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Abstract 

The presence of naturally-occurring asbestos (NOA) is increasingly concerning for scientists, health and 

regulatory agencies, and citizens living in impacted areas. It is commonly believed that fibrous amphibole 

asbestos can only form through neocrystallization. In southern Nevada, NOA occurs as a result of 

hydrothermal alteration of granitic rock producing fibrous amphibole both as cross-cutting neocrystallized 

veins and via recrystallization of original magmatic hornblende crystals. Fibers with a greater aspect ratio 

are known to have increased toxicity. This study measured the maximum length and average width of both 

neocrystallized and recrystallized fibers to see if the morphologies were similar. Neocrystallized and 

recrystallized fibers from the McCullough Range, NV were identified using a petrographic microscope, 

extracted from polished thin sections using a motorized drill, and analyzed using the scanning electron 

microscope (SEM), and field emission scanning electron microscope (FESEM) with energy dispersive x-

ray analysis (EDS). Neocrystallization produced fibers with an average width of 0.53 ± 0.018 µm, an 

average length of 4.26 ± 0.257 µm, and an average aspect ratio of 8.7 ± 0.38. Recrystallization produced 

fibers with an average width of 0.64 ± 0.023 µm, an average length of 7.31 ± 0.483 µm, and an average 

aspect ratio of 13. ± 0.86. Multiple statistical analyses, explicitly the Mann-Whitney U-test, confirmed that 

recrystallized particles more commonly had either statistically similar (p> 0.05) or statistically wider (p< 

0.05) widths, significantly longer lengths, and significantly greater aspect ratios compared to 

neocrystallized particles of similar mineralogy and chemistry. Because the recrystallization process 

produces fibers that have greater average aspect ratios, they may be more toxic than those produced through 

neocrystallization. We hypothesize that the likely reason for this are increased chain width defects resulting 

from fluctuating conditions during recrystallization. Because hydrothermal alteration and recrystallization 

of primary minerals is a very common geologic process, this finding may significantly increase the 

estimated potential of rocks and soils that contain NOA. 

  



iv 
 

Acknowledgements 

I would like to acknowledge and thank Chris Bolhuis who first introduced me to the field of geology and 

taught me how the world has a beautiful way of making one feel insignificant. Thank you to Dr. Steve 

Maddox and all my Grand Valley State University Geology professors who guided me, built my confidence 

as a geologist, and filled my geology toolkit with knowledge. Thank you to all my UNLV professors, 

committee members, and more specifically, my advisors (Dr. Brenda Buck and Dr. Rodney Metcalf) who 

gave me an immense amount of support, patience, and guidance. I truly could not have finished this thesis 

without Brenda or Rod’s council, advice, and dedication to myself and this research. Thank you to the 

student interns (Laekyn Kelley, Samantha Lockhart, Tammy Legg, and Anabelle Castro) for helping me 

with SEM/FESEM imaging and lab work. Thank you to Anay Gomez who taught me how to use our lab. 

Thanks for the BLM for funding this project (permit #L13AC00237). Lastly, thank you to my friends and 

family. I truly could not have finished this without your love, support, and understanding.  



v 
 

Dedication 

To my friends, family, and advisors. I couldn’t have done this without your endless love and support. 

  



vi 
 

Table of Contents 

Abstract ........................................................................................................................................................ iii 

Acknowledgements ...................................................................................................................................... iv 

Dedication ..................................................................................................................................................... v 

Table of Contents ......................................................................................................................................... vi 

List of Tables ............................................................................................................................................... ix 

List of Figures .............................................................................................................................................. xi 

Chapter 1: Introduction ................................................................................................................................. 1 

1.1 What is Asbestos? ............................................................................................................................... 1 

1.2 The Life Cycle of Asbestos ................................................................................................................. 2 

1.3 Exposure Pathways and Toxicity ........................................................................................................ 4 

1.4 Morphology of EMPs and Asbestos Fibers ........................................................................................ 5 

1.5 Crystallization Processes .................................................................................................................... 9 

1.6 Geologic Background ....................................................................................................................... 10 

1.7 Hypothesis......................................................................................................................................... 11 

Chapter 2: Methods ..................................................................................................................................... 13 

Chapter 3: Results ....................................................................................................................................... 18 

3.1 Statistical Analyses ........................................................................................................................... 18 

3.2 Petrographic Analyses ...................................................................................................................... 18 

3.3 Dimensional Analyses of Amphibole Particle Chemistry and Mineralogy ...................................... 19 

3.4 Dimensional Analysis of Neocrystallized Vs. Recrystallized Particles ............................................ 20 



vii 
 

3.5 Dimensional Analyses by Particle type ............................................................................................ 20 

3.5.1 Dimensional Analysis of Fiber Vs. Bundle Morphology ........................................................... 21 

3.5.2 Dimensional Analysis of Particle Type with Fiber Width ≤ 1 µm ............................................ 22 

3.5.3 Particle type with Length ≥ 5 µm, Width ≤ 1 µm, and AR ≥ 3:1 .............................................. 23 

3.6 Regulatory and Theorized Dimension Definitions ........................................................................... 24 

3.6.1 Regulatory Dimension Definitions: OSHA, WHO, EPA .......................................................... 24 

3.6.2 Harper’s Theorized Dimension Definition of an Asbestos Fiber ............................................... 26 

3.7 Dimensional Analyses of Particle Type Vs. Asbestos Fiber Regulations......................................... 26 

3.8 FESEM Vs. SEM Statistical Analyses .............................................................................................. 28 

Chapter 4: Discussion ................................................................................................................................. 30 

4.1 Amphibole Mineralogy and Petrographic Implications .................................................................... 31 

4.2 Dimensional and Morphologic Patterns and Implications of Neo-and-Re-crystallization ............... 33 

4.2.1 Particle Dimensional Qualification Under Asbestos Standards ................................................. 33 

4.2.2 Particle Type Implications ......................................................................................................... 35 

4.2.3 Implications for Dimensional Analyses of Particle Type Vs. Asbestos Fiber Standards .......... 38 

4.2.4 FESEM Vs. SEM Implications .................................................................................................. 39 

4.3 Previous Regional NOA Studies (Nevada-Arizona) ......................................................................... 40 

4.4 Toxicity of Amphibole Particles ....................................................................................................... 42 

4.4.1 Short Fiber Debate ..................................................................................................................... 44 

4.4.2 Cleavage Fragment Debate ........................................................................................................ 48 

4.4.3 Toxicological Study of Arizona NaFe3+ fibrous Amphiboles .................................................... 51 



viii 
 

4.4.4 Short Fibers and Cleavage Fragments in Las Vegas .................................................................. 52 

4.5 Chain-Width Defects ........................................................................................................................ 54 

4.6 Worldly Implications ........................................................................................................................ 55 

Chapter 5: Conclusion ................................................................................................................................. 57 

5.1 Recrystallization Produces Asbestos Morphologies ......................................................................... 57 

Appendix A: Tables .................................................................................................................................... 58 

Appendix B: Figures ................................................................................................................................... 97 

Appendix C: Supplemental Data............................................................................................................... 138 

References ................................................................................................................................................. 139 

Curriculum Vitae ...................................................................................................................................... 149 

 

  



ix 
 

List of Tables 

Table 1. Mineral Names and Formulas of Regulated and Non-Regulated Asbestos. Modified from Perry 

(2004). ......................................................................................................................................................... 58 

Table 2. Tests of Normality for Particles with an AR ≥ 3:1 by Crystallization Process* ........................... 59 

Table 3. Tests of Normality for Log10 (Particles) with an AR ≥ 3:1 ........................................................... 60 

Table 4(a). Ranks for Log10 (All Particles) with an AR ≥ 3:1 Across Crystallization Process and (b) Test 

Statistics for Log10 (All Particles) with an AR ≥ 3:1 Across Crystallization Process ................................. 61 

Table 5(a). Ranks for Log10 (Particles) with an AR ≥ 3:1 Across the Category of Microscopy Method and 

(b) Test Statistics for Log10 (Particles) with an AR ≥ 3:1 Across the Category of Microscopy Method. ... 62 

Table 6(a). Ranks for Log10 (SEM Particles) with an AR ≥ 3:1 Across the Category of Crystallization 

Process and (b) Test Statistics for Log10 (SEM Particles) with an AR ≥ 3:1 Across the Category of 

Crystallization Process. ............................................................................................................................... 63 

Table 7(a). Ranks for Log10 (FESEM Particles) with an AR ≥ 3:1 Across Crystallization Process and (b) 

Test Statistics for Log10 (FESEM Particles) with an AR ≥ 3:1 Across Crystallization Process. ................ 64 

Table 8. Assigned Mineral Name for All Particles with an AR ≥ 3:1. ....................................................... 65 

Table 9. Assigned Mineral Name by Crystallization Process Particles with an AR ≥ 3:1. ........................ 66 

Table 10. Assigned Mineral Group for All Particles with an AR ≥ 3:1 ...................................................... 67 

Table 11. Assigned Mineral Group by Crystallization Process for Particles with an AR ≥ 3:1 ................. 68 

Table 12. Statistical Analysis of All Data with an AR ≥ 3:1 ...................................................................... 69 

Table 13. Bundle Dimensions by Crystallization Type for Data with an AR ≥ 3:1 ................................... 70 

Table 14. Fiber Dimensions by Crystallization Type for Data with an AR ≥ 3:1....................................... 71 

Table 15. Prismatic Crystal Dimensions by Crystallization Type for Data with an AR ≥ 3:1 ................... 72 

Table 16. Combined Statistics of Fibers and Bundles with an AR ≥ 3:1 .................................................... 73 

Table 17. Statistical Analysis of All Data with Particle Width ≤ 1 µm; AR ≥ 3:1 ..................................... 74 

Table 18. Bundle Dimensions by Crystallization Type with Bundle Width ≤ 1 µm; AR ≥ 3:1 ................. 75 



x 
 

Table 19. Fiber Dimensions by Crystallization Type with Fiber Width ≤ 1 µm; AR ≥ 3:1 ....................... 76 

Table 20. Prismatic Crystal Dimensions by Crystallization Type with Prismatic Crystal Width ≤ 1 µm; 

AR ≥ 3:1 ...................................................................................................................................................... 77 

Table 21. Particles with a L ≥ 5 µm, W ≤ 1 µm, AR ≥ 3:1 ......................................................................... 78 

Table 22. Bundles with a L ≥ 5 µm, W ≤ 1 µm, AR ≥ 3:1 ......................................................................... 79 

Table 23. Fibers with a L ≥ 5 µm, W ≤ 1 µm, AR ≥ 3:1 ............................................................................ 80 

Table 24. Prismatic Crystals with a L ≥ 5 µm, W ≤ 1 µm, AR ≥ 3:1 ......................................................... 81 

Table 25. Particles That Fit The OSHA Definition of an Asbestos Fiber (L ≥ 5 µm; AR ≥ 3:1) ............... 82 

Table 26. Particles That Fit The WHO Definition of an Asbestos Fiber (L ≥ 5 µm, W < 3 µm, AR ≥ 3:1)

 .................................................................................................................................................................... 83 

Table 27. Particles That Fit The EPA TEM Counting Method Definition of an Asbestos Fiber (L ≥ 0.5 

µm, AR ≥ 5:1) ............................................................................................................................................. 84 

Table 28. Particles That Fit Harper et al. (2012) definition of an Asbestos Fiber (W ≤ 1 µm; AR ≥ 3:1) . 85 

Table 29. Bundles That Fit The OSHA Definition of an Asbestos Fiber (L ≥ 5 µm; AR ≥ 3:1) ................ 86 

Table 30. Fibers That Fit The OSHA Definition of an Asbestos Fiber (L ≥ 5 µm; AR ≥ 3:1) ................... 87 

Table 31. Prismatic Crystals That Fit The OSHA Definition of an Asbestos Fiber (L ≥ 5 µm; AR ≥ 3:1) 88 

Table 32. Bundles That Fit The WHO Definition of an Asbestos Fiber (L ≥ 5 µm, W< 3 µm, AR ≥ 3:1) 89 

Table 33. Fibers That Fit The WHO Definition of an Asbestos Fiber (L ≥ 5 µm, W< 3 µm, AR ≥ 3:1) ... 90 

Table 34. Prismatic Crystals That Fit The WHO Definition of an Asbestos Fiber (L ≥ 5 µm, W< 3 µm, 

AR ≥ 3:1) .................................................................................................................................................... 91 

Table 35. SEM Statistics with an AR ≥ 3:1 ................................................................................................ 92 

Table 36. FESEM Statistics with an AR ≥ 3:1 ........................................................................................... 93 

Table 37. Combined SEM and FESEM Statistics with an AR ≥ 3:1 .......................................................... 94 

Table 38.  Percent of particles in this study with an AR ≥ 3:1 that fit various asbestos parameters........... 95 

Table 39. Percent of particles in this study with an AR ≥ 3:1 that fit various asbestos fiber definitions. .. 96 



xi 
 

 
List of Figures 

Figure 1: The life cycle of commercially and naturally-modified asbestos. Schematic courtesy of Metcalf 

et al. (2018). ................................................................................................................................................ 97 

Figure 2: Neocrystallized fibrous actinolite in a granitic fracture fill vein cutting through altered 

plagioclase (Type I). Cross polarized light. ................................................................................................ 98 

Figure 3. Recrystallized fibrous actinolite formed via replacement of magmatic magnesio-hornblende 

surrounded by altered plagioclase and chlorite (Type III). Cross polarized light. ...................................... 99 

Figure 4. Neocrystallization fiber intergrowth within or on edges of other grains (Type II). Plane 

polarized light (A) and Cross polarized light (B)...................................................................................... 100 

Figure 5. Erosion of a granitic pluton within the McCullough Range that contains asbestos minerals. ... 101 

Figure 6. Overview of the field area in McCullough Range, NV. ............................................................ 102 

Figure 7. The locations of samples of neocrystallized and recrystallized fibrous amphibole collected 

January 10, 2018 in McCullough Range, Nevada. Fifteen GPS data points were collected for each sample 

bag. A total of 46 rocks were collected. .................................................................................................... 103 

Figure 8. Hand sample of blue neocrystallized fibrous amphibole collected in McCullough Range, NV.

 .................................................................................................................................................................. 104 

Figure 9. Hand sample of recrystallized fibrous amphibole collected in McCullough Range, NV. ......... 105 

Figure 10. Image of an Undergrad student at UNLV removing subsamples of both neocrystallized and 

recrystallized fibrous amphibole using a 0.015” diameter motorized drill. .............................................. 106 

Figure 11. Image of neocrystallized naturally-occurring asbestos fibers drilled from a hand sample 

collected within the McCullough Range, NV. .......................................................................................... 107 

Figure 12. Image of the Scanning Electron Microscope in the EMiL Lab at the University of Nevada, Las 

Vegas. ....................................................................................................................................................... 108 



xii 
 

Figure 13. Image of a prepared neocrystallized FESEM/ SEM sample. Sample prepared by placing the 

extracted subsamples on a polycarbonate 0.4 µm isopure filter, which was mounted on a plastic base with 

carbon tape and coated with carbon. ......................................................................................................... 109 

Figure 14. Photo of how we measured a particle using the imageJ program. Measurements were done in 

the following order (1) scale bar, (2) maximum length, (3) width measurement one, (4) width 

measurement two, and (5) width measurement three. All imageJ output measurements are done in pixels 

and can be seen within the length column from the Results section of the imageJ program. Pixels were 

converted to microns using the “length” results for the scale bar from the imageJ program for each image. 

After conversion to microns, an average width and aspect ratio were calucluated................................... 110 

Figure 15. Continuous Field Information for Log10 (Particle Width) for Particles with an AR ≥ 3:1 Across 

Crystallization Process .............................................................................................................................. 111 

Figure 16. Normal Q-Q Plot of Log10 (Neocrystallized Particle Width) for Particles with an AR ≥ 3:1 112 

Figure 17. Normal Q-Q Plot of Log10 (Recrystallized Particle Width) for Particles with an AR ≥ 3:1 .. 113 

Figure 18. Detrended Normal Q-Q Plot of Log10 (Neocrystallized Particle Width) for Particles with an 

AR ≥ 3:1 .................................................................................................................................................... 114 

Figure 19. Detrended Normal Q-Q Plot of Log10 (Recrystallized Particle Width) for Particles with an AR 

≥ 3:1 .......................................................................................................................................................... 115 

Figure 20. Continuous Field Information for Log10 (Particle Length) for Particles with an AR ≥ 3:1 

Across Crystallization Process .................................................................................................................. 116 

Figure 21. Normal Q-Q Plot of Log10 (Neocrystallized Particle Length) for Particles with an AR ≥ 3:1

 .................................................................................................................................................................. 117 

Figure 22. Normal Q-Q Plot of Log10 (Recrystallized Particle Length) for Particles with an AR ≥ 3:1 . 118 

Figure 23. Detrended Normal Q-Q Plot of Log10 (Neocrystallized Particle Length) for Particles with an 

AR ≥ 3:1 .................................................................................................................................................... 119 

Figure 24. Detrended Normal Q-Q Plot of Log10 (Recrystallized Particle Length) for Particles with an 

AR ≥ 3:1 .................................................................................................................................................... 120 



xiii 
 

Figure 25. Continuous Field Information for Log10 (Particle Aspect Ratio) for Particles with an AR ≥ 3:1 

Across Crystallization Process .................................................................................................................. 121 

Figure 26. Normal Q-Q Plot of Log10 (Neocrystallized Particle Aspect Ratio) for Particles with an AR ≥ 

3:1 ............................................................................................................................................................. 122 

Figure 27. Normal Q-Q Plot of Log10 (Recrystallized Particle Aspect Ratio) for Particles with an AR ≥ 

3:1 ............................................................................................................................................................. 123 

Figure 28. Detrended Normal Q-Q Plot of Log10 (Neocrystallized Particle Aspect Ratio) for Particles 

with an AR ≥ 3:1 ....................................................................................................................................... 124 

Figure 29. Detrended Normal Q-Q Plot of Log10 (Recrystallized Particle Aspect Ratio) for Particles with 

an AR ≥ 3:1 ............................................................................................................................................... 125 

Figure 30. U-Test formula that will be used to compare neocrystallized (population 1) and recrystallized 

(population 2) fibrous amphibole fibers to see if they are significantly different or similar. ................... 126 

Figure 31. Plan for statistical comparison between neocrystallized and recrystallized fibrous amphiboles 

for McCullough Range, NV. ..................................................................................................................... 127 

Figure 32. NOA formed via replacement of magmatic magnesio-hornblende (left arrow) into NaFe 3+ 

fibrous amphibole (right arrow) asbestos surrounded by altered albite. Fibrous amphibole is intergrown 

with albite (right edge) along the amphibole pseudomorph boundary. Cross polarized light. Photo 

courtesy of Rodney Metcalf.  Modified from Austin et al. (2019). .......................................................... 128 

Figure 33. FESEM (A-D) and SEM (E-F) photomicrographs of neocrystallized fibrous amphibole 

bundles. ..................................................................................................................................................... 129 

Figure 34 (A-C). FESEM photomicrographs of neocrystallized fibrous amphibole fibers. ..................... 130 

Figure 35. SEM photomicrograph of a neocrystallized prismatic crystal. ................................................ 131 

Figure 36(A-C). FESEM photomicrographs of recrystallized fibrous amphibole bundles. ..................... 132 

Figure 37(A-C). FESEM photomicrographs of recrystallized fibrous amphibole fibers. ......................... 133 

Figure 38. FESEM photomicrographs of recrystallized prismatic crystal. ............................................... 134 

Figure 39. SEM EDS analysis of my data set showing particles plotting mainly as calcic amphiboles. .. 135 



xiv 
 

Figure 40. A/B) EPMA-WDS analyses from Metcalf et al. (2018). C/D) SEM EDS analyses from Metcalf 

et al. (2018). All figures show NV samples plotting mainly as calcic amphiboles. ................................. 136 

Figure 41. All Neocrystallized (open shapes) and recrystallized (solid shapes) amphibole data plotted 

aspect ratio vs. length. All plots contain both OSHA’s regulatory definition and EPA TEM Counting 

definition of an asbestos fiber. .................................................................................................................. 137 

  



1 
  

Chapter 1: Introduction 

1.1 What is Asbestos? 

Asbestos is a non-scientific term originally designed for industrial, legal, and commercial purposes 

(Van Gosen, 2007). This term represents a set of specific silicate minerals but is not a mineral name or 

mineral group (Van Gosen, 2007). In the USA, asbestos is legally defined as one or more of the following 

six minerals: chrysotile (a serpentine mineral); and five fibrous varieties of amphibole minerals including 

riebeckite (industrial name: crocidolite), cummingtonite-grunerite (industrial name: amosite), 

anthophyllite, actinolite, and tremolite (Van Gosen, 2007). These minerals were mined and used in 

numerous products because they have one or more of the following: high tensile strength, resistance to heat 

and chemical alteration, high flexibility, spinability, low electrical conductivity, and a large surface area 

(Thompson, 1974; Virta, 2002). Inhalation of these long, thin fibers can cause gastrointestinal cancer, 

cardiovascular disease; suppressed immune function and autoimmune disorders; lung, larynx, and ovarian 

cancer; asbestosis, pleural fibrosis, and mesothelioma (Agency for Toxic Substances and Disease Registry, 

2001; Camargo et al., 2011; International Agency for Research on Cancer, 2012; Pfau et al., 2017, 

Shannahan et al., 2012). Additionally, there are several other fibrous minerals that are, or may be, hazardous 

but are currently not regulated, including other fibrous amphibole minerals (winchite, richterite, 

arfvedsonite, magnesiohornblende, and fluoro-edenite) erionite, mordenite, talc, wollastonite, and 

palygorskite (Baumann et al., 2013; Harper, 2008; Meeker et al, 2003; Van Gosen, 2007).  

Historically, 90-95% of asbestos mined, worldwide, was serpentine (chrysotile) (Clinkenbeard et 

al., 2002; Gunter et al., 2007, Harper, 2008). Chrysotile is well known for having the asbestiform crystal 

habit where fibers are broken down by a mechanical or erosive force into thinner fibers and ultimately 

fibrils (American Society for Testing and Materials, 1995). Although there is much disagreement regarding 

the definition of asbestiform (Lowers and Meeker, 2002), in general, asbestiform fibers are long thread-

like, or needle-like, fibers that grow in curved, or straight, parallel bundles often displaying splayed ends 
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(Beard et al., 2001; Lowers and Meeker, 2002). In the asbestos industry, processing was performed on the 

asbestos ore to crush and sort fibers into sizes appropriate for their uses in commercial products 

(Clinkenbeard et al., 2002). In these scenarios, primarily chrysotile fibers were defined as having aspect 

ratios (AR) ranging from 20:1 to 100:1 or individual fibrils measuring less than 0.5 μm in width (Perkins 

and Harvey, 1993). Because the majority of asbestos mined was chrysotile, the regulatory language, and 

definitions of ‘asbestos’ and ‘asbestiform’ are biased towards crystal morphologies common to chrysotile, 

not amphibole (Harper et al., 2008; Metcalf et al., 2018). For example, fibrous amphibole fibers are often 

straighter and can be shorter compared to the long, curly chrysotile fibers (Plumlee et al., 2006). Because 

of this, amphibole fibers are able to flow more aerodynamically and penetrate into deeper areas of the lungs 

(Plumlee et al., 2006). This, among other characteristics, including biopersistence, makes amphibole 

asbestos more toxic than chrysotile (Plumlee et al., 2006). Unlike chrysotile asbestos, fibrous amphibole 

fibers tend to be shorter and are also able to more readily penetrate surrounding tissues and membranes, 

which can trigger cancers like mesothelioma (Plumlee et al., 2006). 

 

1.2 The Life Cycle of Asbestos 

Naturally-occurring asbestos (NOA) has recently become a hot topic in medical geology and has 

gained a great deal of attention from scientists, health agencies, regulatory agencies, and citizens throughout 

the United States (Harper, 2008; Van Gosen, 2007). The term NOA has been used to describe environmental 

exposures to asbestos (both regulated and non-regulated fibrous amphibole or serpentine minerals) (Buck 

et al., 2013; Harper, 2008; Metcalf et al., 2018). NOA is often found in-situ in exposed bedrock that is either 

disturbed or eroded out of the source rock and transported by geologic processes resulting in talus, sediment, 

alluvium, soil, and dust containing NOA. Once disturbed by anthropogenic process (i.e., construction, 

mining, off road vehicles, horseback riding, etc.), NOA then has the potential to be inhaled or ingested, 

creating an environmental health risk (Buck et al., 2013; Harper, 2008; Metcalf et al., 2018; Van Gosen, 

2007). Figure 1 is a schematic of the life cycle of asbestos and explains the differences between 
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commercially- and naturally-modified asbestos (Metcalf et al., 2018). According to Figure 1, both 

commercially- and naturally-modified asbestos can result in anthropogenically-disturbed asbestos.  

Cases such as Fairfax County, Virginia, El Dorado Hills and Clear Creek management area, 

California, as well as in other locations discussed in Harper (2008), served as a catalyst for change regarding 

regulatory definitions of fibrous amphibole and the idea of naturally-occurring asbestos began to gain a 

great deal of attention (Harper et al., 2008). The recent discovery of naturally-occurring fibrous actinolite 

in Clark County, NV (Buck et al. 2013) and fibrous NaFe3+ amphiboles in Mohave County, AZ (Metcalf 

and Buck, 2015) has become a topic of concern throughout metropolitan Las Vegas and northwestern 

Arizona (News Stories). The fibrous amphibole surrounding Boulder City, Henderson, and eastern Las 

Vegas is a result of in-situ asbestos-bearing bedrock that is eroded and transported into alluvial fans and 

eolian deposits in southern Nevada and northwestern Arizona (Buck et al., 2013; Metcalf and Buck, 2015). 

The fibrous amphibole has the ability to be disturbed either anthropogenically or through geological 

processes (Figure 1).  

In 2014, a reference concentration (RfC) for fibrous Libby amphibole was established by the 

Environmental Protection Agency (EPA) for non-cancer adverse health effects (US EPA, 2014). An RfC 

is the maximum dose of a toxicant that can be inhaled without causing a noncancer health effect. Any dose 

that exceeds the RfC may result in adverse noncancer health effects over a lifetime of exposure. It was 

found that exposures that exceed 0.00009 PCM fibers/cc per day for a lifetime (defined as 70 years) have 

significant increased risk of causing adverse non-cancer health effects (US EPA, 2014). Asbestosis, pleural 

effusions, pleural plaques, and plural thickening are examples of non-cancer effects from cumulative 

asbestos exposure (Pfau et al., 2017).  

Ambient air was recently measured in the El Dorado Basin in, and around, Boulder City, NV (Tetra 

Tech, 2014). The average airborne concentrations of fibrous amphibole from May 8 through August 10, 

2014 (Tetra Tech, 2014) were 2.3 times higher than the EPA RfC (Buck et al., 2016). The presence of 

fibrous amphiboles in this region poses a potential environmental health risk to those living in Clark and 

Mohave counties (Buck et al., 2013) by increasing their chances for asbestosis, lung cancer, ovarian cancer, 

https://www.unlv.edu/sciences/research/natural-asbestos
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mesothelioma, auto-immune disorders, and other adverse health effects (Agency for Toxic Substances and 

Disease Registry, 2001; Camargo et al., 2011; International Agency for Research on Cancer, 2012; NIOSH, 

2011; Pfau et al., 2017, Shannahan et al., 2012). 

 

1.3 Exposure Pathways and Toxicity 

For any toxicant, including fibrous amphibole, there are five potential pathways for exposure: 

ingestion, inhalation, eyes, wounds, and direct contact with unbroken skin (Plumlee et al., 2006). For 

fibrous amphibole, the primary pathway for exposure is inhalation (Plumlee et al., 2006). Amphibole and 

serpentine asbestos are both silicate minerals. Once inhaled or ingested, it is difficult for organisms to 

process silicate minerals. When ingested, these silicates concentrate within soft tissues because the body 

has no, or poor, mechanisms to reject or remove them, a phenomenon known as biopersistence (NIOSH, 

2011). Biopersistence of an elongated particle is generally known as the capacity of a particle to stay within 

the lungs for an extended period of time (NIOSH, 2011). This depends on several factors, including: lung 

fluid solubility, rates of translocation, alveolar macrophages clearance rate and mucociliary transport, 

breakage pattern and breakage rate, and deposition rates of elongated particles (NIOSH, 2011). 

Biopersistence is influenced by the surface area, particle dimension, chemical composition, and surface 

chemistry of elongated mineral particles (EMPs) (NIOSH, 2011).  

One of the many reasons amphibole fibers are more toxic than chrysotile is that amphibole fibers 

are more biopersistent and can remain in the body for decades (Plumlee et al., 2006). Chrysotile is a sheet 

silicate whose mineral fibers are rolled into bundles or fibers. When ingested, the body is able to eventually 

break down chrysotile because the fibers unroll and dissolve due to its sheet-silicate structure. Fibrous 

amphibole often has an acicular habit with thin, straight fibers that will not dissolve even after decades of 

exposure due to its multiple chain structure (Plumlee et al., 2006). In addition, the body’s immune response 

differs between these minerals. Chrysotile is known to suppress the human immune system and can lead to 

proportionally more cases of cancer compared to fibrous amphibole fibers, but the number of persons 
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affected is much smaller compared to those exposed to fibrous amphibole because of chrysotile 

predominantly only causing cancer and no other adverse health effects (Pfau, 2017). In contrast, fibrous 

amphibole fibers are known to induce an over-response to the immune system which can lead to a greater 

number of cases where individuals experience adverse health effects such as, progressive lamellar pleural 

thickening (LPT) and several autoimmune diseases including scleroderma, rheumatoid arthritis, and 

systemic lupus (Pfau et al., 2017). Amphibole asbestos may predominantly cause other adverse health 

effects as described, but it can still also cause lung cancer and mesothelioma. Once a fiber is inhaled, 

macrophages within the lungs attempt to expel such fibers. Because amphibole fibers are more biopersistant 

than chrysotile fibers, and cannot unroll and dissolve, amphibole fibers create more inflammation and scar 

tissue within the lung. The amphibole fibers are able to create an immunoenhanced response, thus causing 

the body to attack itself (e.g., autoimmune). The immune system becomes distracted, creating a poor anti-

cancer response that may eventually lead to cancer (Pfau et al., 2014, 2016, 2017,2018). 

 

1.4 Morphology of EMPs and Asbestos Fibers 

The toxicity of elongated mineral particles (EMPs) is mainly controlled by crystal morphology, 

mineralogy, and mineralogy chemistry (NIOSH, 2011). The longer and thinner the fiber, the greater its 

toxicity (Stanton et al.,1981). This is likely because longer and thinner fibers have greater surface area (Aust 

et al., 2011), and/or because they may travel to deeper areas within the lung (Aust et al., 2011; NIOSH, 

2011). These long, thin fibers often split longitudinally once within the lung, producing an increased 

number of thinner fibers with an increased aspect ratio (NIOSH, 2011). A mineral fiber is considered an 

EMP when it has a mean aspect ratio greater than 3:1 (L:D) and can be inhaled according to The World 

Health Organization (the WHO) standards (Mortureux, 2015). The WHO defines asbestos fibers as those 

with a minimum length of at least 5 μm, a maximum diameter of 3 μm, and an aspect ratio greater than or 

equal to 3:1 (WHO Regional Office, 2000). 
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Upon inhalation, asbestos fibers may be deposited in one of three regions: the extrathroracic region, 

bronchial region, or the alveolar-interstitial region (NIOSH, 2011). The aerodynamic and thermodynamic 

properties of airborne particles determine a particle’s deposition within the regions listed above (NIOSH, 

2011). The aerodynamic diameter of a specific particle is “the diameter of a unit density sphere that has the 

same settling velocity as a particle in question” of any shape or size (Cooper and Alley, 2011). The diameter 

and density of an elongated particle dictates the aerodynamic equivalent diameter (AED) of a particle 

(NIOSH, 2011). For example, a Ping-Pong ball and a golf ball have similar diameters but behave differently 

when they free-fall because of their densities (Cooper and Alley, 2011). The shape of such particles will 

impact movement and where they will deposit within the body. Long, thin fibers flow through the air like 

a javelin spear due to thinner diameters (Cooper and Alley, 2011). Particles with larger diameters and 

shorter lengths are “blockier” in shape causing them to not flow as efficiently through the air. When an 

elongated particle is inhaled, its orientation combined with the direction of airflow dictates where the 

particle will be deposited within the body. Deposition is affected by impaction, interception, sedimentation, 

and diffusion of the elongated particles (NIOSH, 2011). Insoluble particles, such as asbestos fibers, with 

AEDs < 2 μm deposit in the lower respiratory tract and have longer retention times than those deposited in 

the bronchial region, because the alveolar region does not have mucociliary clearance capability (NIOSH, 

2011). Diameters and length of particles can be measured, and combined with particle density, an AED can 

be calculated, in order to predict where particles will be deposited within the human body (Cooper and 

Alley, 2011). 

There is much disagreement within the asbestos community over the “correct” definition of an 

asbestos fiber (Gunter et al., 2007; Lowers and Meeker, 2002). Many in the asbestos community consider 

elongated particles “asbestos” when particles have a diameter < 0.5 μm (Lowers and Meeker, 2002; Perkins 

and Harvey 1993). This definition was used for commercial purposes and does not reflect toxicity 

(Clinkenbeard et al., 2002). In contrast, health experts consider particles with a diameter < 3 µm potentially 

toxic since they are respirable (NIOSH, 2011). Issues such as length and diameter for health purposes vs 

mineralogical purposes, or industrial purposes (Lowers and Meeker, 2002) cast doubt over “what” is 
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considered “asbestos” and creates great confusion that can affect legal cases, often favoring industry and 

not the victim (Meeker Vs. Gunter, 2009). For this study it is important to focus on what is considered 

potentially toxic, which is any particle that has the ability to be inhaled (width < 3 µm) (NIOSH, 2011; 

WHO Regional Office, 2000).  

In order for an amphibole fiber to be legally classified as an asbestos fiber by the Environmental 

Protection Agency using the Transmission Electron Microscopy (TEM) Methods according to the U.S. 

Codes of Federal Regulations, it must have a minimum length of 0.5 µm and aspect ratio greater than or 

equal to 5:1 (40 CFR 763 Subpart E, App. A). This is not a definition founded on health purposes, but rather 

a legal definition that was founded based on the capabilities of the range of fiber dimensions the TEM can 

detect (40 CFR 763 Subpart E, App. A). In order for an amphibole fiber to be legally classified as an 

asbestos fiber by The United States Occupational Safety and Health Administration (the OSHA) according 

to the U.S. Codes of Federal Regulations, it must have a minimum length of at least 5 μm and with a mean 

aspect ratio of 3:1 or greater (29 CFR 1910.1001, subpart Z(b)) (Clinkenbeard et al., 2002; Brownson et 

al., 2012). This is not a definition founded on health purposes, but rather a legal definition that was founded 

based on the capabilities of the range of fiber dimensions the Phase Contrast Microscope (PCM) can detect 

(Addingley, 1966; Boulanger et al., 2014; Clinkenbeard et al., 2002; Dodson et al., 2003; Holmes, 1965; 

Langer et al., 1978; Lynch, 1970; NIOSH, 1972; Tweedale, 2000). A review of the history of this regulation, 

which is further discussed in section 4.4.1, claims the definition of a fiber that NIOSH adopted from the 

UK in 1972, was arbitrarily defined and was not based on health risks but utilitarian purposes (Addingley, 

1966; Boulanger et al., 2014; Dodson et al., 2003; Holmes, 1965; Langer et al., 1978). The commercial 

asbestos industry uses the term asbestiform when referring to fibers that are of a desired morphology for 

commercial purposes (Van Gosen, 2007; Virta, 2002). A particle does not need to reach commercial 

standards for an asbestiform particle to be considered asbestos or to be toxic (NIOSH, 2011). The term 

“asbestiform” was created to describe something that looks like asbestos (NIOSH, 2011), which because 

the type of asbestos that was mined was largely chrysotile (Clinkenbeard et al., 2002; Harper et al., 2008; 

Virta, 2002), meant that this term mostly is used to describe the characteristics of chrysotile. Definitions of 
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asbestos terminology are inconsistent and problematic and must be better defined. Some of the major 

problems are (1) regulations and definitions are often focused on characteristics of chrysotile, and are 

incorrectly applied to amphibole minerals, and (2) commercially-modified asbestos particles have been 

crushed and sorted and their population characteristics will differ from particles that have not undergone 

that processing. Because not all of these characteristics are tied to health outcomes, it is incorrect to apply 

some commercial definitions of asbestos when considering health implications. This especially applies to 

the definitions of ‘asbestiform.’  Meeker et al. (2006) states that any amphibole with a mean aspect ratio 

greater than 3:1 should be defined as having an “asbestiform” habit. The World Health Organization (the 

WHO) defines asbestos fibers as those of 5 μm or longer, a diameter <3 μm, and a mean aspect ratio of at 

least 3:1 (WHO Regional Office, 2000; Clinkenbeard et al., 2002). For this study, it is important to focus 

on what may be considered harmful when inhaled, which is any amphibole particle that has a width less 

than 3 µm (WHO Regional Office, 2000; Aust et al., 2011; NIOSH, 2011). There is no known, explicit 

length cutoff tied to health outcomes, other than increased lengths are known to increase toxicity (Aust et 

al., 2011).  

The morphologies of amphibole fibers are a product of the geologic environments in which they 

form. Economic deposits of fibrous amphibole are thought to be rare, occurring only in specific geologic 

environments that allow the growth of long, thin, needle-like fibers within veins (Bailey et al., 2004; Tabler, 

1916; Virta, 2002; Van Gosen 2007). Fibrous amphibole deposits are often created when a hydrothermal 

fluid chemically alters a rock in a process known as metasomatism. In order for amphibole fibers to 

nucleate, high concentrations of magnesium, silica, and water are usually present (Van Gosen, 2007). 

Asbestos deposits often display evidence of shear as well as an influx of silica-rich hydrothermal fluids 

(Bailey et al., 2004; Erskine and Bailey, 2018; Virta, 2002) that are driven by regional metamorphic, contact 

metamorphic, or magmatic hydrothermal fluid processes (Van Gosen, 2007). Geologic environments that 

often host asbestos are: metamorphosed ultramafic rocks, metasomatized mafic rocks, metamorphosed 

dolostones, metamorphosed banded iron formations, and metasomatism of alkalic intrusions and 

carbonatites (Van Gosen, 2007).  
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1.5 Crystallization Processes 

This study will compare two types of fibrous amphibole (1) neocrystallized amphibole (Figure 2) 

and (2) recrystallized amphibole (Figure 3). Neocrystallization refers to the growth of fibrous amphibole 

asbestos primarily precipitated from an aqueous solution within fracture-fill veins (Figure 2) or within/ on 

the edges of other grains (Figure 4) (Austin, 2019; Metcalf et al., 2018). Some researchers believe that 

fibrous amphibole asbestos can only form through neocrystallization within fracture-fill veins (Figure 2) 

(Bailey et al., 2004; Lee et al., 2008; Strohmeier et al., 2010; Tabler, 1916; Van Gosen 2007; Virta, 2002). 

The regulatory nomenclature for asbestos has essentially ignored the distinction between mineral fibers 

formed from recrystallization versus neocrystallization of amphibole minerals. The term “asbestos” is often 

only given to one of the five regulated fibrous amphibole minerals that grew within a vein (neocrystallized) 

(Bailey et al., 2004; Lee et al., 2008; Strohmeier et al., 2010; Tabler, 1916; Van Gosen 2007; Virta, 2002). 

Because of this, fibrous amphibole formed via recrystallization is not considered asbestos by industry 

standards and is not regulated. Regulations were written using asbestos fibers disaggregated or liberated 

from an asbestos ore deposit (Bailey et al., 2004; Gunter et al., 2007) and were not written with NOA in 

mind (Clinkenbeard et al., 2002; Harper et al., 2008). Recent findings by Metcalf and Buck (2015) and 

others (Ahn and Buseck, 1991; Akai, 1982; Meeker et al., 2006), show that naturally-occurring fibrous 

amphibole can form by replacement (Figure 3), which challenges the neocrystallization hypothesis that 

asbestos can only form within veins. Additionally, Meeker et al (2006) recognized textures within fibrous 

amphibole from Libby, Montana that suggest fibers formed from recrystallization of pyroxene. These 

findings increase the possibility that naturally-occurring asbestos may have formed throughout much of the 

western United States, and many other areas worldwide, where hydrothermal alternation and 

recrystallization has occurred. As the morphology of asbestos fibers is an important characteristic that 

strongly affects toxicity (longer and thinner fibers, which have increased surface area, are believed to be 

significantly more toxic) (Aust et al., 2011; Dodson et al., 2003; Stanton et al., 1981), recrystallized fibrous 
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amphibole may have the potential to be toxic if morphologies are similar to those of neocrystallization. To 

date, no study has been conducted to compare the morphologies of recrystallized vs. neocrystallized fibrous 

amphiboles.  

 

1.6 Geologic Background 

As mentioned above, asbestos deposits are generally created from metasomatic replacement of 

magnesium-rich rocks (Van Gosen, 2007). Although, in the case of Clark County, NV and Mohave County, 

AZ, granitoid rocks hosting fibrous actinolite and NaFe3+amphiboles have low magnesium contents with 

whole-rock concentrations of <5 wt% (Metcalf and Buck, 2015; Metcalf et al., 2018). During the middle 

Miocene (17-13 Ma), a belt of granitic plutons (quartz monazite), along the AZ-NV border and parallel to 

the Colorado River, formed which were then faulted and fractured.  These plutons are known as the Boulder 

City pluton (Nevada) and the Wilson Ridge pluton (Arizona). The Boulder City pluton is a part of the 

McCullough Range and within this study’s field area (Figures 5-7). Around 13.7 ± 0.5 Ma (Wilson Ridge 

pluton) and 13.96 ± 0.25 Ma (Boulder City pluton), metasomatism occurred, causing a siliceous 

hydrothermal fluid to invade local granitic rock, producing recrystallized fibrous amphibole (Figure 3 and 

9) and neocrystallized fibrous amphibole within veins (Figures 2 and 8) (Metcalf and Buck, 2015; Metcalf 

et al., 2018). The metasomatism of the granitic pluton occurred at approximately 300 degrees Celsius under 

low pressure conditions (Metcalf et al., 2018). Metcalf and Buck (2015) bracketed the age of fibrous 

amphibole mineralization of the Wilson Ridge pluton between 13.7 and 11.7 Ma and suggested the 

mineralization of the fibrous amphibole in southern Nevada likely occurred within a similar timeframe due 

to analogous geologic conditions. Both plutons experienced active faulting and uplift during the same 

period which allowed for a hydrothermal system to provide fluid access to the open fractures within the 

plutonic host (Metcalf et al., 2018). This hydrothermal system was established within two million years of 

the Miocene pluton solidification (at 750-900°C) and occurred concurrently as the altered pluton was 

uplifted and then eroded at the surface, eventually causing the release of asbestos fibers (Metcalf et al., 
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2018). The hydrothermal aqueous solutions moved along active faults and fracture zones within the plutonic 

host and adjacent Precambrian gneisses (Metcalf et al., 2018). Metcalf et al. (2018) also found fracturing 

of quartz and plagioclase feldspar present in thin sections supporting formation temperatures of ≤ 350°C. 

A study conducted by Yau et al. (1986), of the Salton Sea geothermal field in southern California, supports 

Metcalf et al. (2018) findings and serves as an analog for NOA origins by means of hydrothermal processes 

(Metcalf et al., 2018). The Salton Sea study found fibrous actinolite along with albite, potassium feldspar, 

epidote, and chlorite which is nearly identical to the assemblages that we found in this study (Metcalf et al., 

2018). The Salton Sea fluid temperatures that produced the fibrous amphibole were around 310-330°C at 

depth (Metcalf et al., 2018; Yau et al., 1986). Amphibole asbestos was able to form in southern Nevada, 

because the timing of the active uplift and faulting of the Miocene pluton created an environment for fluid 

access pathways at the time the solidified plutons were cooling from magmatic temperatures and formation 

occurred within the temperature range of ~300-350°C, at depth, while cooling (Metcalf et al., 2018).  

 

1.7 Hypothesis 

To date, no published work has been performed to distinguish between morphology of 

neocrystallized and recrystallized fibrous amphiboles, which we aim to do in this study. We measured the 

morphology of fibrous amphibole formed through both recrystallization and neocrystallization, within the 

same rocks formed from the same hydrothermal event, to see if the resulting fiber shapes and sizes produced 

were similar. The morphology of asbestos fibers strongly affects toxicity (longer and thinner fibers have 

greater aspect ratios, increased surface area, and are known to be more toxic (Aust et al., 2011)). We 

hypothesized that the length to width ratios of neocrystallized and recrystallized fibrous amphibole fibers 

of similar mineralogy and chemistry will be comparable, and therefore have potentially comparable 

toxicities. A previous study in southern Nevada found no bimodal distribution in fibrous amphibole 

particles measured further indicating that both crystallizations processes could produce similar 

morphologies (Buck et al., 2018). Until now, the claim that fibrous amphibole can only produce toxic 
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morphologies when grown via neocrystallization has not been questioned. This project will aim to provide 

evidence that fibrous amphibole grown via recrystallization may have similar morphologies as those formed 

through neocrystallization and, therefore, have the potential to produce toxic morphologies. To do so, we 

used rocks collected from the McCullough Range, NV (Figures 5-7) that contains both neocrystallized 

(Figure 8) and recrystallized fibrous amphibole within the same sample (Figure 9) (confirmed 

petrographically (Figures 2-4)). If this hypothesis proves to be true, this could significantly increase the 

number and distribution of naturally-occurring asbestos deposits, and many more people may be 

unknowingly exposed to hazardous amphibole fibers than we currently recognize (Figure 1). 
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Chapter 2: Methods 

Forty-six rock samples containing both neocrystallized (Figure 8) and recrystallized (Figure 9) 

amphibole were collected from a set of isolated, closely-spaced outcrops (over a few 100 sq meters) 

containing highly altered faulted Miocene granitic rock (Figures 5-6) in McCullough Range, NV (Figures 

6 and 7) and cut into 69 billets (27 mm x 46 mm). Once prepared, thirty-six billets were sent to Geo Tech 

Labs in Vancouver B.C., Canada to be made into thin sections (~30 µm thick). All thin sections were 

analyzed using a petrographic microscope and examined for evidence to identify neocrystallized versus 

recrystallized fibrous amphiboles (Figures 2-4).  

Using a 0.015” diameter motorized drill (Figure 10), we separately removed subsamples of both 

the neocrystallized and recrystallized fibrous amphiboles from their corresponding billets and further gently 

broke samples down using a mortar and pestle (Figure 11). In total, 24 samples were analyzed using the 

Scanning Electron Microscopy (SEM) and Field Emission-Scanning Electron Microscopy (FESEM) with 

Energy Dispersive Spectroscopy (EDS) (Figure 12) by placing the extracted subsamples on a polycarbonate 

0.4 μm isopure filter, which was mounted on a plastic base with carbon tape and coated with carbon (Figure 

13) (Meeker et al. 2003; Buck et al., 2013). Analyses using a JSM6700F FESEM and a JSM-5610 SEM 

with an EDS detector were performed at the University of Nevada, Las Vegas Electron Microanalysis and 

Imaging Laboratory (EMiL) to count and measure amphibole particles within the carbon-prepared 

subsamples. Using a marker, the carbon coated sample plates were divided into a four-quadrant grid to 

assist with particle counting and to prevent repeat analyses (Wylie and Schweitzer, 1982). Once a sample 

quadrant was scanned and removed, it was not used again. Quantitative identification of amphibole 

mineralogy was previously performed on samples from this site using Electron Probe Microanalysis 

(EPMA) with Wavelength Dispersive Spectroscopy (WDS) on polished thin sections (Austin, 2019; Buck 

et al., 2013; Metcalf et al., 2018). 

Problematic issues can arise while using different microscopy methods when identifying fibrous 

amphibole. Understanding choice of microscopy method is important in relation to the inconsistent, and 
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problematic definitions of asbestos currently used. There are multiple microscopy instruments that can be 

used either singularly or in combination to assist in classifying an EMP as fibrous amphibole (Clinkenbeard 

et al., 2002). These include but are not limited to: phase contrast microscopy (PCM), polarized light 

microscopy (PLM), scanning electron microscopy (SEM), field-emission scanning electron microscopy 

(FESEM), electron probe microanalysis (EMPA), transmission electron microscopy (TEM), and X-ray 

diffraction (XRD) (Clinkenbeard et al., 2002). For this study, use of the PLM and PCM, was avoided 

because of the problems associated with distinguishing between asbestos and non-asbestos fibers in natural 

environments, and because the lower resolution is unable to identify many of the particles with widths less 

than one micron in diameter (Clinkenbeard et al., 2002). Additionally, the TEM was too expensive for this 

study and wasn’t locally convenient. Therefore, both the SEM and FESEM were utilized. These microscopy 

methods are able to produce images at magnifications that range from 10-10,000x (greater than optical 

microscopy), display semi-quantitative EDS analysis, have resolutions of 1-5 nm (FESEM) and 10-50 nm 

(SEM) (Goldstein et al., 2003), can provide information on the presence and dimensions of asbestos in a 

sample, and the morphology of particles present. Additionally, the SEM is limited by a lower resolution 

and magnification compared to that of the FESEM (Clinkenbeard et al., 2002; Goldstein et al., 2003; 

Meeker et al., 2006). Despite this, both the SEM and FESEM are more than sufficient for measuring and 

identifying fibrous amphibole. The resolution, magnification, mineral identification, and the ability for the 

SEM-EDS to show surface features make this microscopy method preferable over the PCM and PLM 

(Clinkenbeard et al.,2002). 

Each particle was analyzed for its chemical composition using EDS on the SEM and FESEM. EDS 

displays qualitative and semi-quantitative chemistry, meaning it can tell us if a fiber is amphibole, but these 

data are not sufficient to accurately distinguish among amphibole minerals alone. Therefore, the EDS 

elements collected were then assigned to sites within the amphibole formula to estimate a potential mineral 

name and group. For this study, we used the amphibole classification system from Leake et al (1997) that 

is based on nomenclature from the International Mineralogical Association (IMA97). Based on B-site 

cation occupancy, the amphibole classification system from Leake et al (1997) divided amphiboles into 
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four main subgroups: sodic amphiboles (NaB > 1.5 cations), sodic-calcic amphiboles (NaB = 0.5-1.5), calcic 

amphiboles (CaB ≥ 1.5 cations), and Mg-Fe amphiboles ([Ca+Na]B < 1, [Mg+Fe]B > 1) (Metcalf et al., 

2018). These four groups are further subdivided by T-site occupancy, which is the amount of Al3+ 

substituting for Si4+; the A-site occupancy, and the Mg#, which is defined as Mg/[Mg + Fe2+] per formula 

(Metcalf et al., 2018). Amphibole composition varies with the chemical environment in which it formed. 

This classification system was used to assign mineral names and groups to the amphibole particles collected 

from the FESEM and SEM. Table 1 lists various chemical formulas for fibrous amphiboles that are calcic, 

sodic, or sodic-calcic in nature.  

In total, 3,408 particles were analyzed on the FESEM and SEM with EDS. Of these particles, 2,128 

were confirmed amphibole (yes or no). This was determined by using the weight percent oxide data from 

the FESEM and SEM with EDS to calculate structural formulae for each particle present (Metcalf et al., 

2018). In order to calculate wt% oxide data as such, all Fe present was assumed to be Fe2+ as discussed in 

Meeker et al. (2003) (Metcalf et al., 2018). The ideal stoichiometry for amphibole used for this study was 

“T-site sum ~8, C-site sum ~5, B-site sum ~2, A-site sum < 1, and total cations of 15-16” (Metcalf et al., 

2018). Cation totals and sites for each particle were assessed and assigned only if it passed these 5 cation-

site tests. Therefore, this assessment limited particles within this study to those only classified as amphibole 

by passing the stoichiometry test discussed above (Metcalf et al., 2018). Due to poor FESEM and SEM 

images that were missing a scale bar, 202 confirmed amphibole particles had to be omitted from the study 

since they were unmeasurable. Thus, 1,926 particles were analyzed and measured. The number of particles 

considered were then reduced by filtering for aspect ratios greater than or equal to 3:1 as this is what is 

considered asbestos morphologies within the field of research (NIOSH, 2011; Clinkenbeard et al., 2002; 

WHO Regional Office, 2000; 29 CFR 1910.1001, subpart Z(b)). Therefore, in total, 1,525 particles were 

included in the analyses described within this thesis. The technique described above was utilized as the 

main method to analyze EDS data from the SEM and FESEM. 

Morphology of asbestos fibers is an important factor regarding toxicity (NIOSH, 2011). Using the 

ImageJ program (Rasband, 2018), photomicrographs collected from the SEM/ FESEM of both 
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neocrystallized and recrystallized fibrous amphibole particles were measured (length and width), according 

to the methods presented in Meeker et al. (2003) (Figure 14). Once measured, these particles were then 

analyzed to see if their resulting morphologies were significantly different by comparing average width, 

maximum length, and mean aspect ratios (length to width) of fibers. Despite morphology classification 

nomenclature being inconsistently problematic (Lowes and Meeker, 2002), we attempted to assign “visual 

shape” or morphology of particles based on Meeker et al. (2003) and Buck et al. (2013). The visual shape 

describing the morphology of particles includes: (1) fibers, (2) bundles, or (3) prismatic crystals. In this 

study, we visually identified fibers as: particles that are longer than they are wide with no signs of splitting 

or splayed ends, often having a width less than one micron; bundles as: particles that have splayed or 

splitting ends with individual fibers bundled together; prismatic crystals as: blocky crystals with blunt edges 

with a width often greater than one micron. When identifying particles using SEM and FESEM 

photomicrographs, particles were classified as a fiber, bundle, or prismatic crystal based on dimension 

(length, width, and aspect ratio) and, more importantly, the visual representation of the particle. This type 

of morphology is referred to as “particle type” throughout this thesis. Statistical analyses of particles were 

also conducted to compare dimensions of particles only. This is often referred to as “particle dimensional 

analyses” throughout this thesis.  

In order to obtain a statistically valid population size, nearly 1000 particles were originally 

measured from each subsample (Wylie and Schweitzer, 1982). Per Wylie and Schweitzer (1982), they 

found smaller variations in their regression coefficients for the -120 mesh for a sample size of 750 than they 

did in their +120 mesh with a sample size of 250. Based on their findings, they suggested that a population 

size of 250 is valid (Wylie and Schweitzer, 1982). Both parametric and non-parametric analyses were 

conducted to verify if the two populations, neocrystallized and recrystallized fibrous amphibole, were 

significantly different (p< 0.05) from each other. In addition to testing the two populations of 

neocrystallized and recrystallized amphibole, an additional two populations were created to test for a 

discrepancy between the SEM and FESEM. Student’s t-Tests, Two-way Analysis of Variance (ANOVA), 

and Mann-Whitney U-tests were calculated using SPSS version 28 on both neocrystallized and 



17 
  

recrystallized populations as well as the SEM and FESEM populations. All obtained size distributions were 

positively (right) skewed and were therefore, not normally distributed. Due to the data not being normally 

distributed, analyses from the Student’s t-test and the Two-way ANOVA were not valid because of the data 

not meeting assumption of normal distributions (Table 2) (LAERD Statistics, 2018, accessed: 12/07/2022; 

Sokal and Rohlf, 1969; Wylie and Schweitzer, 1982). If the assumptions are not met for the Student’s t-test 

and data are not normally distributed, a nonparametric test, such as a Mann Whitney U-test, can be 

calculated to see if the two populations are significantly different (p< 0.05) (Sokal and Rohlf, 1969; Wylie 

and Schweitzer, 1982). For a non-parametric U-test, the datasets do not need to be normally distributed, but 

the data must be similarly distributed and similarly shaped in order to compare medians (LAERDStatistics, 

2018 accessed: 12/07/2022; Sokal and Rohlf, 1969). Therefore, the datasets also failed the assumptions for 

the U-tests as the data were not near normally distributed (Table 2) because the distributions were right-

skewed. Conducting a log10 transformation of the datasets allowed for an approximate normal distribution 

to develop. In order to compare medians using a Mann Whitney U-test, data must be similarly distributed 

and similarly shaped (LAERDStatistics, 2018 accessed: 12/07/2022; Sokal and Rohlf, 1969). The log-

transformation of the datasets caused similar distributions and similar shapes to develop (Table 3; Figures 

15-29). This is because once the dataset is transformed to logarithms, the variance of a sample is 

independent of its mean and in most cases will also remove heteroscedasticity (Sokal and Rohlf, 1969). By 

log-transforming the data, we were then able to conduct a U-test to see if the neocrystallized and 

recrystallized populations (Table 4), as well as the FESEM and SEM (Tables 5-7) populations, were 

statistically similar (p> 0.05) or different (p< 0.05). Using the methods described in Alder and Roessler 

(1964) and Sokal and Rohlf (1969), U-tests comparing recrystallized and neocrystallized fibrous 

amphiboles (as two separate populations) were calculated to see if the morphology varies between the two 

processes (Figure 30).  
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Chapter 3: Results 

3.1 Statistical Analyses 

The following U-tests were calculated to compare the morphologies (lengths, widths, aspect ratios) 

between the two populations to see if they were significantly different or not: all neocrystallized data vs. 

all recrystallized data (Table 4), FESEM Vs. SEM data (Table 5), SEM neocrystallized data vs. SEM 

recrystallized data (Table 6), and FESEM neocrystallized data vs. FESEM recrystallized data (Table 7) 

(Figure 31). It was found that the FESEM and SEM data were significantly different with the SEM having 

greater lengths, fatter widths, and similar aspect ratios compared to the FESEM (Table 5). To confirm that 

microscopy method would not alter my conclusions, a U-test was conducted comparing lengths, widths, 

and aspect ratios for SEM neocrystallized and SEM recrystallized fibrous amphibole (Table 6) as well as 

FESEM neocrystallized and FESEM recrystallized fibrous amphibole (Table 7). In both cases it was found 

that neocrystallized and recrystallized fibrous amphibole were significantly different with recrystallized 

particles having larger widths, lengths, and aspect ratios (Tables 4-7). Lastly, a U-test was conducted on all 

data in its entirety to compare widths, lengths, and aspect ratios for neocrystallized and recrystallized fibers 

to see if they were significantly different. As seen in Table 4, neocrystallized and recrystallized particles 

were found to be significantly different with recrystallized particles being wider, longer, and having greater 

aspect ratios.  

 

3.2 Petrographic Analyses 

Recrystallized particles formed by replacement were identified petrographically in both plane 

polarized light (PPL) and cross polarized light (XPL). Replacement of magmatic magnesio-hornblende into 

fibrous amphibole can be observed recrystallizing within one grain (Figure 32), but more commonly is 

observed as a grain that has undergone replacement to fibrous amphibole in completion (Figure 3). These 

grains are identified in PPL by being weakly pleochroic and having a pale green color. Additionally, these 
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grains are identified in XPL by their second order birefringence colors, having a needle like habit, and are 

often surrounded by altered plagioclase (Figures 2-4). Neocrystallized fibers can be identified in PPL and 

XPL as thin, fracture fill veins (several µm to mm wide) often cutting through altered plagioclase (Figure 

2). These veins are often filled with very small needle like particles that have crystalized primarily within 

the vein (Figure 2). Neocrystallized fibers can also be seen growing within or around the edges of other 

grains (often quartz) petrographically as well (Figure 4).  

 

3.3 Dimensional Analyses of Amphibole Particle Chemistry and Mineralogy  

Using both the SEM and FESEM with EDS, 1,525 particles were identified and classified as having 

amphibole chemistry with aspect ratios ≥ 3:1 (Tables 10 and 11). The minerals identified, through the 

methods described in Chapter 2, were actinolite, anthophyllite, edenite, magnesiohornblende, riebeckite, 

winchite, and unassigned amphibole (Table 8 and 9). As seen in Table 8, 56.1% of all particles were 

classified as actinolite (average width: 1.2 ± 0.034 µm, average length: 7.86 ± 0.266 µm, and average aspect 

ratio: 7.6 ± 0.26). For neocrystallized particles, 67.9% were actinolite (average width: 1.1 ± 0.042 µm, 

average length: 6.19 ± 0.242 µm, and average aspect ratio of 6.7 ± 0.23) (Table 9). For recrystallized 

particles, 46.2% of particles were classified as actinolite (average width: 1.4 ± 0.056 µm, an average length 

of 9.94 ± 0.495 µm, and average aspect ratio of 8.8 ± 0.50 (Table 9). An additional 501 particles (33%) 

were unassigned, meaning we could classify the particle as amphibole but could not definitively assign a 

mineral name (Table 8).  

Amphibole mineral groups present included (1) calcic, (2) Fe-Mg, (3) sodic, (4) sodic-calcic, and 

(5) sub-calcic (Table 10 and 11). The two largest groups were calcic (57.5% of total particles) and sub-

calcic (38% of total particles) (Table 10). Within the neocrystallized group, 64.9% of particles were calcic 

and 29.9% were sub-calcic (Table 11). The recrystallized group had 51.3% calcic, and 44.7% sub-calcic 

(Table 11). In nearly all amphibole mineral groups, recrystallized particles had significantly larger average 

widths, lengths, and aspect ratios compared to neocrystallized particles (Table 11).  
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3.4 Dimensional Analysis of Neocrystallized Vs. Recrystallized Particles 

To reflect current definitions for asbestos morphology, the data presented within this thesis includes 

any fibrous amphibole particle with an AR≥ 3:1. Photomicrographs of 1,525 particles were measured using 

ImageJ (Rasband, 2018) taken from both the SEM and FESEM with EDS capabilities (Appendix C). 

Statistical analysis of all data with an AR≥ 3:1 indicates that recrystallized particles were significantly 

different having wider average widths (1.1 ± 0.037µm), longer lengths (9.03 ± 0.341 µm), and greater 

aspect ratios (10. ± 0.38) compared to neocrystallized particles (width: 0.94 ± 0.032 µm, length: 5.70 ± 

0.191 µm, and aspect ratio: 7.1 ± 0.19) (Table 12). For all particles in this study, 96% met the criteria to be 

respirable and 49% of particles had a length ≥ 5 µm (Table 38). For neocrystallized particles included within 

this study, 97% met the criteria to be respirable and 39% had a length ≥ 5µm (Table 38). For recrystallized 

particles included within this study, 95% met the criteria to be respirable and 73% had a length ≥ 5µm 

(Table 38). For both neocrystallized and recrystallized fibers, 100% of fibers had widths < 3 µm (Table 

14). 

 

3.5 Dimensional Analyses by Particle type  

Despite inconsistent rules on descriptions of particle morphology in the literature (Lowers and 

Meeker, 2002), we assigned one of the following descriptors for each particle: (A) fibers, (B) bundles, or 

(C) prismatic crystals. In this study, fibers are defined as particles that are longer than they are wide with 

no signs of splitting or splayed ends, often having a width less than one micron. Bundles are defined as 

particles that have splayed or splitting ends with individual fibers bundled together. Prismatic crystals are 

defined as blocky crystals with blunt edges with widths often greater than one micron. Prismatic crystals 

differ from fibers as they tend to be more square and blocky compared to the longer, more rectangular shape 

of a fiber. In addition, because these morphologic descriptors are not based on quantifiable metrics, they 

are largely ‘in the eye of the beholder.’ Thus, in order to decrease internal variability/error, and increase 
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consistency, we had one person make these morphologic determinations. Figures 33 (A-F), 34 (A-C), 35, 

36 (A-C), 37 (A-C), and 38 display FESEM and SEM photomicrographs of neocrystallized and 

recrystallized bundles, fibers, and prismatic crystals respectively. A greater percentage of bundles (58%) 

identified in this study were formed via recrystallization than neocrystallization (Table 13). A similar 

percentage of fibers identified in this study were present for both neo-and-recrystallization (Table 14). A 

greater percentage of prismatic crystals (53%) identified in this study were formed via neocrystallization 

compared to recrystallization (Table 15).  

Recrystallized bundles had similar average widths (1.4 ± 0.056 µm), significantly longer lengths 

(10.5 ± 0.494 µm), and significantly greater aspect ratios (9.5 ± 0.41) compared to neocrystallized bundles 

(width: 1.2 ± 0.55 µm, length: 7.16 ± 0.295 µm, and aspect ratio: 6.6 ± 0.20) (Table 13). Recrystallized 

fibers were significantly different having larger widths (0.64 ± 0.023 µm), longer lengths (7.31 ± 0.483 

µm), and greater aspect ratios (13. ± 0.86) compared to neocrystallized fibers (width: 0.53 ± 0.018 µm, 

length: 4.26 ± 0.257 µm, and aspect ratio: 8.7 ± 0.38) (Table 14). Recrystallized prismatic crystals were 

significantly different having larger widths (1.4 ± 0.010 µm), longer lengths (5.28 ± 0.366 µm), and similar 

aspect ratios (3.9 ± 0.088) compared to neocrystallized prismatic crystals (width: 1.1 ± 0.064 µm, length: 

3.90 ± 0.249 µm, and aspect ratio: 3.7 ± 0.078) (Table 15) 

 

3.5.1 Dimensional Analysis of Fiber Vs. Bundle Morphology 

The data were further constrained by removing all prismatic crystals from the analyses and testing 

the combined statistics for fibers and bundles only, as prismatic crystals are often labeled by industry as 

“non-asbestiform” (Gunter et al., 2007, Harper et al., 2012). After removing prismatic crystals from the 

dataset for this analysis, 91% of the data remained. Therefore, 91% of the data was classified as having 

fiber or bundle morphology. A greater percentage of fibers and bundles formed via recrystallization (55%) 

compared to neocrystallization (45%) (Table 16). Recrystallized fibers/ bundles were significantly different 

having larger widths (1.1 ± 0.39 µm), longer lengths (9.33 ± 0.365 µm), and greater aspect ratios (11 ± 
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0.41) compared to neocrystallized fibers/ bundles (width: 0.93 ± 0.35 µm, length: 5.91 ± 0.209 µm, and 

aspect ratio: 7.5 ± 0.205). 

 

3.5.2 Dimensional Analysis of Particle Type with Fiber Width ≤ 1 µm 

 Consistently distinguishing between fibers, bundles, and prismatic crystals/cleavage fragments is 

extremely difficult. Therefore, Harper et al. (2012) suggested that using a criterion for asbestos as a width 

< 1 µm allowed for greater exclusion of cleavage fragments, and more cross-laboratory consistency in 

counting, possibly creating an “asbestos-rich” dataset. Following these criteria, an additional analysis was 

conducted by analyzing particle type with a width ≤ 1 µm. This analysis consisted of 67% of the original 

particles with 49% classified as neocrystallized and 51% as recrystallized particles (Table 17). 

Recrystallized mean width was statistically similar to neocrystallized mean width, with both measuring 

0.58 ± 0.10 µm wide (Table 17). Recrystallized particles had significantly longer (p< 0.05) lengths (6.08 ± 

0.264 µm) and significantly greater aspect ratios (12. ± 0.57) compared to neocrystallized particles (4.12 ± 

0.140 µm and 7.8 ± 0.24 respectively) (Table 17). It is important to note average length decreased when 

the data were filtered to accommodate a width ≤ 1 µm. This is most likely the cause of longer bundles no 

longer being present in the data set due to their widths usually being larger than 1 µm. This would cause 

the data to skew toward shorter lengths. Furthermore, the average aspect ratio likely increased because any 

long fiber that remained in the data set contains a smaller width. A very small width combined with a longer 

length would create a much higher aspect ratio.  

For particles with a width < 1 µm, 49% were classified as fibers (Table 19), 45% as bundles (Table 

18), and 6% as prismatic crystals (Table 20). In this same analysis, a greater percentage of fibers (52%) 

and prismatic crystals (65%) identified formed via neocrystallization compared to recrystallization (48% 

and 35% respectively) (Tables 19 and 20). A greater percentage bundles with a width < 1 µm were formed 

via recrystallization (56%) compared to neocrystallization (44%) (Table 18). Recrystallized bundles were 

significantly different (p< 0.05) having smaller average widths (0.61 ± 0.014 µm), longer lengths (6.16 ± 
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0.313 µm), and greater aspect ratios (11. ± 0.70) compared to neocrystallized bundles (width: 0.66 ± 0.014 

µm, length: 4.71 ± 0.231 µm, and aspect ratio: 7.4 ± 0.30) (Table 18). Recrystallized fibers had similar 

widths (0.54 ± 0.016 µm), significantly longer lengths (6.28 ± 0.458 µm) and significantly greater aspect 

ratios (13.0 ± 0.96) compared to neocrystallized fibers (width: 0.49 ± 0.014 µm, length: 3.89 ± 0.195 µm, 

and aspect ratio: 8.7 ± 0.39) (Table 19). Recrystallized prismatic crystals had similar widths (0.73 ± 0.048 

µm), similar lengths (2.87 ± 0.246 µm), and similar aspect ratios (3.9 ± 0.15) compared to neocrystallized 

prismatic crystals (width: 0.70 ± 0.033 µm, length: 2.59 ± 0.146 µm, and aspect ratio: 3.7 ± 0.11) (Table 

20). 

 

3.5.3 Particle type with Length ≥ 5 µm, Width ≤ 1 µm, and AR ≥ 3:1 

An additional analysis was conducted to filter particle type for the WHO’s length (≥ 5 µm) 

combined with a width ≤ 1 µm rather than 3 µm. By doing so we are combining Harper et al. (2012) criteria 

for asbestos as a width < 1 µm with the WHO’s definition for an asbestos fiber (WHO Regional Office, 

2000). This analysis consisted of 21% of the original dataset with 37% classified as neocrystallized and 

63% as recrystallized particles (Table 21). Neocrystallized mean width (0.70 ± 0.020 µm) was significantly 

different having a wider width than recrystallized particles (0.64 ± 0.017 µm (Table 21). Recrystallized 

particles were significantly different having longer lengths (10.8 ± 0.525 µm) and greater aspect ratios (20. 

± 1.2) compared to neocrystallized particles (8.20 ± 0.391 µm and 13. ± 0.70 (respectively) (Table 21). It 

is important to note that the average length and aspect ratios increased when the data was further filtered to 

accommodate for a width ≤ 1 µm when compared to the original data. This is most likely due to the data 

being filtered for a thinner width which caused a fiber-rich data-pool and allowed for fibers of longer lengths 

to concentrate by eliminating particles with greater widths that are often accompanied by shorter lengths. 

Furthermore, the average aspect ratio likely increased because any long fiber that remained in the data set 

contains a smaller width. A very small width combined with a longer length would create a much higher 

aspect ratio. 
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In this study, 53% of particles that fit the WHO’s definition for an asbestos fiber (WHO Regional 

Office, 2000) with a W≤ 1µm were classified as bundles (Table 22), 47% as fibers (Table 23), and 0% as 

prismatic crystals (Table 24). A greater percentage of fibers (63%) and bundles (64%) identified in this 

analysis formed via recrystallization compared to neocrystallization (37% and 36% respectively) (Tables 

22 and 23). Zero percent of particles that were classified as prismatic crystals fit this dimensional analysis 

(L≥5 µm, W≤ 1 µm, AR ≥ 3:1) (Table 24). Prismatic crystals likely did not appear because of their widths 

not fitting the model when combined with the length and width constraints. Using the WHO’s definition 

for an asbestos fiber (WHO Regional Office, 2000) with a W≤ 1µm, recrystallized bundles were 

significantly different (p< 0.05) having smaller average widths (0.64 ± 0.55 µm), longer lengths (10.1 ± 

0.557 µm), and greater aspect ratios (19. ± 1.4) compared to neocrystallized bundles (width: 0.76 ± 0.024 

µm, length: 8.22 ± 0.535 µm, and aspect ratio: 11. ± 0.64) (Table 22). Recrystallized fibers had similar 

widths (0.63 ± 0.025 µm), significantly longer lengths (11.7 ± 0.921 µm), and significantly greater aspect 

ratios (23. ± 2.0) compared to neocrystallized fibers (width: 0.63 ± 0.030 µm, length: 8.17 ± 0.578 µm, and 

aspect ratio: 15. ± 1.2) (Table 23). 

 

3.6 Regulatory and Theorized Dimension Definitions 

For nearly all dimensional analyses listed below in section 3.6, recrystallized particles had 

statistically similar average widths, significantly different lengths, and significantly different aspect ratios 

compared to neocrystallized. Furthermore, recrystallized particles more commonly fit regulatory 

dimensional criteria for an asbestos fiber. 

 

3.6.1 Regulatory Dimension Definitions: OSHA, WHO, EPA 

The OSHA defines asbestos fibers as particles having a length ≥ 5 µm with an aspect ratio ≥ 3:1 

(29 CFR 1910.1001 Subpart Z(b)). The data collected in this study were sorted into neocrystallized and 

recrystallized data and then filtered to fit the OSHA’s regulatory definition of an asbestos fiber based strictly 
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on fiber dimensions. This analysis consisted of 49% of the original dataset with 36% of the particles 

classified as neocrystallized and 64% as recrystallized (Table 25). Neocrystallized mean width (1.5 ± 0.068 

µm) was statistically similar to recrystallized mean width (1.5 ± 0.057 µm (Table 25). Recrystallized 

particles were significantly different having longer lengths (13.4 ± 0.509 µm) and greater aspect ratios (13. 

± 0.62) compared to neocrystallized particles (9.89 ± 0.357 µm and 8.9 ± 0.39 (respectively) (Table 25). 

According to the World Health Organization, asbestos fibers are defined as having a length ≥ 5 µm, 

width < 3 µm, and an aspect ratio ≥ 3:1 (WHO Regional Office, 2000). The data collected in this study 

were sorted into neocrystallized and recrystallized data and then filtered to fit the WHO’s definition of an 

asbestos fiber based strictly on fiber dimensions. This analysis consisted of 45% of the original dataset with 

37% of the particles classified as neocrystallized and 63% as recrystallized (Table 26). Neocrystallized 

mean width (1.3 ± 0.041 µm) was statistically similar to recrystallized mean width (1.2 ± 0.032 µm (Table 

26). Recrystallized particles were significantly different having longer lengths (12.2 ± 0.425 µm) and 

greater aspect ratios (14. ± 0.67) compared to neocrystallized particles (9.24 ± 0.324 µm and 9.2. ± 0.41 

(respectively) (Table 26). 

The EPA TEM microscopy method defines asbestos fibers as particles having a length ≥ 0.5 µm 

and an aspect ratio ≥ 5:1 (40 CFR 763 Subpart E, App. A). The data collected in this study were sorted into 

neocrystallized and recrystallized data and then filtered to fit the EPA TEM microscopy method definition 

of an asbestos fiber based strictly on fiber dimensions. This analysis consisted of 63% of the original dataset 

with 42% of the particles classified as neocrystallized and 58% as recrystallized (Table 27). Recrystallized 

particles were significantly different having larger widths (0.98 ± 0.042 µm), longer lengths (10.8 ± 0.477 

µm), and greater aspect ratios (13. ± 0.53) compared to neocrystallized particles (width: 0.79 ± 0.032 µm, 

length: 6.71 ± 0.281 µm, and aspect ratio: 9.5 ± 0.27). Compared to data filtered by the WHO and the 

OSHA definitions, the averages for the EPA TEM microscopy method definition decreased for width and 

length (Tables 25-27).  
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3.6.2 Harper’s Theorized Dimension Definition of an Asbestos Fiber 

Combining the OSHA’s and the WHO’s aspect ratio dimension of 3:1 with Harper et al. (2012) 

criteria for asbestos as a width < 1 µm, we attempted to create an “asbestos-rich” dataset. We will refer to 

this as Harper’s theorized definition of an asbestos fiber. For this analysis, the data was filtered for a width 

≤ 1 µm and an aspect ratio ≥ 3:1 and then sorted by crystallization process. This analysis consisted of 67% 

of the original dataset with 49% of the particles classified as neocrystallized and 51% as recrystallized 

(Table 28). Neocrystallized mean width (0.58 ± 0.010 µm) was statistically similar to recrystallized mean 

width (0.58 ± 0.010 µm) (Table 28). Recrystallized particles were significantly different having longer 

lengths (6.08 ± 0.264 µm) and greater aspect ratios (12. ± 0.57) compared to neocrystallized particles (4.12 

± 0.140 µm and 7.8. ± 0.24 (respectively) (Table 28). 

 

3.7 Dimensional Analyses of Particle Type Vs. Asbestos Fiber Regulations 

To compare assigned particle type and the OSHA regulations for an asbestos fiber (29 CFR 

1910.1001 Subpart Z(b)), we created a table that divided all data, neocrystallized data, and recrystallized 

data into bundles, prismatic crystals, and fibers based on their particle type. The data were then filtered to 

fit the OSHA regulatory definition of an asbestos fiber, which is based strictly on fiber dimensions (L ≥ 5 

µm and AR ≥ 3:1) (29 CFR 1910.1001 Subpart Z(b)). Particle type within this analysis consisted of: (1) 

bundles (69%), (2) fibers (25%), and (3) prismatic crystals (6%).  

In this study, 60% of bundles fit the dimensions for the OSHA definition of an asbestos fiber (Table 

29). In addition, 69% of all particles that fit this definition were classified as having the bundle particle type 

(Table 29). Recrystallized bundles had similar average widths (1.7 ± 0.076 µm), significantly longer lengths 

(14.2 ± 0.668 µm) and significantly greater aspect ratios (11. ± 0.59) compared to neocrystallized bundles 

(width: 1.7 ± 0.089 µm, length: 10.4 ± 0.421 µm, and aspect ratio: 7.5 ± 0.31) (Table 29). For particles in 

this study classified as fibers, 35% of them fit the dimensions for the OSHA definition of an asbestos fiber. 

In addition, 25% of all particles that fit this definition were classified as having the fiber particle type (Table 
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30). Recrystallized fibers had similar widths (0.82 ± 0.040 µm), significantly longer lengths (12.7 ± 0.840 

µm), and significantly greater aspect ratios (20. ± 1.6) compared to neocrystallized fibers (width: 0.75 ± 

0.043 µm, length: 8.98 ± 0.779 µm, and aspect ratio: 14. ± 1.1) (Table 30). Of all the particles that were 

classified as prismatic crystals within this study, 34% of them fit the dimensions for the OSHA definition 

for an asbestos fiber (Table 31). In addition, 6% of all particles that fit this definition were classified as 

having the prismatic crystal particle type (Table 31). Recrystallized prismatic crystals had statistically 

similar widths (1.9 ± 0.15 µm), similar lengths (7.41 ± 0.480 µm), and similar aspect ratios (4.1 ± 0.12) 

compared to neocrystallized prismatic crystals (width: 1.8 ± 0.14 µm, length: 6.99 ± 0.524 µm, and aspect 

ratio: 4.0 ± 0.17) (Table 31). 

The WHO’s definition of an asbestos fiber differs from the OSHA’s by constraining fiber 

dimensions by length, aspect ratio, and width rather than only aspect ratio and length (WHO Regional 

Office, 2000). Due to the width constraint, one may expect lower values for the average particle dimensions 

when comparing to the OSHA’s definition. In order to compare assigned particle type and the WHO’s 

definition for an asbestos fiber, a table that divided all dimensional neocrystallized and recrystallized data 

(Table 12) into bundles, prismatic crystals, and fibers, a title given to each particle based on their visual 

particle type (Tables 13-15), was created. The data was then filtered to fit The WHO’s definition of an 

asbestos fiber, based strictly on fiber dimensions (L ≥ 5 µm, W < 3 µm, and AR ≥ 3:1) (Table 32-34) (WHO 

Regional Office, 2000). Particle type within this analysis consisted of: (1) bundles (66%), (2) fibers (28%), 

and (3) prismatic crystals (6%). Of all the particles in this study, 20% of neocrystallized prismatic crystals, 

49% of neocrystallized bundles, and 24% of neocrystallized fibers fit the WHO definition of an asbestos 

fiber (Table 32-34). In contrast, 47% of recrystallized prismatic crystals, 57% of recrystallized bundles, 

and 45% of recrystallized fibers fit the WHO definition of an asbestos fiber (Table 32-34). Of all the 

particles that were classified as bundles within this study, 54% of them fit the dimensions for the WHO 

definition of an asbestos fiber. In addition, 66% of all particles that fit the WHO definition were bundles 

(Table 28). Recrystallized bundles had statistically similar average widths (1.4 ± 0.041 µm), significantly 

longer lengths (12.5± 0.530 µm), and significantly greater aspect ratios (12. ± 0.66) compared to 
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neocrystallized bundles (width: 1.4 ± 0.050 µm, length: 9.54 ± 0.362 µm, and aspect ratio: 7.9 ± 0.33) 

(Table 32). Of all the particles that were classified as fibers within this study, 35% of them fit the dimensions 

for the WHO definition of an asbestos fiber. In addition, 28% of all particles that fit the WHO definition 

were classified as having the fiber particle type (Table 33). Recrystallized fibers had statistically similar 

widths (0.82 ± 0.040 µm), significantly longer lengths (12.7 ± 0.840 µm), and similar aspect ratios (20. ± 

1.6) compared to neocrystallized fibers (width: 0.75 ± 0.043 µm, length: 8.98 ± 0.780 µm, and aspect ratio: 

14. ± 1.1) (Table 33). Of all the particles that were identified as prismatic crystals within this study, 32% 

of them fit the dimensions for the WHO definition of an asbestos fiber. In addition, 6% of all particles that 

fit the WHO definition were classified as having the prismatic crystal particle type (Table 34). 

Recrystallized prismatic crystals had statistically similar widths (1.7 ± 0.078 µm), similar lengths (7.05 ± 

0.333 µm), and similar aspect ratios (4.2 ± 0.12) compared to neocrystallized prismatic crystals (width: 1.7 

± 0.11 µm, length: 6.65 ± 0.434 µm, and aspect ratio: 4.0 ± 0.18) (Table 34). It can also be observed that 

fiber dimensions were the same between the OSHA and the WHO definition for fiber particle type (Tables 

30 and 33). This is because all particles within this study that were identified as a fiber, based on its particle 

type, had a width < 3 µm once filtered for length and aspect ratio. The WHO definition filters for a width 

< 3µm but the OSHA does not. Since all particles identified as a fiber had a width less than 3 µm, both the 

OSHA fiber dimensions and the WHO fiber dimensions in tables 30 and 33 had the same values, and 

therefore, the same fiber dimensions existed for each comparison. 

 

3.8 FESEM Vs. SEM Statistical Analyses 

During data collection, the FESEM required maintenance and was not accessible for most of the 

data collection process. Due to this, data were obtained using 24 samples on both the FESEM and the SEM. 

To confirm that microscopy method did not alter results, U-tests were conducted comparing neocrystallized 

and recrystallized populations for each microscopy method (Figure 31). The results of these statistical 

analyses are further discussed below. The descriptive statistics for each microscopy method are as follows. 
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In total, there was 588 particles imaged on the SEM and 937 particles imaged on the FESEM. Particles 

imaged on the SEM were significantly different (p < 0.05) having greater mean widths, longer mean lengths, 

and similar mean aspect ratios compared to those imaged on the FESEM (Table 37). For both the SEM and 

the FESEM, recrystallized particles were significantly different (p< 0.05) having greater average widths, 

average lengths, and average aspect ratios as compared to neocrystallized particles (Tables 35-36).  
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Chapter 4: Discussion 

The purpose of this study was to determine if the different formation processes of neocrystallization 

versus re-crystallization affected amphibole particle morphology, and therefore toxicity. This project tested 

the null hypothesis that neocrystallized and recrystallized fibrous amphiboles, of similar mineralogy and 

chemistry, would produce particles of statistically similar lengths, widths, and aspect ratios. Based upon a 

thorough literature review, we expected to find neocrystallized amphibole particles to be longer, thinner 

and have greater aspect ratios compared to recrystallized amphiboles because they grew in open fracture-

fill veins (Bailey et al., 2004; Van Gosen, 2007; Virta, 2002). It is believed, that under these conditions, 

fibers are able to nucleate and grow into asbestiform habits (Tabler, 1916; Virta, 2002). Metcalf and Buck 

(2015) and others (Ahn and Buseck, 1991; Akai, 1982; Meeker et al., 2006) disputed this fact, claiming 

that fibrous amphibole can also form from recrystallization (Ahn and Buseck, 1991; Akai, 1982; Meeker et 

al., 2006) of magmatic-magnesio-hornblende (Metcalf and Buck, 2015) from the same hydrothermal fluid 

that produced neocrystallized fibrous amphibole (Metcalf and Buck, 2015). The intent of this study was, 

therefore, to compare these two crystallization processes to see if they produce statistically similar 

dimensions and, therefore, toxicities. Analyzing the data based on dimensional and primary (visual) 

morphology (Tables 8-34), this study found that recrystallized particles were often statistically similar or 

different in width, were significantly longer, and had significantly greater aspect ratios compared to 

neocrystallized particles. This finding challenged both the null hypothesis and expected outcome from the 

scientific hypothesis. In order to verify if recrystallized particles truly were significantly different compared 

to neocrystallized particles, a series of U-tests were conducted (Tables 4-7). The U-tests confirmed that 

recrystallized particles are significantly different and are wider, longer, and have greater aspect ratios than 

neocrystallized particles (Tables 4-7, 12, 35-37). This finding demonstrates that recrystallized amphiboles 

meet the criteria for asbestos. Although such deposits may not be economically minable for the production 

of asbestos, they may still pose a health hazard to people exposed to these fibers through other mechanisms 

(Figure 1). Since amphibole minerals are abundant and recrystallization is a common process, we predict 
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that people are being exposed to more amphibole asbestos than previously recognized through many 

mechanisms of exposure (Figure 1).  

 

4.1 Amphibole Mineralogy and Petrographic Implications 

All of the particles used in this study were confirmed amphibole minerals, and the vast majority of 

these were calcic amphiboles (Figure 39). The EDS results of this study agree with previous research in 

this field area that used the more sensitive EMPA-WDS analyses and found that the majority of these calcic 

amphiboles are actinolite (Figure 40, Tables 8-9) (Austin, 2019; Buck et al., 2013; Metcalf et al., 2018). As 

we collected samples from the same areas in southern Nevada that were described in these studies, no 

EPMA-WDS analyses were conducted within this thesis project as they were done previously (Figure 40). 

We collected EDS data to ensure the particles that we were measuring within the thesis were amphibole. 

Seeing as how EDS chemistry is qualitative to semi-quantitative at best, and our EDS data matches that of 

the EMPA-WDS analyses previously conducted in our field area, we will be using the mineralogy results 

from the previous EMPA-WDS analyses. The EPMA-WDS analyses from previous research in southern 

Nevada composed of 54% actinolite, 33% magnesiohornblende, 2% edenite, and 2% pargasite (Metcalf et 

al., 2018). The remaining 9% of the dataset was composed of sodic-calcic compositions including winchite, 

taramite, and magnesiokatophorite (Metcalf et al., 2018) (Figure 40). With mineralogy remaining near 

constant between neocrystallized and recrystallized particles, we were able to compare their results with 

more certainty. This allows us to compare “apples to apples” rather than “apples to oranges.” Recrystallized 

actinolite particles had significantly larger widths, significantly longer lengths, and significantly greater 

aspect ratios compared to neocrystallized actinolite particles. Because morphology is an important factor 

for toxicity, the recrystallized actinolite particles, with greater aspect ratios, have a greater potential to be 

more toxic than the neocrystallized particles (Aust et al., 2011). 

These findings combined with the petrographic analyses support the findings from Metcalf et al. 

(2018) and Austin (2019). These previous studies petrographically verified and defined recrystallized and 
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neocrystallized fibrous amphibole from southern Nevada (Boulder City pluton) and northwestern Arizona 

(Wilson Ridge pluton). EPMA analyses and a fluid inclusion study were previously conducted to 

understand fluid and particle chemistry (Austin, 2019). The Nevada samples from these analyses were 

collected from the same pluton as those from this study and are therefore comparable. The protolith 

mineralogy of rocks from the unaltered Nevada samples contained orthoclase, hornblende, plagioclase, 

biotite, and quartz. The mineralogy of rocks from the altered Nevada samples contained albite (clear and 

turbid), potassium feldspar veins, quartz veins, epidote, hematite, and chlorite. Fibrous actinolite dominated 

within thin section as both veins and grains (Metcalf et al., 2018). Austin (2019) and Metcalf et al. (2018) 

identified three textures of fibrous amphiboles petrographically, including neocrystallization of fibrous 

amphibole within empty fracture-fill veins (Type I); neocrystallization fiber intergrowth within or on edges 

of other grains (Type II); and secondary replacement of magmatic amphibole by fibrous amphibole (Type 

III). These three textures can be observed petrographically within samples in this study and are interpreted 

to have been crystallized as a result of multiple interactions with the hydrothermal fluid as described in 

Metcalf et al. (2018) and Austin (2019) (Figures 2-4).  

Austin (2019) hypothesized that the alteration from fluids happened in multiple phases. The first 

phase of fluid and rock interaction can be observed petrographically by plagioclase with sericite alterations 

and albitization creating turbidity of feldspars that are lacking type II fiber intergrowth (Austin, 2019). At 

this phase, the fluid was out of equilibrium with rocks. As the fluid moved through the rock, magmatic 

hornblende ions were removed causing the fluid to become enriched with amphibole building ions, driving 

it to equilibrium (Austin, 2019). These amphibole building ions within the fluid reacted with primary 

magnesiohornblende and recrystallized fibrous amphiboles of slightly-varying chemistries. Secondary 

conversion of magmatic magnesio-hornblende into fibrous actinolite is observed by Metcalf et al. (2018), 

Austin (2019), and our study. With the remaining fluid now at equilibrium with the secondary amphiboles, 

the final stages of type I and II neocrystallized alteration occurs simultaneously. As the latter fluid advances 

through the rock, type I neocrystallization precipitates fibrous amphiboles as fracture-fill veins and type II 

neocrystallized fibers precipitate on the edges or within surrounding grains (often quartz and feldspar) 



33 
  

(Austin, 2019). For Metcalf et al. (2018) and Austin (2019) samples, the neocrystallized veins can be 

observed cutting through recrystallized (type III) grains, placing recrystallization before neocrystallization 

in southern Nevada. The same pattern can be observed petrographically for this study as well (Figures 2-

4). A fascinating find from Austin (2019) was that multiple varieties of amphibole can be seen along the 

length of grains and within one continuous vein. This implies that amphibole chemistry can change along 

a spectrum within a single fiber from actinolite to a non-regulated amphibole while maintaining its fibrous 

habit (Austin, 2019). Therefore, amphibole mineralogy is more complicated than the five amphibole 

asbestos minerals that are currently regulated. 

 

4.2 Dimensional and Morphologic Patterns and Implications of Neo-and-Re-crystallization 

4.2.1 Particle Dimensional Qualification Under Asbestos Standards 

In order for asbestos to legally be classified as an asbestos fiber by The United Sates Occupational 

Safety and Health Administration (OSHA), it must be one of the six regulated asbestos minerals and have 

a minimum length of at least 5 μm with a mean aspect ratio of 3:1 or greater (29 CFR 1910.1001 Subpart 

Z(b)) (Clinkenbeard et al., 2002). The World Health Organization has a similar asbestos fiber definition 

with the following dimensions: minimum length of 5 μm or longer, a diameter < 3 μm, and a mean aspect 

ratio of at least 3:1 (Clinkenbeard et al., 2002; WHO Regional Office, 2000). The WHO definition contains 

a width criterion as any elongated mineral particle with a width less than 3 µm is respirable according to 

the WHO Regional Office (2000) and NIOSH (2011). 

When strictly considering particle dimension, the initial data (Table 12) were sorted into 

subcategories based on several regulatory and theorized asbestos definitions, including: (1) OSHA fiber 

definition (Table 25), (2) WHO fiber definition (Table 26), (3) EPA TEM fiber counting method definition 

(Table 27), and (4) Harper et al. (2012) theorized definition for asbestos fiber with widths ≤ 1 µm (Table 

28). We observed that recrystallized processes generally produced larger numbers of particles that fit the 

criteria for regulatory definitions of asbestos fibers. These recrystallized particles also demonstrated 
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significantly greater lengths and higher aspect ratios than particles produced from neocrystallized processes 

(Tables 25-28; Figure 41). In nearly all cases, these particles classified by definitions had statistically 

similar widths for both neocrystallized and recrystallized particles (Tables 25, 26, and 28). However, for 

the EPA TEM definition, neocrystallized particles had significantly thinner widths than recrystallized 

particles (Table 27). In all instances described above, recrystallized particles produced significantly larger 

lengths and aspect ratios compared to neocrystallized particles. Therefore, recrystallized particles legally 

fit the regulatory definitions for an asbestos fiber and should be recognized for their potential to produce 

fibrous morphologies (Figure 41). Recrystallized particles tended to have similar widths as neocrystallized, 

but had significantly larger lengths and aspect ratios, thus indicating that recrystallized fibrous amphibole 

has the potential to produce equally or more toxic morphologies than their neocrystallized counterparts. 

These findings indicate the health risk potential to those who live in metropolitan Las Vegas region may be 

greater than previously known.  

Recrystallized processes produced a greater number of particles that legally fit criteria for asbestos. 

Tables 38 and 39 divides data by crystallization type to compare various asbestos regulations, definitions, 

(Table 39) or qualifiers (Table 38). Within this study, 97% of neocrystallized and 95% of recrystallized 

particles had a width less than < 3 µm and met the criteria to be respirable according to NIOSH (2011) 

(Table 38); 39% of neocrystallized and 57% of recrystallized particles had a length ≥ 5 µm, which is a 

requirement for several asbestos definitions (WHO Regional Office, 2000; 29 CFR 1910.1001 Subpart 

Z(b)); 40 CFR 763 Subpart E, App. A) (Table 38); 36% of neocrystallized and 52% of recrystallized 

particles fit the WHO definition for an asbestos fiber (WHO Regional Office, 2000) (Table 39), 39% of 

neocrystallized and 57% of recrystallized particles fit the OSHA definition of an asbestos fiber (Figure 41) 

(29 CFR 1910.1001 Subpart Z(b)) (Table 39), and 58% of neocrystallized and 67% of recrystallized 

particles fit the EPA TEM microscopy method definition of an asbestos fiber (Figure 41) (40 CFR 763 

Subpart E, App. A) (Table 39). For the particles that fit the Harper et al. (2012) definition of an asbestos 

fiber (W< 1 µm, AR≥ 3:1), recrystallized particles dominated, consisting of 51% of the population (Table 

28). For all particles present in this study, a greater percentage of neocrystallized particles (72%) fit the 
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Harper-theorized definition of an asbestos fiber compared to recrystallized particles (63%) (Table 39). This 

can be explained because a greater percentage of total neocrystallized particles have thinner widths 

compared to recrystallized particles (Table 12). When compared to the neocrystallized and recrystallized 

analyses of the OSHA fiber definition, the WHO fiber definition, and the EPA TEM microscopy method, 

a larger percentage of particles within this study fit the Harper-theorized definition for an asbestos fiber 

(Table 39). These findings provide a clear indication that the naturally-occurring fibrous amphibole in Clark 

County, NV largely fit various definitions of asbestos.  

 

4.2.2 Particle Type Implications 

Particles were classified into specific types based on their visual characteristics as seen on the 

FESEM images: (a) fiber, (b) bundle and (c) prismatic crystal. Particle types (Tables 13-15) were then 

sorted into several subcategories, including: (1) combined statistics of fiber and bundle morphologies 

(Table 16), (2) Harper’s theorized definition (width ≤ 1 µm) (Table 18-20), (3) the WHO’s definition with 

a W≤ 1 µm (length ≥ 5 µm, width ≤ 1 µm, and AR ≥ 3:1) (Tables 22-24). For all analyses listed, 

recrystallized processes produced particles with significantly different (p< 0.05) morphologies and 

dimensions that more commonly fit the criteria for asbestos compared to particles produced from 

neocrystallized processes. Neocrystallized and recrystallized bundles had widths that were not significantly 

different but recrystallized lengths and aspect ratios were significantly larger (Table 13, 17, 19, 23). 

Recrystallized fibers and the combined statistics of bundles and fibers had particles with significantly 

different, greater widths, lengths, and aspect ratios (Tables 14 and 16). Thus, more commonly fitting the 

different regulatory criteria for asbestos compared to neocrystallized fibers and bundles. Although 

recrystallized prismatic crystals had lengths and widths that were significantly larger than neocrystallized 

prismatic crystals, the aspect ratios were not significantly different because neocrystallized prismatic 

crystals were both shorter and thinner than recrystallized (Table 15). Overall, we continuously found that 

recrystallized particles had greater lengths and aspect ratios compared to neocrystallized particles. When 
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comparing the statistical analyses of all initial neocrystallized and recrystallized data (Table 12) to particle 

types (Tables 13, 14, 16), particles classified as bundles have a greater average thickness, and this is to be 

expected because these particles are still in the process of breaking into smaller fibers. Particles classified 

as fibers tend to be longer and thinner and have greater aspect ratios because by definition, particles with 

these visual characteristics are more likely to be classified as a fiber instead of a prismatic crystal. The 

overall averaged data from particles classified as bundles and fibers fit the WHO and OSHA definitions for 

an asbestos fiber and are a potential health hazard to those living in Clark County, NV (Tables 13, 14, and 

16).  

Consistently distinguishing between fibers, bundles, and prismatic crystals/cleavage fragments is 

extremely difficult. Therefore, Harper et al. (2012) suggested that using a criterion for asbestos as a width 

< 1 µm allowed for greater exclusion of cleavage fragments (explained in further detail in section 4.4.2), 

and more cross-laboratory consistency in counting, possibly creating an ‘asbestos-rich’ dataset. Following 

these criteria, an additional analysis was conducted by analyzing particle type with a fiber width ≤ 1 µm. 

When particle type was filtered for a width ≤ 1 µm, it was found that the average particle widths and lengths 

decreased (Table 17) from the initial neocrystallized and recrystallized observations (Table 12) while 

average aspect ratios increased. This is consistent with the neocrystallized and recrystallized fiber 

dimensional outcomes listed above (Table 14). This is likely the case since 92% of fibers had a width less 

than 1 µm (Tables 14 and 19), which accounts for a thinner width. Thinner widths can cause an increased 

aspect ratio, as aspect ratio is calculated with width in the denominator. Dividing by a smaller number will 

create a larger quotient. Neocrystallized bundles with widths ≤ 1 µm had significantly larger widths, shorter 

lengths, and smaller aspect ratios compared to recrystallized bundles (Table 18). Recrystallized bundles 

with widths ≤ 1 µm more commonly fit this criterion for asbestos compared to neocrystallized bundles 

(Table 18). Neocrystallized and recrystallized fibers with widths ≤ 1 µm had widths that were not 

significantly different, with recrystallized lengths and aspect ratios that were significantly larger (Table 19), 

therefore, this observation supports recrystallized processes producing fibers that more commonly fit 

asbestos criteria. Neocrystallized particles more commonly fit Harper et. al. (2012) definition (72%) 
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compared to recrystallized particles (63%) (Table 39), but recrystallized particles had significantly larger 

lengths and aspect ratios for bundles and fibers (Tables 18 and 19). Following the suggestion to create an 

“asbestos rich” dataset from Harper et al. (2012), we found that bundles and fibers fitting this definition 

continued the pattern of recrystallized particles more commonly fitting the criteria for asbestos compared 

to neocrystallized particles.  

 It should be repeated and noted that we defined a fiber as: particles that are longer than they are 

wide with no signs of splitting or splayed ends, often having a width less than one micron; and prismatic 

crystals as: blocky crystals with blunt edges with a width often greater than one micron. As stated above, 

6% of prismatic crystals (Table 20) and 92% of fibers (Tables 14 and 19) had a width less than 1 µm. 

Therefore, despite these definitions, there was clearly some bias and error in our visual classifications. 

Identifying particle type is not always black and white, and something one may classify as a fiber might be 

classified by another worker as a prismatic crystal. In the 8% of cases where we defined a particle with a 

width greater than 1 µm as a fiber, these particles likely had longer lengths and greater aspect ratios that 

caused us to identify these particles as fibers despite the slightly wider widths.   

An additional analysis was conducted to filter particle type for the WHO’s length (≥ 5 µm) 

combined with a width ≤ 1 µm rather than 3 µm. By doing so we are combining Harper et al. (2012) criteria 

for asbestos as a width < 1 µm with the WHO’s definition for an asbestos fiber (WHO Regional Office, 

2000). For this final analysis (particle type with fiber dimensions of length ≥ 5 µm, width ≤ 1 µm, and AR 

≥ 3:1), recrystallized bundles had significantly thinner widths compared to neocrystallized bundles (Table 

22). This was peculiar since we commonly observed that all recrystallized fibers and bundles had 

significantly greater widths, lengths, and aspect ratio compared to neocrystallized particles for other 

analyses listed above. However, these results further support the argument that recrystallized processes 

produce a greater number of particles that fit the criteria for asbestos based on dimensions. Not only can 

one observe particle dimensions of recrystallized particle type more commonly fitting asbestos definitions 

based on dimensions, but one can also observe recrystallized morphology more commonly produces 

morphologies known to meet asbestos morphological criteria. Recrystallized particles were more 
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commonly assigned as bundles and fibers based on their particle type compared to particles formed by 

neocrystallization (Tables 13, 14, 16, 22, and 23). This could possibly be explained by increased defects 

within the multiple chain structure of recrystallized amphiboles. As discussed in further detail in section 

4.5, the more altered an amphibole, the greater the defects in chains of an anomalous width. We hypothesize 

that the increase of defects within these multiple chain structures may increase the fibrosity of amphiboles.  

When comparing Harper et al., (2012) asbestos fiber definition (Tables 18-20; width ≤ 1 µm and 

AR ≥ 3:1) to the WHO’s definition with a width ≤ 1 µm (Tables 22-24; length ≥ 5 µm, width ≤ 1 µm; AR 

≥ 3:1), one may expect the data to be similar as both analyses are comparing particles that we identified as 

fibers, bundles, or prismatic crystals with a width less than or equal to one micron. In actuality, one can 

observe that the dimensions are drastically different and short, thin fibers concentrate when the data are 

filtered only by width and AR. When data was filtered by particle type with a width ≤ 1 µm, and then further 

filter by length ≥ 5 µm, the average length and aspect ratio were drastically higher. 92% of particles within 

this study that we identified as a fiber had a width less than one micron. Therefore, filtering for one micron 

did create a ‘fiber rich’ dataset that Harper et al., (2012) hypothesized. Despite this analysis successfully 

creating a ‘fiber-rich’ dataset, based solely on dimension, it is omitting many particles that are still of 

asbestos dimensions (widths greater than 1 µm but less than 3 µm) and morphologies. These omitted 

particles are of respirable widths according to NIOSH, and potentially toxic. Therefore, we do not believe 

Harper et al. (2012) asbestos fiber definition is efficient in quantifying all asbestos particles that may be 

present. 

4.2.3 Implications for Dimensional Analyses of Particle Type Vs. Asbestos Fiber 

Standards 

Particle type and known asbestos standard dimensional constraints were combined in order to 

compare and contrast data that are filtered for both of these criteria at once. This was done specifically for 

the regulatory definitions of the OSHA and the WHO. For these scenarios, the initial data (Table 12) was 

filtered based on particle type classification and then further sorted to account for the OSHA definition of 
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a fiber (Table 29, 30, 31) and the WHO definition of a fiber (Table 32, 33, 34). This allowed for the 

comparison between particles that were visually classified as a fiber, bundle, or prismatic crystal to the 

dimensions of the OSHA and the WHO. In all instances described, recrystallized fibers, bundles, and 

prismatic crystals that fit the WHO and the OSHA definitions of an asbestos fiber had dimensions that were 

either statistically similar to neocrystallized particles or were significantly different (Tables 29-31 and 

Tables 32-34). Recrystallized fibers and bundles more commonly fit the regulatory definitions of an 

asbestos fiber. We were also able to compare how many particles that we classified as fibers actually fit the 

OSHA and the WHO’s definition of a fiber based on dimensions. We found that 34.7% (24.4% 

neocrystallized and 44.9% recrystallized) of what we classified as fibers fit the OSHA’s and the WHO’s 

definition for an asbestos fiber (Table 30 and 33). We could then compare this to the previous results where 

the data were only filtered for the OSHA and the WHO dimensional criteria rather than particle type and 

the regulatory dimensional criteria. We can see by comparing Table 25 and 26 that 48.9% (39.0% 

neocrystallized and 57.3% recrystallized) of our particles fit the OSHA’s definition and 45.0% (36.2% 

neocrystallized and 52.4% recrystallized) of our particles fit the WHO’s definition of an asbestos fiber. 

Therefore, a larger percentage of particles were classified as a fiber based on the dimensional analysis of 

the OSHA and the WHO standards compared to when the data was filtered by particle type and the WHO 

and the OSHA fiber dimensions. According to this finding, our visually based classification of fibers, 

bundles, and prismatic crystals removed particles that would have otherwise been counted as an asbestos 

fiber by the OSHA and WHO based solely on dimensions. Therefore, dimensional criteria may be a more 

reliable method to identify fibrous amphibole fibers than visual identification.  

 

4.2.4 FESEM Vs. SEM Implications  

Both FESEM/EDS and SEM/EDS were used in this study to confirm amphibole mineralogy (EDS) 

and to measure particle dimensions. To confirm that microscopy method did not alter my findings, a series 

of Mann-Whiney U-tests were conducted to compare neocrystallized and recrystallized data between the 
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SEM and FESEM (Tables 4-7, 35-37). Analyses confirmed that microscopy method did not affect the 

results: in both the SEM and FESEM analyses, neocrystallized and recrystallized particles were 

significantly different (p< 0.05) with recrystallized fibers having larger average widths (Tables 35-37), 

lengths (Tables 35-37), and aspect ratios (Tables 35 and 36). Not surprisingly, because FESEM has higher 

resolution (1-5 nm) compared to the SEM (10-50 nm), the FESEM data skew towards smaller average 

width and lengths compared to SEM. It should be noted that the SEM and FESEM combined statistics did 

not have significantly different aspect ratios between neocrystallized and recrystallized particles (Table 37). 

Aspect ratio is calculated by dividing length by width. A larger length divided by a larger width (SEM) can 

create an aspect ratio that is similar to a smaller length divided by a smaller width (FESEM), which is what 

we see in Table 37.  

 

4.3 Previous Regional NOA Studies (Nevada-Arizona) 

A previous study (Buck et al., 2013) on the morphology of amphiboles formed in southern Nevada 

defined a fiber as “individual, narrow, usually very elongated crystals with straight, even edges” (Buck et 

al., 2013). They found that amphibole fibers had average widths of 1.2 µm and average lengths of 27.9 µm 

(Buck et al., 2013). Amphibole particles, which included any fibrous amphibole particle regardless of 

morphology, had average widths of 3.9 µm and average lengths of 18.1 µm (Buck et al., 2013). Of the 

samples measured, 69% of amphibole particles and 97% of amphibole fibers were less than 3 μm in 

diameter and thus, met the criteria to be respirable. They also found that 100% of all amphibole fibers and 

97% of all particles had an aspect ratio greater than 3:1 (Buck et al., 2013). EPMA analyses were conducted 

on these samples and 85% were found to be actinolite which is one of the 6 regulated asbestos minerals 

(Figure 40). This is congruent to our study as a majority of particles plotted as calcic amphiboles and are 

considered to be actinolite. Furthermore, some of these EPMA analyses were collected directly from this 

study’s field area and confirm that actinolite was the most prevalent type of fibrous amphibole present. 
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In this study, similar to Buck et al. (2013), 96% of particles had a width < 3 µm and by design, we 

only analyzed particles with an aspect ratio ≥ 3:1 (Table 38). Furthermore, samples from our study were 

found to have an average particle width of 1.0 ± 0.025 µm, average length of 7.51 ± 0.209 µm, and average 

aspect ratio of 8.8 ± 0.23 (Table 12). Despite having slightly different definitions of a fiber, these results 

are comparable to those found in Buck et al. (2013). It should be noted that particles in this thesis tended to 

have smaller lengths and widths compared to those within this previous study. This result may be explained 

by Buck et al. (2013) method of manually separating fibers using a dental tool while we mechanically 

separate fibers using a motorized drill. This may have caused the fibrous amphibole to break along 

weakened planes, creating lower dimension averages. Another explanation would be that this study utilized 

the FESEM/ EDS where Buck et al. (2013) used the SEM/ EDS which has a lower resolution. The higher 

resolution of the FESEM allows us to see smaller, thinner particles that we wouldn’t be able to measure on 

an SEM. The overall average length, average width, and mean aspect ratio of fibrous amphiboles from 

southern Nevada fit the OSHA and the WHO definitions for an asbestos fiber in both studies, suggesting a 

public health concern (Clinkenbeard et al., 2002; Mortureux, 2015). 

A more recent report by Buck et al. (2018) conducted research on NOA in southern Nevada. This study 

split portions of southern Nevada into 11 different regions. Samples from each region were collected, 

analyzed using the SEM/EDS, and measured using SEM photomicrographs. Buck et al. (2018), defined 

fibers as particles with a width ≤ 1 µm with an aspect ratio ≥ 3:1. Particles were classified as bundles if they 

had a width > 1µm and exhibited evidence of splitting. All other particles within Buck et al. (2018) were 

classified as prismatic crystals. These dimensional classifications for fibers, bundles, prismatic crystals 

were the same definitions used within this thesis. The mean dimensional analyses based on particle type for 

all particles in Buck et al. (2018) consisted of: bundles (width: 3.1 ± 0.3 µm, length: 27.1 ± 1.9 µm, and 

aspect ratio: 10 ± 0.3); fibers (width: 0.7 ± 0.0 µm, length: 6.7 ± 0.1 µm, and aspect ratio: 9.5 ± 0.2); and 

prismatic crystals (width: 1.9 ± 0.1 µm, length: 12.9 ± 0.5 µm, and aspect ratio: 7.2 ± 0.2). Comparing the 

data to these results, bundles in this thesis had thinner widths, shorter lengths, and greater aspect ratios 

(Table 13); fibers within this thesis had thinner widths and shorter lengths (Table 14); and prismatic crystals 
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within this thesis had thinner widths, shorter lengths, and smaller aspect ratios (Table 15) than those in 

Buck et al. (2018). All particles measured within the Buck et al. (2018) had an average width of 1.6 ± 0.1 

µm, average length of 12.8 ± 0.4 µm, and average aspect ratio of 8.8 ± 0.1 (Buck et al., 2018). Similar to 

the particle type comparisons, all particles measured within this thesis had a decrease in average widths and 

lengths when contrasted to all particles within Buck et al. (2018). This may be attributed to our use of the 

FESEM, which has a higher resolution than the SEM and allows us to see and measure smaller, thinner 

particles, skewing the data in this direction. Another potential explanation for this is the work performed 

for this thesis mechanically separated fibers with a motorized drill, possibly causing fibers to break along 

weakened planes. Buck et al. (2018) separated fibers manually with a dental tool and may have caused less 

breakage as a result. These case studies in Nevada and Arizona increase the potential for fibrous amphibole 

asbestos of potentially toxic morphologies to be inhaled as these finding fit the criteria for an asbestos fiber 

according to the WHO and OSHA definitions.  

 

4.4 Toxicity of Amphibole Particles 

There are six physical characteristics of solids that influence toxicity depending on how the 

substance is absorbed and deposited within the body. These six characteristics are: (1) mineralogy (chemical 

composition and mineral structure), (2) size, (3) shape (morphology), (4) glass or crystalline, (5) density, 

and (6) surface charge (Plumlee et al., 2006). Specifically for asbestos, Aust et al. (2011) found that the 

most important parameters for toxicity are: (1) particle length, (2) width, (3) aspect ratio, (4) surface 

chemistry, (5) chemical composition, and (6) particle surface area within the lung (Aust et al., 2011, 

Dement, 1990; Dodson et al., 2003; Egilman et al., 2019; Plumlee et al., 2006).  The toxicity of amphibole 

vs chrysotile asbestos is an important topic that can be misunderstood. Asbestos definitions and regulations 

do not differentiate between chrysotile and amphibole chemical composition of fibers, which is important 

as these minerals cause different auto-immune responses and health effects (Pfau et al., 2017, 2018; Plumlee 

et al., 2006). Amphibole fibers are much more toxic compared to chrysotile fibers (Plumlee et al., 2006). 
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This is because chrysotile is less biopersistent than amphibole asbestos and has a sheet-silicate structure. 

These sheets are rolled into fibers and once inhaled, macrophages within the lungs are able to unroll and 

dissolve many of these sheets with time (Plumlee et al., 2006). Chrysotile sheets are rolled such that the 

Mg-O octahedral layer is on the outside which causes the Mg to be easily leached in acidic solutions. 

Furthermore, chrysotile causes a suppression of an individual’s immune system, which increases the 

likelihood for illness, including cancer (Pfau et al., 2014, 2017, 2018). Amphibole’s multiple chain structure 

forms fibers that are much more difficult to be dissolved, causing amphiboles to be more biopersistent than 

chrysotile (Plumlee et al., 2006). Additionally, autoimmune reactions are known to occur from amphibole 

asbestos exposure, causing diseases such as lupus, rheumatoid arthritis, and scleroderma, in addition to 

other known asbestos diseases and cancers (Pfau et al., 2014, 2017, 2018). Fibrous amphibole particles, 

which included 100% of particles within this study, are known to be the most biopersistent forms of asbestos 

(Plumlee et al., 2006). According to NIOSH, any EMP with a width < 3 µm are thoracic-sized and, thus, 

respirable. EMPs at or below this width is considered to be the most pathogenic (NIOSH, 2011). 100% of 

fibers (Table 14) and 96% of particles (Table 38) within this study met the criteria to be respirable by 

having a width < 3 µm. These biopersistent amphibole particles are likely to result in some level of harm 

as macrophages within the lungs are unable to effectively clear fibers with amphibole crystal structure 

(NIOSH, 2011). Furthermore, the greater the surface area of amphibole particles, of any shape and size, 

within the lung, the greater the bio-chemical reaction potential, thus increasing the potential for toxicity 

(Aust et al., 2011; Dodson et al., 2003).  

The findings within this thesis fit parameters for toxicity described by Aust et al. (2011) and 

indicate that the naturally-occurring fibrous amphibole in Clark County, NV largely fit various definitions 

of asbestos dimensions, is one of the six regulated asbestos minerals (actinolite), and therefore, pose a 

potential health concern for those living in surrounding area. We consistently found that particles produced 

from recrystallization more commonly fit the criteria for regulatory asbestos dimensions and morphologies 

by having significantly longer lengths and greater aspect ratios compared to those produced from 

neocrystallization particles (Tables 12-37). Thus, recrystallized fibrous amphiboles have the potential to be 
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just as toxic, if not more toxic, than their neocrystallized counterparts. The above findings indicate that 

hornblende recrystallized into fibrous actinolite (and other fibrous amphiboles), by hydrothermal alteration, 

may also produce toxic morphologies. 

 

4.4.1 Short Fiber Debate 

The Stanton hypothesis (fibers > 8 µm in length and ≤ 0.25 in diameter) suggests that the longer 

and thinner the fiber, the more toxic it may be (Stanton et al., 1981). Current regulations, definitions, and 

counting methods for asbestos particles have length cut-offs of 5 µm (29 CFR 1910.1001 subpart Z(b); 

WHO Regional Office, 2000). Aust et al. (2011) acknowledged this and concluded that particles fitting the 

Stanton hypothesis would produce a larger surface area within the lungs, but particles with lengths < 5 µm 

cannot be excluded from those that are known to cause health effects. It was stated that more studies must 

be conducted to understand all sizes and shapes of Respirable Elongated Mineral Particles (REMP) from 

environmental exposures. REMPs have widths less than 3.5 µm in diameter and sizes of REMP impact 

clearance and translocation of particles reaching the lungs (Aust et al., 2011). Shorter particles are inhaled 

in greater numbers than longer particles. This causes shorter particles to accumulate in greater numbers 

within the lungs despite having faster clearance rates (Aust et al., 2011). Some evidence suggests that 

damage to lung tissue must arise soon after exposure and short particles that have high clearance capabilities 

may still cause damage (NIOSH, 2011). Thus, a greater number of shorter particles have the potential for 

greater overall bio-chemical reaction potential (Aust et al., 2011; Dodson et al., 2003) because of their 

larger surface area within the lung compared to longer fibers (Aust et al., 2011). As long as a large enough 

quantity of amphibole particles are inhaled, the overall surface area of these particles within the lungs will 

dictate toxicity (Aust et al., 2011; Dodson et al., 2003). 

A similar study concluded that asbestos particles, regardless of length, produced a pathological 

response and caused cases of mesothelioma (Dodson et al., 2003). These authors recommend caution when 

excluding asbestos on the basis of length, as they still have the potential to contribute to asbestos related 
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diseases (Dodson et al., 2003). Dodson et al. (2003) also noted that the authors of the Stanton Hypothesis 

found relatively high correlations of the probability of pleural sarcoma for fibers < 1.5 µm in dimeter and 

lengths > 4 µm in addition to the high probability found for longer, thinner particles (Dodson et al., 2003). 

A review of fiber size and toxicity conducted by Boulanger et al. (2014) had similar conclusions. They 

observed that many previous studies did not assess the toxicity of short asbestos fibers but rather, following 

current asbestos fiber dimension standards, assessed toxicity using a length cut-off of 5 µm (Boulanger et 

al., 2014; Dodson et al., 2003). This review led authors to the realization that the 5 µm length limit is not 

based on scientific evidence but rather is a limit put in place based on the reliability of the PCM, which 

decreases below this length (Boulanger et al., 2014). According to Boulanger et al. (2014), short asbestos 

fibers should not be ruled out when concerning toxicity. Therefore, the length of asbestos particles may not 

hold as much weight as others previously recognized and, because this, the total combined surface area of 

particles in the lung with respirable widths (< 3 µm), regardless of morphology, are much more important 

when predicting toxicity than individual lengths of respirable particles (Aust et al., 2011; Dodson et al., 

2003; NIOSH, 2011). 

The PCM is one of the cheapest methods for asbestos detection (Clinkenbeard et al., 2002). Despite 

this method not being able to detect particles present at higher resolutions, it has been adopted as the main 

method for asbestos detection because it is quite inexpensive compared to other microscopy methods that 

are able to detect at higher resolutions (TEM or FESEM) (Boulanger et al., 2014; Clinkenbeard et al., 2002; 

Dodson et al., 2003). The size restrictions for asbestos particles including requiring a length > 5 µm and 

aspect ratio > 3:1 can be first traced back to early United Kingdom regulations (between 1957-1965) that 

were eventually adopted by the United States in 1972 (Holmes, 1965; NIOSH, 1972). According to 

Addingley (1966) and Langer et al. (1970), the length > 5 µm was selected based on the usefulness and 

practicality of the PCM and was originally adopted from studies conducted by the Asbestos Research 

Council (ARC). The filter membranes used at the time to prepare samples for the PCM had a pore size of 

0.45 microns and appeared to be “quite adequate for trapping fibers in the lengths range of 5-100 microns” 

(Holmes, 1965). The author of this paper, Stephen Holmes, was a scientist for Turner Brothers Asbestos (T 
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&N), one of top three asbestos firms responsible for about 60% of all UK asbestos production in the 1950s 

(Tweedale, 2000). In 1956, T & N reached out to other main asbestos factories in the region (British Belting 

and Cape Asbestos) calling for the need for collaborative research on asbestos and formed the Asbestos 

Research Council (Tweedale, 2000). Therefore, the ARC was founded in 1957 by the top UK asbestos 

industry leaders who accounted for nearly all UK production of asbestos (Tweedale, 2000). 

Scientists, including Stephen Holmes, and physicians that published work for ARC were most all 

members of the leading asbestos firms (Tweedale, 2000). By the 1980’s, the ARC had published 200 papers, 

of which only seven researched dust counting and control, only three researched epidemiology, and only 

two discussed the environmental impact of asbestos (Tweedale, 2000). Although the ARC was aware of 

the negative health effects associated with asbestos workers as early as 1930 (Merewether and Price, 1930), 

most all publications tended to steer clear of controversial epidemiology and toxicology research 

(Tweedale, 2000). Despite the ARC’s range of authorship being low, their lack of research into 

epidemiology and toxicology, and their clear conflict of interest (Tweedale, 2000), the United Kingdom 

adopted the ARC’s definition of a fiber as an index of exposure that was based on the ARC’s PCM asbestos 

detection methods (Holmes, 1965).  

The ARC’s PCM method for asbestos detection used the definition of an asbestos fiber as a L > 5 µm 

and AR > 3:1 (Holmes, 1965). As mentioned before, the length selection of the ARC fiber definition was 

based on the capabilities of the filter membrane and PCM detection. Furthermore, the aspect ratio definition 

resulted from “…the definition of a fiber being arbitrarily taken as a particle whose length was at least 

three times its diameter” (Holmes, 1965). We believe Holmes (1965), who conducted research on behalf of 

T&N and the ARC, was the first to mention such dimensions in published literature. The language used in 

Holmes (1965) made it seem that such dimensions were previously defined by the ARC sometime between 

its founding, in 1957, and its publication. Our literature review failed to return previously published 

literature that mentioned such dimensions before 1965. As far as we are aware, this is the earliest publication 

that mentions the reasonings behind the use for such dimensions, which were arbitrarily placed. The British 

definition became the standard for the United States regulation for asbestos length and aspect ratio after 
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NIOSH was founded in 1970 (NIOSH, 1972). Therefore, the fiber definitions the United States adopted, 

and is still using today, were created, and defined by the top three major asbestos producers in the late 

1950s and early 1960’s (Holmes, 1965; Tweedale, 2000) and were not based upon health implications. 

According to NIOSH (1972) this fiber definition was only meant to be in place until, “(1) more definitive 

information on the biologic response of asbestos including the agent (s) and dose-response data on different 

lengths of fiber is available, (2) the spectrum of fiber lengths encountered in industry by types of asbestos 

and operations is ascertained, and (3) more precise epidemiologic data are developed” (NIOSH, 1972). 

Now that more information on the pathogenicity of short fibers has become available (examples present in 

Aust et al., 2011; Boulanger et al., 2014; Dodson et al., 2003; Langer et al., 1978), NIOSH must re-evaluate 

their fiber definition, used as an index-of-exposure, for asbestos criteria standards since 1972 to include 

particles of shorter dimensions.  

According to Boulanger et al. (2014), the fiber dimension regulations the USA adopted, affected the 

sizes of asbestos particles reported in publications that caused pathogenic effects. Such studies often used 

a length cut-off of 5 µm causing short fiber pathogenic effects to not be recorded (Boulanger et al., 2014). 

Because the length and aspect ratio regulations are based on microscopy limitations and have no health 

implications (Boulanger et al., 2014; Dodson et al., 2003; Holmes, 1965; Langer et al., 1978; Lynch, 1970), 

this definition should not have been used in studies evaluating the dimensions of fibers that may have a 

biological response within the human body. There is no evidence that can definitively confirm that short 

fibers, less than 5 microns in length, do not cause negative health outcomes. Several studies show that small 

fibers make up a large portion of the fiber burden in human lung tissue and are very likely implicated in 

human disease (Aust et al., 2011, Boulanger et al., 2014, Dodson et al., 2003; Langer et al., 1971, 1973, 

1978; Miller et al., 1975; Pooley et al., 1970). Other previous research likely lacks the accounts of short 

fibers causing a biological response as they were often excluded or ignored in data collection because of 

the existence of our current, out-of-date regulation (Boulanger et al., 2014; Dodson et al., 2003; Holmes, 

1965) and the cost of obtaining data using TEM or SEM methods. The above history and supported 

literature of the asbestos fiber definition should therefore be revaluated based on health risk.  
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4.4.2 Cleavage Fragment Debate 

There is great debate over whether fibrous amphibole cleavage fragments and short amphibole 

fibers pose a potential health hazard and if they should be included within the regulatory language for 

asbestos (Harper et al., 2008, Harper et al., 2012; NIOSH, 1990). Cleavage fragments occur when a 

mechanical or erosive force causes a mineral to break, or split, along a definite crystalline plane. The 

asbestos industry and OSHA currently do not define amphibole cleavage fragments as asbestos and do not 

consider such fragments toxic (29 CFR 1910.1001). However, Meeker et al, 2006 and Buck et al., 2013 

point out that one cannot distinguish between prismatic crystals and cleavage fragments when measuring 

airborne asbestos concentrations because one cannot tell if a crystal grew (prismatic crystal) or was broken 

(cleavage fragment) since the crystalline planes are the same. Others argue that any particle that cannot be 

identified as a bundle or a fiber according to the commercial definitions of asbestos, should be referred to 

as cleavage fragments (Gunter et al., 2007, Harper et al., 2012). They use characteristics common to 

chrysotile (mean aspect ratio greater than 20:1, high flexibly, high tensile strength) and argue that 

amphibole cleavage fragments do not have an ‘asbestiform’ habit.  Therefore, the asbestos and rock/ mineral 

industry believes cleavage fragments should not be included within the regulatory policy for asbestos fibers 

(Gunter et al., 2007, Harper et al., 2012, Lowers and Meeker, 2002). These definitions were designed with 

commercially-modified chrysotile in mind, which does not experience cleavage, thus it is argued that such 

definitions are not appropriate for fibrous amphibole asbestos.  

Recent findings by the French agency for food, environmental and occupation health & safety 

(ANSES) suggest cleavage fragments may be toxic (Mortureux, 2015). According to their study, there is 

no authenticated scientific toxicological data that confirms cleavage fragments, with the dimensional 

criteria of an inhalable EMP presented by the WHO (L>5 μm; D<3 μm and L:D >3:1), do not pose a health 

hazard (Mortureux, 2015). The study concluded that cleavage fragments from non-asbestiform amphiboles 

should not be distinguished from asbestiform particles when regarding health effects because these fibers 
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are meeting the WHO dimensional requirements (L > 5 μm; D < 3 μm and L:D > 3:1) for fibers capable of 

being inhaled (Mortureux, 2015). This study also implied that ‘asbestiform’ and ‘non-asbestiform’ particles 

occur on a spectrum making such divisions unreliable. Therefore, current regulations regarding asbestos 

fiber toxicity should encompass cleavage fragments until data suggest otherwise.  

Some studies have claimed the ability to identify asbestos cleavage fragments via microscope 

(Gunter et al., 2007, Harper et al., 2008, 2012). To date, there is no microscopy instrumentation that can 

definitively classify an asbestos particle as a cleavage fragment. Morphology classification using 

microscopy is inconsistently problematic, meaning there is a visual bias between users. For instance, what 

one person may classify as a prismatic crystal, someone else may classify as a fiber. There is no defined 

universal method for visually identifying morphology of asbestos particles from photomicrographs. The 

definitions for an asbestos fiber by the WHO and the OSHA are focused on dimensional characteristics 

(width, length, and AR). These dimensional characteristics are applied when defining the visual particle 

type of a particle (fiber, bundle, or prismatic crystal). As mentioned earlier, there are hundreds of definitions 

for a fiber, bundle, and prismatic crystal based on dimensional characteristics (Lowers and Meeker, 2002). 

It can be near impossible to understand the significance of findings within papers that do not define what 

definitions are being used because of these inconsistently problematic definitions. Additionally, there is no 

way to tell if the particle under the microscope broke into these morphologies or grew this way. It is because 

of these issues stated above that we did not attempt to identify any particles as cleavage fragments within 

this study. The only way to tell if a particle is a cleavage fragment and not a crystal is if you broke it yourself 

because cleavage breaks along crystal planes. 

Short fibers cannot be excluded from causing negative health outcomes (Aust et al., 2011; 

Boulanger et al., 2014; Dodson et al., 2003;) and cleavage fragments can fit both short fiber dimensions 

and fiber dimensions outlined by WHO (Mortureux, 2015) and OSHA. Therefore, we cannot conclude that 

cleavage fragments are not toxic. Cleavage fragments are merely broken amphibole particles along definite 

crystalline planes, so they still have the potential to fit the OSHA, the WHO, short asbestos fiber (L < 5 

µm, W < 3µm, AR > 3:1), and other varying definitions of asbestos. Furthermore, if a cleavage fragment 
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has amphibole surface chemistry/ chemical composition and is a REMP it has the potential to be toxic 

according to Aust et al. (2011). Because of this, cleavage fragments have the potential to increase the surface 

area of amphibole particles within the lung and thus increase the potential for a biological response (Aust 

et al., 2011). It should be noted that longer, thinner fibers are known to be more toxic than shorter fibers 

because of their increased surface area and shape (Aust et al., 2011; NIOSH, 2011). Moreover, NIOSH 

(2011) agrees with ANSES and Aust et al. (2011) in that asbestos cleavage fragments cannot be excluded 

from our current definitions of asbestos. According to NIOSH (2011), the NIOSH recommended exposure 

limit (REL) for asbestos was revised in 1990 to include ‘nonasbestiform’ particles and cleavage fragments. 

This revision was in result of epidemiological studies of worker populations that were exposed to 

‘nonasbestiform’ particles, including cleavage fragments, in which evidence suggested a risk of lung cancer 

(NIOSH, 2011). Despite NIOSH concerns, the OSHA does not currently include cleavage fragments, as 

asbestos or toxic, including even those that fit within the dimensions of the OSHAs definition of an asbestos 

fiber (29 CFR 1910.1001) (NIOSH, 2011).  

As discussed in Davis et al. (1991) and cited in Dodson et al. (2003), all tremolite samples that 

were injected into rats, regardless of their morphology and length, had some potential to produce 

mesothelioma. This included samples with particles that had thicker fiber widths, were “morphologically 

consistent with cleavage fragments,” and those with few “asbestiform fibers” present (Davis et al., 1991; 

Dodson et al., 2003). The latter, producing tumors in 70% of rats, combined with the risk potential of 

mesothelioma (Davis et al., 1991; Dodson et al., 2003) suggests that regardless of fiber length, morphology, 

and/or the presence of cleavage fragments and “non-asbestiform” particles, negative health outcomes are 

still possible. Therefore, non-regulated fibers, including cleavage fragments, may pose health risks (Davis 

et al., 1991; Dodson et al., 2003). The French agency for food, environmental and occupation health & 

safety (ANSES) agreed with this statement and concluded that particles that currently fall outside of the 

U.S. OSHA asbestos regulations (i.e. short fibers with L < 5µm, W < 3 µm, and AR > 3:1 and cleavage 

fragments that fit the WHO definition for an asbestos fiber (L > 5, W <3 and AR > 3:1)) can produce 
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asbestos morphologies (Mortureux, 2015). Therefore, many particles that fall outside of U.S. regulations 

are toxic and pose a potential health hazard.  

 

4.4.3 Toxicological Study of Arizona NaFe3+ fibrous Amphiboles 

A previous study by Pfau et al. (2017) inserted NaFe3+ amphibole fibers collected from the Wilson 

Ridge pluton in northwestern Arizona and Libby, Montana into mice to compare what health effects, if any, 

occurred. The health disaster that occurred in Libby, Montana that negatively affected thousands of people 

from chronic exposure of winchite and tremolite asbestos is well known (Beaven, 2014; Harper et al., 2008; 

Meeker et al., 2006; Pfau et al, 2012 and 2014). The amphibole asbestos was an associated mineral within 

vermiculite that was mined outside of Libby for decades and used in gardens, playground, and buildings 

throughout the community (Pfau et al., 2017). Chronic exposure to the Libby amphibole resulted in fibrosis, 

pleural plaques, cancer, autoimmune diseases, and other various health effects (Pfau et al., 2014).  

According to Pfau et al. (2017), the Libby and Arizona mineralogy were similar and was mainly 

composed of winchite (70% Libby and 69% Arizona). The similarity in mineralogy allowed Pfau et al. 

(2017) to compare health effects of mice by inserting a fibrous amphibole sample from Libby, Montana 

(mean aspect ratio 8.4 ± 0.7) and northwestern Arizona (mean aspect ratio 16.7 ± 0.9) into mice (Pfau et 

al., 2017). A very low 3 µg dose of each sample was injected into each mouse. This was the lowest dose 

yet studied and was chosen to simulate an environmental exposure to NOA (Pfau et al., 2017). After 7 

months, mice that were exposed to either sample were found to have chronic immune disfunction, lung 

fibrosis, and pleural fibrosis (Pfau et al., 2017). Pfau et al. (2017) concluded autoimmune disorders and 

pulmonary disease is an associated risk for environmental exposures to NOA.  

The morphology of the Arizona amphibole fibers had an average length of 9.0 ± 0.7 μm, average 

width of 0.7 ± 0.1 µm, and average aspect ratio of 18.2 ± 1.1 μm (Pfau et al., 2017).  This differs from this 

thesis as samples from our study were found to have an average particle width of 1.0 ± 0.025 µm, average 

length of 7.51 ± 0.209 µm, and average aspect ratio of 8.8 ± 0.23 (Table 12). The northwestern Arizona 
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samples were mainly composed of winchite where samples evaluated for this thesis were mainly composed 

of actinolite. Furthermore, 56% of particles were assigned as having an actinolite composition and 4% as 

winchite (Table 8). It should be noted that these percentages are a result of particle mineralogy of all 

individual particles within this thesis collected from multiple rock samples, not the composition of a single, 

“bulk” sample prepared using a dental tool to separate fibers from a rock for the injection into mice. Both 

this thesis and Buck et al. (2018), found that sodic and sodic-calcic amphiboles tend to be thinner and have 

greater aspect ratios compared to calcic amphiboles (Table 10). Therefore, it is likely that mineralogy 

affects dimensions of fibrous amphibole which may be why the northwestern Arizona samples have 

dimensions that are much larger than the samples measured within this thesis. Despite differing mineralogy, 

the mean aspect ratio from this thesis (8.8 ± 0.23) is similar to the Libby sample’s mean aspect ratio that 

was injected into mice (8.4 ± 0.7 (Pfau et al., 2017)). Additionally, similar geologic processes that produced 

the Arizona fibrous amphibole produced the fibrous amphibole within our field area.  

Libby asbestos is a known toxin and the only known reference concentration for asbestos available 

for noncancerous outcomes was created from fibrous amphibole asbestos in Libby, Montana. This reference 

concentration (RfC) is 0.00009 fibers per cubic centimeter and has been exceeded in areas known to have 

NOA (U.S. EPA, 2014). This RfC was created for Libby amphibole and may translate to other types of 

amphibole asbestos (Pfau et al., 2014 and 2017). The similar aspect ratios between the Libby sample that 

was injected into mice and the samples evaluated in this thesis, may indicate that the negative health 

outcome findings from Pfau et al. (2017) apply to southern Nevada. Therefore, it is possible that many 

people in southern Nevada are being unknowingly exposed to fibrous amphibole that have the potential to 

cause negative health outcomes.  

 

4.4.4 Short Fibers and Cleavage Fragments in Las Vegas 

Particles within this study mainly included short fibers, with 66% having a length ≤ 5 µm (Table 38), 

and were identified as bundles, fibers, and prismatic crystals (likely including cleavage fragments) based 
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on their particle type. Despite this, bundles and prismatic crystals identified also fit the dimensions for the 

OSHA and the WHOs definition for an asbestos fiber. Therefore, nomenclature and identification of fibers, 

bundles, and prismatic crystals are also inconsistently problematic within literature. To add complexity to 

these problematic issues, the OSHA and the WHO definitions for what is considered an asbestos fiber are 

insufficient when concerning health. This is because they are only counting particles with lengths ≥ 5 µm 

as asbestos as they are using the more cost-effective method of the PLM which cannot see fibers < 5 µm. 

There have been multiple studies and reviews that state that short asbestos fibers (< 5 µm) and cleavage 

fragments have the potential to cause asbestos related diseases and should be more effectively regulated 

(Aust et al., 2011; Boulanger et al., 2014, Dodson et al., 2003; Mortureux, 2015; NIOSH, 2011). These 

short asbestos particles whether identified as bundles, prismatic crystals, cleavage fragments, or fibers, are 

REMP, thus depositing within the respiratory tract, and therefore have the potential to be toxic (Aust et al., 

2011; Boulanger et al., 2014, Dodson et al., 2003; NIOSH, 2011). Furthermore, we would argue that 

definitions of a ‘fiber,’ ‘bundle,’ and ‘prismatic crystal’ should also be designed only with health in mind. 

Many argue that bundles and prismatic crystals are not as toxic as fibers because of their fatter widths 

(Gunter et al., 2008). If dimensions of prismatic crystals, bundles, and cleavage fragments fit within a 

dimensional health parameter for an asbestos ‘fiber’ (according to OSHA), they should also be considered 

toxic despite their visual shape. Additionally, after being deposited in the lung, bundles are able to split 

longitudinally, producing an increased number of thinner fibers with an increased aspect ratio as a result 

(NIOSH, 2011). As long as a particle has a width less than 3 µm it is respirable according to NIOSH and 

poses a health concern because particles with amphibole chemistry are known to be biopersistent (Plumlee 

et al., 2006; NIOSH, 2011). Current definitions, such as the WHO and the OSHA definition of an asbestos 

fiber, should therefore be modified to read, “…definition of an asbestos particle,” as any particle that fits 

dimensional criteria for asbestos (length, width, AR) and has an amphibole or serpentine chemical 

composition are toxic (Aust et al., 2011). Therefore, a specific morphologic, dimensional guideline for what 

is considered an asbestos particle, regardless of particle type, based solely on health, must be used, and 

established as the main definition of an asbestos particle. Many would disagree with this statement as 
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industry still uses such terms to describe the habit of their commercial asbestos (Gunter et al., 2007; Lowers 

and Meeker, 2002). To solve this issue, using the term “commercially-modified asbestos” would help 

classify the particle morphology of which one is speaking. Furthermore, the mining and use of asbestos 

throughout the world is declining and will likely continue to decline because of its toxicity (Allen et al., 

2018). This would support my claim that definitions of an asbestos particle, designed with health in mind, 

should dominate the ‘official’ language for asbestos definitions and nomenclature.   

 

4.5 Chain-Width Defects 

The original hypothesis in this study proposed that the length, width, and aspect ratios of neocrystallized 

and recrystallized fibrous amphibole, of similar chemistries, would have similar dimensions and 

morphologies. After conducting log10 transformations on this dataset, a Mann-Whitney U-test was 

calculated. As mentioned above, in nearly all cases, we found recrystallized particles had statistically 

similar widths, significantly longer lengths, and significantly greater aspect ratios than neocrystallized 

fibrous amphibole. This finding was unexpected and has potentially dangerous implications. The fibrous 

amphibole within this study formed from hydrothermal alternation of magmatic hornblende into fibrous 

actinolite within granitic rock. This implies that hornblende residing within granite, that has been 

hydrothermally altered, has the potential for asbestos morphologies of hazardous lengths, widths, and aspect 

ratios. This finding has increased the scope of potential NOA sites around the world.  

A potential hypothesis to explain this discrepancy is that chain width defects, within highly altered 

amphibole, created asbestos of fibrous morphologies. According to Veblen et al. (1977) and Ahn and 

Buseck (1991), recrystallisation of hornblende can create highly altered biopyriboles that will result in the 

creation of defects within the chains of amphibole. This was proven to cause fibrous amphibole crystals to 

be disaggregated into smaller subgrains and broken into finer fibers through structural defects (Ahn and 

Buseck, 1991). TEM results in multiple studies have verified that the combination of elongated amphibole 

fibers splitting along the C-axis, planar defects tending to occur along (110) and (100) causing 
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misorientation, and an increasing of chains, and errors within these chains, will all contribute to the 

development of bundles and fibers, which will increase the fibrosity of amphibole (Ahn and Buseck, 1991, 

Veblen at al., 1977). Not only will amphiboles break along their original cleavage planes, but they will also 

break along chains of uncharacteristic widths. Breakage along the latter plane is the cause of the fibrosity 

within amphiboles (Veblen et al., 1997). We believe that the recrystallization of magmatic hornblende into 

fibrous actinolite created such an environment where chain width defects flourished allowing for breakage 

along chains of anomalous width. This would then create a fibrous amphibole that is highly altered 

compared to that of neocrystallized amphibole, which occurred from the primary crystallization of actinolite 

within empty veins. The latter is less altered causing a decrease in chain width defects and thus fibrosity. 

This process would potentially explain why we found the morphologies of recrystallized fibrous amphibole 

to be significantly different than that of neocrystallized amphibole within this study. Future research must 

be done by studying defects within the chains of these amphiboles using TEM analyses to confirm this 

hypothesis.  

 

4.6 Worldly Implications 

Recrystallized asbestos is produced when hydrothermal fluids, containing amphibole building ions 

in solution, interact with magmatic hornblende causing the precipitation of fibrous amphibole to occur 

through replacement (Austin, 2019; Metcalf et al., 2018). Deposits that underwent such reactions have the 

potential to contain recrystallized fibrous amphibole. We are now aware that many people in southern 

Nevada, and elsewhere, are potentially being unknowingly exposed to hazardous amphibole fibers that were 

previously unrecognized. Amphibole is a commonly-associated mineral in felsic rocks and hydrothermal 

alternation is a common process. Therefore, we conclude, that the potential for individuals to be exposed 

through industrial/ commercial asbestos as well as naturally-occurring asbestos (NOA) is greater than 

originally thought (Figure 1). It is commonly believed that asbestos can only form in fracture-fill veins and 

not as recrystallized fibrous amphibole (Bailey et al., 2004; Tabler, 1916; Van Gosen 2007; Virta, 2002). 
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The research conducted in this thesis concluded that recrystallization has the ability to produce amphibole 

of asbestos dimensions and morphologies. Therefore, the life cycle of asbestos minerals (Figure 1) includes 

the risk of inhalation from the release of both primarily crystallized (neocrystallized) and recrystallized 

amphibole. As such, there is an increased risk of exposure to those living in southern Nevada and other 

locations where hydrothermal alteration of amphiboles occurred.  

In 2019 alone, roughly 2.7 million tons of dimension stone were sold and used in the U.S. for 

construction of buildings, furniture, monuments, and decorative objects (U.S.G.S., 2020). Within the U.S., 

dimension stone is mined by 197 companies operating in 251 quarries in 34 states, 18% of this being granite 

(U.S.G.S., 2020). Moreover, 1.53 billion tons of crushed stone, of which 6% is granite, was produced and 

sold by 1,430 companies operating in 3,440 quarries within all 50 states (U.S.G.S., 2020). Workers within 

these quarries, and their families, therefore, have the potential for primary and secondary exposure to 

asbestos fibers if hydrothermal alteration of hornblende is present within the granite (Figure 1). Information 

regarding quarries that are mining rocks with hydrothermally altered amphibole must be compiled. 

Furthermore, it would be useful for hydrothermally altered granite to be identified and mapped on a U.S 

and global basis. A future thesis project could estimate the percentages of hydrothermally altered granite in 

the United States by creating a risk assessment map of quarries and other NOA deposits using GIS. Utilizing 

GIS would allow for a future student to estimate potential populations being exposed. This work could also 

stimulate new studies to determine or verify if these potentially hazardous areas do contain fibrous 

amphiboles.  
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Chapter 5: Conclusion 

5.1 Recrystallization Produces Asbestos Morphologies 

This project tested the null hypothesis that recrystallized and neocrystallized fibrous amphibole 

particles, of similar chemistry, would have similar dimensions and morphologies. As recrystallization was 

previously recognized as a process that did not constitute the formation of asbestos (Bailey et al., 2004; 

Tabler, 1916; Van Gosen 2007; Virta, 2002), we expected neocrystallization to produce particles of asbestos 

morphologies more often than recrystallization. Multiple statistical analyses, explicitly the Mann-Whitney 

U-test, confirmed that recrystallized particles more commonly had statistically similar or significantly wider 

widths, significantly longer lengths, and significantly greater aspect ratios (Tables 4-7, 8-37) compared to 

neocrystallized particles. The ample evidence and supporting literature provided demonstrates that 

recrystallization of amphibole, from a hydrothermal fluid, can produce fibrous asbestos morphologies and 

dimensions that fit regulatory criteria for an asbestos fiber by OSHA, more often than neocrystallization. 

We hypothesize that the recrystallization of magmatic hornblende into fibrous actinolite allowed for chain 

width defects to flourish, increasing the fibrosity of the recrystallized particles and explaining our statistical 

analyses and results. Because width, length, aspect ratio and surface area are all important controls for 

toxicity (Aust et al., 2010), the results of this study suggest that fibrous amphibole formed through 

recrystallization may be as toxic or more toxic than fibrous amphiboles formed through neocrystallization. 

As hornblende is a common mineral within the earth’s crust and recrystallization and hydrothermal 

alternation are common processes, we believe many more people are being exposed to potentially hazardous 

morphologies of naturally-occurring amphibole asbestos than previously recognized (Figure 1). 
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Appendix A: Tables 

Table 1. Mineral Names and Formulas of Regulated and Non-Regulated Asbestos. Modified from Perry (2004). 
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Table 2. Tests of Normality for Particles with an AR ≥ 3:1 by Crystallization Process* 

 

 

Crystallization Process 

Kolmogorov-Smirnova Shapiro-Wilk 
 

Statistic df Sig. Statistic df 
Sig. 

Width (µm) Neocrystallization .195 698 <.001 .677 698 < .001 

Recrystallization .177 827 <.001 .702 827 < .001 

Length (µm) Neocrystallization .182 698 <.001 .714 698 < .001 

Recrystallization .204 827 <.001 .644 827 < .001 

Aspect Ratio Neocrystallization .206 698 <.001 .704 698 < .001 

Recrystallization .258 827 <.001 .585 827 < .001 

 

*The null hypothesis for this test of normality is the data are normally distributed. The null hypothesis is rejected if the Sig. value is below 0.05. 
Therefore, the data are not normally distributed and a Student’s t-Test or a 2-way ANOVA parametric analyses cannot be used. 
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Table 3. Tests of Normality for Log10 (Particles) with an AR ≥ 3:1 

 

Crystallization Process 

Kolmogorov-Smirnova Shapiro-Wilk 

 

Statistic df Sig. Statistic df 
Sig. 

Log10 (Width (µm)) Neocrystallization 
.046 698 .001 .996 698 

.076 

Recrystallization .036 827 .013 .996 827 
.038 

Log10 (Length (µm)) Neocrystallization 
.047 698 .001 .993 698 

.001 

Recrystallization .048 827 .000 .993 827 
.001 

Log10 (Aspect Ratio) Neocrystallization 
.090 698 .000 .938 698 

.000 

Recrystallization .093 827 .000 .928 827 
.000 

 

  



61 
  

Table 4(a). Ranks for Log10 (All Particles) with an AR ≥ 3:1 Across Crystallization Process and (b) Test Statistics for Log10 (All Particles) with an 
AR ≥ 3:1 Across Crystallization Process 

Table 4(a). Ranks for Log10 (All Particles) with an AR ≥ 3:1 Across Crystallization 
Process* 
 

Crystallization Process N Mean Rank Sum of Ranks 

Log10 (Width (µm)) Neocrystallization 698 717.12 500550.50 

Recrystallization 827 801.72 663024.50 

Total 1525   

Log10 (Length (µm)) Neocrystallization 698 655.53 457563.00 

Recrystallization 827 853.70 706012.00 

Total 1525   

Log10 (Aspect Ratio) Neocrystallization 698 694.98 485096.00 

Recrystallization 827 820.41 678479.00 

Total 1525   

 
Table 4(b). Test Statistics for Log10 (All Particles) with an AR ≥ 3:1 
Across Crystallization Process* 
 Log10 (Width 

(µm)) 

Log10 (Length 

(µm)) 

Log10 (Aspect 

Ratio) 

Mann-Whitney U 256599.500 213612.000 241145.000 

Wilcoxon W 500550.500 457563.000 485096.000 

Z -3.738 -8.755 -5.542 

Asymp. Sig. (2-tailed)* .000 .000 .000 
*The mean ranks for recrystallized particles are higher than neocrystallized for all cases. Asymp. Sig. < 0.05, so we reject the null hypothesis that 
mean width, length, and aspect ratio are the same between neocrystallized and recrystallized particles. 
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Table 5(a). Ranks for Log10 (Particles) with an AR ≥ 3:1 Across the Category of Microscopy Method and (b) Test Statistics for Log10 (Particles) 
with an AR ≥ 3:1 Across the Category of Microscopy Method.  
 
Table 5(a). Ranks for Log10 (Particles) with an AR ≥ 3:1 Across the Category of 
Microscopy Method* 
 Microscopy Method N Mean Rank Sum of Ranks 

Log10 (Width (µm)) SEM 588 954.29 561121.50 

FESEM 937 642.96 602453.50 

Total 1525   
Log10 (Length (µm)) SEM 588 913.00 536846.50 

FESEM 937 668.87 626728.50 

Total 1525   
Log10 (Aspect Ratio) SEM 588 740.25 435266.00 

FESEM 937 777.28 728309.00 

Total 1525   

 
Table 5(b). Test Statistics for Log10 (Particles) with an AR ≥ 3:1 Across 
the Category of Microscopy Method* 

 
Log10 (Width 

(µm)) 

Log10 (Length 

(µm)) 

Log10 (Aspect 

Ratio) 

Mann-Whitney U 163000.500 187275.500 262100.000 

Wilcoxon W 602453.500 626728.500 435266.000 

Z -13.439 -10.537 -1.598 

Asymp. Sig. (2-tailed)* .000 .000 .110 
 

*The mean ranks for recrystallized particles are higher than neocrystallized for all length and width. Asymp. Sig. < 0.05 for mean width and length 
but not AR. We reject the null hypothesis that mean width and length are similar between neocrystallized and recrystallized particles, but not AR.  
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Table 6(a). Ranks for Log10 (SEM Particles) with an AR ≥ 3:1 Across the Category of Crystallization Process and (b) Test Statistics for Log10 
(SEM Particles) with an AR ≥ 3:1 Across the Category of Crystallization Process.  

Table 6(a). Ranks for Log10 (SEM Particles) with an AR ≥ 3:1 Across the Category of 
Crystallization Process* 
 Crystallization Process N Mean Rank Sum of Ranks 

Log10 (Width (µm)) Neocrystallization 344 253.66 87260.50 

Recrystallization 244 352.07 85905.50 

Total 588   
Log10 (Length (µm)) Neocrystallization 344 235.25 80925.00 

Recrystallization 244 378.04 92241.00 

Total 588   
Log10 (Aspect Ratio) Neocrystallization 344 263.28 90568.00 

Recrystallization 244 338.52 82598.00 

Total 588   
 

Table 6(b). Test Statistics for Log10 (SEM Particles) with an AR ≥ 3:1 
Across the Category of Crystallization Process* 

 
Log10 (Width 

(µm)) 

Log10 (Length 

(µm)) 

Log10 (Aspect 

Ratio) 

Mann-Whitney U 27920.500 21585.000 31228.000 

Wilcoxon W 87260.500 80925.000 90568.000 

Z -6.923 -10.042 -5.292 

Asymp. Sig. (2-tailed)* .000 .000 .000 
 

*The mean ranks for recrystallized particles are higher than neocrystallized for all cases. Asymp. Sig. < 0.05, so we reject the null hypothesis that 
mean width, length, and aspect ratio are the same between neocrystallized and recrystallized particles.  
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Table 7(a). Ranks for Log10 (FESEM Particles) with an AR ≥ 3:1 Across Crystallization Process and (b) Test Statistics for Log10 (FESEM 
Particles) with an AR ≥ 3:1 Across Crystallization Process.  
 
Table 7(a). Ranks for Log10 (FESEM Particles) with an AR ≥ 3:1 Across the Category of 
Crystallization Process* 
 

Crystallization Process N Mean Rank Sum of Ranks 
Log10 (Width (µm)) Neocrystallization 354 422.31 149498.50 

Recrystallization 583 497.35 289954.50 

Total 937   

Log10 (Length (µm)) Neocrystallization 354 389.47 137871.00 

Recrystallization 583 517.29 301582.00 

Total 937   

Log10 (Aspect Ratio) Neocrystallization 354 440.03 155770.50 

Recrystallization 583 486.59 283682.50 

Total 937   

 
Table 7(b). Test Statisticsa for Log10 (FESEM Particles) with an AR ≥ 
3:1 Across the Category of Crystallization Process* 
 Log10 (Width 

(µm)) 

Log10 (Length 

(µm)) 

Log10 (Aspect 

Ratio) 

Mann-Whitney U 86663.500 75036.000 92935.500 

Wilcoxon W 149498.500 137871.000 155770.500 

Z -4.115 -7.010 -2.554 

Asymp. Sig. (2-tailed) .000 .000 .011 
 

*The mean ranks for recrystallized particles are higher than neocrystallized for all cases. Asymp. Sig. < 0.05, so we reject the null hypothesis that 
mean width, length, and aspect ratio are the same between neocrystallized and recrystallized particles.  
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Table 8. Assigned Mineral Name for All Particles with an AR ≥ 3:1. 
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Table 9. Assigned Mineral Name by Crystallization Process Particles with an AR ≥ 3:1. 
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Table 10. Assigned Mineral Group for All Particles with an AR ≥ 3:1 
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Table 11. Assigned Mineral Group by Crystallization Process for Particles with an AR ≥ 3:1 
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Table 12. Statistical Analysis of All Data with an AR ≥ 3:1 
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Table 13. Bundle Dimensions by Crystallization Type for Data with an AR ≥ 3:1 
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Table 14. Fiber Dimensions by Crystallization Type for Data with an AR ≥ 3:1 
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Table 15. Prismatic Crystal Dimensions by Crystallization Type for Data with an AR ≥ 3:1 
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Table 16. Combined Statistics of Fibers and Bundles with an AR ≥ 3:1 
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Table 17. Statistical Analysis of All Data with Particle Width ≤ 1 µm; AR ≥ 3:1 
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Table 18. Bundle Dimensions by Crystallization Type with Bundle Width ≤ 1 µm; AR ≥ 3:1 

 
 
 
 
  



76 
  

Table 19. Fiber Dimensions by Crystallization Type with Fiber Width ≤ 1 µm; AR ≥ 3:1 
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Table 20. Prismatic Crystal Dimensions by Crystallization Type with Prismatic Crystal Width ≤ 1 µm; AR ≥ 3:1 
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Table 21. Particles with a L ≥ 5 µm, W ≤ 1 µm, AR ≥ 3:1 
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Table 22. Bundles with a L ≥ 5 µm, W ≤ 1 µm, AR ≥ 3:1 
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Table 23. Fibers with a L ≥ 5 µm, W ≤ 1 µm, AR ≥ 3:1 
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Table 24. Prismatic Crystals with a L ≥ 5 µm, W ≤ 1 µm, AR ≥ 3:1 
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Table 25. Particles That Fit The OSHA Definition of an Asbestos Fiber (L ≥ 5 µm; AR ≥ 3:1) 
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Table 26. Particles That Fit The WHO Definition of an Asbestos Fiber (L ≥ 5 µm, W < 3 µm, AR ≥ 3:1) 
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Table 27. Particles That Fit The EPA TEM Counting Method Definition of an Asbestos Fiber (L ≥ 0.5 µm, AR ≥ 5:1) 
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Table 28. Particles That Fit Harper et al. (2012) definition of an Asbestos Fiber (W ≤ 1 µm; AR ≥ 3:1) 
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Table 29. Bundles That Fit The OSHA Definition of an Asbestos Fiber (L ≥ 5 µm; AR ≥ 3:1) 
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Table 30. Fibers That Fit The OSHA Definition of an Asbestos Fiber (L ≥ 5 µm; AR ≥ 3:1) 
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Table 31. Prismatic Crystals That Fit The OSHA Definition of an Asbestos Fiber (L ≥ 5 µm; AR ≥ 3:1) 
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Table 32. Bundles That Fit The WHO Definition of an Asbestos Fiber (L ≥ 5 µm, W< 3 µm, AR ≥ 3:1) 
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Table 33. Fibers That Fit The WHO Definition of an Asbestos Fiber (L ≥ 5 µm, W< 3 µm, AR ≥ 3:1) 
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Table 34. Prismatic Crystals That Fit The WHO Definition of an Asbestos Fiber (L ≥ 5 µm, W< 3 µm, AR ≥ 3:1) 
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Table 35. SEM Statistics with an AR ≥ 3:1 
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Table 36. FESEM Statistics with an AR ≥ 3:1 
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Table 37. Combined SEM and FESEM Statistics with an AR ≥ 3:1 
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Table 38.  Percent of particles in this study with an AR ≥ 3:1 that fit various asbestos parameters. 
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Table 39. Percent of particles in this study with an AR ≥ 3:1 that fit various asbestos fiber definitions. 
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Appendix B: Figures 

 

Figure 1: The life cycle of commercially and naturally-modified asbestos. Schematic courtesy of Metcalf et al. (2018).   
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Figure 2: Neocrystallized fibrous actinolite in a granitic fracture fill vein cutting through altered plagioclase (Type I). Cross polarized light. 
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Figure 3. Recrystallized fibrous actinolite formed via replacement of magmatic magnesio-hornblende surrounded by altered plagioclase and 
chlorite (Type III). Cross polarized light. 
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Figure 4. Neocrystallization fiber intergrowth within or on edges of other grains (Type II). Plane 
polarized light (A) and Cross polarized light (B).  
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Figure 5. Erosion of a granitic pluton within the McCullough Range that contains asbestos minerals. 
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Figure 6. Overview of the field area in McCullough Range, NV. 
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Figure 7. The locations of samples of neocrystallized and recrystallized fibrous amphibole collected January 10, 2018 in McCullough Range, 
Nevada. Fifteen GPS data points were collected for each sample bag. A total of 46 rocks were collected. 
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Figure 8. Hand sample of blue neocrystallized fibrous amphibole collected in McCullough Range, NV. 
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Figure 9. Hand sample of recrystallized fibrous amphibole collected in McCullough Range, NV.  
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Figure 10. Image of an Undergrad student at UNLV removing subsamples of both neocrystallized and 
recrystallized fibrous amphibole using a 0.015” diameter motorized drill. 
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Figure 11. Image of neocrystallized naturally-occurring asbestos fibers drilled from a hand sample 
collected within the McCullough Range, NV. 
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Figure 12. Image of the Scanning Electron Microscope in the EMiL Lab at the University of Nevada, Las 
Vegas. 
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Figure 13. Image of a prepared neocrystallized FESEM/ SEM sample. Sample prepared by placing the 
extracted subsamples on a polycarbonate 0.4 µm isopure filter, which was mounted on a plastic base with 
carbon tape and coated with carbon.  
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Figure 14. Photo of how we measured a particle using the imageJ program. Measurements were done in the following order (1) scale bar, (2) 
maximum length, (3) width measurement one, (4) width measurement two, and (5) width measurement three. All imageJ output measurements are 
done in pixels and can be seen within the length column from the Results section of the imageJ program. Pixels were converted to microns using 
the “length” results for the scale bar from the imageJ program for each image. After conversion to microns, an average width and aspect ratio were 
calucluated. 
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Figure 15. Continuous Field Information for Log10 (Particle Width) for Particles with an AR ≥ 3:1 Across Crystallization Process 
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Figure 16. Normal Q-Q Plot of Log10 (Neocrystallized Particle Width) for Particles with an AR ≥ 3:1 
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Figure 17. Normal Q-Q Plot of Log10 (Recrystallized Particle Width) for Particles with an AR ≥ 3:1 
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Figure 18. Detrended Normal Q-Q Plot of Log10 (Neocrystallized Particle Width) for Particles with an AR ≥ 3:1 
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Figure 19. Detrended Normal Q-Q Plot of Log10 (Recrystallized Particle Width) for Particles with an AR ≥ 3:1 
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Figure 20. Continuous Field Information for Log10 (Particle Length) for Particles with an AR ≥ 3:1 Across Crystallization Process 
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Figure 21. Normal Q-Q Plot of Log10 (Neocrystallized Particle Length) for Particles with an AR ≥ 3:1 
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Figure 22. Normal Q-Q Plot of Log10 (Recrystallized Particle Length) for Particles with an AR ≥ 3:1 
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Figure 23. Detrended Normal Q-Q Plot of Log10 (Neocrystallized Particle Length) for Particles with an AR ≥ 3:1 
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Figure 24. Detrended Normal Q-Q Plot of Log10 (Recrystallized Particle Length) for Particles with an AR ≥ 3:1 
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Figure 25. Continuous Field Information for Log10 (Particle Aspect Ratio) for Particles with an AR ≥ 3:1 Across Crystallization Process 
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Figure 26. Normal Q-Q Plot of Log10 (Neocrystallized Particle Aspect Ratio) for Particles with an AR ≥ 3:1 
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Figure 27. Normal Q-Q Plot of Log10 (Recrystallized Particle Aspect Ratio) for Particles with an AR ≥ 3:1 
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Figure 28. Detrended Normal Q-Q Plot of Log10 (Neocrystallized Particle Aspect Ratio) for Particles with an AR ≥ 3:1 
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Figure 29. Detrended Normal Q-Q Plot of Log10 (Recrystallized Particle Aspect Ratio) for Particles with an AR ≥ 3:1 
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Figure 30. U-Test formula that will be used to compare neocrystallized (population 1) and recrystallized 
(population 2) fibrous amphibole fibers to see if they are significantly different or similar. 
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Figure 31. Plan for statistical comparison between neocrystallized and recrystallized fibrous amphiboles for McCullough Range, NV. 
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Figure 32. NOA formed via replacement of magmatic magnesio-hornblende (left arrow) into NaFe 3+ fibrous amphibole (right arrow) asbestos 
surrounded by altered albite. Fibrous amphibole is intergrown with albite (right edge) along the amphibole pseudomorph boundary. Cross 
polarized light. Photo courtesy of Rodney Metcalf.  Modified from Austin et al. (2019). 
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Figure 33. FESEM (A-D) and SEM (E-F) photomicrographs of neocrystallized fibrous amphibole 
bundles.  
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Figure 34 (A-C). FESEM photomicrographs of neocrystallized fibrous amphibole fibers. 
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Figure 35. SEM photomicrograph of a neocrystallized prismatic crystal. 
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Figure 36(A-C). FESEM photomicrographs of recrystallized fibrous amphibole bundles.  
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Figure 37(A-C). FESEM photomicrographs of recrystallized fibrous amphibole fibers.  
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Figure 38. FESEM photomicrographs of recrystallized prismatic crystal. 
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Figure 39. SEM EDS analysis of my data set showing particles plotting mainly as calcic amphiboles. 
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Figure 40. A/B) EPMA-WDS analyses from Metcalf et al. (2018). C/D) SEM EDS analyses from Metcalf 
et al. (2018). All figures show NV samples plotting mainly as calcic amphiboles.  
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Figure 41. All Neocrystallized (open shapes) and recrystallized (solid shapes) amphibole data plotted 
aspect ratio vs. length. All plots contain both OSHA’s regulatory definition and EPA TEM Counting 
definition of an asbestos fiber.
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Appendix C: Supplemental Data 

All supplemental data can be found in ProQuest. 
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