C D E F G H I J K L M N O Totals 

# 
Samples 

16 3 2 5 3 1 1 1 4 10 1 50 6 7 1 111 

Median 
TWA 

0.10 0.14 0.04 0.04 0.07 0.04 0.02 0.01 0.02 0.06 0.04 0.38 0.45 0.06 0.01 0.11 

஽௖ 1.44E-02 1.96E-02 6.08E-03 6.22E-03 9.75E-03 6.08E-03ܥ 2.97E-03 1.84E-03 2.83E-03 8.62E-03 5.79E-03 5.38E-02 6.40E-02 7.91E-03 9.89E-04 2.11E-01 

 4.32E-05 5.89E-05 1.82E-05 1.86E-05 2.92E-05 1.82E-05	஼ோܮ 8.90E-06 5.51E-06 8.48E-06 2.59E-05 1.74E-05 1.61E-04 1.92E-04 2.37E-05 2.97E-06 6.33E-04 

HQ=1 0.48 0.65 0.20 0.21 0.32 0.20 0.10 0.06 0.09 0.29 0.19 1.79 2.13 0.26 0.03 7.03 

The potential occupational carcinogenic and non-carcinogenic risks from continuous exposure to RCS through the use of 

the ܨܪ௧௘௖௛	are presented in Table 2. These risk outcomes did not take into account the synergistic effects from other 
potentially deleterious substances the workers may have been exposed to at the same period as the RCS exposure. The 
results presented herein also assumed that the workers continued on the same job with constant exposure levels until the 
end of the follow up year. 

3 Results and discussion 
Occurrence of elevated RCS dust exposure during hydraulic fracturing processes was previously determined [14].  Within 
the field workers, the T-Belt and Sand Mover Operators have the relative highest exposures to RCS based on the adjusted 
8-hr TWA calculated following the OSHA PEL guidelines. The prevalence of high RCS exposure exceeding 0.1 mg/m3 
increases the possibility of workers developing lung cancers or other forms of tumors and also elevates the chances of 
increased cases of silicotic related diseases. Evaluating the lifetime excess cancer potential, based on a risk target of 105, 
the lowest possibility of cancer development was determined to be for the water tank operator with a rare classification of 
about 3 occurrences per 1,000,000 workers, as shown in Table 3. The job titles that are likely to experience any substantial 
effect of cancer induction are operators handling the; blender (A), chemical truck (B), Sand mover (L) and T-belt (M) 
operations. The sand truck driver (K), fueler (C), Data Van (F) and the hydration unit (D) operators with a cumulative 
disease burden of 7.2%, are among the job functions that are unlikely to be affected by < 2% carcinogenic disease burden 
per the risk target of 10-4 as determined. In general, the possibility of 2.6% of the LCR prevalence among the following; 
water tank operator (O), QC tech (H), roving operator (I) and the pump truck operator, fall under the rare category. This 
gives an indication the magnitude of safety related to each job function, based on the possibility of toxic dust contacts.  

Table 3. Likelihood of Occurrence of LCR based on Occupational RCS using the ܨܪ௧௘௖௛ 

< 1%  (1.0 × 10-5) < 2%  (1.0 × 10-5) <  4%  (1.0 × 10-5) > 4%  (1.0 × 10-5) 

Job Title O H I G K C F D N J E A B L M 

LCR 0.3 0.6 0.8 0.9 1.7 1.8 1.8 1.9 2.4 2.6 2.9 4.3 5.9 16.1 19.2 

Likelihood of 
Occurrence 

Rare Possible 	

෍ ൌ 2.6% 

Unlikely Possible 

෍ൌ 7.2% 

Possible 

෍ൌ 7.9% 

Likely 

෍ൌ 45.6% 

Note. A=Blender Operator, B=Chemical Truck Operator, C=Fueler, D=Hydration Unit Operator, E=Mechanic, F=Operator, Data Van, G=Pump Truck Operator, H=QC Tech, I=Roving Operator, J=Sand 

Coordinator, K=Sand Truck Driver, L=Sand Mover Operator, M=T-belt Operator, O=Water Tank Operator. 

The workers dedicated to job functions L and M were found to have the highest susceptibility of developing cancer after 
retirement due to the chronic RCS exposures. The model predicts about 2 cancer cases per 10,000 workers for both job 
functions (Sand-mover and Transfer-belt operators) on average. Based on the level of exposure of other field workers to 
RCS, the potential risk of cancer development after a follow-up period of 45 years is minimal compared to L and M jobs. 
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The water tank operator job function will have the least effect of carcinogenicity (3.0 × 106) arising from hydraulic 
fracturing RCS. The cumulative dust exposure may result to other health complications other than lungs cancer. The 
potential effects of RCS leading to non-carcinogenic human health problems were assessed using the hazard quotient 
(HQ); which shows the same trend as the lifetime cancer risk, based on the overall RCS exposure. HQ > 1 poses significant 
health risk to humans, at the current level of RCS exposure, only the sand mover operator and transfer belt (T-belt) 
operator may potentially be at risk of other occupational nonmalignant respiratory diseases with HQ of 1.79, and 2.13 
respectively.  

Occupational exposures to carcinogenic materials are undesirable; the model in this study presents quantitative risk to 
workers directly in contact with RCS contained in the fracturing sand based, on the median permissible exposure limits 
(PEL) calculated in compliance with OSHA regulation. In similar studies, acute silicosis symptoms have been found to 
develop due to short time exposure to high RCS, however, other epidemiological studies have shown that the development 
of chronic symptoms have occurred even long after occupational RCS exposures ended [40]. There is approximately 1% 
chance for workers with an exposure duration of 45 years to develop other non-carcinogenic diseases from occupational 
exposure to RCS, and 50% of these cases may develop complications due to Mycobacterium tuberculosis, consequently 
leading to tuberculosis disease [41]. Increased mortality rates have been reported from other forms of non-carcinogenic 
consequences of RCS exposure, such as chronic obstructive pulmonary disease (COPD) and pneumoconiosis [42]. 
Statistical significant differences have been presented in recent epidemiological data obtained from silica-exposed 
workers, which showed increased cases of mortality from immunologic and autoimmune ailments [41] and systematic 
impairment of the local immune function in the human lungs with amplified nuclear factor-κB activation [43]. 

Oil and gas operators must however, be concerned about every level of exposure and the associated potential effects on the 
health of the workers. Companies hiring workers to carry out job task such as the sand-mover and T-belt operators during 
the hydraulic fracturing process, should pay close attention to protecting all workers with the possibility of exposure to 
RCS. They must also ensure that every engineering control that can possibly and thoroughly safeguard workers health 
quality from harmful exposures, are properly designed and implemented.  

4 Conclusion 
In this study, the health effect descriptive epidemiologic analysis was used to appraise the potential health effects due to 
occupational exposures to RCS during the use of the HFtech. The sand mover operator and the transfer belt operator both 
have LCR values of 1.6 × 104 and 1.9 × 104 respectively; and HQ of 1.79 and 2.3 respectively. These values are higher than 
the LCR target risk level of 105 and HQ = 1 [44], therefore, these two job functions are considered to have the likelihood of 
disease burden occurrence. The projected risks were based on some occupational assumptions and also considering the 
PEL levels for each job function, although silica exposure is dose-dependent. It is quintessential to underscore the benefits 
obtainable from preventing workers from any potential continuous RCS dust exposures. This is substantial in reducing the 
potentiality of either a lifetime excess risk or other nonmalignant health conditions, such as the negative modification of 
polycyclic aromatic hydrocarbons (PAH) induced Cytochrome P-4501A1 (CYP1A1) actions in the lungs, causing 
pulmonary inflammations [45].  

Providing more effective engineering controls, (which should begin from the design stage) for field operations during 
hydraulic fracturing, such as the use of alternatives measures to the pneumatic sand transfer activities, between the sand 
movers to the conveyor, will result to occupational exposure reduction and consequently, risk reduction/elimination. The 
application of substitution, elimination and administrative control methodology will bring about optimal reduction in 
occupational risk to workers that can be potentially exposed to the carcinogenic silica material. An example is the use of an 
alternative proppant material such as the resin coated sand and also reducing the amount of time a particular worker 
performs the task of either as a transfer belt or sand mover operator. It is suggested that effective health monitoring of 
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workers who may be potentially exposed to RCS and other toxic substances should be prioritized together with the 
implementation of operational engineering risk controls, enhanced trainings and emphasis on the proper use of respirators. 
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