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ABSTRACT 
 

Previous theoretical work suggests that faults in porous sedimentary rocks 

subjected to high strain rates do not form from deformation band damage zones (DBDZs) 

as typically observed in porous rocks. This hypothesis is evaluated by an investigation of 

faults mapped within the porous Navajo Sandstone at the Upheaval Dome impact 

structure in Canyonlands National Park, southeast Utah, where high strain rate conditions 

are known to have occurred. We found no evidence for DBDZ formation along the fault 

planes at Upheaval Dome.  Instead pulverized quartz grains within the Navajo Sandstone 

are revealed adjacent to several fault planes. This material has previously been observed 

and documented in association with dynamic fracturing in crystalline and sedimentary 

rocks along the San Andreas Fault in southern California and in metamorphic rocks along 

the Bosman fault in South Africa.  Additional work has shown that the grain sizes of 

pulverized rock can be related to the specific strain rate conditions under which 

pulverization occurred. Measured grain sizes obtained from the pulverized material 

collected at Upheaval Dome are found to be associated with strain rates of approximately 

100 and 103 s-1. Previously reported grain sizes for pulverized sedimentary rocks along 

the San Andreas Fault imply strain rates of approximately 10-2 to 101 s-1. Strain rates at 

Upheaval Dome are well above the average values associated with intraplate tectonics 

(10-20 to 10-17 s-1), but are consistent with, or somewhat faster than, seismic slip rates 

along faults such as the San Andreas Fault. 
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INTRODUCTION 

Several mechanisms for faulting that depend on rock type have been documented 

in the literature.  Better known cases involve faulting of low-porosity crystalline rock 

such as granite (Lockner et al, 1991; Lockner, 1995).  In this case, faulting occurs as a 

result of either sliding on pre-existing cracks (Segall and Pollard, 1983; Martel and 

Pollard, 1989) or on damage zones of cracks resulting from shear deformation (Wawersik 

and Fairhurst, 1970; Wawersik and Brace, 1971, Lockner et al., 1991).  In contrast, rocks 

of high porosity (>5%; Patterson and Wong, 2005), such as sandstones, first generate 

deformation band damage zones (DBDZs) that subsequently fault (Aydin and Johnson, 

1978; Shipton and Cowie, 2001, 2003). This sequence is well documented in rock such as 

the Navajo Sandstone (Aydin, 1978; Aydin and Johnson, 1978, 1983; Davis, 1999; Davis 

et al., 1999; Shipton and Cowie, 2001) and the Entrada Sandstone (Aydin, 1978; Aydin 

and Johnson, 1978, 1983) on the Colorado Plateau as well as other units throughout the 

world (Fossen et al., 2007).  Faulting in porous sedimentary rocks under tectonic 

conditions is well understood, although faulting in these same rocks at high strain rates 

has not been studied in the field. 

Recent experimental and theoretical work suggests that the formation of 

deformation bands and DBDZs may depend on the rate of deformation of the host rock 

(Fossum and Brannon, 2006). Using a combination of viscoplastic computer models and 

experimental validation (Kolsky bar tests), they find that for the Salem Limestone, 

compaction-dominated deformation (i.e. deformation bands and DBDZs) typically occurs 

three times faster than dilation-dominated deformation (i.e. cracking) (Fossum and 

Brannon, 2006). They showed that compaction-dominated deformation should develop in 
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the Salem Limestone at strain rates of 10-5 s-1 with cracking-dominated deformation 

occurring at strain rates of 105 s-1. This intriguing and novel result suggests that a 

transition from compaction-dominated deformation (DBDZs) to cracking-dominated 

deformation in other porous rock types, such as the Navajo Sandstone and the Entrada 

Sandstone, may also form under a particular range of strain rates. 

To evaluate the mechanics of faulting in porous sedimentary rocks subjected to 

high strain rates we focused on macroscopic and microscopic data collected in the field 

along faults inferred to have formed under these conditions. The Upheaval Dome impact 

structure was chosen for this investigation because high strain rate conditions are known 

to have been applied at this location during impact and faults associated with the impact 

event are well documented (Kriens et al, 1997, 1999; Kenkmann et al, 2005). Rock units 

affected by the impact and preserved within the perimeter of Upheaval Dome include the 

porous Navajo Sandstone, which provides an ideal lithology for comparing the mechanics 

of fault formation observed on the Colorado Plateau to those generated during a high 

strain rate impact event. We find that DBDZs do not form at high strain rates in the 

Navajo Sandstone at Upheaval Dome and instead a cracking-dominated behavior 

generating pulverized rock occurs. Using the measured grain sizes of the pulverized rock, 

strain rates under which this material formed are calculated and compared to additional 

pulverized rock data that has been collected along the Mojave section of the San Andreas 

Fault in southern California (Dor et al., 2009). 
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FAULTING IN POROUS SEDIMENTARY ROCKS 
 

The process leading to fault formation in porous sedimentary rocks has been 

extensively studied, particularly within the Colorado Plateau of the western United States 

(Aydin, 1978; Aydin and Johnson, 1978, 1983; Davis, 1999; Davis et al., 1999; Shipton 

and Cowie, 2001, 2003; Schultz and Balasko, 2003; Schultz and Siddharthan, 2005; 

Schultz and Okubo, 2005; Fossen et al., 2007). In porous granular rocks, such as 

sandstones, deformation bands and DBDZs (i.e. compaction-dominated deformation) are 

often observed in association with larger offset faults (Aydin and Johnson, 1978, 1983; 

Davis, 1999, Shipton and Cowie, 2001, 2003). Deformation bands are defined as tabular 

discontinuities within a porous granular rock that accommodate strain through 

compaction, dilation, shear, or a combination of these (Antonellini et al., 1994; Aydin et 

al., 2006; Schultz and Fossen, 2008). Deformation bands are commonly millimeters in 

width and accommodate shear displacement on the order of millimeters to centimeters 

(Aydin, 1978; Aydin and Johnson, 1978). As shown in Figure 1A and 1B, compactional 

and cataclastic deformation bands typically display strain-hardening and are therefore 

more resistant to erosion (Aydin, 1978).  

In thin section, deformation bands are characterized by an “inner zone” of 

intensely fractured and crushed grains (Aydin, 1978) and an “outer zone” in which pore 

space is decreased and grain-to-grain contact is increased (porosity reduced to ≤ 10%; 

Aydin, 1978) surrounded by undeformed rock (Aydin, 1978; Aydin and Johnson, 1978; 

Fossen et al., 2007). Primary mechanisms for the formation of deformation bands are the 

closing and collapsing of pore space within the rock, microfracturing, and rotation of the 

grains (Aydin, 1978). 
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Figure 1: Deformation and faulting in the porous Entrada Sandstone located near the San 
Rafael Swell in southern Utah. A. Several individual deformation bands. B. A DBDZ 
with linking geometries visible in cross-section.  Note that deformation bands in both A 
and B display strain hardening and positive relief in comparison to the surrounding, 
undeformed Entrada Sandstone. C. A normal fault with several meters of offset cutting 
the Entrada Sandstone above and the Carmel Formation below.  The fault is shown 
cutting through a DBDZ that is a approximately 3 meters in width. 
 

Due to the increased strength of the sandstone as a result of reduced porosity and 

strain-hardening (Aydin, 1978), further deformation within a porous rock is 

accommodated by the formation of additional parallel or subparallel deformation bands 

(Aydin and Johnson, 1978). The presence of two or more parallel or subparallel 

individual deformation bands defines a DBDZ (Aydin and Johnson, 1978). DBDZs 

characteristically display a lenticular or wavy pattern when observed in the field in plan 

view (Aydin, 1978; Aydin and Johnson, 1978; Schultz and Balasko, 2003) and a 

backward-breaking linking geometry in cross-section (Davis, 1999; Schultz and Balasko, 

2003). An oblique image of a DBDZ in the Entrada Sandstone is shown in Figure 1B and 
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displays the geometry of the zone in both plan view and cross-section. DBDZs are 

typically on the order of decimeters to meters in thickness (Aydin and Johnson, 1978; 

Shipton and Cowie, 2001; Schultz and Siddharthan, 2005), however thicknesses vary 

depending on the number of deformation bands within a zone and the width of the 

undeformed rock lenses between each of the bands (Aydin and Johnson, 1978). The total 

amount of offset accommodated by a DBDZ is determined by summing the 

displacements of each individual deformation band within the damage zone resulting in 

offsets up to several centimeters (Aydin and Johnson, 1978). 

To accommodate larger displacements on the order of decimeters to meters, a 

transition from a zonal-style of deformation within the DBDZ occurs and a slip-surface, 

or fault, forms (Aydin and Johnson, 1978, 1983). This transition occurs where the 

mechanical strength between the individual strain-hardened deformation bands 

comprising the DBDZ and the adjacent porous, relatively undeformed rock fails (Aydin 

and Johnson, 1983). In Figure 1C, a fault formed by failure within a DBDZ offsetting 

several meters of the Entrada Sandstone and Carmel Formation is shown. Although faults 

within porous sedimentary rock are commonly associated with deformation bands and 

DBDZs, deformation bands and DBDZs can occur in isolation and are not unique 

indicators of fault formation (Aydin and Johnson, 1978). 

 

UPHEAVAL DOME 
 

An impact structure is an ideal location to evaluate fault formation at high strain 

rates in porous sedimentary rocks where cracking-dominated deformation (i.e. dilational-

style deformation) is likely to occur as a result of the very high stresses applied.  Impact 
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structures are known to form as a result of average strain rates in excess of 10-2s-1 

(Melosh, 1989; Pati and Reimold, 2007). Upheaval Dome is a circular structure 

approximately 5.5 km in diameter located on the Colorado Plateau in southeastern Utah 

(Figure 2) and is estimated to be Jurassic (Alvarez et al., 1998) or Cretaceous (Kenkmann 

et al., 2005) in age.   

 

 
Figure 2: An oblique aerial view of the Upheaval Dome impact structure located in southeast 
Utah (see inset location map in the upper left corner). The central uplift is characterized by the 
light-colored rocks mounded in the center of the crater and is composed of the White Rim 
Sandstone (PWR) and the Moenkopi (TM) and Chinle (TC) Formations. The rim syncline is 
composed of the cliff-forming Wingate Sandstone (JW) located outside the central uplift, the 
topographic low formed by the Kayenta Formation (JK), and another cliff-forming unit, the 
Navajo Sandstone (JN), located along the perimeter of the crater. The rim monocline extends 
outward from the Navajo Sandstone to the flat lying strata surrounding the impact structure. The 
locations of the faults evaluated in this study, Fault 1 and Fault 2, are shown within the Navajo 
Sandstone of the rim syncline (photograph courtesy of Tom Till Photography, Moab, Utah). 
 

Structurally, Upheaval Dome is characterized by a complex central uplift, a rim 

syncline, and an outer monocline dipping away from the center of the structure 

(Shoemaker and Herkenhoff, 1983; Kriens et al., 1997, 1999; Jackson et al., 1998).  The 
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structurally complex central uplift at Upheaval Dome has been attributed to the 

gravitational collapse of the transient (bowl-shaped) crater formed during the initial 

stages of the impact event (Shoemaker and Herkenhoff, 1983; Melosh, 1989) and has led 

to the classification of Upheaval Dome as a complex impact crater (Shoemaker and 

Herkenhoff, 1983; Kriens et al., 1997, 1999).  A stratigraphic sedimentary sequence 

composed of the Permian White Rim Sandstone of the Cutler Group, Triassic Moenkopi 

and Chinle Formations, and Jurassic Wingate Sandstone, Kayenta Formation, and Navajo 

Sandstone is exposed within the structure (refer to Figure 3). We selected Upheaval 

Dome for this investigation because the lithologies exposed at this structure include the 

same lithologies (i.e. the Navajo Sandstone) in which faulting has been studied on the 

Colorado Plateau. The Navajo Sandstone in particular is an ideal lithology for evaluating 

the mechanics of faulting at high strain rates because it provides an opportunity to make 

mechanical comparisons to compactional deformation documented throughout the 

Colorado Plateau (Aydin, 1978; Aydin and Johnson, 1978; Davis, 1999; Shipton and 

Cowie, 2001, 2003). 

 

Origin 

For decades, the origin of Upheaval Dome had been a source of debate, however 

in recent years the theories for its formation have focused on salt intrusion or meteorite 

impact. According to the salt intrusion hypothesis, Upheaval Dome was formed by 

upward migration of salt from the underlying Paradox Formation which has been 

regionally identified as the source of numerous salt structures throughout the area 

(Harrison, 1927; McKnight, 1940; Mattox, 1975). Schultz-Ela (1994) and Jackson et al.  
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Figure 3: Stratigraphic column of units exposed at Upheaval Dome and younger eroded 
units after Jackson et al. (1998) (data from the Buck Mesa #1 well log, Fiero [1958], 
Mattox [1968], and Woodward-Clyde Consultants [1983]). Unit descriptions shown 
above are from Molenaar (1975). Comments regarding observed deformation bands and 
the ages of deformation are from Antonelli et al. (1994) (Entrada Sandstone), Davis et al. 
(1999) (Navajo Sandstone), and Okubo and Schultz (2007) (Wingate Sandstone).  
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(1998) suggested that a pinched-off salt diapir had passed through Upheaval Dome’s 

center and had subsequently been eroded away.  Using structural and stratigraphic 

relationships, Jackson et al. (1998) suggested that Upheaval Dome underwent prolonged 

growth beginning in the Jurassic that continued for ~ 20 million years.  They cited a 

concentric fold system composed of an outer rim monocline, a rim syncline, and an inner 

dome as geomorphic evidence for salt diapirism (Jackson et al., 1998).  Additional 

evidence cited in favor of salt diapirism was synsedimentary deformation (i.e. 

truncations, channels, and growth folds) within the Chinle Formation, Wingate 

Sandstone, and Kayenta Formation, and emplacement of the clastic dikes along faults 

inferred to have formed in the neck of the pinched-off salt structure (Jackson et al., 1998). 

Significant evidence supporting an impact origin for the structure has shown that 

Upheaval Dome is instead a deeply eroded impact crater. Shocked quartz grains (i.e. “the 

smoking gun”) have been obtained and identified in interbedded sandstone units within 

Kayenta Formation of Upheaval Dome’s rim syncline (Buchner and Kenkmann, 2008). 

Shocked quartz is known to form as a result of shock impact and is an undisputed 

indicator of an impact origin (Ashworth and Schneider, 1985; Gratz et al., 1988; French, 

1998).  

Huntoon (2000) presented a compilation of identified strain indicators 

documented at Upheaval Dome to show the structure’s morphology is consistent with 

proven impact craters rather than salt intrusion.  To do so, he categorized observed 

indicators with the excavation (initial formation) and modification (collapse) phases of 

crater formation as defined by Melosh (1989).  Citing the presence of cataclastic dikes, 

pseudo-shatter cones, and mechanical (i.e. thrust faulting) and ductile thickening 
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structures within the Wingate Sandstone, Huntoon (2000) correlated these features with 

the excavation phase of crater formation. Evidence for the modification phase include the 

presence of a central uplift peak, outwardly plunging anticlines, mechanical thinning 

resulting in the formation of a ring syncline, imbricated thrust sheets, and listric normal 

faults (Huntoon, 2000).  

Seismic reflection studies conducted through the structure have revealed that 

deformation decreases with depth and layers above the Paradox Formation are relatively 

flat lying, favoring an impact origin for Upheaval Dome and contradicting the salt 

intrusion model (Louie et al., 1995; Kanbur et al., 2000). Additional evidence supporting 

an impact origin for Upheaval Dome includes morphology and structural geology 

consistent with an impact structure (i.e. central uplift, rim syncline, and rim monocline 

[(Shoemaker and Herkenhoff, 1983; Kriens et al., 1997, 1999]), fault kinematics 

(Kenkmann et al., 2005), and microstructures such as cataclastic dikes (Kenkmann, 2003) 

and compactional deformation bands in the Wingate Sandstone (Okubo and Schultz, 

2007). Based on the evidence summarized above, Upheaval Dome is best interpreted as 

an eroded complex impact crater and faults mapped within the structure were formed in 

response to high strain rates generated during a hypervelocity impact event. 

 

Faulting 

The majority of terrestrial impact research has been focused on crater morphology 

(Shoemaker, 1960; Melosh and Gaffney, 1983; Melosh, 1989; Grieve, 1991; Morgan and 

Warner, 1999;Grieve and Therriault, 2003), geochemical characteristics such as the 

presence of high temperature and high pressure minerals and shock (or planar) 
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deformation features in quartz and feldspars (Grieve and Therriault, 2003; Osinski and 

Spray, 2005; Kenkmann, 2008), and shatter cones (Sagy et al., 2002, 2004; Grieve and 

Therriault, 2003; Pati and Reimold, 2007). In contrast, studies of faulting at impact 

craters are less common. For example, Spray (1997) identified faults at impact craters as 

“superfaults”, or faults that accommodate very large displacements (≥ 100 m) during 

single slip events in which velocities greater than 0.1 m/s occur. Although impact events 

are known to form “superfaults”, these faults are not unique to impact craters and are also 

documented in association with landslides and the collapse of caldera craters (Spray, 

1997).  

Detailed structural mapping studies have been conducted at Upheaval Dome in 

the United States (Kriens et al., 1997, 1999; Kenkmann et al., 2005) and Haughton crater 

in Canada (Osinski and Spray, 2005) resulting in fault kinematics that has been well-

documented at these locations. Structural and stratigraphic mapping at Upheaval Dome 

has been conducted by Kriens et al. (1997, 1999) and in the central uplift by Kenkmann 

(2003), Kenkmann et al. (2005), and Scherler et al. (2006).  Using a three dimensional 

(3D) visualization model (3D-Move), Kenkmann et al. (2005) evaluated the geometry of 

faults and strata within the central uplift at Upheaval Dome in order to better understand 

its deformational history. They found imbricated thrust slices are prominent in the central 

uplift with localized faulting common in stratified siliciclastic rocks and non-localized 

cataclastic flow dominant in massive sandstones (Kenkmann et al., 2005). Thrust faults 

with offsets ranging from 5 to 500 m are associated with structural thickening at 

Upheaval Dome and are prevalent within the central uplift of the structure (Kriens et al., 

1999; Kenkmann et al., 2005) and listric normal faults associated with structural thinning 
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are documented in the ring syncline of the crater (Kriens et al., 1999). In the field, offset 

bedding, drag folds, and fault striae have been used to infer inward radial vergence for 

normal faults and most thrust faults, with displacement along some concentric (circular) 

thrust faults (Kriens et al., 1999).   

Detailed mapping studies at Haughton crater on Devon Island, Canada (Osinski et 

al., 2005; Osinski and Spray, 2005) have also resulted in well-documented fault 

kinematics. Rocks affected by impact at Haughton crater include limestones, dolomites, 

evaporates and shales ranging from Ordovician to Silurian in age (Osinski et al., 2005; 

Osinski and Spray, 2005). Osinski and Spray (2005) have attributed observed sub-vertical 

radial faults and fractures, sub-horizontal bedding-parallel detachment faults, and minor 

concentric faults and fractures to the excavation phase of crater formation. Major listric 

faults, antithetic faults and collapse grabens, as well as additional sub-vertical radial 

faults and fractures with some oblique strike-slip motion are inferred to have developed 

during the modification stage (Osinski and Spray, 2005). Fault studies comparable to 

those conducted on the Colorado Plateau are not currently available for rocks located on 

Devon Island surrounding Haughton crater, therefore we chose to evaluate faulting at 

Upheaval Dome for this study. To date, an evaluation of the mechanics of faulting in high 

porosity rocks under impact conditions is not available. 

 

OBSERVATIONS 

Faults investigated in this study were identified at Upheaval Dome using the 

geologic map published by Kriens et al. (1999) and were limited to faults within the 

Navajo Sandstone, a porous, quartz-rich, cross-bedded sandstone unit and the underlying 
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Kayenta Formation (see Figure 3). Fault 2 has been mapped as a thrust fault (Kriens et 

al., 1999), however to date the kinematics at Fault 1 have not been documented. Evidence 

for the mechanics of fault formation is best preserved at fault tips where the offsets are 

smallest (Crider and Peacock, 2004), therefore we chose to focus on faulting observed 

within the rim syncline.  Faults in the central uplift of the crater where faulting of finer-

grained strata with large offsets is pervasive, and individual, continuous faults are 

difficult to identify, have been excluded from this study. Two faults, Fault 1 and Fault 2, 

were chosen for detailed study based on their locations and accessibility (Figure 2). 

Faults observed in association with the impact at Upheaval Dome are known to have 

formed during a single event with no significant offset occurring along the faults 

subsequent to crater formation.  Such conditions are ideal, as the evidence for fault 

formation will be preserved in its original form with no additional deformation or 

overprinting obscuring mechanical observations. 

Compactional (cataclastic) deformation bands of post-early Jurassic age have 

previously been documented at Upheaval Dome in the Wingate Sandstone, and based on 

calculated stress magnitudes of ≥0.7 GPa, the deformation bands have been attributed to 

the formation of Upheaval Dome during an impact event (Okubo and Schultz, 2007). 

During our investigation, deformation bands were also observed throughout the Navajo 

Sandstone in the rim syncline. The deformation bands were observed to be millimeters in 

width and occasionally accumulated into small DBDZs on the order of several 

centimeters in width as shown in Figure 4.  Observed deformation bands and DBDZs 

within the Navajo Sandstone exhibit no evidence (i.e. slip surfaces) for faulting.  
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Figure 4: Deformation bands within the Navajo Sandstone at Upheaval Dome. A. A small 
DBDZ (~ 5 cm in width) observed in the southeastern portion of the crater rim. Arrows 
mark the alignment of the DBDZ and distinguish it from the cross-bedding typical of the 
undeformed Navajo Sandstone. B. Three individual deformation bands (~ 1 mm in width) 
observed perpendicular to Fault 2 (a thrust fault with the fault plane and motion indicated 
by the red line and arrows).  The thicknesses of the bands decrease with proximity to the 
fault. 

 

At Fault 1 and Fault 2, we observed some additional deformation bands, but no 

occurrences of DBDZs like those found in the same rock types (i.e. Navajo Sandstone 

and Entrada Sandstone) outside the Upheaval Dome structure on the Colorado Plateau. 

As shown in Figure 4B, the bands observed next to the faults evaluated did not 

accumulate into DBDZs and are typically oriented perpendicular to the fault planes. The 

thicknesses of the deformation bands were approximately 1 mm with a visible reduction 

in thickness with proximity to the faults. We infer that the faults evaluated in this study 

are not related to the adjacent deformation bands within the Navajo Sandstone and were 

therefore not generated as a result of compaction-dominated deformation as typically 

observed throughout the Colorado Plateau.  If the deformation bands perpendicular to the 
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faults had existed before impact, we would expect to find the bands maintaining a 

relatively constant thickness abutting the fault plane and the bands offset by movement 

along the fault.  Had the bands formed as a direct result of impact, we anticipate the 

deformation bands would have formed parallel or subparallel to the fault plane. Therefore 

we suggest the deformation bands observed within the Navajo Sandstone formed 

independently after the impact event.  

Although Okubo and Schultz (2007) attributed compaction bands observed within 

the Wingate Sandstone to an impact event at Upheaval Dome, they showed the observed 

compaction bands did not form through-going faults in the Wingate Sandstone.  Okubo 

and Schultz (2007) also showed that the compaction bands formed during the initial 

compaction stage of impact and not during the subsequent excavation and modification 

stages during which faulting typically occurs (Melosh, 1989).  In the Cottonwood area of 

the Kaibab Uplift and the Sheets Gulch area between the Circle Cliffs and Miners 

Mountain Uplifts in western Utah, deformation bands and DBDZs have been documented 

in the upper Navajo Sandstone and are believed to have formed in response to Laramide 

(late Cretaceous to late Paleogene) uplift on the Colorado Plateau (Davis et al., 1999). It 

is possible that the deformation bands and DBDZs observed in eastern Utah may also 

have formed in response to the stresses applied during the Laramide. Deformation bands 

and DBDZs in closer proximity to Upheaval Dome have also been documented in Arches 

National Park in units ranging from the Chinle Formation to the Entrada Sandstone 

(Antonellini et al., 1994).  Here Antonellini et al. (1994) have suggested that the 

deformation bands and DBDZs likely formed in two stages during the Jurassic, first in 

response to upward salt movement followed by the subsequent dissolution of salt within 
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the salt-cored anticline. No measurements were made regarding the orientations of the 

deformation bands and DBDZs at Upheaval Dome during this investigation, therefore an 

origin for the stresses resulting in this deformation cannot be determined. Because 

DBDZs were not observed in association with the faults within the Navajo Sandstone at 

Upheaval Dome, we infer that the faults were formed by a mechanism different from that 

identified elsewhere on the Colorado Plateau (i.e. compaction-dominated deformation). 

Instead of faulted DBDZs, we observed a friable rock with a powdery texture 

along the fault planes.  At Fault 1, this rock is white in color and approximately 2 to 6 cm 

thick.  At Fault 2, the rock is tan in color and approximately 2 to 3 cm thick. At both 

faults, the Navajo Sandstone is observed above the fault and sheared Kayenta Formation 

is observed below; no parallel DBDZs are observed adjacent to either fault in the Navajo 

Sandstone as would be the case elsewhere on the Colorado Plateau in these units. The 

friable rock was identified as deformed Navajo Sandstone based on field relationships 

shown in Figure 5, in which it was consistently observed between the fault plane and 

relatively undeformed Navajo Sandstone. Thin section observations were also used to 

identify this material as Navajo Sandstone (i.e. quartz-rich, high porosity). Iron oxidation 

coating the quartz grains was noted in the thin section for the friable rock collected along 

Fault 2, and likely is responsible for the tan color observed. The deformed Navajo 

Sandstone was distinctly different from typical outcrops of tan and consolidated, 

relatively undeformed Navajo Sandstone observed elsewhere throughout the impact 

structure (see Figures 4 and 5). Preferential weathering resulting in the formation of 

caves, as shown in Figure 5, and planar gaps within the host rock is noted in association 

with the fault planes in which the friable rock was documented.   
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Figure 5: Fault 1 (fault plane shown in red) as observed the field with a cave formed likely due 
to preferential weathering of fault rock. Undeformed Navajo Sandstone surrounds the deformed 
fault rocks characterized by pulverized sandstone and sheared siltstone. A. A schematic diagram 
of Fault 1 with pulverized Navajo Sandstone shown in black just above the fault plane. B. A 
photograph of Fault 1 oriented facing south and away from the center of the crater. Pulverized 
Navajo Sandstone is shown as the thin white unit (2 to 6 cm in width) to the right of the field 
notebook and above the fault. In both A and B, sheared siltstone of the Kayenta Formation is 
observed beneath the fault plane and to the left of the notebook. The Kayenta Formation and 
Navajo Sandstone contact left of the main fault plane is shown by the dashed line on the left of 
the cave.  

 

 We interpret the friable rock observed along fault planes at Fault 1 and Fault 2 as 

“pulverized” Navajo Sandstone, a material consistent with cracking-dominated 

deformation.  Pulverized rock is defined by Dor et al. (2006) and Dor (2007) as rock that 

typically yields a white, powdery texture in the field and is observed in thin section to be 

shattered in place to the microscale maintaining its original grain fabric with little to no 

evidence for rotation or shear after fragmentation. Five damage classes distinguishing the 

intensities of fractured rock (including pulverized rock) have been identified (Dor et al.,  
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Damage Class Description 

I 
Weak 
fracturing 

Rock with large macroscopic fractures exceeding background 
fracture density. 

II Fragmentation 
Rock that is fragmented with cm-scale fractures. Rock yields a 
rugged appearance with fragments that can be crushed to smaller 
pieces by hand. 

III 
Intense 
fracturing 

Rock fractured at the grain-scale. Rock yields a texture similar to 
grus and is characterized by rough, rounded surfaces. 

IV 
Weak/selective 
pulverization 

Rock with grains fractured to the microscale. Some crystals or 
grains remain intact, some break along sub-crystal or grain 
fractures, and some yield a powdery texture. Rock is easily eroded 
with smooth and rounded outcrops. 

V 
Pervasive 
pulverization 

Rock with grains fractured to the microscale. All crystals or grains 
yield a powdery texture when crushed by hand. Rock is easily 
eroded with smooth and rounded outcrops. 

 
Table 1: Summary of damage classes ranging from degrees of fragmentation/fracturing 
(Classes I-III) to degrees of pulverization (Classes IV and V) as identified by Dor et al. 
(2006) along the Mojave section of the San Andreas Fault in southern California.  
Damage classes are determined by the intensity of observed deformation in proximity to 
faulting and range from weak fracturing at the macroscopic scale to pervasive 
pulverization at the microscopic scale (Dor et al., 2006; Dor, 2007). 
 

2006; Dor, 2007) and are summarized in Table 1. Damage along a fault plane has been 

shown to be asymmetric, with increased damage on the stiffer side of the fault where a 

higher seismic velocity is obtained during dynamic rupture (Dor et al., 2006, 2009). This 

is consistent with our observations at Upheaval Dome in which we find rock 

pulverization in the stiffer Navajo Sandstone above the fault plane and shear deformation 

in the softer clay and siltstone units of the Kayenta Formation below the fault plane.  

Pulverized rock along a fault is now recognized as distinct from gouge (Brune, 2001; Dor 

et al, 2006, 2009; Dor, 2007), which requires shearing and grain flow to form (Engelder, 

1974), and is considered to be diagnostic of high-velocity slip events along a fault 

(Brune, 2001; Dor et al., 2006, 2009; Dor, 2007; Wilson et al, 2005; Reches and Dewers, 

2005). 
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Current research on high strain-rate faulting has linked dynamic slip events to 

pulverization in a variety of rocks types ranging from granite to porous sandstones at the 

San Andreas Fault (Brune, 2001; Dor et al., 2006, 2009; Dor, 2007) and quartzites at the 

Bosman fault (Wilson et al, 2005; Reches and Dewers, 2005). Prior to this investigation, 

pulverized rock had not been identified or documented along faults within an impact 

structure. Although the origin of pulverized rock is not well understood, the structural 

context in which it is observed indicates a clear association with seismogenic faulting 

(Prakash et al., 2008). Two mechanisms have been proposed for the formation of 

pulverized rock including a localized reduction in fault-normal stress during rupture 

passage (Brune, 2001; Wilson et al., 2005; Dor et al., 2006) or pulverization due to 

changing stress conditions localized at the rupture tip during earthquake propagation 

(Reches and Dewers, 2005; Wilson et al., 2005).  

Analysis of pulverization in porous sedimentary rocks such as those found in the 

Juniper Hills and the Hungry Valley Formations along the San Andreas Fault suggests 

that the upper bound for rock pulverization is limited to the top 1 to 3 km of earth’s crust 

(Dor et al., 2009).  This inference is supported by poor consolidation and an abundance of 

open fractures observed within the Juniper Hills and Hungry Valley Formations 

suggesting that neither formation has been subjected to high confining stresses that would 

indicate deep burial (Dor et al., 2009). Field studies by several research groups world-

wide are demonstrating that material along some major faults may be pulverized rock, 

instead of gouge as had previously been mapped or inferred (Brune, 2001; Dor et al, 

2006), with important revised implications for the mechanical behavior of the faults.  
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In thin section pulverized rock differs significantly from fault gouge (Engelder, 

1974) or compaction bands (Holcomb et al, 2007; Schultz and Fossen, 2008) by the lack 

of rotation or shear of the grains after fragmentation. Gouge zones are typically 

characterized by the development of several different shear planes including en échelon 

R1-shears, conjugate R2-shears, antithetic P- and X-shears, and Y-shears parallel to 

country rock interfaces (Gu and Wong, 1994). Laboratory experiments evaluating the 

formation of gouge in coarse quartz grains (median particle size of 2.5x10-5 m) have 

shown that compactive grain crushing inhibits shear localization and results in 

homogeneous cataclastic flow (Gu and Wong, 1994). Only after sufficient compaction 

and grain-size reduction had occurred was shear localization observable in the coarse-

grained gouge (Gu and Wong, 1994). Fault material observed along Fault 1 and Fault 2 

displayed no evidence for shear localization or cataclastic flow after fragmentation, and is 

therefore consistent with pulverized rock and not gouge.  

 Varying degrees of pulverization within the Navajo Sandstone along faults at 

Upheaval Dome were observed in thin section with the highest degree of pulverization 

observed at Fault 1 (Figure 5) when compared to rock at Fault 2 and the undeformed 

Navajo Sandstone. Although grain rotation may have occurred during fault formation, 

any observable rotation or shear is much less than the grain sizes observed. As shown in 

Figure 6, pulverized grains observed in thin section have clearly been shattered yet 

maintain their original grain boundaries. Shattered clasts within these grains have been 

visibly reduced to the microscale with grain sizes ranging from 3.75x10-6 m to 1.40x10-4 

m. Thus weak/selective pulverization, in which some grains remain intact while others 

shatter, is identified in thin section along faults at Upheaval Dome (corresponding 
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approximately with damage class IV as defined by Dor et al., 2006 and Dor, 2007; Table 

1). 

 
Figure 6: Photographs of quartz grains in the undeformed Navajo Sandstone (A) and pulverized 
Navajo Sandstone (B). A. Grains shown in the undeformed rock are sub-angular to sub-rounded 
and display little to no fracturing. B. By contrast, the grains shown in the pulverized rock display 
significant fracturing. Also note, there is no significant evidence for rotation or shear and the rock 
maintains its original fabric (i.e. rock fabric and grain organization is the same as that presented 
by the undeformed rock in A). Images of thin sections recorded at 10x magnification, plane-
polarized light. Pore space in each section is represented by blue epoxy. 
 

ANALYSIS AND DISCUSSION  

Grain Size Analysis 

Several different methods have been employed to evaluate the reduced grain sizes 

of fault rocks including water disaggregation (An and Sammis, 1994; Reches and 

Dewers, 2005), sieve analysis (An and Sammis, 1994), Coulter-Counter analysis (An and 

Sammis, 1994), and digital analysis of grain perimeter ratios from thin section images 

(Dor, 2007, Dor et al., 2009). For this study, we chose to measure grain sizes directly 

from images taken from thin section. This method has been used in the evaluation of 

grain size reduction within deformation and compaction bands (Sternlof et al., 2005; 

Torabi et al., 2007) and displays the grain sizes and packing conditions as they exist in 

the field. 
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Figure 7: Log-log plot comparing pulverized grain sizes and original grain sizes 
measured in thin section. The regression lines in each data set were used to determine the 
power law governing grain size and were obtained by removing data outliers. A power 
law slope of 1.55 was obtained for the pulverized grains and a power law slope of 0.77 
was obtained for the original grains. 

 

Figure 7 presents a log-log plot of measured grain sizes collected from the thin 

section of the pulverized rock at Fault 1 (see Figure 6) and the power law distribution of 

the pulverized rock compared to the original grain sizes. Grain sizes obtained from the 

pulverized rock (i.e. individual grain fragments) have a larger concentration of 

microscale grain fragments than the undeformed rock (i.e. original grains). Although the 

regression lines shown in Figure 7 have a negative slope, the power law is reported as 

positive value by convention to allow for more direct comparisons to previous work 

evaluating the grain size distribution of fault gouge (An and Sammis, 1994; Sammis and 

Steacy, 1995; Sammis and King, 2007). 
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We obtain a two dimensional (2D) power law slope of 0.77 for the original grain 

sizes and 1.55 for the pulverized grain sizes collected from Upheaval Dome. We find that 

the power law slope obtained for the pulverized grain fragments is twice as large as the 

power law slope that is obtained for the original grains, however it is not clear if this 

relationship is significant.  The 1.55 power law slope obtained from the pulverized grain 

sizes is remarkably close to the 1.6 2D slope obtained from fault gouge reported by 

Sammis et al. (1987) and Sammis and Steacy (1995). It has been suggested that the 

distribution of grain size within fault gouge can be correlated to strain rate conditions 

(Sammis et al., 1987; An and Sammis, 1994; Sammis and Steacy, 1995; Sammis and 

King, 2007, etc.) Smaller grain sizes (≥ 0.1 mm) with a 2D power law slope of 2.0 have 

been reported in association with higher strain rates and larger grain sizes (≤0.001 mm) 

with a 2D power law slope of 2.6 associated with “low-strain gouge” (Sammis and King, 

2007). The pulverized rock collected at Upheaval Dome is inferred to have formed in a 

high strain rate environment, however the power law slope associated with our pulverized 

grain sizes matches the 1.6  2D power law slope for “low-strain gouge and breccia” 

reported by Sammis et al. (1987) and Sammis and Steacy (1995). Our data suggest a 

degree of non-uniqueness in grain size distributions of pulverized rock and fault gouge. 

Comparable studies using the method employed in this investigation (i.e. direct thin 

section measurements) for the evaluation of pulverized rock are not available in the 

literature, so we rely on observable traits in the field and in thin section to distinguish 

pulverized rock from fault gouge rather than the grain size distribution alone.  
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Strain Rates 

Results from laboratory and controlled blasting experiments used to evaluate 

dynamic fragmentation in rock have defined a relationship between grain size and the 

strain rate responsible for the observed grain size reduction (Grady and Kipp, 1987; Zhou 

et al., 2005). Blasting experiments were conducted within oil shales in Rifle, Colorado in 

order to prepare the rock for retorting (heating) allowing access to liquid oil (Grady and 

Kipp, 1987). Strain rates applied to the rock during these experiments ranged from 100 to 

104 s-1 bracketing the range of rates typically applied during blasting events (Grady and 

Kipp, 1987). The relationship derived by Grady and Kipp (1987) was most recently 

applied by Reches and Dewers (2005) in their study of dynamic fracture along fault 

zones.  This relationship is given by  

  

( ) 3

2

20














=

•

ερ d

IC

C

K
d   (1)   

 

where d is the diameter of the fragmented grains, KIC is the mode I fracture toughness of 

the unfractured grain, ρ is the rock density, Cd is the compressive (P-wave) velocity of the 

Navajo Sandstone, and
•

ε  is the strain rate applied to the rock at the time of faulting.   

Zhou et al. (2005) re-evaluated Grady and Kipp’s (1987) relationship between 

grain size and strain rate by comparing data generated from 1 dimensional (1D) armor 

ceramic system models to the data presented by Grady and Kipp. The comprehensive 

model presented by Zhou et al. (2005) took a numerical approach to the evaluation of 

dynamic fragmentation, considering a wide range of strain rates (101 to 5x106 s-1) and 
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incorporated various spatial distributions of intrinsic defects and material strengths. Zhou 

et al. (2005) also incorporated elastic wave interaction with cohesive crack opening 

resulting in a prediction of the number of fragments a rock will break into under a given 

strain rate. Grain sizes calculated from these simulations, in which original grains with 

randomly oriented flaws were subjected to high strain rate conditions (defined as ≥ 103 s-

1), revealed that grain sizes are reduced by approximately 40% compared to those 

predicted by Grady and Kipp (1987) (Zhou et al., 2005). At low (quasi-static) strain rates 

(≤ 101 s-1) where only a portion of the strain energy goes towards the development of new 

cracks, fragment sizes are not dependent on strain rate and a constant fragment grain size 

is predicted (Zhou et al., 2005). Applying rock properties appropriate to the Navajo 

Sandstone (discussed below), we predict a linear strain rate to grain size relationship for 

strain rates ≥ 10-1 s-1 with constant grain sizes of approximately 4x10-2 m predicted at 

strain rates ≤ 10-7 s-1 as shown in Figure 8. We also define a parameter, f, which accounts 

for the shift in values obtained by Grady and Kipp’s relation (1987) as suggested by Zhou 

et al. (2005). Adjusted to reflect this shift and rearranged for strain rate, Grady and 

Kipp’s equation (1987) is given by 
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where f = 1 in Grady and Kipp’s original equation (1987) and f = 0.4 following Zhou et 

al. (2005). We prefer strain rates obtained from Grady and Kipp’s (1987) adjusted 

relationship (Equation 2), where  f = 0.4. 
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We apply the adjusted Grady and Kipp (1987) relation (Equation 2) to the 

samples of pulverized rock obtained from the field locations at Upheaval Dome in order 

to estimate strain rates along the faults at the time of impact. We measured grain sizes 

from fragmented grains observed in thin sections (for example Figure 6) and plotted these 

as a function of strain rate as shown in Figure 8 using Equation 2. Along with measured 

grain sizes of 3.75x10-6 m to 1.40x10-4 m, we chose values of KIC of 10-100 MPa*m1/2, 

which brackets the 30 MPa*m1/2 used by Reches and Dewers (2005) by one order of 

magnitude, ρ of 2,250 kg/m3 appropriate to undeformed Navajo Sandstone (Sternlof et 

al., 2005; value obtained from the Aztec Sandstone which is correlative with the Navajo 

Sandstone [Marzolf, 1983]), and Cd of 2,483 m/s obtained using   

 

ρ
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(Reches and Dewers, 2005). Values were obtained for Lamé’s coefficient (λ) and the 

shear modulus (µ) using  
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(Timoshenko and Goodier, 1970), with Young’s modulus (E) of 20 GPa and Poisson’s 

ratio (ν) of 0.2 (Sternlof et al., 2005) appropriate to the Navajo Sandstone. 

Using a representative measured grain size of 4x10-5 m for pulverized rock 

observed along faults at Upheaval Dome in Equation 2 with f = 1 (Grady and Kipp, 

1987), we obtain a strain rate of 88 s-1. Using maximum and minimum measured grain 

sizes of 3.75x10-6 to 1.40x10-4 m, strain rates ranging from 5 to 1x104 s-1 are obtained. 

Using f = 0.4, we obtain a representative strain rate of 2x101 s-1 for faulting at Upheaval 

Dome, with strain rates ranging from 1 to 3x103 s-1 using maximum and minimum 

measured grain sizes. Results are presented in Figure 8 with the dashed line on the right 

side of the plot representing KIC = 100 MPa*m1/2 for f = 1 and the solid lines representing 

KIC ranging from 10 MPa*m1/2 to 100 MPa*m1/2 following Reches and Dewers (2005) 

for f = 0.4.  

To compare strain rates calculated along faults within Upheaval Dome to rates 

generated elsewhere, strain rates associated with the pulverization of sedimentary rocks 

documented and studied along the Mojave section of the San Andreas Fault in southern 

California (Dor et al., 2009) were also calculated. Doan and Gary (2008) estimated strain 

rates responsible for generating pulverized rock along the San Andreas Fault of at least 

1.5x10-2 s-1 using high strain rate laboratory testing methods. Using grain sizes ranging 

from 2.56 x10-3 to 1.51x10-4 m obtained by Dor et al. (2009) for pulverized sedimentary 

rocks along the San Andreas Fault and Grady and Kipp’s (1987) relationship (Equation 2, 

with f = 1), we obtain maximum and minimum strain rates ranging from 6x10-2 to 4x101 

s-1. Using f = 0.4, we obtain strain rates ranging from 2x10-2 to 2x101 s-1.   
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Figure 8: Plot of measured pulverized grain sizes and corresponding strain rates for data 
collected along faults at Upheaval Dome (this work) and the sedimentary rocks along the San 
Andreas Fault (Dor et al., 2009). Equation 2, where f = 1 (from Grady and Kipp, 1987) with a KIC 
of 100 MPa has been plotted as a dashed line in on the right hand side of the figure for 
comparison to Equation 2, where f = 0.4 (following Zhou et al., 2005) plotted as solid lines.  

 

We find that strain rates calculated for faults at Upheaval Dome (1 to 3x103 s-1) 

remain larger in magnitude than strain rates calculated along the Mojave section of the 

San Andreas Fault (2x10-2 to 2x101 s-1). The strain rates calculated for pulverized rock at 

Upheaval Dome and the San Andreas Fault exceed those typically reported in the 

literature for intraplate tectonics (i.e. tectonic deformation occurring with distance from 

active tectonic margins or plate boundaries) which range from 10-20 to 10-17 s-1 (Gordon, 

1998) as well as those used in standard uniaxial and triaxial laboratory experiments (e.g. 
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ASTM Standard D7012, 2004). Strain rates we have calculated for Upheaval Dome are 

up to 20 orders of magnitude larger than the highest strain rates generated in intraplate 

tectonic settings.  Our findings suggest that there is a rate-dependence for faulting in 

porous sedimentary rocks with DBDZs developing in response to strain rates < 10-2 s-1 

and pulverized rock forming in response to strain rates ≥ 10-2 s-1. 

According to Wilson et al. (2005), rock pulverization is a function of strain rate 

and velocity resulting from a single earthquake event but not a function of cumulative 

slip. Zones of pulverized rock are observed to approach 100 to 200 meters in thickness 

along the Mojave section of the San Andreas Fault (Brune, 2001; Dor et al., 2006, 2009) 

where fault offset is on the order of tens to hundreds of kilometers (Wilson et al., 2005). 

By contrast, zones of pulverized rock observed along faults located within the rim 

syncline in this study are several centimeters in thickness. Maximum fault offsets within 

the rim syncline at Upheaval Dome where the faults evaluated in this study are located 

are estimated to be on the order of meters to tens of meters (Kenkmann et al., 2005). It 

appears that the width of pulverized zones is related to the amount of fault offset.  

 

CONCLUSIONS 
 

We find that faulting in the porous Navajo Sandstone within the rim syncline of 

Upheaval Dome is accommodated by the formation of selectively pulverized rock along 

fault planes and not by the formation of DBDZs, as observed elsewhere on the Colorado 

Plateau outside the impact structure. Using the relationships obtained by Grady and Kipp 

(1987) and Zhou et al. (2005), we find that these faults formed in response to strain rates 

ranging from 1 to 3x103 s-1. Our findings indicate that at strain rates of 10-2 s-1 and greater 
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cracking-dominated deformation (i.e. pulverization) occurs in the Navajo Sandstone, and 

at strain rates less than 10-2 s-1 compaction-dominated deformation (i.e. deformation 

bands and DBDZs) occurs. We also infer that strain rates ranging from 6x10-2 to 2x101 s-1 

were generated during dynamic earthquake events along the Mojave section of the San 

Andreas Fault. Our results further support the conclusion that Upheaval Dome formed in 

response to a meteorite impact.  

Our findings provide additional insight into fault formation. Pulverized rock has 

been documented in all rock types (i.e. sedimentary, crystalline, and metamorphic) where 

faulting is observed. We suggest that detailed mapping and evaluations of faults formed 

in response to terrestrial impact cratering events may yield additional occurrences of 

pulverized rock providing an additional independent criterion for identifying potential 

terrestrial impact craters. Because faulting is more prevalent within complex craters as 

opposed to simple craters, we anticipate additional evidence for pulverized rock is more 

likely to be found along faults within preserved complex craters. Understanding strain 

rate conditions at an impact site provides a new source of information regarding the 

mechanical responses of rock types affected by deformation at impact strain rates. Impact 

craters, such as Upheaval Dome, where faults are radial and display greater offsets at the 

center of the crater than at the crater rims, may provide ideal locations for testing the 

relationship fault offsets to the widths of pulverized zones.  
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APPENDIX 1: GRAIN SIZE MEASUREMENTS 
 
 This appendix provides grain size measurements and calculations made from thin 

sections obtained from pulverized rock material along Fault 1 (see Figures 2, 4, and 5). 

The first table is a compilation of measurements of the individual pulverized/ fractured 

grains. In order to compare the pulverized grain sizes to the original grain sizes prior to 

faulting and pulverization, the second table is a compilation of measurements of the 

original quartz grains. These measurements were possible because the rock’s original 

fabric was maintained after pulverization thus preserving original grain boundaries in 

contrast to fault gouge in which grains are sheared. In each case, the left column 

represents the numbers of grains measured (n, unitless), the middle columns display 

length (l1) and width (l2) data measured directly from thin section images (in mm), and 

the right column presents the calculated grain size (d, in mm) obtained from the equation 

2
21 ll

d
+

=     (A1) 

The average grain sizes for the pulverized material and the original grains are reported at 

the bottom of Tables A1 and A2 respectively. 
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Table A1: Pulverized Rock Grain Size Data 

n l1 (mm) l2 (mm) d (mm) 
1 0.9 0.055 0.4775 
2 0.32 0.17 0.245 
3 0.16 0.12 0.14 
4 0.22 0.03 0.125 
5 0.16 0.09 0.125 
6 0.14 0.1 0.12 
7 0.14 0.1 0.12 
8 0.15 0.1 0.12 
9 0.16 0.06 0.11 
10 0.13 0.09 0.11 
11 0.13 0.09 0.11 
12 0.16 0.04 0.1 
13 0.15 0.05 0.1 
14 0.1 0.1 0.1 
15 0.14 0.005 0.095 
16 0.11 0.07 0.09 
17 0.12 0.05 0.085 
18 0.12 0.04 0.08 
19 0.11 0.05 0.08 
20 0.1 0.05 0.08 
21 0.09 0.06 0.075 
22 0.08 0.06 0.07 
23 0.11 0.03 0.07 
24 0.1 0.04 0.07 
25 0.08 0.06 0.07 
26 0.08 0.06 0.07 
27 0.08 0.06 0.07 
28 0.12 0.01 0.065 
29 0./9 0.04 0.065 
30 0.08 0.05 0.065 
31 0.07 0.06 0.065 
32 0.07 0.06 0.065 
33 0.07 0.05 0.06 
34 0.09 0.03 0.06 
35 0.09 0.03 0.06 
36 0.06 0.06 0.06 
37 0.07 0.04 0.055 
38 0.08 0.03 0.055 
39 0.08 0.03 0.055 
40 0.06 0.05 0.055 
41 0.06 0.05 0.055 
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Table A1: Pulverized Rock Grain Size Data Continued 

n l1 (mm) l2 (mm) d (mm) 
42 0.06 0.05 0.055 
43 0.06 0.05 0.05 
44 0.08 0.02 0.05 
45 0.07 0.02 0.045 
46 0.07 0.02 0.045 
47 0.07 0.02 0.045 
48 0.07 0.02 0.045 
49 0.06 0.02 0.04 
50 0.06 0.02 0.04 
51 0.05 0.03 0.04 
52 0.05 0.03 0.04 
53 0.05 0.03 0.04 
54 0.05 0.03 0.04 
55 0.05 0.03 0.04 
56 0.05 0.03 0.04 
57 0.04 0.04 0.04 
58 0.05 0.025 0.0375 
59 0.05 0.02 0.035 
60 0.05 0.02 0.035 
61 0.05 0.02 0.035 
62 0.05 0.02 0.035 
63 0.045 0.025 0.035 
64 0.04 0.03 0.035 
65 0.04 0.03 0.035 
66 0.04 0.03 0.035 
67 0.04 0.03 0.035 
68 0.04 0.03 0.035 
69 0.04 0.03 0.035 
70 0.06 0.01 0.035 
71 0.045 0.02 0.0325 
72 0.045 0.02 0.0325 
73 0.04 0.025 0.0325 
74 0.04 0.02 0.03 
75 0.04 0.02 0.03 
76 0.04 0.02 0.03 
77 0.04 0.02 0.03 
78 0.04 0.02 0.03 
79 0.03 0.03 0.03 
80 0.04 0.01 0.025 
81 0.03 0.02 0.025 
82 0.03 0.02 0.025 
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Table A1: Pulverized Rock Grain Size Data Continued 

n l1 (mm) l2 (mm) d (mm) 
83 0.03 0.02 0.025 
84 0.03 0.02 0.025 
85 0.03 0.02 0.025 
86 0.03 0.02 0.025 
87 0.03 0.02 0.025 
88 0.03 0.01 0.02 
89 0.03 0.01 0.02 
90 0.025 0.015 0.02 
91 0.02 0.02 0.02 
92 0.02 0.02 0.02 
93 0.02 0.02 0.02 
94 0.02 0.015 0.0175 
95 0.02 0.015 0.0175 
96 0.02 0.015 0.0175 
97 0.02 0.015 0.0175 
98 0.02 0.015 0.0175 
99 0.025 0.005 0.015 
100 0.02 0.01 0.015 
101 0.02 0.01 0.015 
102 0.02 0.01 0.015 
103 0.02 0.01 0.015 
104 0.02 0.01 0.015 
105 0.02 0.01 0.015 
106 0.02 0.01 0.015 
107 0.02 0.01 0.015 
108 0.02 0.01 0.015 
109 0.02 0.01 0.015 
110 0.02 0.01 0.015 
111 0.02 0.01 0.015 
112 0.02 0.01 0.015 
113 0.02 0.01 0.015 
114 0.02 0.01 0.015 
115 0.02 0.01 0.015 
116 0.02 0.01 0.015 
117 0.02 0.01 0.015 
118 0.015 0.015 0.015 
119 0.02 0.005 0.0125 
120 0.02 0.005 0.0125 
121 0.015 0.01 0.0125 
122 0.015 0.01 0.0125 
123 0.015 0.01 0.0125 
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Table A1: Pulverized Rock Grain Size Data Continued 

n l1 (mm) l2 (mm) d (mm) 
124 0.015 0.005 0.01 
125 0.015 0.005 0.01 
126 0.015 0.005 0.01 
127 0.01 0.01 0.01 
128 0.01 0.01 0.01 
129 0.01 0.01 0.01 
130 0.01 0.01 0.01 
131 0.01 0.01 0.01 
132 0.015 0.0025 0.00875 
133 0.01 0.005 0.0075 
134 0.01 0.005 0.0075 
135 0.01 0.005 0.0075 
136 0.01 0.005 0.0075 
137 0.01 0.005 0.0075 
138 0.01 0.005 0.0075 
139 0.01 0.005 0.0075 
140 0.01 0.0025 0.00625 
141 0.005 0.005 0.005 
142 0.005 0.005 0.005 
143 0.005 0.005 0.005 
144 0.005 0.005 0.005 
145 0.005 0.005 0.005 
146 0.005 0.0025 0.00375 
147 0.005 0.0025 0.00375 
148 0.005 0.0025 0.00375 

Average pulverized grain size: 0.04 ± 0.4 mm 
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Table A2: Original Grain Size Data 

n l1 (mm) l2 (mm) d (mm) 
1 0.0475 0.44 0.4575 
2 0.04 0.325 0.3625 
3 0.55 0.03 0.29 
4 0.33 0.21 0.27 
5 0.45 0.04 0.245 
6 0.22 0.15 0.185 
7 0.15 0.11 0.13 
8 0.14 0.11 0.125 
9 0.15 0.09 0.12 
10 0.14 0.085 0.1125 
11 0.135 0.07 0.1025 
12 0.08 0.06 0.07 
13 0.07 0.06 0.065 
14 0.07 0.06 0.065 
15 0.08 0.035 0.0575 
16 0.07 0.04 0.055 
17 0.07 0.03 0.05 
18 0.045 0.04 0.0425 
19 0.055 0.03 0.0425 
20 0.05 0.03 0.04 
21 0.05 0.03 0.04 
22 0.06 0.02 0.04 
23 0.05 0.025 0.0375 
24 0.05 0.02 0.035 
25 0.05 0.02 0.035 
26 0.04 0.02 0.03 
27 0.035 0.02 0.0275 
28 0.03 0.025 0.0275 
29 0.025 0.025 0.025 
30 0.025 0.02 0.0225 
31 0.03 0.015 0.0225 
32 0.03 0.01 0.02 
33 0.025 0.015 0.02 
34 0.02 0.015 0.0175 
35 0.02 0.01 0.015 
36 0.02 0.01 0.015 
37 0.015 0.01 0.0125 
38 0.015 0.01 0.0125 
39 0.015 0.01 0.0125 
40 0.01 0.01 0.01 
41 0.01 0.01 0.01 
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Table A2: Original Grain Size Data Continued 

n l1 (mm) l2 (mm) d (mm) 
42 0.01 0.01 0.01 
43 0.01 0.005 0.0075 
44 0.01 0.005 0.0075 
45 0.01 0.005 0.0075 
46 0.01 0.005 0.0075 

Average original grain size: 0.07 ± 0.4 mm 

 


