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Disclaimer 
Mention of any company or product does not constitute endorsement by NIOSH. In 
addition, citations to websites external to NIOSH do not constitute NIOSH 
endorsement of the sponsoring organizations or their programs or products. 
Furthermore, NIOSH is not responsible for the content of these websites. All Web 
addresses referenced in this document were accessible as of the publication date. 
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Abstract 
Exposure risks to worker health at unconventional oil and gas extraction sites can 
include chemicals and inhalation of respirable crystalline silica (RCS). National 
Institute for Occupational Safety and Health (NIOSH) researchers have identified 
concentrations of RCS at hydraulic fracturing sites that can be 10-50 times higher 
than the Occupational Safety and Health Administration (OSHA) Permissible 
Exposure Limit (PEL). NIOSH research has identified at least 7 point sources where 
silica dust is generated. 

Engineering controls have been proposed by NIOSH to limit dust generation at 
some of the known locations of most concern. One of these controls is a NIOSH-
developed mini-baghouse retrofit assembly (NMB), to be mounted on the thief 
hatches on top of the sand mover, one of the largest sources of dust generation. 
This report details the results of a trial of the 3rd generation of the NMB that 
occurred at Southwestern Energy (SWN) Sand Company in North Little Rock, 
Arkansas, May 19 – 21, 2015. This trial is a follow-up to the 2013 test of the 2nd 
generation of the technology [Alexander et al. 2016; NIOSH 2015]. 

Area air samples were collected at 12 locations on and around a sand mover with 
and without the mini-baghouse retrofit assembly in place. Samples were analyzed 
for respirable dust and RCS. Improvements made to the design of the mini-
baghouse retrofit assembly enhanced performance relative to the generation 2 
version. Results indicate that the mini-baghouse retrofit assembly effectively 
reduced both respirable dust and RCS downwind of the thief hatches. Reductions of 
airborne respirable dust at the three locations with the highest uncontrolled 
concentrations were all greater than 99% (all controlled concentrations were less 
than the limit of detection), and reductions in airborne RCS ranged from 98% to 
greater than 99%. Measurements of the static pressure inside the bags remained 
low throughout filling of the sand mover, avoiding the need to suspend sand 
transfer and manually shake filter bags. Analysis of a bulk sample of the dust 
collected by the baghouse assembly during this trial showed the presence of silicon, 
silica monoxide and the silica dioxide radicals which are indicators of freshly 
fractured quartz, a particularly hazardous form of RCS. 

Design enhancements are proposed to provide weather resistance and ease of 
clamping of the mini-baghouse. Future trials are planned to determine the efficacy 
of these design changes. 
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Introduction 

Background for Control Technology Studies 
The National Institute for Occupational Safety and Health (NIOSH) is the primary 
Federal agency engaged in occupational safety and health research. Located in the 
Department of Health and Human Services, it was established by the Occupational 
Safety and Health Act of 1970. This legislation mandated NIOSH to conduct a 
number of research and education programs separate from the standard setting 
and enforcement functions carried out by the Occupational Safety and Health 
Administration (OSHA) in the Department of Labor. An important area of NIOSH 
research deals with methods for controlling occupational exposure to potential 
chemical and physical hazards. The Engineering and Physical Hazards Branch 
(EPHB) of the Division of Applied Research and Technology has been given the lead 
within NIOSH to study the engineering aspects of health hazard prevention and 
control.  

Since 1976, EPHB has conducted a number of assessments of health hazard control 
technology on the basis of industry, common industrial process, or specific control 
techniques. Examples of these completed studies include the foundry industry; 
various chemical manufacturing or processing operations; spray painting; and the 
recirculation of exhaust air. The objective of each of these studies has been to 
document and evaluate effective control techniques for potential health hazards in 
the industry or process of interest, and to create a more general awareness of the 
need for or availability of an effective system of hazard control measures. 

These studies involve a number of steps or phases. Initially, surveys are conducted 
to determine exposure to workers. The reports from these surveys are then used as 
a basis for choosing effective hazard control measures. The hazard control 
measures are tested to determine their effectiveness. Ultimately, the information 
from these research activities builds the data base of publicly available information 
on hazard control techniques for use by health professionals who are responsible 
for preventing occupational illness and injury.  

Background for this Study 

Risks for Mineral and Chemical Exposures in Unconventional Oil and Gas Extraction 
Although occupational exposure to respirable crystalline silica (RCS) is a well-
established hazard in mining, sandblasting, foundry work, and construction, until 
recently it was not recognized as a hazard associated with oil and gas extraction 
[Amandus and Costello 1991; Amandus et al. 1995; Chen et al. 2005; Chen et al. 
2012; Cox-Ganser et al. 2009; Echt et al. 2002; Echt and Sieber 2002; Froines et 
al. 1986; Goldstein et al. 2014; Hnizdo et al. 1997; Landrigan et al. 1986; Laney et 
al. 2010; Morfeld et al. 2014; NIOSH 1992; Park et al. 2002; Perez-Alonso et al. 
2014; Rosenman et al. 1996; Steenland et al. 2001].  Hydraulic fracturing involves 
high pressure injection of large volumes of water (about 95%), mixed with 4 – 5% 
of “proppant” (typically silica sand) and approximately 1% of treatment chemicals, 
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to enhance existing fissures and create new cracks in tight oil and gas formations. 
After release of hydraulic pressure, the proppant holds the cracks open, so that gas 
or oil can flow freely from the formation. In addition to silica sand, resin-coated 
sand or ceramic proppant may also be used, depending on the formation.  

The American Petroleum Institute (API) has a standard for sand used as proppant. 
Proppant sand must be ≥99% silica, within a certain range of mesh sizes, smooth-
edged and highly spherical. It must also pass tests of crush resistance, low acid 
solubility and low turbidity [API 2008]. Although hydraulic fracturing has been in 
use since the 1940s, its use for recovering oil and gas from tight formations has 
skyrocketed in the last 10 years due to the use of directional and horizontal drilling 
techniques coupled with high volume, high pressure hydraulic fracturing. U.S. 
production of dry natural gas alone increased by 39% from 2004 to 2014 [USEIA 
2015]. 

As part of a NIOSH research program to evaluate risks for chemical exposures to 
land-based oil and gas workers [NIOSH 2010a], NIOSH researchers were the first 
to systematically evaluate risks for occupational exposures on hydraulic fracturing  
sites across the U.S. Identified exposure risks include RCS in hydraulic fracturing 
and volatile organic compounds (VOCs) in flowback operations [Esswein et al. 
2013; Esswein et al. 2014]. (See Figure 1.) 

Silica-Related Disease 
Silica, or silicon dioxide (SiO2), is found in a variety of crystalline and non-
crystalline forms. The most common forms of crystalline silica are quartz, 
cristobalite and tridymite, with quartz being by far the most common [NTP 2011]. 
Inhalation of RCS is most closely identified with the disease silicosis, a scarring of 
the lungs that causes difficulty in breathing, and is progressive and fatal. Acute 
silicosis can develop in weeks to months following exposure to very high 
concentrations (tens of milligrams per cubic meter) of RCS. Long-term exposure to 
much lower concentrations of RCS can lead to accelerated or chronic silicosis years 
to decades later. Silicosis is a risk factor for developing tuberculosis, and silica 
exposure can also cause kidney and autoimmune disease. Workers exposed to RCS 
also have higher rates of other respiratory diseases, such as chronic bronchitis and 
emphysema [NIOSH 2002]. 

Inhalation of quartz and cristobalite, two of the most common crystalline forms, can 
lead to cancer [NTP 2011]. In a study of diatomaceous earth workers published in 
2001, the risk of mortality from lung cancer increased with increasing exposure to 
RCS dust (cristobalite) [Rice et al. 2001]. In a study of Vermont granite workers, 
increasing crystalline silica dust exposure was associated with lung cancer[Attfield 
and Costello 2004]. A study of industrial sand workers in North America showed 
increasing risk of silicosis and lung cancer with increasing exposure to respirable 
silica [McDonald et al. 2005]. In Chinese workers at metal mines and pottery 
factories, long-term exposure to silica dust increased the mortality rate due to 
respiratory diseases, lung cancer and cardiovascular disease [Chen et al. 2012].  
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The International Agency for Research on Cancer (IARC) classifies crystalline silica 
dust, in the form of quartz or cristobalite, as carcinogenic to humans, based on 
studies such as the ones mentioned above, as well as animal experiments [IARC 
2012]. The U.S. National Toxicology Program (NTP) also classifies RCS as a known 
human carcinogen [NTP 2011]. 

Plant and Process Description 

Hydraulic Fracturing 
Unconventional oil and gas wells are hydraulically fractured in multiple stages. Each 
stage requires the use of hundreds of thousands to millions of pounds of proppant. 
Proppant (mostly silica sand) is typically delivered on site in dry bulk by tractor-
trailers. A fan-compressor pneumatically transfers proppant from the delivery trailer 
to multi-bin storage and handling units called sand movers. 

One or two inspection hatches (or “thief hatches”) are usually located along the top 
of each bin on a sand mover. These hatches are either left open or unlatched when 
proppant is being transferred into the bins, to allow for release of pneumatic 
pressure from the bin. Underneath the bins, the sand mover has a conveyor belt 
onto which proppant is discharged and conveyed into a blender truck. In the 
blender, proppant is mixed with water and other additives before high pressure 
pumping and injection into the hydrocarbon formation. Often, multiple sand movers 
are in use, each one depositing sand onto a transfer belt for delivery to the blender. 
Sand mover operators work from one of two stations: on the top rear of the sand 
mover, above the location where sand emerges from under the sand mover on the 
conveyor belt; or at the lower front of the sand mover [Esswein et al. 2013]. 

NIOSH researchers collected personal breathing zone air samples for workers at 11 
hydraulic fracturing sites in 2010 and 2011. Job classification was associated with 
exposures to silica. Sand Mover and Transfer Belt Operators had the highest 
exposures to RCS, due to their proximity to point sources of sand dust generation. 
Figure 2 shows a Sand Mover Operator at his work station. Exposures of Sand 
Mover Operators were sometimes over ten times higher than occupational exposure 
limits, exceeding the assigned protection factor (APF) of 10 for half-face elastomeric 
or filtering-facepiece respirators. In that case, wearing a half-face elastomeric or 
filtering-facepiece respirator would provide insufficient protection. At one hydraulic 
fracturing site, a portion of the silica sand was replaced with ceramic proppant, and 
risks for exposures to RCS were notably lower [Esswein et al. 2013]. 

Pneumatic transfer of sand enhances generation of silica dust aerosols. NIOSH 
researchers identified at least seven primary point sources of dust 
generation/release [OSHA/NIOSH 2012]. They are: 

• Thief hatches on top of the sand movers during filling 

• Uncapped side fill ports on sand movers during filling 
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• Vehicular traffic on the site 

• Transfer belt under the sand movers 

• Sand being dropped or mixed in the belt or blender area 

• Transfer belts between the sand movers and the blender 

• The end of the sand mover conveyor belt 

Several engineering controls were proposed to limit the generation of silica-
containing dusts. These included a mini-baghouse assembly on the sand mover 
hatches, skirting and shrouding at the base of the sand mover and near the 
conveyor belt, and capping unused fill ports [Esswein et al. 2013].  

NIOSH previously evaluated one of these controls, the mini-baghouse retrofit 
assembly, at an SWN sand mine in North Little Rock, Arkansas on November 18 – 
21, 2013 (See Figure 3) [NIOSH 2015]. As a result of that test, enhancements were 
made to the technology, and the mini-baghouse was again tested at the same 
location on May 19 – 21, 2015. This report presents the results of that evaluation. 
The NIOSH mini-baghouse is only designed to control dust being released from the 
thief hatches. Other technologies are needed to control silica aerosol emissions 
from other sources. 

Occupational Exposure Limits and Health Effects 
As a guide to the evaluation of the hazards posed by workplace exposures, NIOSH 
investigators use mandatory and recommended occupational exposure limits (OELs) 
when evaluating chemical, physical, and biological agents in the workplace. 
Generally, OELs suggest levels of exposure to which most workers may be exposed 
up to 10 hours per day, 40 hours per week for a working lifetime without 
experiencing adverse health effects. It is, however, important to note that not all 
workers will be protected from adverse health effects even though their exposures 
are maintained below these levels. A small percentage may experience adverse 
health effects because of individual susceptibility, a pre-existing medical condition, 
and/or hypersensitivity (allergy).  

In addition, some hazardous substances may act in combination with other 
workplace exposures, the general environment, or with medications or personal 
habits of the worker to produce health effects even if the occupational exposures 
are controlled at the level set by the exposure limit. Combined effects are often not 
considered in the OEL. Also, some substances are absorbed by direct contact with 
the skin and mucous membranes, and thus can increase the overall exposure. 
Finally, OELs may change over the years as new information on the toxic effects of 
an agent become available [Plog 2012]. 

Most OELs are expressed as a time-weighted average (TWA) exposure. A TWA 
exposure refers to the average airborne concentration of a substance during a 
normal 8- to 10-hour workday. Some substances have recommended short-term 
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exposure limits (STELs) or ceiling values (C) which are intended to supplement the 
TWA where there are recognized toxic effects from higher exposures over the short-
term [Plog 2012]. 

In the U.S., OELs are established by Federal agencies, professional organizations, 
state and local governments, and other entities. NIOSH Recommended Exposure 
Limits (RELs) are based on a critical review of the scientific and technical 
information available on the prevalence of health effects, the existence of safety 
and health risks, and the adequacy of methods to identify and control hazards 
[NIOSH 2010b]. They are developed using a weight of evidence approach and 
formal peer review process. The U.S. Department of Labor OSHA Permissible 
Exposure Limits (PELs) [OSHA 2006] are OELs that are legally enforceable in 
covered workplaces under the Occupational Safety and Health Act. OSHA has 
recently reduced the PEL for RCS [OSHA 2016]. 

Other OELs that are commonly used and cited in the U.S. include the Threshold 
Limit Values (TLVs®) recommended by the American Conference of Governmental 
Industrial Hygienists (ACGIH®), a professional organization [ACGIH 2015]. ACGIH 
TLVs are considered voluntary guidelines for use by industrial hygienists and others 
trained in this discipline “to assist in the control of health hazards.” Workplace 
Environmental Exposure Levels (WEELs®) are recommended OELs that were 
historically developed by the American Industrial Hygiene Association (AIHA), 
another professional organization. In 2013, WEEL development was transferred to 
the Occupational Alliance for Risk Science (OARS). WEELs have been established for 
some chemicals “when no other legal or authoritative limits exist.” [AIHA 2014].  

OSHA requires an employer to furnish employees a place of employment that is 
free from recognized hazards that are causing or are likely to cause death or 
serious physical harm [OSHA 2004]. Thus, employers are required to comply with 
OSHA PELs. Some hazardous agents do not have PELs, however, and for others, 
the PELs do not reflect the most current health-based information. Thus, NIOSH 
investigators encourage employers to consider the other OELs in making risk 
assessment and risk management decisions to best protect the health of their 
employees. NIOSH investigators also encourage the use of the traditional hierarchy 
of controls approach to eliminating or minimizing identified workplace hazards. This 
includes, in preferential order, the use of: (1) substitution or elimination of the 
hazardous agent, (2) engineering controls (e.g., local exhaust ventilation, process 
enclosure, dilution ventilation) (3) administrative controls (e.g., limiting time of 
exposure, employee training, work practice changes, medical surveillance), and (4) 
personal protective equipment (e.g., respiratory protection, gloves, eye protection, 
hearing protection) [NIOSH 2010c]. 

RCS generated during sand mover filling operations consists of particles small 
enough to be inhaled into the gas exchange regions of the lungs. The particles are 
typically smaller than 10 micrometers (µm) in aerodynamic diameter [OSHA/NIOSH 
2012]. Occupational exposure limits for RCS vary. The major U.S. exposure limits, 
along with selected international limits, are summarized in Table I. 
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OSHA recently promulgated a silica standard which revises the PEL to 0.05 mg/m3 
as a time-weighted average and requires employers to train employees, develop 
written exposure control plans, evaluate exposure risks, conduct medical 
monitoring and limit access to high exposure areas and provide respiratory 
protection when engineering or administrative controls cannot control exposure 
below the PEL [OSHA 2016]. 

Where workers are exposed to RCS at or above the PEL and REL (0.05 mg/m3), 
NIOSH recommends minimizing risks by substituting less hazardous materials and 
using engineering controls to limit exposures. If substitution and engineering 
controls cannot limit exposures to a level less than the PEL and REL, respiratory 
protection should be used in accordance with a written respiratory protection 
program, including medical clearance and fit testing [NIOSH 2002]. 

Methodology 
Researchers from NIOSH evaluated generation 3 of the NIOSH-developed and 
fabricated mini-baghouse retrofit assembly for control of silica dust generation from 
sand moving machinery on May 19 – 21, 2015 at an SWN sand mine in North Little 
Rock, Arkansas. Eight NIOSH mini-baghouse retrofit assemblies were fabricated by 
a contractor and assembled by NIOSH.  The units were installed on each of eight 
thief hatches atop an NOV-APPCO FS-30 “Frac Sander” (i.e., sand mover). Figure 4 
shows a photo of the FS-30 sand mover with the mini-baghouse assemblies 
installed.  

The study design involved collection of area air samples for respirable particulates 
and RCS, with the mini baghouse installed and absent, while one bin on the FS-30 
was filled with 40/70 mesh silica sand proppant. Seven trials were conducted.  Each 
trial consisted of a pair of bin filling “runs”: one with the mini-baghouse control 
present, and one with the control absent. Each of the 4 sand bins on the FS-30 has 
a different volumetric internal capacity; bins #2 and #3, chosen for the 2013 test, 
were also used for the current study. The experimental design was intended to 
evenly sample from bins #2 and #3, but adverse weather conditions made it 
impossible to perform the planned number of trials. Therefore, in the first four 
trials, bin #3 was filled with sand, and in the last three trials, bin #2 was filled.  

Samples for respirable particulates and RCS were collected using SKC® 224-PCXR8 
universal sampling pumps (SKC, Eighty Four, PA) connected in-line to BGI® Model 
GK 2.69 size-selective cyclones (Mesa Labs, Butler, NJ).  Samples were collected on 
tared 5 micron (µm) polyvinyl chloride (PVC) filters in three-piece 37-mm 
polystyrene sampling cassettes. The lids of the cassettes were removed to make it 
possible to attach the cyclones. The sampling trains were calibrated on-site, pre- 
and post-sampling, to 4.2 liters per minute to collect the respirable fraction of the 
dust [Kenny and Gussman 1997]. 

Air samples were collected at 12 different sampling locations. Six locations were on 
top of the sand mover (at each of the four corners and at two locations towards the 
middle of the FS-30), and six locations were on the ground at personal breathing 
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zone height. Sampling locations are marked on a diagram in Figure 5. Photos of the 
air sampling trains are found in Figures 6 - 8. A total of 168 air samples were 
collected during two days of sampling. Half of the air samples (84) were collected 
while using the mini-baghouse, and half were collected with the mini-baghouse 
absent. Temperature, relative humidity, and wind speed and direction were 
recorded continuously during each sample period using a Kestrel 4500 weather 
meter (Nielsen-Kellerman, Boothwyn, PA) located north of the sand mover (See 
Figure 9.). 

After all samples were collected, the PVC filters were delivered to an analytical 
laboratory (Bureau Veritas, Novi, Michigan) where they were analyzed for respirable 
dust according to NIOSH method 0600, and for RCS according to NIOSH Method 
7500 [NIOSH 2003]. For the respirable dust analysis, the filters were equilibrated 
for at least 2 hours and static charges were neutralized before the filters were 
weighed. 

For the RCS analysis, the filter was removed from the air-sampling cassette and 
folded two times to retain the particulate inside. It was then moistened with a drop 
of isopropyl alcohol, and the filter holder was wiped with the filter to collect any 
sample that was clinging to the holder. The PVC filter was dissolved, and the 
sample particulate was transferred to a silver-membrane filter. X-ray diffraction 
was used to determine the mass of the cristobalite, quartz and tridymite forms of 
crystalline silica that were present. 

In addition to the air samples, two bulk samples of sand were collected and sent to 
an AIHA-accredited analytical laboratory (Bureau Veritas, Novi, MI) for 
determination of the percent silica by NIOSH Method 7500 [NIOSH 2003]. The 
samples were ground up using a mortar and pestle before being deposited on a 
silver-membrane filter for analysis by X-ray diffraction using a Rigaku Ultima III 
diffractometer (Rigaku Corporation, Tokyo, Japan). 

Three bulk samples of the sand dust were collected. One sample was collected from 
inside one of the filter bags of the mini-baghouse, and the other two were samples 
of settled dust accumulated on top of the sand mover when the mini-baghouse was 
not in use. Portions of each bulk sample of the dust generated by sand moving 
were sent to an AIHA-accredited analytical laboratory (Bureau Veritas, Kennesaw, 
GA) for examination of particle count, size and shape using a scanning electron 
microscope (SEM).  

Quantities of these three dust samples were further analyzed by Electron Spin 
Resonance (ESR) at an analytical laboratory (University of Kentucky, Lexington, 
KY), using a Bruker EMX Premium X ESR instrument (Bruker Daltonik, Bremen, 
Germany) to determine if free radicals were present. The presence of free radicals 
indicates that the particles have been freshly fractured [Vallyathan et al. 1988]. 
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Control Technology 
The mini-baghouse generation 2 (See Figure 2.) was evaluated in 2013 at 
Southwestern Energy (SWN) Sand Company in North Little Rock, Arkansas, with 
good results. The mini-baghouse effectively reduced both respirable dust and RCS 
downwind of the thief hatches. Reduction of airborne respirable dust ranged from 
85% to 98%, and reductions in airborne RCS ranged from 79% to 99%. At the 
time, opportunities were identified to improve the performance of the mini-
baghouse by improving particulate capture and reducing pressure drop across the 
filter bags [Alexander et al. 2016; NIOSH 2015]. 

The mini-baghouse retrofit assembly generation 3 incorporates an improved filter 
bag fabric, and four bags with a much greater air-to-cloth ratio, for enhanced air 
flow and filtration performance. In Figure 10, it can be seen that the two sections of 
ductwork used in generation 2 have been eliminated, reducing the possibility of 
dust leakage at the joints. This revision, as well as the change from a single bag to 
four bags on each unit, increases the surface area of filter bag material. The air-to-
cloth ratio for the generation 3 mini-baghouse is nearly 3 times as high as the 
generation 2 unit, which reduces air velocity through the filter bag material, and 
helps to keep static pressure low inside the filter bags.  

The filter bags are made of a 15 ounce polypropylene felt lined with a 
polytetrafluoroethylene (PTFE) membrane to help shed the dust cake. The material 
of the base of each mini-baghouse unit has been changed from steel to aluminum, 
reducing the weight while improving corrosion resistance. A ¼ inch-thick (0.6 cm) 
sheet of polyurethane rubber is bonded to the bottom of each unit to help it seal to 
the thief hatch opening. The clamping arrangement for each unit is very similar to 
that for the generation 2 units. A photo of the generation 3 assemblies installed in 
the field is shown in Figure 4. Table II lists the materials used to construct the 
assemblies. An engineering drawing of the base for one of the assemblies is shown 
in Figure 11.  

The mini baghouse retrofit assembly controls sand dust emissions generated during 
pneumatic sand filling operations through the same principles used by commercial 
baghouses for air pollution control. The APPCO FS 30 sand mover is configured with 
four compartments (or bins) and two hatches for each bin. One mini baghouse 
assembly is attached to each of the eight 22-inch x 22-inch (56 cm x 56 cm) hatch 
openings. The high volume of dust-laden air used to move the proppant into the 
sand mover bin forms a dust cake on the inside of the bag, which traps particulate 
while allowing air to pass through the bag material. The dust cake collected on the 
filter fabric is shed when air flow is stopped, allowing the cake to drop back into the 
sand mover. 

Results and Data Analysis 
Area air samples were collected to determine concentrations of respirable 
particulates and silica during the time required to transfer one truckload of sand 
into a sand mover bin. Sampling locations are labeled in Figure 5. One of the two 
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Sand Mover Operator positions was near the location of sample 4 on top of the sand 
mover; the other was between sample locations 2 and B, at ground level. In the 
first 4 trials, bin 3 of the sand mover was filled with sand; in the last 3 trials, bin 2 
of the sand mover was filled with sand. 

Fill times for each run varied from 34 to 51 minutes. Concentrations of respirable 
dust and RCS were determined by dividing the gravimetric weight of dust (or 
amount of quartz) collected on the filter, as determined by the analytical 
laboratory, by the total volume of air (product of the collection time and the 
volumetric flowrate) pulled through the air sampling pump. Quartz was the only 
form of crystalline silica detected by laboratory analyses. No detectable 
concentrations of cristobalite or tridymite were found. Weather data for all trials are 
presented in Tables III and IV. The runs in the tables are labeled with a trial 
number and whether the control was on or off. 

NIOSH analytical methods include the analytical limit of detection (LOD), or the 
lowest amount of the analyte which can be distinguished from background. A 
related, and typically threefold greater value, is the analytical limit of quantitation 
(LOQ), above which a specified level of precision is achieved. Above the LOQ, the 
false negative rate is negligible unless certain interfering substances are present 
[NIOSH 2003].  

Seventy-eight percent of all air samples collected in trials 1 – 7 of this investigation 
were less than the LOD (<LOD) for respirable dust and fifty-one percent of samples 
were <LOD for RCS. This is believed to be the result of prevailing winds during the 
trials. In stagnant air, more of the air samples would be expected to be above the 
LOD for both analytes. 

For respirable dust, the LOD was reported as 40 micrograms; for RCS, the LOD for 
most of the samples was 5 micrograms (two samples had a reported LOD of 20 
micrograms, and two samples had an LOD of 30 micrograms, all due to heavy 
particulate loading). The LOQ for respirable dust was 130 micrograms, and the LOQ 
for most samples of RCS was 17 micrograms (two samples had a reported LOQ of 
51 micrograms, and two samples had an LOQ of 89 micrograms, all due to heavy 
particulate loading).  For calculation and statistical purposes, numerical values for 
samples <LOD can be estimated using a value such as the LOD divided by the 
square root of 2 (i.e., divided by 1.414) [Hornung and Reed 1990], and this 
approximation was used in the boxplots in Figures 12 - 19. Figures 12 – 19 show 
concentrations measured with or without the use of the mini-baghouse control. 

For the 84 area air samples for respirable dust collected using the mini-baghouse, 
81 of 84 (96.4%) were <LOD. For RCS, 57 of 84 (67.9%) of the samples collected 
using the mini-baghouse were <LOD. Some of the samples that exceeded the LOD 
for both respirable dust and RCS were outliers, caused when the conveyor belt 
under the sand mover was mistakenly started up during a trial (Trial 2, Control On). 
The moving conveyor belt caused a visible cloud of dust to float in the direction of 
sampling locations C, E and 4. Therefore the only respirable dust concentrations 
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that exceeded the LOD when the mini-baghouse was in use were outliers. Three of 
the 27 RCS concentrations that exceeded the LOD when the mini-baghouse was in 
use were also outliers. 

Of the 84 area samples collected with the control absent, 50 of 84 (59.5%) were 
<LOD for respirable dust; and 29 of 84 (34.5%) were <LOD for RCS. In the 
boxplots (Figures 12 - 19), concentrations are presented by sampling location and 
whether the control was on or off (1-off, 1-on, etc.). SAS/STAT 12.1 (SAS Institute, 
Inc., Cary, NC) was used to prepare the boxplots.  

Because the number of data points <LOD was so large, data were analyzed by a 
maximum likelihood estimation method (MLE) using the NLMIXED procedure in 
SAS/STAT 12.1 (SAS Institute, Inc., Cary, NC) according to the method described 
by Jin et al. for datasets with repeated measures containing large numbers of non-
detectable values. MLE is a statistical method used to fit models and estimate the 
distribution of measurements <LOD when the data fit a lognormal distribution, 
which is typically the case for airborne particulates. The resulting MLE parameter 
estimates can be used to calculate the geometric mean and the geometric standard 
deviation of the data set. The MLE method results in less bias than substituting a 
constant value, such as the LOD divided by the square root of 2. The method 
performs well with datasets in which up to 80% of values are <LOD [Jin et al. 
2011]. 

To calculate the effectiveness of the mini-baghouse control, only data from the 
three locations with the highest measured concentrations of respirable dust and 
RCS (i.e., locations 3, 4 and 5) were used; all of these locations were atop the sand 
mover. All of the 21 samples taken without the mini-baghouse in place at these 
locations resulted in concentrations of RCS >LOD and >LOQ, and all of the 21 
samples for respirable dust were >LOD. Using the method of Jin et al. [Jin et al. 
2011] made it possible to calculate percent reductions in dust concentration for this 
dataset, in spite of the high number of concentrations below the LOD when the 
mini-baghouse was in use. The one outlier value at sampling location 4 was 
discarded in these calculations.  

As shown in Tables V and VI, impressive reductions in respirable dust and in RCS 
were achieved at sampling locations 3, 4 and 5 by use of the mini-baghouse. 
Reductions in respirable dust were all estimated to be 99+% (all controlled 
concentrations <LOD), while reductions in RCS ranged from 98% to 99% at these 
sampling locations. 

Two bulk samples of sand were analyzed for three crystalline forms of quartz 
(cristobalite, quartz and tridymite). Only quartz was found in detectable quantities. 
The two samples were comprised of 65% and 76% quartz by weight. 

The bulk samples of sand dust were notably finer than the original 40/70 mesh 
sand transferred into the sand delivery trucks. The bulk sample particulate had the 
appearance and feel of talcum powder, which suggests that some degree of 
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proppant disintegration occurs from pneumatic transport. This is likely due to 
frictional and impact forces on the sand as it is pneumatically conveyed from the 
sand delivery truck into the sand mover.  

The size range (by number of particles counted) of the three bulk samples of sand 
dust is shown in Figure 20. This chart indicates that the greatest percentage of 
particles were between 0.5 and <2 microns in diameter. An SEM examination of a 
sample of collected particles showed that nearly every particle appeared to be 
fractured. Virtually no smooth particles are visible in an SEM image shown in Figure 
21. 

Three ESR signals were observed and reported by the laboratory (Si, SiO, SiO2) in 
each of the bulk dust samples. This indicates the presence of silica free radicals and 
shows that the dust samples contained freshly fractured quartz. In Figure 22, the 
ESR signal is absent in the blank sample (top), but clearly present in the three bulk 
samples. The first bulk sample, labeled “5-19-15 Run 1”, was collected from inside 
a filter bag. The other two samples were collected from settled dust that had 
accumulated on top of the sand mover when the mini-baghouse control was not in 
use. Although the ESR signal was present in all of the three samples, they exhibited 
different ESR signal strengths.  The reason for these differences is unknown. 

Discussion  

Performance of the Mini-Baghouse 
It is evident from Figures 12 – 19 that concentrations of respirable dust and RCS 
measured without the NIOSH mini-baghouse retrofit assembly were highest at air 
sampling locations 3, 4 and 5 on top of the sand mover. This was expected due to 
the proximity of the samplers to the bin being filled, and the prevailing wind 
direction during testing. Because dust concentrations were highest at these 
sampling locations when the NIOSH mini-baghouse was not in use, these locations 
were chosen to determine the effectiveness of the control. 

Average wind directions during testing varied from 162.9o to 248.6o (See Tables II 
and III.). Because the average wind direction was always in the same quadrant, 
some of the sampling locations were always upwind, and dust and RCS 
concentrations at those locations were always low, whether the mini-baghouse was 
in use or not. Any airborne dust collected at these locations likely came from a 
different source than the thief hatches, such as dust from the ground or 
surrounding areas. The measured concentrations at those locations were not 
affected by the engineering control on the thief hatches, and were not used in 
calculations of its effectiveness in reducing airborne respirable dust. 

All of the area air samples collected near the Sand Mover Operator’s station 
(sampling location 4) atop the sand mover were well above the LOD and LOQ for 
both respirable dust and RCS when the NIOSH mini-baghouse retrofit assembly was 
not used.  Conversely, when the mini-baghouse retrofit assembly was in place, only 
1 of 7 (14.3%) samples at this same location was above the LOD for respirable dust 



EPHB Report No. 373-12a 
 

 
 

Page 12 
 

and 4 of the 7 (57.1%) of samples were above the LOD for respirable silica. One 
sample exceeding the LOD for both respirable dust and RCS was determined to be 
an outlier, caused when the conveyor belt under the sand mover was mistakenly 
started up during a trial and generated sand dust. Therefore the only respirable 
dust concentration that exceeded the LOD at sampling location 4 when the mini-
baghouse was in use was determined to be an outlier and not included in statistical 
calculations. 

Neglecting the outlier values at sampling location 4, the percent reduction for both 
the respirable dust and RCS area samples located at the operator station was 
estimated by the MLE method to be greater than or equal to 99.3%. This 
demonstrates a high degree of airborne particulate reduction and effectiveness of 
the Generation 3 NIOSH mini-baghouse retrofit assembly in controlling both 
respirable particulates in general and RCS, specifically. 

Because of their small size, respirable aerosols settle at rates much slower than 
larger, non-respirable particles and consequently can remain airborne, disperse, 
and travel longer distances from point sources compared to larger and heavier 
aerosols. Because the dust was released from thief hatches approximately 10 feet 
above the ground, respirable particles might have been diluted by wind or may 
have been transported from the release point before reaching the PBZ ground level 
of the samplers located next to the sand movers (locations A – F). This may explain 
why respirable particulate concentrations measured at ground level locations near 
the sand mover were comparatively (and consistently) lower compared to 
respirable dust and RCS concentrations collected at sampling locations 3, 4 and 5.   

Because the air samples collected during the study were area samples, they are not 
predictive of risks for worker exposure because workers typically move between 
different locations during a working day. Also, they were only collected for a 
maximum of 51 minutes, not for an entire working day. Personal breathing zone 
(PBZ) samples, such as those collected by Esswein et al. [Esswein et al. 2013] are 
needed to determine worker exposure. However, it is interesting to compare the 
results of this evaluation with occupational exposure limits (see Table I). 

When the mini-baghouse control was not in use, all seven of the samples collected 
at the Sand Mover Operator’s position on top of the sand mover (sampling location 
4) exceeded the ACGIH-TLV®, the OSHA PEL and the NIOSH REL for RCS. A worker 
who worked a full day at this position without respiratory protection would likely 
have been overexposed to respirable silica. Although area samples do not 
necessarily reflect PBZ samples, 74% of the PBZ samples for Sand Mover Operators 
collected during the study by Esswein et al. also exceeded the ACGIH TLV®, the 
OSHA PEL and the NIOSH REL [Esswein et al. 2013]. With the mini baghouse 
control in place, 3 of the 7 area samples (43%) exceeded the NIOSH REL, and 4 of 
7 samples (57%) exceeded the ACGIH-TLV for RCS. Once again, one of these 
concentration values for respirable dust and one for RCS were outliers. Neglecting 
the outliers, 2 of 6 samples (33%) exceeded the NIOSH REL and 3 of 6 (50%) 
exceeded the ACGIH-TLV. 
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Comparisons between Generation 2 and 3 Mini-Baghouse Retrofit 
Assemblies 
The performance of the Generation 3 mini-baghouse retrofit assembly showed a 
clear improvement over the Generation 2 units. Because of the interior porosity of 
the fabric used for the filter bags in the Generation 2 mini-baghouse, filter bags had 
a tendency to blind. The calculated air-to-cloth ratio was also much higher. These 
factors necessitated stopping the flow of air periodically during sand transfer, and 
manually shaking each bag to release accumulated dust. Because of the improved 
fabric and the lower air-to-cloth ratio used with the Generation 3 units, it was never 
necessary to interrupt sand transfer during the trials to shake the bags. Pressures 
inside the bags increased very gradually during runs, and returned to a level near 
zero at the beginning of the next run. 

Pressures inside the bags during the Generation 3 trials are compared to pressures 
during Generation 2 trials in Figures 23 and 24. At each point where pressures are 
shown to drop from a high to a low level during a Generation 2 trial, sand transfer 
had been interrupted to shake the bags. 

Control of respirable dust and RCS were also greatly improved in the Generation 3 
mini-baghouse compared to the Generation 2 mini-baghouse. Percent reductions 
are compared for the two versions of the technology in Tables VII and VIII. 

Freshly Fractured Silica 
There is evidence that freshly fractured silica particles are more toxic than aged 
silica particles [Vallyathan et. al., 1995]. The observation of fractured silica 
particles in the bulk sand samples collected during sand moving is a cause for 
concern. The ESR signal, found in each of the three bulk dust samples (See Figure 
22.), confirms that freshly fractured silica is present. Research performed by the 
NIOSH Respiratory Diseases Research Program (RDRP) shows that siloxyl radicals 
are formed on the surface of freshly fractured silica. These highly-reactive radicals 
can persist for about 30 hours after they are formed, long enough to react with the 
lung if they are inhaled. Studies in rats also showed that inhalation of freshly 
fractured silica caused more oxidant injury and inflammation than inhalation of 
aged silica [NIOSH 2006]. With freshly fractured RCS particles present in the 
aerosols generated during sand transport, inhalation risks to unprotected workers 
could be enhanced compared to silica aerosols containing only aged quartz. 

Limitations of the Study 
Because of prevailing winds, many air samples collected were <LOD for respirable 
dust and RCS. This resulted in not all of the data being useful or used to calculate a 
representative value for the effectiveness of the mini-baghouse control. However, 
using the MLE method with the NLMIXED procedure as described by Jin et al. [Jin et 
al. 2011], a percent reduction in respirable dust and RCS by use of the mini-
baghouse control could be calculated for sampling locations that were downwind 
from the point sources of dust generation, the thief hatches. 
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NLMIXED proved to be a very reasonable way to estimate the geometric mean RCS 
concentrations with control on (Table VI), but the estimated geometric mean 
respirable dust concentrations with control on, shown in Table V, seem extremely 
low (about 3 orders of magnitude lower than the average LOD concentration of 0.2 
mg/m3). The procedure is reported to provide good results for datasets containing 
up to 80% non-detectable values, but with 78% of respirable dust samples being 
<LOD (over 79% when neglecting outlier values), this dataset may be too close to 
the performance limit of the statistical method. In contrast, only 51% of the RCS 
samples were <LOD (52% when neglecting outlier values), and the estimated 
geometric mean RCS concentrations with control on appear to be much more 
reasonable estimates (about the same order of magnitude as the average LOD 
concentration of 0.03 mg/m3). 

As a conservative estimate of the effectiveness of the generation 3 NIOSH mini-
baghouse in controlling respirable dust, the LOD/√2 can be substituted for the 
geometric mean respirable dust concentration with control on (approximately 0.17 
micrograms/m3). This would give percent reductions in respirable dust of 95% at 
location 3, 99% at location 4 and 94% at location 5 – lower than those calculated 
using the NLMIXED procedure, but still extremely effective. 

A percentage of captured dust particles will cling to the wall of the filter cassette 
when airborne dust samples are collected [Soo et al. 2014]. Different analytical 
procedures were employed by the analytical laboratory to determine the mass of 
dust and the mass of silica present. When determining the mass of dust, only the 
dust on the filter was included, while the wall of the cassette was wiped when 
determining the mass of silica present. Using a polystyrene cassette with a GK2.69 
cyclone, as in this study, Soo et al. found a mean of 7.52% of quartz mass on the 
wall of the cassette [Soo et al. 2014]. Due to this difference, the percentage of 
silica in the dust collected during air sampling could not be accurately calculated.  

During Run 2, with the mini-baghouse control in use, the conveyor belt under the 
sand mover was mistakenly started, generating an additional source of respirable 
dust and RCS that was not present in other trials. A visible cloud of dust was 
observed to float toward the sampling locations C, E and 4. These samples showed 
a higher concentration of respirable dust and RCS than they otherwise would have. 
These three data points have been neglected in the analysis of experimental 
results. 

Even though the Generation 3 mini-baghouse has been upgraded from the earlier 
version, there are still opportunities to improve upon the design. The clamping 
mechanism is somewhat tricky to use and could be made simpler. Also, the filter 
bags are not well protected from the weather. Provision of a weather enclosure 
could increase the potential service life of the bags. 

Conclusions and Recommendations 
The presence of RCS, and in particular freshly fractured silica, released in the 
course of pneumatic transfer of sand during hydraulic fracturing operations, is an 
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occupational hazard to workers at hydraulic fracturing sites. Inhalation of RCS 
(depending on dose and duration) can lead to lung diseases including silicosis 
and/or lung cancer, and also affect other organs, including the kidneys and the 
skin. The NIOSH mini-baghouse retrofit assembly, when mounted on the thief 
hatches of sand movers, has been shown to be effective in reducing the quantity of 
respirable dust and RCS released by pneumatic transfer of sand during bin filling 
operations. Reductions of RCS from the use of this control were demonstrated to be 
in a range of 98% to greater than 99% in this study. While personal breathing zone 
samples were not collected, observed area sample concentrations collected near 
working positions atop the sand mover sometimes exceeded the NIOSH REL, the 
OSHA PEL and/or ACGIH TLV® levels, even with the mini-baghouse control in place. 
These dust emissions likely resulted from quartz dust that accumulated on top of 
the sand mover during the uncontrolled trials that later becoming airborne during 
the controlled trials but nonetheless was collected on the samplers.  While we 
suspect this, we could not confirm this completely and this suggests that additional 
research may be desirable. 

Opportunities may exist to further enhance the performance of the NIOSH mini-
baghouse retrofit assembly including development of a weather cover, and a long 
term trial of the overall performance of the mini baghouse retrofit assembly, 
including durability of sealing surfaces and the clamping mechanism. Additional 
field evaluations are recommended and planned in the future. 
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Appendices 

Tables 
Table I. Occupational Exposure Limits for respirable crystalline silica. 

  

Agency Limit Time-weighted Average 
Exposure Limit 

National Institute for 
Occupational Safety and 
Health (NIOSH) [NIOSH 
2010b] 

Recommended 
Exposure Limit 
(REL) 

𝑅𝑅𝑅𝑅𝑅𝑅 = 0.05 
𝑚𝑚𝑚𝑚
𝑚𝑚3  

Occupational Safety and 
Health Administration 
(revised in 2016) [OSHA 
2016] 

Permissible 
Exposure Limit 
(PEL) 
 

 
𝑃𝑃𝑅𝑅𝑅𝑅 = 0.05 

𝑚𝑚𝑚𝑚
𝑚𝑚3 

American Conference of 
Governmental Industrial 
Hygienists (ACGIH) (α-
quartz and cristobalite) 
[ACGIH 2015] 

Threshold 
Limit Value 
(TLV®) 

𝑇𝑇𝑅𝑅𝑇𝑇 = 0.025 
𝑚𝑚𝑚𝑚
𝑚𝑚3  

Canada Labour Code (for 
respirable fraction of quartz 
and cristobalite) 

Occupational 
Exposure Limit 
(OEL) 

OEL = 0.025
mg
m3 

 
United Kingdom Workplace 

Exposure Limit 
(WEL) 

WEL = 0.1 
mg
m3 
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Table II. Materials used in mini-baghouse assemblies. 
Section Material 

Filter bag 15 ounce polypropylene felt with  
a polytetrafluoroethylene (PTFE) 
membrane lining 

Filter bag support ½ inch NPT threaded black iron 
pipe and fittings 

Band clamps Stainless steel 
Baseplate ½ inch aluminum 6061-T6 
Gasket ¼ inch polyurethane rubber, 30A 

durometer 
 

Table III. Weather data for trials in which bin 3 was filled. 

* Azimuth angle of the wind vector, measured clockwise from due north, with wind 
towards the north being an angle of 0o. 

 

Table IV. Weather data for trials in which bin 2 was filled. 

Trial Avg. Wind 
Direction 

(degrees)* 

Avg. Wind 
Speed (mph) 

Avg. 
Temperature 

(oF) 

Avg. %Relative 
Humidity 

5 ON 176.6 4.7 59.1 68.9 
5 OFF 163.7 3.9 57.4 72.6 
6 ON 162.9 5.3 57.7 71.5 
6 OFF 198.0 3.6 61.7 65.3 
7 ON 191.2 3.6 62.4 63.1 
7 OFF 195.4 3.4 63.3 61.4 

* Azimuth angle of the wind vector, measured clockwise from due north, with wind 
towards the north being an angle of 0o. 
 

Trial Avg. Wind 
Direction 

(degrees)* 

Avg. Wind 
Speed (mph) 

Avg. 
Temperature 

(oF) 

Avg. %Relative 
Humidity 

1 ON 207.0 4.0 69.0 85.4 
1 OFF 204.0 4.2 70.9 81.8 
2 ON 232.8 2.6 77.0 72.8 
2 OFF 245.7 4.0 73.1 77.0 
3 ON 248.6 2.8 78.6 70.9 
3 OFF 225.0 2.5 80.6 67.4 
4 ON 179.0 5.6 57.9 72.2 
4 OFF 203.1 2.8 80.3 67.2 
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Table V. Reductions in respirable dust concentrations when using the generation 3 mini-
baghouse control. 
Sampling 
Location 

Geometric 
Mean* – 

control off 
(mg/m3) 

Minimum – 
control off 
(mg/m3) 

Maximum – 
control off 
(mg/m3) 

Geometric 
Mean* – 

control on 
(mg/m3) 

Minimum 
– control 

on 
(mg/m3) 

Maximum 
– control 

on 
(mg/m3) 

Reduction* 
(%) 

3 (n=14) 3.5 1.12 4.9 0.00024 <LOD <LOD >99 

4 (n=13) 12.4 6.0 32.1 0.00004 <LOD <LOD >99 

5 (n=14) 2.7 0.26 13.0 0.00027 <LOD <LOD >99 
 
*Geometric Means and % Reduction values were estimated using the maximum likelihood 
estimation (MLE) method, due to the large number of non-detectable (<LOD) values in the 
dataset. 
 
Table VI. Reductions in respirable crystalline silica concentrations when using the 
generation 3 mini-baghouse control. 
Sampling 
Location 

Geometric 
Mean* – 

control off 
(mg/m3) 

Minimum 
– control 

off 
(mg/m3) 

Maximum 
– control 

off 
(mg/m3) 

Geometric 
Mean* – 

control on 
(mg/m3) 

Minimum 
– control 

on 
(mg/m3) 

Maximum 
– control 

on 
(mg/m3) 

Reduction* 
(%) 

3 (n=14) 1.05 0.40 1.83 0.022 <LOD 0.041 97.9 

4 (n=13) 4.24 2.16 10.2 0.028 <LOD 0.085 99.3 

5 (n=14) 1.09 0.135 4.33 0.026 <LOD 0.068 98.1 
*Geometric Means and % Reduction values were estimated using the maximum likelihood 
estimation (MLE) method, due to the large number of non-detectable (<LOD) values in the 
dataset.  
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Table VII. Comparison of Respirable Dust Control between Generation 2 and Generation 3 
Mini-Baghouse. 

 Generation 2 Results Generation 3 Results 

Sampling 
Location 

Respirable 
Dust 

Geometric 
Mean* – 

control off 
(mg/m3) 
(n=16) 

Respirable 
Dust 

Geometric 
Mean* – 

control on 
(mg/m3) 
(n=16) 

Reduction* 
(%) 

Respirable 
Dust 

Geometric 
Mean* – 

control off 
(mg/m3) 
(n=14) 

Respirable 
Dust 

Geometric 
Mean* – 

control on 
(mg/m3) 
(n=14) 

Reduction* 
(%) 

3  1.5 0.15 90 3.5 0.00024 >99 

4  9.7 0.24 98 12.4 0.00004 >99 

5  0.73 0.047 93 2.7 0.00027 >99 
*Geometric Means and % Reduction values were estimated using the maximum likelihood 
estimation (MLE) method, due to the large number of non-detectable (<LOD) values in the 
dataset. 
 

 

Table VIII. Comparison of Respirable Crystalline Silica Control between Generation 2 and 
Generation 3 Mini-Baghouse. 

 Generation 2 Results Generation 3 Results 

Sampling Respirable Respirable Reduction* Respirable Respirable Reduction* 
Location Crystalline Crystalline (%) Crystalline Crystalline (%) 

Silica Silica Silica Silica 
Geometric Geometric Geometric Geometric 
Mean* – Mean* – Mean* – Mean* – 

control off control on control off control on 
(mg/m3) (mg/m3) (mg/m3) (mg/m3) 
(n=16) (n=16) (n=14) (n=14) 

3  0.43 0.090 79 1.05 0.022 98 

4  4.1 0.053 99 4.24 0.028 99 

5  0.33 0.026 92 1.09 0.026 98 

*Geometric Means and % Reduction values were estimated using the maximum likelihood 
estimation (MLE) method, due to the large number of non-detectable (<LOD) values in the 
dataset. 
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Figures 

Figure 1. Clouds of dust become visible as sand trucks are unloaded at a hydraulic 
fracturing site. Photo courtesy of Michael Breitenstein, NIOSH. 

Figure 2. Sand Mover Operator at his work station on top of a sand mover, with arrows 
pointing to the open thief hatches. Photo courtesy of Eric Esswein, NIOSH. 

 



EPHB Report No. 373-12a 
 

 
 

Page 25 
 

 

Figure 3. NIOSH mini-baghouse generation 2 assemblies installed on 8 thief hatches atop a 
sand mover during a 2013 test. Photo courtesy of Mike Gressel and Jerry Kratzer, NIOSH. 

Figure 4. Test of generation 3 mini-baghouse at SWN Sand Company May 19, 2015. Photo 
courtesy of Barbara Alexander, NIOSH. 
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Figure 5. Air sampling locations for test of mini-baghouse. Computer rendering developed 
by Kenneth Strunk, NIOSH Spokane, and modified by Barbara Alexander, NIOSH DART.  
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Figure 6. Sampling train installed on upper corner of sand mover. Photo courtesy of Barbara 
Alexander, NIOSH. 

 

Figure 7. Sampling train located in the middle of the top of the sand mover during a 
controlled trial run. Photo courtesy of Barbara Alexander, NIOSH. 
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Figure 8. Sampling train located at breathing zone height on stand next to the sand mover. 
Photo courtesy of Barbara Alexander, NIOSH. 

Figure 9. Wind direction and velocity, temperature, and relative humidity were measured 
with a Kestrel weather meter. Photo courtesy of Barbara Alexander, NIOSH. 
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Figure 10. Generation 3 of the mini-baghouse retrofit assembly (right) displays better 
performance than generation 2 (left). Photos courtesy of Mike Gressel and Jerry Kratzer 
(left) and Dylan Neu (right). 
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Figure 11. Engineering drawing of the base of the NIOSH mini-baghouse generation 3. 
Drawing courtesy of Jerry Kratzer. 
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Figure 12. Boxplot of respirable dust concentrations measured at locations atop the sand 
mover while filling Bin 2, labeled by sampling location and whether mini-baghouse control 
was on or off. Plots courtesy of H. Amy Feng. 

 

Figure 13. Boxplot of respirable dust concentrations measured at locations atop the sand 
mover while filling Bin 3, labeled by sampling location and whether mini-baghouse control 
was on or off. Plots courtesy of H. Amy Feng. 
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Figure 14. Boxplot of respirable dust concentrations measured at sampling locations at PBZ 
height on ground level while filling Bin 2, labeled with sampling location and whether mini-
baghouse control was on or off. Plots courtesy of H. Amy Feng. 

 

Figure 15. Boxplot of respirable dust concentrations measured at sampling locations at PBZ 
height on ground level while filling Bin 3, labeled with sampling location and whether mini-
baghouse control was on or off. Plots courtesy of H. Amy Feng. 
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Figure 16. Boxplot of RCS concentrations measured at locations atop the sand mover while 
filling Bin 2, labeled by sampling location and whether mini-baghouse control was on or off. 
Plots courtesy of H. Amy Feng. 

 

Figure 17. Boxplot of RCS concentrations measured at locations atop the sand mover while 
filling Bin 3, labeled by sampling location and whether mini-baghouse control was on or off. 
Plots courtesy of H. Amy Feng. 



EPHB Report No. 373-12a 
 

 
 

Page 34 
 

 

Figure 18. Boxplot of RCS concentrations measured at sampling locations at PBZ height on 
ground level while filling Bin 2, labeled with sampling location and whether mini-baghouse 
control was on or off. Plots courtesy of H. Amy Feng. 

 

Figure 19. Boxplot of RCS concentrations measured at sampling locations at PBZ height on 
ground level while filling Bin 3, labeled with sampling location and whether mini-baghouse 
control was on or off. Plots courtesy of H. Amy Feng. 
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Figure 20. Results of scanning electron microscopy analyses to determine particle size 
(number) distribution for 3 bulk dust samples. 

Figure 21. Photomicrograph of silica dust collected during the mini-baghouse trials. SEM 
image courtesy of Bureau Veritas North America, Inc. 
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Figure 22. Laboratory results of electron spin resonance (ESR) analyses performed on 3 bulk samples of dust from the test of 
Generation 3 of the NIOSH mini-baghouse. Blank sample is shown at top. 
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Figure 23. Comparison of pressures recorded during filling of Bin 2 in tests of Generation 2 and Generation 3 mini-baghouse. 
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Figure 24. Comparison of pressures recorded during filling of Bin 3 in tests of Generation 2 and Generation 3 mini-baghouse.
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05/19/15 1 ON 3 147367 A 1006 8:15 8:53 38 4.20 4.20 4.20 159.60 <LOD <LOD <LOD <LOD 

05/19/15 1 ON 3 147450 B 1344 8:15 8:53 38 4.20 4.24 4.22 160.36 <LOD <LOD <LOD <LOD 

05/19/15 1 ON 3 147385 C 1281 8:15 8:53 38 4.19 4.06 4.13 156.75 <LOD <LOD <LOD <LOD 

05/19/15 1 ON 3 147324 D 72828 8:15 8:53 38 4.20 4.23 4.22 160.17 <LOD <LOD <LOD <LOD 

05/19/15 1 ON 3 147536 E 72396 8:15 8:53 38 4.18 4.19 4.19 159.03 <LOD <LOD 13 0.082 

05/19/15 1 ON 3 147431 F 71309 8:15 8:53 38 4.20 4.24 4.22 160.36 <LOD <LOD <LOD <LOD 

05/19/15 1 ON 3 147392 1 1425 8:16 8:53 37 4.19 4.20 4.20 155.22 <LOD <LOD <LOD <LOD 

05/19/15 1 ON 3 147311 2 1015 8:16 8:53 37 4.18 4.27 4.23 156.33 <LOD <LOD <LOD <LOD 

05/19/15 1 ON 3 147336 3 1427 8:16 8:53 37 4.22 4.27 4.25 157.07 <LOD <LOD <LOD <LOD 

05/19/15 1 ON 3 147588 4 1407 8:16 8:53 37 4.21 4.31 4.26 157.62 <LOD <LOD 12 0.076 

05/19/15 1 ON 3 147176 5 1395 8:16 8:53 37 4.19 4.25 4.22 156.14 <LOD <LOD <LOD <LOD 

05/19/15 1 ON 3 147599 6 1414 8:16 8:53 37 4.22 4.18 4.20 155.40 <LOD <LOD 5.6 0.036 

05/19/15 1 OFF 3 139239 A 1006 9:24 10:14 50 4.20 4.20 4.20 210.00 <LOD <LOD <LOD <LOD 

05/19/15 1 OFF 3 139248 B 1344 9:24 10:14 50 4.20 4.24 4.22 211.00 <LOD <LOD 9.8 0.046 

05/19/15 1 OFF 3 139466 C 1281 9:24 10:14 50 4.19 4.06 4.13 206.25 <LOD <LOD 15 0.073 

05/19/15 1 OFF 3 139770 D 72828 9:24 10:14 50 4.20 4.23 4.22 210.75 <LOD <LOD 28 0.133 

05/19/15 1 OFF 3 139415 E 72396 9:24 10:14 50 4.18 4.19 4.19 209.25 130 0.62 63 0.301 

05/19/15 1 OFF 3 139383 F 71309 9:24 10:14 50 4.20 4.24 4.22 211.00 <LOD <LOD <LOD <LOD 

05/19/15 1 OFF 3 139267 1 1425 9:25 10:14 49 4.19 4.20 4.20 205.56 <LOD <LOD 23 0.112 
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05/19/15 1 OFF 3 139388 2 1015 9:25 10:14 49 4.18 4.27 4.23 207.03 <LOD <LOD <LOD <LOD 

05/19/15 1 OFF 3 139467 3 1427 9:25 10:14 49 4.22 4.27 4.25 208.01 850 4.09 380 1.827 

05/19/15 1 OFF 3 139569 4 1407 9:25 10:14 49 4.21 4.31 4.26 208.74 6,700 32.10 2100 10.060 

05/19/15 1 OFF 3 139477 5 1395 9:25 10:14 49 4.19 4.25 4.22 206.78 54 0.26 28 0.135 

05/19/15 1 OFF 3 139503 6 1414 9:25 10:14 49 4.22 4.18 4.20 205.80 <LOD <LOD <LOD <LOD 

05/19/15 2 OFF 3 139228 A 1006 10:40 11:18 38 4.20 4.20 4.20 159.60 <LOD <LOD 12 0.075 

05/19/15 2 OFF 3 139681 B 1344 10:40 11:18 38 4.20 4.24 4.22 160.36 <LOD <LOD <LOD <LOD 

05/19/15 2 OFF 3 139642 C 1281 10:40 11:18 38 4.19 4.06 4.13 156.75 <LOD <LOD 16 0.102 

05/19/15 2 OFF 3 139453 D 72828 10:40 11:18 38 4.20 4.23 4.22 160.17 <LOD <LOD 8.3 0.052 

05/19/15 2 OFF 3 139499 E 72396 10:40 11:18 38 4.18 4.19 4.19 159.03 64 0.40 63 0.396 

05/19/15 2 OFF 3 139768 F 71309 10:40 11:18 38 4.20 4.24 4.22 160.36 <LOD <LOD <LOD <LOD 

05/19/15 2 OFF 3 139653 1 1425 10:40 11:18 38 4.19 4.20 4.20 159.41 <LOD <LOD 17 0.107 

05/19/15 2 OFF 3 139480 2 1015 10:40 11:18 38 4.18 4.27 4.23 160.55 <LOD <LOD <LOD <LOD 

05/19/15 2 OFF 3 139622 3 1427 10:40 11:18 38 4.22 4.27 4.25 161.31 180 1.12 65 0.403 

05/19/15 2 OFF 3 139269 4 1407 10:40 11:18 38 4.21 4.31 4.26 161.88 1600 9.88 560 3.459 

05/19/15 2 OFF 3 139418 5 1395 10:40 11:18 38 4.19 4.25 4.22 160.36 100 0.62 44 0.274 

05/19/15 2 OFF 3 139463 6 1414 10:40 11:18 38 4.22 4.18 4.20 159.60 <LOD <LOD 13 0.081 

05/19/15 2 ON 3 139805 A 1006 12:50 13:40 50 4.20 4.20 4.20 210.00 <LOD <LOD <LOD <LOD 

05/19/15 2 ON 3 139359 B 1344 12:50 13:40 50 4.20 4.24 4.22 211.00 <LOD <LOD 6.3 0.030 

05/19/15 2 ON 3 139861 C 1281 12:50 13:40 50 4.19 4.06 4.13 206.25 64* 0.31* 38* 0.184* 

05/19/15 2 ON 3 139512 D 72828 12:50 13:40 50 4.20 4.23 4.22 210.75 <LOD <LOD <LOD <LOD 

05/19/15 2 ON 3 139586 E 72396 12:50 13:41 51 4.18 4.19 4.19 213.44 160* 0.75* 74* 0.347* 
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05/19/15 2 ON 3 139354 F 71309 12:50 13:41 51 4.20 4.24 4.22 215.22 <LOD <LOD <LOD <LOD 

05/19/15 2 ON 3 139348 1 1425 12:50 13:40 50 4.19 4.20 4.20 209.75 <LOD <LOD <LOD <LOD 

05/19/15 2 ON 3 139247 2 1015 12:50 13:41 51 4.18 4.27 4.23 215.48 <LOD <LOD <LOD <LOD 

05/19/15 2 ON 3 139394 3 1427 12:50 13:41 51 4.22 4.27 4.25 216.50 <LOD <LOD 7.3 0.034 

05/19/15 2 ON 3 139593 4 1407 12:50 13:41 51 4.21 4.31 4.26 217.26 74* 0.34* 43* 0.198* 

05/19/15 2 ON 3 139281 5 1395 12:50 13:41 51 4.19 4.25 4.22 215.22 <LOD <LOD <LOD <LOD 

05/19/15 2 ON 3 139588 6 1414 12:50 13:40 50 4.22 4.18 4.20 210.00 <LOD <LOD <LOD <LOD 

05/19/15 3 ON 3 139465 A 1006 14:26 15:07 41 4.20 4.20 4.20 172.20 <LOD <LOD <LOD <LOD 

05/19/15 3 ON 3 139495 B 1344 14:26 15:07 41 4.20 4.24 4.22 173.02 <LOD <LOD <LOD <LOD 

05/19/15 3 ON 3 139847 C 1281 14:26 15:07 41 4.19 4.06 4.13 169.13 <LOD <LOD 5.3 0.031 

05/19/15 3 ON 3 139273 D 72828 14:26 15:07 41 4.20 4.23 4.22 172.82 <LOD <LOD <LOD <LOD 

05/19/15 3 ON 3 139373 E 72396 14:26 15:07 41 4.18 4.19 4.19 171.59 <LOD <LOD 8 0.047 

05/19/15 3 ON 3 139214 F 71309 14:26 15:07 41 4.20 4.24 4.22 173.02 <LOD <LOD <LOD <LOD 

05/19/15 3 ON 3 139493 1 1425 14:26 15:07 41 4.19 4.20 4.20 172.00 <LOD <LOD <LOD <LOD 

05/19/15 3 ON 3 139317 2 1015 14:26 15:07 41 4.18 4.27 4.23 173.23 <LOD <LOD <LOD <LOD 

05/19/15 3 ON 3 139867 3 1427 14:26 15:07 41 4.22 4.27 4.25 174.05 <LOD <LOD <LOD <LOD 

05/19/15 3 ON 3 139756 4 1407 14:26 15:07 41 4.21 4.31 4.26 174.66 <LOD <LOD 5.1 0.029 

05/19/15 3 ON 3 139392 5 1395 14:26 15:07 41 4.19 4.25 4.22 173.02 <LOD <LOD <LOD <LOD 

05/19/15 3 ON 3 139471 6 1414 14:26 15:07 41 4.22 4.18 4.20 172.20 <LOD <LOD <LOD <LOD 

05/19/15 3 OFF 3 139689 A 1006 15:34 16:21 47 4.20 4.20 4.20 197.40 44 0.22 23 0.117 

05/19/15 3 OFF 3 139648 B 1344 15:34 16:21 47 4.20 4.24 4.22 198.34 <LOD <LOD <LOD <LOD 

05/19/15 3 OFF 3 139661 C 1281 15:34 16:21 47 4.19 4.06 4.13 193.88 94 0.48 37 0.191 



EPHB Report No. 373-12a 
 

 
 

Page 42 
 

D
A

TE
 

TR
IA

L 
#

 

C
O

N
TR

O
L 

S
TA

TU
S

 

B
IN

 

S
A

M
P

LE
 N

U
M

B
ER

 

S
A

M
P

LE
 L

O
C

A
TI

O
N

 

P
U

M
P

 N
U

M
B

ER
 

S
TA

R
T 

TI
M

E 

S
TO

P
 T

IM
E 

TI
M

E 
(m

in
s)

 

P
R

E-
C

A
L.

(L
/m

in
) 

P
O

S
T-

C
A

L.
 (

L/
m

in
) 

A
V

G
. 

FL
O

W
 

(L
/m

in
) 

TO
TA

L 
V

O
L.

 (
L)

 

R
ES

P
IR

A
B

LE
 D

U
S

T 
(µ

g
/s

am
p

le
) 

D
U

S
T 

C
O

N
C

EN
TR

A
TI

O
N

 
(m

g
/m

3
) 

Q
U

A
R

TZ
 

(µ
g

/s
am

p
le

) 

Q
U

A
R

TZ
 

C
O

N
C

EN
TR

A
TI

O
N

 
(m

g
/m

3
) 

05/19/15 3 OFF 3 139460 D 72828 15:34 16:21 47 4.20 4.23 4.22 198.11 <LOD <LOD <LOD <LOD 

05/19/15 3 OFF 3 139249 E 72396 15:34 16:21 47 4.18 4.19 4.19 196.70 120 0.61 38 0.193 

05/19/15 3 OFF 3 139771 F 71309 15:34 16:21 47 4.20 4.24 4.22 198.34 <LOD <LOD 6.2 0.031 

05/19/15 3 OFF 3 139806 1 1425 15:34 16:20 46 4.19 4.20 4.20 192.97 <LOD <LOD 8.7 0.045 

05/19/15 3 OFF 3 139266 2 1015 15:34 16:20 46 4.18 4.27 4.23 194.35 <LOD <LOD 9.2 0.047 

05/19/15 3 OFF 3 139604 3 1427 15:34 16:20 46 4.22 4.27 4.25 195.27 500 2.56 190 0.973 

05/19/15 3 OFF 3 139286 4 1407 15:34 16:20 46 4.21 4.31 4.26 195.96 5700 29.09 2000 10.206 

05/19/15 3 OFF 3 139719 5 1395 15:34 16:20 46 4.19 4.25 4.22 194.12 1100 5.67 460 2.370 

05/19/15 3 OFF 3 139498 6 1414 15:34 16:20 46 4.22 4.18 4.20 193.20 150 0.78 64 0.331 

05/19/15 4 OFF 3 139655 A 1006 16:49 17:29 40 4.20 4.20 4.20 168.00 <LOD <LOD <LOD <LOD 

05/19/15 4 OFF 3 139350 B 1344 16:49 17:29 40 4.20 4.24 4.22 168.80 <LOD <LOD <LOD <LOD 

05/19/15 4 OFF 3 139424 C 1281 16:49 17:29 40 4.19 4.06 4.13 165.00 <LOD <LOD 14 0.085 

05/19/15 4 OFF 3 139598 D 72828 16:49 17:29 40 4.20 4.23 4.22 168.60 <LOD <LOD <LOD <LOD 

05/19/15 4 OFF 3 139345 E 72396 16:49 17:29 40 4.18 4.19 4.19 167.40 64 0.38 44 0.263 

05/19/15 4 OFF 3 139609 F 71309 16:49 17:29 40 4.20 4.24 4.22 168.80 <LOD <LOD <LOD <LOD 

05/19/15 4 OFF 3 139327 1 1425 16:49 17:28 39 4.19 4.20 4.20 163.61 <LOD <LOD 7.2 0.044 

05/19/15 4 OFF 3 139484 2 1015 16:49 17:28 39 4.18 4.27 4.23 164.78 <LOD <LOD 9.9 0.060 

05/19/15 4 OFF 3 139325 3 1427 16:49 17:28 39 4.22 4.27 4.25 165.56 340 2.05 120 0.725 

05/19/15 4 OFF 3 139386 4 1407 16:49 17:28 39 4.21 4.31 4.26 166.14 2100 12.64 630 3.792 

05/19/15 4 OFF 3 139443 5 1395 16:49 17:28 39 4.19 4.25 4.22 164.58 400 2.43 170 1.033 

05/19/15 4 OFF 3 139747 6 1414 16:49 17:28 39 4.22 4.18 4.20 163.80 <LOD <LOD 8.5 0.052 

05/21/15 4 ON 3 147457 A 1006 7:41 8:20 39 4.20 4.00 4.10 159.90 <LOD <LOD <LOD <LOD 
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05/21/15 4 ON 3 147383 B 1344 7:41 8:20 39 4.20 4.00 4.10 159.90 <LOD <LOD <LOD <LOD 

05/21/15 4 ON 3 147398 C 1281 7:41 8:20 39 4.20 4.05 4.13 160.88 <LOD <LOD 12 0.075 

05/21/15 4 ON 3 147377 D 72828 7:41 8:20 39 4.23 4.10 4.17 162.44 <LOD <LOD 44 0.271 

05/21/15 4 ON 3 147331 E 72396 7:41 8:20 39 4.19 4.04 4.12 160.49 <LOD <LOD 14 0.087 

05/21/15 4 ON 3 147404 F 71309 7:41 8:20 39 4.24 4.10 4.17 162.63 <LOD <LOD 16 0.098 

05/21/15 4 ON 3 147469 1 1425 7:41 8:20 39 4.20 3.92 4.06 158.34 <LOD <LOD 7 0.044 

05/21/15 4 ON 3 147322 2 72394 7:41 8:20 39 4.20 4.20 4.20 163.71 <LOD <LOD 7.1 0.043 

05/21/15 4 ON 3 147533 3 1427 7:41 8:20 39 4.19 4.05 4.12 160.74 <LOD <LOD 6.6 0.041 

05/21/15 4 ON 3 147592 4 1407 7:41 8:20 39 4.19 4.08 4.14 161.28 <LOD <LOD <LOD <LOD 

05/21/15 4 ON 3 147401 5 1395 7:41 8:20 39 4.18 4.12 4.15 161.85 <LOD <LOD 11 0.068 

05/21/15 4 ON 3 147601 6 1414 7:41 8:20 39 4.20 4.08 4.14 161.50 <LOD <LOD <LOD <LOD 

05/21/15 5 ON 2 141857 A 1006 8:55 9:30 35 4.20 4.00 4.10 143.50 <LOD <LOD <LOD <LOD 

05/21/15 5 ON 2 141771 B 1344 8:55 9:30 35 4.20 4.00 4.10 143.50 <LOD <LOD 15 0.105 

05/21/15 5 ON 2 141853 C 1281 8:55 9:30 35 4.20 4.05 4.13 144.38 <LOD <LOD <LOD <LOD 

05/21/15 5 ON 2 141802 D 72828 8:55 9:30 35 4.23 4.10 4.17 145.78 <LOD <LOD <LOD <LOD 

05/21/15 5 ON 2 141838 E 72396 8:55 9:30 35 4.19 4.04 4.12 144.03 <LOD <LOD <LOD <LOD 

05/21/15 5 ON 2 141860 F 71309 8:55 9:30 35 4.24 4.10 4.17 145.95 <LOD <LOD <LOD <LOD 

05/21/15 5 ON 2 141829 1 1425 8:55 9:29 34 4.20 3.92 4.06 138.04 <LOD <LOD 5.2 0.038 

05/21/15 5 ON 2 141859 2 72394 8:55 9:29 34 4.20 4.20 4.20 142.72 <LOD <LOD <LOD <LOD 

05/21/15 5 ON 2 141840 3 1427 8:55 9:29 34 4.19 4.05 4.12 140.13 <LOD <LOD <LOD <LOD 

05/21/15 5 ON 2 141863 4 1407 8:55 9:29 34 4.19 4.08 4.14 140.61 <LOD <LOD <LOD <LOD 

05/21/15 5 ON 2 141864 5 1395 8:55 9:29 34 4.18 4.12 4.15 141.10 <LOD <LOD 6.2 0.044 



EPHB Report No. 373-12a 
 

 
 

Page 44 
 

D
A

TE
 

TR
IA

L 
#

 

C
O

N
TR

O
L 

S
TA

TU
S

 

B
IN

 

S
A

M
P

LE
 N

U
M

B
ER

 

S
A

M
P

LE
 L

O
C

A
TI

O
N

 

P
U

M
P

 N
U

M
B

ER
 

S
TA

R
T 

TI
M

E 

S
TO

P
 T

IM
E 

TI
M

E 
(m

in
s)

 

P
R

E-
C

A
L.

(L
/m

in
) 

P
O

S
T-

C
A

L.
 (

L/
m

in
) 

A
V

G
. 

FL
O

W
 

(L
/m

in
) 

TO
TA

L 
V

O
L.

 (
L)

 

R
ES

P
IR

A
B

LE
 D

U
S

T 
(µ

g
/s

am
p

le
) 

D
U

S
T 

C
O

N
C

EN
TR

A
TI

O
N

 
(m

g
/m

3
) 

Q
U

A
R

TZ
 

(µ
g

/s
am

p
le

) 

Q
U

A
R

TZ
 

C
O

N
C

EN
TR

A
TI

O
N

 
(m

g
/m

3
) 

05/21/15 5 ON 2 141858 6 1414 8:55 9:29 34 4.20 4.08 4.14 140.79 <LOD <LOD <LOD <LOD 

05/21/15 5 OFF 2 141836 A 1006 9:53 10:32 39 4.20 4.00 4.10 159.90 <LOD <LOD <LOD <LOD 

05/21/15 5 OFF 2 141839 B 1344 9:53 10:32 39 4.20 4.00 4.10 159.90 <LOD <LOD 17 0.106 

05/21/15 5 OFF 2 141830 C 1281 9:53 10:32 39 4.20 4.05 4.13 160.88 <LOD <LOD <LOD <LOD 

05/21/15 5 OFF 2 141772 D 72828 9:53 10:32 39 4.23 4.10 4.17 162.44 <LOD <LOD <LOD <LOD 

05/21/15 5 OFF 2 141827 E 72396 9:53 10:32 39 4.19 4.04 4.12 160.49 74 0.46 28 0.174 

05/21/15 5 OFF 2 141832 F 71309 9:53 10:32 39 4.24 4.10 4.17 162.63 <LOD <LOD 12 0.074 

05/21/15 5 OFF 2 141803 1 1425 9:53 10:32 39 4.20 3.92 4.06 158.34 <LOD <LOD <LOD <LOD 

05/21/15 5 OFF 2 141842 2 72394 9:53 10:32 39 4.20 4.20 4.20 163.71 <LOD <LOD <LOD <LOD 

05/21/15 5 OFF 2 141698 3 1427 9:53 10:32 39 4.19 4.05 4.12 160.74 780 4.85 290 1.804 

05/21/15 5 OFF 2 141841 4 1407 9:53 10:32 39 4.19 4.08 4.14 161.28 1200 7.44 460 2.852 

05/21/15 5 OFF 2 141792 5 1395 9:53 10:32 39 4.18 4.12 4.15 161.85 770 4.76 300 1.854 

05/21/15 5 OFF 2 141834 6 1414 9:53 10:32 39 4.20 4.08 4.14 161.50 <LOD <LOD 7.3 0.045 

05/21/15 6 ON 2 141795 A 1006 10:57 11:31 34 4.20 4.00 4.10 139.40 <LOD <LOD 6.2 0.044 

05/21/15 6 ON 2 141683 B 1344 10:55 11:31 36 4.20 4.00 4.10 147.60 <LOD <LOD <LOD <LOD 

05/21/15 6 ON 2 141776 C 1281 10:55 11:31 36 4.20 4.05 4.13 148.50 <LOD <LOD <LOD <LOD 

05/21/15 6 ON 2 141745 D 72828 10:55 11:31 36 4.23 4.10 4.17 149.94 <LOD <LOD <LOD <LOD 

05/21/15 6 ON 2 141728 E 72396 10:55 11:31 36 4.19 4.04 4.12 148.14 <LOD <LOD <LOD <LOD 

05/21/15 6 ON 2 141676 F 71309 10:55 11:31 36 4.24 4.10 4.17 150.12 <LOD <LOD <LOD <LOD 

05/21/15 6 ON 2 141775 1 1425 10:54 11:31 37 4.20 3.92 4.06 150.22 <LOD <LOD 7.5 0.050 

05/21/15 6 ON 2 141672 2 72394 10:54 11:31 37 4.20 4.20 4.20 155.31 <LOD <LOD <LOD <LOD 

05/21/15 6 ON 2 141786 3 1427 10:54 11:31 37 4.19 4.05 4.12 152.50 <LOD <LOD <LOD <LOD 
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05/21/15 6 ON 2 141696 4 1407 10:54 11:31 37 4.19 4.08 4.14 153.01 <LOD <LOD <LOD <LOD 

05/21/15 6 ON 2 141769 5 1395 10:54 11:31 37 4.18 4.12 4.15 153.55 <LOD <LOD <LOD <LOD 

05/21/15 6 ON 2 141677 6 1414 10:54 11:31 37 4.20 4.08 4.14 153.22 <LOD <LOD <LOD <LOD 

05/21/15 6 OFF 2 141731 A 1006 13:04 13:43 39 4.20 4.00 4.10 159.90 <LOD <LOD <LOD <LOD 

05/21/15 6 OFF 2 141818 B 1344 13:04 13:43 39 4.20 4.00 4.10 159.90 <LOD <LOD <LOD <LOD 

05/21/15 6 OFF 2 141755 C 1281 13:04 13:43 39 4.20 4.05 4.13 160.88 <LOD <LOD 8.5 0.053 

05/21/15 6 OFF 2 141671 D 72828 13:04 13:43 39 4.23 4.10 4.17 162.44 <LOD <LOD <LOD <LOD 

05/21/15 6 OFF 2 141697 E 72396 13:04 13:43 39 4.19 4.04 4.12 160.49 140 0.87 45 0.280 

05/21/15 6 OFF 2 141820 F 71309 13:04 13:43 39 4.24 4.10 4.17 162.63 <LOD <LOD <LOD <LOD 

05/21/15 6 OFF 2 141703 1 1425 13:04 13:42 38 4.20 3.92 4.06 154.28 94 0.61 <LOD <LOD 

05/21/15 6 OFF 2 141778 2 72394 13:04 13:42 38 4.20 4.20 4.20 159.51 <LOD <LOD <LOD <LOD 

05/21/15 6 OFF 2 141815 3 1427 13:04 13:42 38 4.19 4.05 4.12 156.62 430 2.75 190 1.213 

05/21/15 6 OFF 2 141810 4 1407 13:04 13:42 38 4.19 4.08 4.14 157.15 940 5.98 340 2.164 

05/21/15 6 OFF 2 141709 5 1395 13:04 13:42 38 4.18 4.12 4.15 157.70 1200 7.61 400 2.536 

05/21/15 6 OFF 2 141673 6 1414 13:04 13:42 38 4.20 4.08 4.14 157.36 64 0.41 24 0.153 

05/21/15 7 ON 2 141804 A 1006 14:05 14:42 37 4.20 4.00 4.10 151.70 <LOD <LOD <LOD <LOD 

05/21/15 7 ON 2 141846 B 1344 14:05 14:42 37 4.20 4.00 4.10 151.70 <LOD <LOD <LOD <LOD 

05/21/15 7 ON 2 141808 C 1281 14:05 14:42 37 4.20 4.05 4.13 152.63 <LOD <LOD <LOD <LOD 

05/21/15 7 ON 2 141812 D 72828 14:05 14:42 37 4.23 4.10 4.17 154.11 <LOD <LOD <LOD <LOD 

05/21/15 7 ON 2 141801 E 72396 14:05 14:42 37 4.19 4.04 4.12 152.26 <LOD <LOD 5.7 0.037 

05/21/15 7 ON 2 141824 F 71309 14:05 14:42 37 4.24 4.10 4.17 154.29 <LOD <LOD <LOD <LOD 

05/21/15 7 ON 2 141816 1 1425 14:04 14:41 37 4.20 3.92 4.06 150.22 <LOD <LOD <LOD <LOD 
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05/21/15 7 ON 2 141806 2 72394 14:04 14:41 37 4.20 4.20 4.20 155.31 <LOD <LOD <LOD <LOD 

05/21/15 7 ON 2 141823 3 1427 14:04 14:41 37 4.19 4.05 4.12 152.50 <LOD <LOD <LOD <LOD 

05/21/15 7 ON 2 141852 4 1407 14:04 14:41 37 4.19 4.08 4.14 153.01 <LOD <LOD 13 0.085 

05/21/15 7 ON 2 141822 5 1395 14:04 14:41 37 4.18 4.12 4.15 153.55 <LOD <LOD 10 0.065 

05/21/15 7 ON 2 141847 6 1414 14:04 14:41 37 4.20 4.08 4.14 153.22 <LOD <LOD <LOD <LOD 

05/21/15 7 OFF 2 141805 A 1006 15:03 15:42 39 4.20 4.00 4.10 159.90 <LOD <LOD <LOD <LOD 

05/21/15 7 OFF 2 141850 B 1344 15:03 15:42 39 4.20 4.00 4.10 159.90 <LOD <LOD <LOD <LOD 

05/21/15 7 OFF 2 141732 C 1281 15:03 15:42 39 4.20 4.05 4.13 160.88 <LOD <LOD 27 0.168 

05/21/15 7 OFF 2 141844 D 72828 15:03 15:42 39 4.23 4.10 4.17 162.44 <LOD <LOD <LOD <LOD 

05/21/15 7 OFF 2 141848 E 72396 15:03 15:42 39 4.19 4.04 4.12 160.49 120 0.75 42 0.262 

05/21/15 7 OFF 2 141725 F 71309 15:03 15:42 39 4.24 4.10 4.17 162.63 <LOD <LOD 10 0.061 

05/21/15 7 OFF 2 141854 1 1425 15:03 15:42 39 4.20 3.92 4.06 158.34 <LOD <LOD <LOD <LOD 

05/21/15 7 OFF 2 141851 2 72394 15:03 15:42 39 4.20 4.20 4.20 163.71 <LOD <LOD <LOD <LOD 

05/21/15 7 OFF 2 141811 3 1427 15:03 15:42 39 4.19 4.05 4.12 160.74 670 4.17 200 1.244 

05/21/15 7 OFF 2 141821 4 1407 15:03 15:42 39 4.19 4.08 4.14 161.28 1400 8.68 480 2.976 

05/21/15 7 OFF 2 141723 5 1395 15:03 15:42 39 4.18 4.12 4.15 161.85 2100 12.97 700 4.325 

05/21/15 7 OFF 2 141817 6 1414 15:03 15:42 39 4.20 4.08 4.14 161.50 140 0.87 44 0.272 

*These values are outliers, caused when a conveyor belt was mistakenly started up during a trial, causing a visible 
cloud of dust to drift toward sampling locations C, E and 4.
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