
 

 

 

 

ABSTRACT 

Correlation of Earthquakes with Seismogenic Faults along the Northern Arizona Seismic 

Belt, Southwestern Margin of the Colorado Plateau 

 

Daniel S. Lancaster, M.S. 

Committee Chairperson: Vincent S. Cronin, Ph.D. 

 

 

 The Northern Arizona Seismic Belt (NASB) is one of the most seismically active 

areas in Arizona, and extends from near Kanab in southernmost Utah to the Mogollon 

Plateau south of Flagstaff, Arizona.  The NASB defines the seismic boundary between 

the Colorado Plateau and the Basin and Range Provinces.  This research attempts to 

spatially correlate four M≥4.0 earthquakes that had epicenters in the Kanab-Fredonia area 

of the NASB with the faults that might have generated them. 

 Earthquakes were correlated spatially with mapped faults and distinct geomorphic 

lineaments within the West Kaibab fault system, which to this point has minimal 

documented evidence of late Neogene movement.  Recognition of recent seismicity along 

the West Kaibab fault system is consistent with the hypothesis that Basin and Range 

extensional faulting is expanding into the Colorado Plateau. 
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CHAPTER ONE 

Introduction 

 

The study area of this research is along the northern portion of the Northern 

Arizona Seismic Belt (NASB;  Brumbaugh, 1987;  Wong and Humphrey, 1989;  Lay et 

al., 1994;  Brumbaugh, 2005), extending from north of the Grand Canyon into the 

southernmost part of Utah between 36.5°-37.5° north latitude and 112.0°-113.0° west 

longitude (Figure 1).  The NASB is one of the most seismically active regions of Arizona 

and has produced earthquakes as large as M 6.2 in both 1906 and 1912 (Bausch and 

Brumbaugh, 1997).  Since 1959, there have been four earthquakes greater than M 4.0 

along the NASB within the study area.  Due to the infrequency of large earthquakes, the 

seismicity of the region has not been studied to the same extent as more seismogenic 

areas in California and elsewhere. 

 

 
Figure 1.  Location of study area (dashed box).  Regions of high epicenter concentration are in the 

darker gray area (after Brumbaugh, 1987). 
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Earthquakes in the study area have been loosely associated with the Toroweap-

Sevier, West Kaibab, and Big Springs faults (Brumbaugh, 2008), but whether these or 

other faults are the source of the earthquakes has not yet been established (Figure 2).  

Locations and focal-mechanism solutions for four moderately-sized earthquakes have 

been determined, including the M 5.75 event on 07/12/1959, the M 4.5 and M 4.4 events 

on 02/15/1962, and the M 4.0 event on 04/26/1991 (Brumbaugh, 2008).  Though the 

earthquake epicenters were located in the vicinity of the major northeast-trending normal 

faults, the nodal planes of three of the four focal-mechanism solutions do not have a 

northeast orientation.  The orientation of the nodal planes indicates the possibility of 

northwest trending seismogenic faults. 

 

 

 
Figure 2.  Locations of mapped faults and epicenters of earthquakes greater than M 4.0 within the 

study area.  Fault locations from USGS Quaternary Faults and Folds Database (USGS, 2009) and 

published geologic maps (Billingsley, 2000;  Billingsley et al., 2008;  Doelling, 2008).  

Earthquake locations by Brumbaugh (2008)   
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Recognition of seismogenic faults is needed to better estimate the seismic hazards 

in the region.  The 1959 M 5.75 earthquake caused damage to unreinforced masonry 

structures in both Fredonia, Arizona, and Kanab, Utah, and triggered a rockslide at 

Mather Point in the Grand Canyon (Stover and Coffman, 1993).  Population centers 

within the study area include Kanab, Utah (population 3,804), Fredonia, Arizona 

(population 1,145), Springdale, Utah (population 631) and the Kaibab Paiute Indian 

Reservation (population 196;  USA Census, 2009).  Although the study area has a 

relatively small permanent population, the Kaibab National Forest (150,000 visitors/year;  

stateparks.com, 2010), Grand Canyon National Park (~5 million visitors/year;  National 

Park Service, 2010), and Zion National Park (2.7 million visitors/year;  National Park 

Service, 2010) attract several million visitors to the area each year. 

Seismogenic faults are typically recognized by observing exposed fault surfaces 

in trenches and determining the age of displaced late Neogene sediment along the fault 

(Grant, 2002;  McCalpin, 2009:  Ziony and Yerkes, 1985).  Extensive field investigation 

to locate exposed fault surfaces within the study area is difficult due to limited road 

access, locally high topographic relief, and locally dense vegetation.  Remote sensing can 

be used as a tool to identify the surface trace of faults and regional joint sets, helping to 

focus field work.   

High-resolution digital elevation models (DEM) provide an image of the ground 

surface free of obstruction by vegetation and many forms of human development that do 

not involve grading.  DEMs can be used to produce hillshade surface images which can 

emphasize geomorphic evidence of faulting.  Examination of hillshade surfaces to 
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identify linear geomorphic features can generate hypotheses of potential fault locations, 

which then can be investigated in more detail in the field.   

Cronin (2004) has developed a Mathematica code which projects nodal planes of 

focal-mechanism solutions from a reported earthquake focus to the ground surface, 

represented by a DEM.  With allowance for the vertical and horizontal uncertainty of the 

earthquake location, the intersection between the nodal plane and the ground surface 

forms a linear swath.  This swath is referred to as the seismo-lineament (Cronin et al., 

2008).  If the fault surface is approximately planar and the focal-mechanism solution is 

valid within the reported uncertainty, the trace of the fault that produced the earthquake is 

likely to be within the seismo-lineament.  This method can provided spatial correlation 

between a reported earthquake and a seismogenic fault.  Field work can then be done to 

investigate faults within the seismo-lineament and identify any additional evidence of 

recent movement.           

The purpose of this research is to attempt to spatially correlate the four M≥4.0 

earthquakes that had epicenters in the Kanab-Fredonia area with the faults that might 

have generated them.  This was done by using seismo-lineament analysis and field work 

to identify faults with similar orientations to the earthquake nodal planes. 
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CHAPTER TWO 

Background 

 

 

Northern Arizona Seismic Belt 

 Seismicity in northwestern Arizona is concentrated along a trend extending 

southeast from southernmost Utah to the Mogollon Plateau south of Flagstaff, Arizona 

(Figure 3).  This trend of seismicity is referred to as the Northern Arizona Seismic Belt 

(NASB;  Brumbaugh, 2008a;  Wong and Humphrey, 1989;  Lay et al., 1994;  

Brumbaugh, 2005).  The largest historic earthquake events in Arizona have occurred 

within the NASB, with the 1906, 1910, and 1912 events ranging from Ms 6.0-6.2 (Bausch 

and Brumbaugh, 1997).  Although large events have occurred along the NASB, they are 

infrequent.  According to the National Earthquake Information Center (NEIC), the 

majority of recorded earthquakes in the region are less than M 3.0 (USGS, 2010a).  

Within the Kanab-Fredonia study area, only four earthquakes greater than M 4.0 were 

recorded between 1959 and 2004 (Brumbaugh, 2008).   

The occurrence of shallow-focus earthquakes most likely indicates the presence of 

active faulting (e.g. Bolt, 1999).  Focal-mechanism solutions calculated within the study 

area and along the NASB further to the south show that the earthquakes are produced 

along fault surfaces trending approximately north-northwest with a normal to normal-

oblique sense of motion (Figure 3;  Lay et al., 1994;  Brumbaugh, 2005;  Brumbaugh, 

2008).  The focal-mechanism solutions indicate an overall east-west extension of the 

region.   
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Figure 3.  Map of the Northern Arizona Seismic Belt showing location of the seismically active 

Kanab-Fredonia area outlined by the dashed box (See figure 4).  Fault locations are from the 

Quaternary Fault and Fold Database and the Arizona Geological Survey (USGS and AGS, 

2006).  Earthquake epicenters are from the Arizona Earthquake Information Center. Focal-

mechanism solutions from Lay et al. (1994) and Brumbaugh (2005 and 2008).  Modified from 

Brumbaugh and Cronin (2009), and used with permission. 
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Earthquake epicenters appear to be clustered in several “hotspots” comprised of 

the larger events surrounded by multiple smaller events (Figure 4).  Between 1959 and 

2004 only seven earthquakes have been located outside these clusters.  The distribution of 

earthquake epicentral locations indicates that the majority of earthquakes occur spatially 

close to the Toroweap-Sevier, West Kaibab, and Big Springs faults and that the areas 

between these major faults are relatively quiet with respect to seismicity. This led 

Brumbaugh (2008) to conclude that the earthquakes in the region originate along these 

main faults or on unmapped faults that are consistent with the regional tectonic 

framework (Brumbaugh, 2008).       

 

 

 
Figure 4.  Distribution of earthquake epicenters within the study area between 1959-2004.  

Clusters of earthquakes are grouped by thin black lines.  Focal-mechanism solutions are associated 

with earthquakes ≥ M 4.0.  Figure modified from Brumbaugh (2008) and used with permission. 
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The Toroweap fault (commonly referred to as the Toroweap-Sevier fault) is a 

high-angle normal fault that dips to the west and is believed to have late Neogene 

displacement.  Within the study area, the Toroweap-Sevier fault has a total displacement 

ranging from 100 to 500 m and is expressed by a west-facing escarpment through 

Paleozoic bedrock (Figure 5;  Black and Hecker, 1997).  Huntoon (1977) described 

geomorphic evidence along the Toroweap-Seiver fault that could indicate late Neogene-

aged motion.  Jackson (1990) suggested that there has been movement along the 

Toroweap-Sevier fault within the last 100,000 years, with the most recent displacement 

within the last 4,000 years.  A more recent study by Karlstrom and others (2007) dated 

basalts exposed in the Grand Canyon and estimated a displacement along the Toroweap-

Sevier fault of 44 to 60 meters in the last 600,000 years.  Correlation between a modern 

earthquake and the Toroweap-Sevier fault would greatly improve the estimate of the most 

recent movement along the fault. 

The West Kaibab and Big Springs faults are also large westward-dipping normal 

faults like the Toroweap-Sevier, but do not have comparable evidence of late Neogene 

displacement.  Pearthree and others (1983) have stated that the West Kaibab and Big 

Springs faults were likely active during the late Neogene, but there is no documentation 

of displacement of late Neogene material. 

The West Kaibab and Big Springs faults are part of the West Kaibab fault system 

and form the western boundary of the Kaibab Plateau (Figure 4).  The fault system is 

comprised of several normal faults which generally trend north, but some sections trend 

northwest, northeast, or east-west.  The locations of faults within the West Kaibab fault 

system are primarily recognized through geomorphic features (Strahler, 1948).  The 
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major faults are general expressed by west-facing escarpments through Paleozoic bedrock 

(Figure 6).  A description of the West Kaibab fault system was compiled by Pearthree 

(1997).   

     

 
 

 

 

 

Figure 5.  Escarpment formed by the Toroweap fault.  Photograph was taken at 36.6823 N and 

112.8155 W facing 165°. 

Figure 6.  Escarpment formed by the West Kaibab fault.  Photograph was taken at 36.6620 N and 

112.3830W facing 40°. 
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Colorado Plateau – Basin and Range Transition Zone 

The study area is situated on the southwestern edge of the Colorado Plateau (CP).  

This region is considered a transition zone between the CP and the Southern Basin and 

Range (BR):   physiographically the region is part of the CP, but structurally it is related 

to the BR (Figure 7).  This is evident when considering the presence of prominent north-

trending normal faults, which are more characteristic of the extensional BR than of the 

stable CP.  Different locations of the tectonic boundary between these two provinces have 

been proposed based on structural style (Stawart, 1978), heat flow (Lachenbruch and 

Sass, 1978), stress regime (Zoback and Zoback, 1980; Humphrey and Wong, 1983), 

crustal thickness, and seismicity (Brumbaugh, 1987).  These characteristics do not 

produce a consistent location of the tectonic boundary;  however, they do consistently 

place the tectonic boundary within the study area or directly to the east.    

 

 

 
Figure 7.  Physiographic boundary of the Colorado Plateau.  Dashed line depicts general location 

of the tectonic boundary between the CP and BR. Box shows location of the study area.   
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The CP is a relatively stable uplifted block surrounded by extension on three 

sides;  the BR to the west and southwest and the Rio Grande Rift to the southeast.  

Kreemer et al. (2010) have shown that, although the CP is generally rotating clockwise, 

there is significant variation in motion along the southwest margin of the CP.  When 

compared to the rigid center of the plateau, the continuous GPS stations FERN and 

FRED indicate that the CP-BR transition zone in northwest Arizona is moving roughly 

0.5 ±0.1 mm/yr westward (Figure 8;  Table 1).  Seismicity along the NASB may indicate 

the eastward limit of BR extension encroaching into the CP.  

 

 

 

 

 

Figure 8.  Residual velocity vectors of four continuous GPS stations relative to a North America 

fixed reference frame after removing the rotation of the CP (blue area).  Velocities show an 

overall westward extension which increases towards the CP-BR boundary.  Gray dashed line 

marks general eastward boundary of the CP-BR transition zone.  Velocity values from Kreemer 

and others (2010). 
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Station 

Latitude 

(°N) 

Longitude 

(°E) 

Period Relative to NA (mm/yr) 

Central CP 

(mm/yr) 

Start End Veast Vnorth Ceast Cnorth Veast Vnorth 

FERN 35.342 -112.455 1999.4 2010.1 -1.71 1.00 0.08 0.05 -0.48 0.21 

FRED 36.988 -112.499 1999.4 2010.1 -1.34 0.54 0.09 0.05 -0.45 -0.26 

HURR 37.064 -113.575 2005.7 2010.1 -1.89 1.02 0.11 0.08 -0.99 0.07 

P008 36.143 -111.130 2007.2 2010.1 -1.31 0.62 0.23 0.14 -0.25 0.03 

 

Past Uses of Seismo-Lineament Analysis 

Seismo-lineament analysis has been successfully used in the past to correlate 

recorded earthquake events with surface features associated with seismogenic faulting 

(e.g., Cronin et al., 2008).  To test the validity of the method, seismo-lineament analysis 

was applied to earthquakes with known fault ground-ruptures (Millard et al., 2007).  For 

example, the M 6.0 Parkfield, California earthquake in 2004 and the M 7.3 Chi Chi, 

Taiwan earthquake in 1999 have mapped fault traces and well constrained focal-

mechanism solutions (Figures 9).  In both examples, the fault trace was within the 

uncertainty area projected from the earthquake location to the ground surface.  This 

showed that seismo-lineament analysis can provide adequate spatial correlation between 

a recorded earthquake and a known seismogenic fault. 

Seismo-lineament analysis has also been applied to identify previously unmapped 

seismogenic faults.  Cronin and others (2008) considered the focal-mechanism solution 

for a M 2.94 earthquake near Point Dume, California on October 31, 2003.  They applied 

the seismo-lineament analysis method (SLAM) using DEMs for the Point Dume, Malibu 

Beach, and Topanga 7.5 minute quadrangles in the Santa Monica Mountains, southern 

California. Using SLAM they were able to identify a previously unmapped zone of 

seismogenic left-lateral strike-slip faults (Figure 10).  

a) 

TABLE 1.  GPS velocities relative to North America and the central Colorado Plateau. Values 

from Kreemer and others Supplement (2010) 
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Figure 9.  (a) Seismo-lineament of the M 6.0 Parkfield, California, earthquake of 2004.  Surface 

traces mapped by Rymer and others (2006).  Source parameters for the main event from the 

NEIC online catalog.  (b) Seismo-lineament for the M 7.3 Chi Chi, Taiwan, earthquake of 1999.  

Surface traces from Chen and others (2001).  Source parameters for the main event and 

aftershocks by Chang (2000) and Chang and others (2000, 2007).  From Millard and others 

(2007) and Millard (2007);  used with permission. 

Figure 10.  Geomorphic lineaments (black lines) associated with the seismo-lineament for the 

east-west nodal plane for the M 2.94 event on 31 October 2003.  Seismo-lineaments are defined 

as hillshade swaths in the Point Dume, Malibu Beach and Topanga Beach 7.5’ quadrangles; 

additional DEM coverage on the left is from the Triunfo Pass 7.5’ quadrangle.  Illumination of 

the DEM is from azimuth 5°, elevation 45°.  From Cronin and others (2008, figure 6), used with 

permission. 

b) 
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CHAPTER THREE 

Methods 

 

 

Overview 

The seismo-lineament analysis method (SLAM;  Cronin et al., 2008) was used as 

the procedural framework to identify potentially seismogenic faults along the Northern 

Arizona Seismic Belt.  The input information required by SLAM includes the location 

and depth of a given earthquake, with associated estimates of uncertainty, and the 

orientation of the nodal planes from the focal-mechanism solution.  A digital elevation 

model (DEM) of the ground surface in the epicentral area is also required in order to 

define the seismo-lineaments associated with the two nodal planes of the earthquake’s 

focal-mechanism solution (Cronin et al., 2008). 

  The SLAM code (Appendix A) acts on the input data and produces maps of the 

two seismo-lineaments associated with a given earthquake.  The seismo-lineaments are 

the intersection of the uncertainty volume around each nodal plane and the ground 

surface, as represented by the DEM.  The ground-surface trace of the fault that generated 

the earthquake is likely to be found within one of the two seismo-lineaments.  Once the 

seismo-lineaments have been mapped, geomorphic analysis of hillshade images of the 

DEM can be conducted to identify indicators of surface faulting.  Field work is required 

to differentiate between the seismo-lineament associated with the fault and with the 

auxiliary plane. 
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Earthquake Date Collection 

 David Brumbaugh (2008) provided focal locations and mechanism solutions for 

four moderately-sized events:  M 5.75 on 07/21/1959, M 4.50 on 02/15/1962(1), M 4.40 

two hours after the first event on 02/15/1962(2), and M 4.00 on 04/26/1991 (Table 2).  

Horizontal and depth uncertainty values were included for all earthquake locations and 

were calculated using HYPO71 (Brumbaugh, personal communication, 17 May 2010).  

HYPO71 uses the square root of the sum of the latitude and longitude variance to define 

the error in epicentral location (Husen and Hardebeck, 2010).  Earthquakes with a greater 

number of local seismograph observations are better located and have more constrained 

uncertainty values.  A list of the seismographs which recorded each of the four 

earthquakes is published in Brumbaugh (2008).   Focal-mechanism solutions for each 

earthquake depict a normal or normal-oblique sense of motion (Table 3). 

 

 

 

Date 
Origin 

Time 
Location 

Horizontal 

Uncertainty Depth  

(km) 

Depth 

Uncertainty Magnitude 

(ML) 
(+/- km) (+/- km) 

7/21/1959 1239:29 36.800 N, 112.370 W 22.2 11 3 5.75 

2/15/1962(1) 0712:43 36.854 N, 112.484 W 3.5 26 2 4.50 

2/15/1962(2) 0906:45 37.114 N, 112.711 W 1 11 2 4.40 

4/26/1991 1308:22 36.609 N, 112.339 W 7.4 11 11.3 4.00 

 

 

Date 
Origin 

Time 

Nodal Plane 1 Nodal Plane 2 

Strike 

Azimuth 

Dip 

Angle 

Slip 

Azimuth 

Strike 

Azimuth 

Dip 

Angle 

Slip 

Azimuth 

7/21/1959 1239:29 347 47 82 173 43 258 

2/15/1962(1) 0712:43 333 43 61 151 47 234 

2/15/1962(2) 0906:45 102 58 262 353 62 12 

4/26/1991 1308:22 327 38 106 196 65 227 

 

TABLE 2.  Earthquake focal locations and associated uncertainties (Brumbaugh, 2008; 

Brumbaugh, personal communication, 17 May 2010) 

TABLE 3.  Focal-mechanism solutions.  Strike azimuths used right-hand rule convention 

(Brumbaugh, 2008). 
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 Three of the four earthquake epicenters are located in the vicinity of major 

mapped faults:  the 07/21/1959 epicenter is in close proximity to the West Kaibab fault, 

the 02/15/1962(2) epicenter is near to the Sevier-Toroweap fault, and the 04/26/1991 

epicenter is close to both the Big Springs and West Kaibab faults.  The 02/15/1962(1) 

epicenter is located south of Fredonia, Arizona and is not near any significant mapped 

faults (Figure 2).  The locations of mapped faults were found using the Quaternary Faults 

and Folds Database (USGS, 2009) and published geologic maps by Billingsley (2000), 

Billingsley and others (2008), and Doelling (2008).  

 

Delineation of Seismo-Lineaments 

 The radiation pattern of P waves from the focus of a simple earthquake, caused by 

slip on a single fault surface in the upper crust, is the same as the pattern generated by a 

double-couple source (e.g., Stein and Wysession, 2003).  Through the focus pass two 

orthogonal nodal planes, along which there is no particle motion at the onset of the 

earthquake.  These nodal planes bound volumes in which initial particle motion radiates 

away from the focus on one side of the plane and toward the focus on the other side.  One 

of these two nodal planes is coincident with the fault that produced the earthquake and is 

called the fault-plane solution, and the other is perpendicular to the fault and normal 

(perpendicular) to the slip vector along the fault, and is called the auxiliary plane.  By 

recording the first motion of P waves at well-distributed seismographs around the focus, 

seismologists can resolve the orientation of the two nodal planes without prior knowledge 

of which nodal plane is coincident with the fault that produced the earthquake. 

Focal locations are often presented with an estimate of horizontal uncertainty and a 

separate estimate of vertical uncertainty.  (Estimates of the uncertainty in nodal plane 
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orientation are not commonly provided, and were not provided for the earthquakes 

studied here.)  Given the uncertainty in focal location, the corresponding uncertainty 

volume within which a given nodal plane is likely located can be defined (Figure 11).  

The intersection of this uncertainty volume and the ground surface is called a seismo-

lineament, or simply a swath (Figure 12).  Each earthquake focal-mechanism has two 

nodal planes, so SLAM generates two seismo-lineaments for each earthquake:  one 

corresponds to the fault-plane solution, and the other to the auxiliary plane (Figure 13).  

The utility of defining a seismo-lineament is that, given a few assumptions, one would 

expect to find the surface trace of the fault that produced the earthquake within one or the 

other of the seismo-lineaments associated with the earthquake focal-mechanism solution.   

The assumptions associated with the seismo-lineament analysis method (SLAM) 

include the following.  [1] The focal location and focal-mechanism data are assumed 

accurate within their stated uncertainties.  [2] The earthquake source is well described as 

a simple double couple mechanism.  [3] The fault surface is approximately planar from 

the focus to the ground surface.  [4] If the fault intersects the ground surface (i.e., is 

emergent), it has produced geomorphic features characteristic of an emergent fault.  If the 

fault is not yet emergent, it has produced geomorphic features like uplift/subsidence or en 

echelon folds characteristic of a non-emergent/blind fault. 

The seismo-lineaments were delineated using a version of the application 

SLAMCode.nb, written in Mathematica and described in Cronin and others (2008;  

Appendix A).  The input data required by SLAMCode.nb includes the following:  the 

latitude and longitude of the epicenter, the focal depth, the horizontal and vertical 

uncertainty in the focal location, the trend and plunge of the dip vector for both nodal 
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planes, and a DEM file of the area around the epicenter in proper ASCII format (see 

Cronin et al., 2008).   

 

 
 

 

 

Figure 11.  2D view of uncertainty volume associated with a nodal plane, depicted in a vertical 

plane perpendicular to the strike of the nodal plane.  The seismo-lineament is the intersection of 

the DEM surface and the uncertainty area extended along strike.  After Cronin and others (2008).  
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a) 

b) 

Figure 12.  (a) Diagram depicting uncertainty volume surrounding earthquake focus in 

subsurface. (b)  Diagram showing the projection of nodal planes from the outer boundaries of the 

uncertainty volume to the ground surface.  



20 
  

DEM files were acquired online through the USGS Seamless Server (USGS, 

2010) and The GeoCommunity GIS Data Depot (MindSites Group, 2010).  The 

projection of all spatially elevation data was converted to a standardized UTM coordinate 

system using the “Define Projection” tool in ArcMap.  This tool can be found in the 

“Geoprocessing Toolbox” under “Data ManagementProjections”.  Individual DEM 

files were stitched together in ArcMap using the “Merge” function within the “Raster 

Calculator”.  By using the “Raster to ASCII” function in the ArcMAP toolbox, a DEM of 

the area can be converted to an .ascii file (ESRI Inc., 2010).  The .ascii file is then 

converted to a .dat file by opening the .ascii file in WordPad (Microsoft, 2009) then 

saving in the .dat format required by the SLAMCode.nb application.  Due to the large area 

studied in this project, some resolution was sacrificed from the .dat files by 

systematically removing multiple rows and columns of data to improve processing time.   

Output includes an assortment of topographic and hillshade maps and 

corresponding .jpeg files that include the boundaries of both seismo-lineaments as they 

cross the DEM map area (Figure 13).  The width of the swath is a function of the dip of 

the nodal plane and the magnitude of location certainty.  A shallow-dipping nodal plane 

would create a swath much wider than a steep-dipping nodal plane would.  Also, the 

greater the location uncertainty, the wider the swath.  Seismo-lineaments associated with 

all four earthquakes considered in this study were delineated using a version of the 

SLAMCode.nb application, forming the base maps for subsequent geomorphic analysis 

(Figure 14). 
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Figure 13.  Seismo-lineament swaths produced by the Mathematica code. (a) 07/21/1959. (b) 

02/15/1962[1]. (c) 02/15/1962[2]. (d) 04/26/1991.  Boundaries of seismo-lineaments emphasized 

with colored lines.  Contour interval is 500 ft.  
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Geomorphic Analysis 

 

 Each swath was analyzed for structural and geomorphic evidence of faulting.  

Hillshade images of each swath were produced from a 10m DEM by using the ArcMAP 

“Hillshade” tool in the “Spatial Analysis” toolbar (ESRI Inc., 2009).  This tool provides 

the ability to create a 3D image of the ground surface with a light source which has an 

adjustable azimuth and inclination (Figure 15).  Hillshade images are advantageous 

because they provide a view of the Earth’s surface without the distraction of vegetation or 

man-made structures (other than grading).  Producing hillshade images at low 

illumination angles can also accentuate geomorphic lineaments. 

 A geomorphic lineament is described by Cronin and others (1993) as “a long 

(generally ≥ 5 km) collinear or slightly curving array of stream drainage segments or 

tonal boundaries within [an image] that does not appear to be related to human 

construction or [human] activities.”  Geomorphic lineaments parallel or subparallel to a 

seismo-lineament swath may indicate the surface location of the fault which caused the 

earthquake;  therefore, the identification of geomorphic lineaments narrows the search for 

seismogenic faults in the field.                

Several distinct geomorphic features can provide evidence of faulting, including 

the following (reiterated from Cronin et al., 2008 p. 204): 

a. Stream channels aligned on opposite sides of a drainage divide; 

b. Lower-order (smaller) stream channels aligned across a higher-order 

steam channel; 

c. An anomalously straight segment of a stream channel; 

d. Aligned straight segments of one or more stream channels; 
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e. Lower-order stream channel, the trend of which is directed upstream 

relative to the higher-order stream it intersects, so water flowing from the 

smaller stream into the larger stream has to change direction through an 

obtuse angle; 

f. Abrupt changes in gradient along a stream channel; 

(1) A stream channel that steps down in the direction of flow, 

indicated by rapids or a waterfall (knickpoint); 

(2) A stream channel that steps up in the direction of flow, indicated 

by a pond; 

g. Apparent lateral deflection of an incised stream channel or floodplain; 

h. Abrupt change in gradient along a ridge crest; 

(1) A ridge crest that steps down abruptly in the direction of 

decreasing elevation; 

(2) A ridge crest that steps up in the direction of decreasing elevation; 

(3) A saddle in the ridge crest; 

i. Apparent lateral deflection of a ridge crest; 

j. Abrupt changes in the gradient of a surface localized along a narrow linear 

step (fault scarp); 

k. Bench or faceted spurs at the base of ridges that are apparently unrelated 

to coastal or fluvial erosion; 

l. A set of ridges in an en echelon array;  

m. A topographic basin along a linear trough (pull-apart basin, sag pond); 

n. A topographic hill along a linear trough (pop-up, pressure ridge); 
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o. A ridge across the mouth of a stream drainage that is not a glacial moraine 

(shutter ridge).  

 

 
 

 

 

The light source azimuth was set perpendicular to the swath’s strike to increase 

the ability to identify geomorphic lineaments parallel to a swath.  The light source 

inclination was adjusted between 0°, 30°, 45°, 60°, and 90° to cast varying shadows and 

highlights to emphasize geomorphic features.  This was done for each swath associated 

with the four earthquakes studied.  Geomorphic lineaments identified through this 

process were combined with the traces of previously mapped faults to produce a map of 

features that might be related to seismogenic faulting.  

 

Figure 15.  By converting a DEM image to a hillshade image, geomorphic lineaments can be 

recognized.  Geomorphic lineaments parallel or subparallel to the swath may indicate seismogenic 

faulting.  Examples of parallel and subparallel geomorphic lineaments are highlighted in red.    
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Field Study 

 A field study was completed to investigate geomorphic lineaments identified 

through the seismo-lineament and the geomorphic analysis.  Due to the limited road 

network and large size of the field area, efforts were focused on lineaments that crossed 

paved or accessible county roads, or that where within safe hiking distance (≤ 1.5 km) 

from these roads.  Directing efforts along roadways and in areas with high topographic 

relief improved the likelihood of observing faults exposed in roadcuts or cliff faces 

(Figure 16).     

 

   

 

 

Figure 16.  Example of fault exposed in the field area.  This fault is displaced ~2 meters and 

shows normal motion dipping to the west.     
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Lineaments that spatially correlate with exposed fault surfaces or significant 

geomorphic features were documented.  At exposed faults the strike and dip and any slip-

direction indicators were measured a minimum of seven times (Figure 17).   Lithology on 

both sides of the fault and within the fault core was documented.  If the lineament was 

not associated with an exposed fault, but rather associated with a significant geomorphic 

feature, the general orientation of the geomorphic feature was recorded.  Also, multiple 

photographs were taken at each site.   

 

 
 

 

 

 

Figure 17.  Example of shear striations documented during field work.  The most recent sense of 

slip along this section of the fault surface is indicated by the linear striations. 
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Criteria for Recognition of Seismogenic Faults 

 Three criteria are considered when determining if a fault studied in the field is 

potentially seismogenic. [1] The surface trace of the fault must be located within the 

seismo-lineament swath.  [2] The orientation of the fault surface must be approximately 

parallel to the orientation of the nodal plane.  [3] The slip vector of the shear striae, if 

present, must be approximately parallel to the slip vector derived from the focal-

mechanism solution.  If a fault does not match these criteria it is not considered likely to 

have generated the earthquake under consideration. 

 To determine if the orientation and sense of slip of a fault correlates spatially with 

the nodal plane data, Fisher statistics (Fisher, 1953;  Cronin, 2008) were used to calculate 

a 95% confidence interval around the mean dip vector and mean slip vector of the 

measured fault plane (Appendix B).  The uncertainty area was plotted on an equal-area 

lower-hemisphere stereographic projection as a small circle around the mean dip vector 

and mean slip vector for the given fault plane.  The dip vector and slip vector for the 

earthquakes nodal plane was projected as a point surrounded by concentric small circles 

with radii of 10°, 20° and 30°, respectively (Figure 18).  These small circles are meant to 

give a sense of how close the dip vector or slip vector of an observed fault are to the dip 

vector or slip vector of a given nodal plane for which formal estimates of uncertainty are 

not available.  While it would be preferable to have formal uncertainty estimates for the 

focal-mechanism solutions, the general quality of spatial correlation can be assessed 

using this style of stereo plot. 

The trend of a geomorphic lineament can be spatially correlated with the 

orientation of a nodal plane even if no fault surface can be found along the lineament.  Of 
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course, this correlation is meaningless if the geomorphic lineament was not developed 

along a fault;  however, a strong spatial correlation might indicate that further study of 

the lineament through paleoseismic or geophysical means might be justified.   

 

 
 

 

 

 

The process involves several steps.  [1] The horizontal uncertainty in epicenter 

location was used to define the segment of a geomorphic lineament to be analyzed 

(Figure 19).  [2] A set of 1 km diameter circles was drawn along the segment, and the 

orientation of the geomorphic lineament within each circle was measured.  [3] The mean 

strike of the geomorphic lineament adjacent to the epicentral area was determined and the 

95% confidence interval around that mean was calculated using Fisher statistics (Fisher, 

1953;  Cronin, 2008).  [4] Given the mean strike azimuth and the associated uncertainty, 

the mean dip azimuth of a hypothetical fault surface along the geomorphic lineament is 

90° away in both directions and has the same azimuthal uncertainty as the strike.  All 

possible dip vectors associated with the range of dip azimuths are plotted on a lower-

Figure 18.  Example of equal-area lower-hemisphere stereographic projection of fault plane dip 

vectors and nodal plane dip vectors which (a) don’t correlate spatially and (b) that do correlate 

spatially.  This and all subsequent projections created using Stereonet for Windows 1.2 by Richard 

Allmendinger.      

a) b) 
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hemisphere equal-area stereonet to represent the orientation of all possible fault surfaces 

that strike along the geomorphic lineament (Figure 20).  The dip vector for the nodal 

plane is also plotted, along with the concentric circles at 10°, 20° and 30° radius from the 

vector as before.  [5] If the nodal plane dip vector plots within the uncertainty region for 

the hypothetical fault surface along the geomorphic lineament, then it is reasonable to 

infer that the geomorphic lineament might be developed along a seismogenic fault.  

 

 
 

 

 

 

 

Figure 19.  The average orientation of geomorphic feature measured along the segment of the 

lineament associated with the region of horizontal uncertainty.        

Figure 20.  Example of equal-area lower-hemisphere stereographic projection of region bounding 

all possible geomorphic lineament dip vectors compared to dip vector of earthquake.  Small grey 

triangle shows location of earthquake dip vector.  Gray area represents the area in which all 

possible dip vectors for planes within the given strike range would be plotted.      
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CHAPTER FOUR 

 

Results 

 

 

Seismo-lineament and Geomorphic Analysis 

 Each of the four earthquakes studied are associated with two seismo-lineaments, 

for a total of eight swaths.  Swaths for the 07/21/1959, 02/15/1962(1), 02/15/1962(2), and 

04/26/1991 events are depicted in figures 21, 22, 23, and 24, respectively.  For example, 

the projected nodal planes for the 07/21/1959 event are represented by swath 

07/21/1959A (Figure 21a) and swath 07/21/1959B (Figure 21c).  Six of the eight swaths 

have a northwest trend and do not align with the predominant northeast trend of the major 

mapped faults in the region.  Swath 02/15/1962(2)A trends nearly due west and is 

roughly perpendicular to the orientation of local jointing (Figure 23a).  Swath 

04/26/1991B has a northeast trend that is more consistent with the orientation of the 

major mapped faults (Figure 24c). 

 All eight swaths were analyzed independently for geomorphic evidence of 

faulting.  Significant geomorphic lineaments parallel to the swaths are indicated by blue 

curves in figures 21b, 21d, 22b, 22d, 23b, 23d, 24b, and 24d.  Swath 07/21/1959B 

contains geomorphic lineaments several kilometers in length that extend from previously 

mapped faults (Figure 21d).  Swath 02/15/1962(2)B contains  many geomorphic 

lineaments that are parallel to prominent regional joint sets (Figure 23d).  Swath 

04/26/1991B is parallel to both the West Kaibab and the Big Springs Faults (Figure 24d).    
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Figure 21.  Hillshade images showing seismo-lineaments swaths and mapped faults (red) for the 

07/21/1959 event. (a) Swath 07/21/1959A and the (b) geomorphic lineaments (blue) within swath 

07/21/1959A shown in a box roughly between 37.1°-36.5° N and 113.0°-112.1°W.  (c) Swath 

07/21/1959B, (d) Geomorphic lineaments (blue) within swath 07/21/1959B shown in a box 

roughly between 37.1-36.5° N and 112.6°-111.9° W. North is towards the top of each map.   
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Figure 22.  Hillshade images showing seismo-lineaments swaths and mapped faults (red) for the 

02/05/1962(1) event. (a) Swath 02/05/1962(1)A and the (b) geomorphic lineaments (blue) within 

swath 02/05/1962(1)A shown in a box roughly between 37.2°-36.5° N and 113.2°-112.3°W.  (c) 

Swath 02/05/1962(1)B, (d) Geomorphic lineaments (blue) within swath 02/05/1962(1)B shown 

in a box roughly between 37.1-36.7° N and 112.3°-111.9° W. North is towards the top of each 

map. 
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Figure 23.  Hillshade images showing seismo-lineaments swaths and mapped faults (red) for the 

02/05/1962(2) event. (a) Swath 02/05/1962(2)A and the (b) geomorphic lineaments (blue) within 

swath 02/05/1962(2)A shown in a box roughly between 37.4°-37.1° N and 113.1°-112.5°W.  (c) 

Swath 02/05/1962(2)B, (d) Geomorphic lineaments (blue) within swath 02/05/1962(2)B shown in 

a box roughly between 37.4-36.9° N and 113.2°-112.4° W. North is towards the top of each map.   
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Figure 24.  Hillshade images showing seismo-lineaments swaths and mapped faults (red) for the 

04/26/1991 event. (a) Swath 04/26/1991A and the (b) geomorphic lineaments (blue) within 

swath 04/26/1991A shown in a box roughly between 36.9°-36.2° N and 113.0°-111.9°W.  (c) 

Swath 04/26/1991B, (d) Geomorphic lineaments (blue) within swath 04/26/1991B shown in a 

box roughly between 36.8-36.4° N and 112.7°-112.0° W. North is towards the top of each map.   
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Field Observations – Fault Surfaces 

 The field investigation of the geomorphic lineaments led to the observation of six 

exposed fault surfaces within the seismo-lineament swaths (Figure 25).  Each fault was 

recognized due to distinct offset of lithology within a roadcuts or cliff faces.  The 

orientation of each fault surface and, where shear striae were present, the sense of slip 

were document at each site (Table 4).  Four of the six documented faults were previously 

unmapped. 

 

 

   

 

 

 

Fault 

Latitude 

(°N) 

Longitude 

(°W) 

Dip vector 

Trend (°) 

Dip vector 

Plunge (°) 

95% 

CI 

(°) 

Slip 

vector 

Trend 

(°) 

Slip 

vector 

Plunge  

(°) 

95% 

CI 

(°) 

A 36.9613 112.0879 296 75 3 - - - 

B 36.8823 112.7415 58 55 5 121 51 7 

C 37.1036 112.5488 305 68 3 - - - 

D 36.6955 112.2839 168 84 1 - - - 

E 36.7225 112.0639 102 70 4 - - - 

F Site 1 36.7327 112.0609 275 84 2 - - - 

F Site 2 36.7267 112.0591 278 79 2 - - - 

Figure 25.  Locations of faults surfaces observed in the field. 

TABLE 4 – Locations and characteristic of Faults A-F. 
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Fault A 

 Fault A was observed at 36.9613° north latitude and 112.0879° west longitude, 

directly west of the intersection of County Road 237 and Parashount Point Road (Figure 

26).  The fault is exposed in a drainage ~100 m above the road elevation.  Fault A is 

within swath 02/15/1962(1)A and swath 04/26/1991A.  The fault has an average dip 

azimuth of 296°, plunging 75°, with a 95% confidence interval of 3°.    No shear striae or 

grooves are preserved on the fault surface, and no fault core was observed (Figure 27).  

Displacement of roughly 15 ± 5 m is indicated by the offset contact between the lighter 

and the darker colored beds of Navajo Sandstone (Figure 26).  Fault A was previously 

unmapped. 

The dip vector of Fault A is not within 30° of the dip vector for either nodal plane 

02/15/1962(1)A or nodal plane 04/26/1991A (Figure 28).  Therefore, Fault A does not 

satisfy all the criteria and appears to be unrelated to any of the four earthquakes studied.      

 

Fault B 

Fault B was observed at 36.8823° north latitude and 112.7415° west longitude, 

directly west of North Pipe Spring Road, approximately 1.5 km south of Kaibab, Arizona 

(Figure 29).  The broad valley directly to the east of Fault B denotes the location of the 

Toroweap-Sevier fault.  Fault B is within swath 07/21/1959A, swath 02/15/1962(2)B, 

swath 04/26/1991A, and slightly to the east of swath 02/15/1962(1)A.  The fault has an 

average dip azimuth of 58°, plunging 55°, with a 95% confidence interval of 5°.  Shear 

striae on the fault surface have a trend of 121° and a plunge of 51° with a 95% 

confidence interval of 7° (Figure 30).  Displacement is marked by the offset of red and 
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tan sandstone beds and is roughly 3 ± 1 m.  The fault core consists of fault breccia and 

ranges in thickness from 5-18 cm (Figure 31).  Fault B was previously unmapped.   

 

 

 
Figure 26.  Uninterpreted (a) and interpreted (b) photograph of Fault A.  Continuous thin black 

lines denote the same lithologic contact.  The photograph was taken facing towards an azimuth of 

230°.  
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The dip vector of Fault B is within 20° of the dip vector of nodal plane 

07/21/1959A, nodal plane 02/15/1962(2)B, nodal plane 02/15/1962(1)A, and nodal plane 

04/26/1991A .  The slip vector of Fault B is within ~20°of the slip vector associated with 

nodal planes 07/21/1959A and 04/26/1991A, but is > 30° from that of nodal planes 

02/15/1962(1)A and 02/15/1962(2)B (Figure 32).  Spatial correlation between dip vector 

Figure 27.  Uninterpreted (a) and interpreted (b) photograph of Fault A showing valley fill 

covering majority of fault surface.  The photograph was taken facing towards an azimuth of 200°.  

Figure 28.   Lower-hemisphere, equal-area stereographic projection the dip vector of Fault A 

bound by a 95% confidence interval compared to the dip vectors of (a) nodal plane 

02/15/1962(1)A and (b) nodal plane 04/26/1991A with concentric small circles of 10°, 20°, and 

30° radius from the nodal plane dip vector. 

a) b) 
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and slip vector of Fault B with earthquakes 07/21/1959A and 04/26/1991 suggests that 

Fault B is potentially seismogenic.   

         

 

 

 

 

Figure 29.  Uninterpreted (a) and interpreted (b) photograph of Fault B.  Continuous thin black 

lines denote the same lithologic contact.  The photograph was taken facing towards an azimuth of 

300°. 
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Figure 31.  Interpreted photograph of Fault B.  Cross-hatched area denotes the fault surface and 

white dashed line shows boundary of the fault core.  

Figure 30.  Photograph of shear striae present on the surface of Fault B.  Notation shows 

orientation of the fault surface strike and dip and the rake of the slip vector.  
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a) 

a) 

d) c) 

f) e) 

b) 

Figure 32.  Lower-hemisphere, equal-area stereographic projection of the dip vector and slip 

vector of Fault B bound by a 95% confidence interval compared to the (a) dip vector and (b) slip 

vector of nodal plane 07/21/1959A, the (c) dip vector and (d) slip vector of nodal plane 

02/15/1962(1)A, and the (e) dip vector and (f) slip vector of nodal plane 02/15/1962(2)B. 
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Fault C 

Fault C was observed at 37.1036° north latitude and 112.5488° west longitude, 

approximately 6 km north of Kanab, Utah.  The fault is exposed in a road cut on the east 

side of Highway 89 (Figure 33).  Fault C is within swath 07/21/1959A and swath 

07/21/1959B.  The fault surface has an average dip azimuth of 305°, plunging 68°, with a 

95% confidence interval of 3°.   It was not possible to determine the slip vector due to the 

lack of preserved slip indicators on the fault surface.  There is roughly 4 ± 1 m of 

displacement shown by the offset of different colored beds within the sandstone.  The 

fault core consists of fault gouge and calcite fill, and is 5-10 cm wide (Figure 34).  Fault 

C is surrounded by fractures and smaller faults with < 1/2 m displacement.  These smaller 

faults are generally in the same orientation as Fault C and some splay off the main fault.  

Fault C was previously unmapped. 

Figure 32 continued.  Lower hemisphere, equal area projection of the dip vector and slip vector of 

Fault B bound by a 95% confidence interval compared to the (a) dip vector and (b) slip vector of 

nodal plane 04/26/1991A. 

g) h) 
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The orientation of Fault C does not correlate spatially with either nodal plane of 

earthquake 07/21/1959 (Figure 35).  Fault C does not satisfy the criteria and appears to be 

unrelated to any of the four earthquakes studied.  

 

 

 

 
Figure 33.  Uninterpreted (a) and interpreted (b) photograph of Fault C.  Continuous thin black 

lines denote the same lithologic contact.  Thin dotted lines delineate smaller faults that appear to 

have minor normal displacement.  The photograph was taken facing towards an azimuth of 55°.   
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Figure 34.  Interpreted photograph of Fault C.  Dotted black line shows extent of the fault core.  

Figure 35.  Lower-hemisphere, equal-area stereographic projection of the dip vector of Fault C 

bound by a 95% confidence interval compared to the dip vectors of (a) nodal plane 07/21/1959A 

and (b) nodal plane 07/21/1959B. 

b) a) 
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Fault D 

Fault D was observed at 36.6955° north latitude and 112.2839° west longitude, 

approximately 6 km west of Jacobs Lake, Arizona.  The fault is exposed in a road cut on 

the south side of Forrest Service Road 462 (Figure 36).  Fault D is within swath 

07/21/1959A, swath 07/21/1959B, and swath 04/26/1991B.  The fault has an average dip 

azimuth of 168°, plunging 84° with a 95% confidence interval of 1°.    No slip-direction 

indicators are preserved on the fault surface.   Through close inspection of thin beds 

within the Permian sandstone, there appears to be 1 ± 0.5 m of displacement along the 

fault surface.  The fault core is 10-15 cm wide and filled with unconsolidated fault 

breccia (Figure 37).  Fault D was previously unmapped, but has a similar orientation as 

multiple mapped faults to the north.  It appears that Fault D may be a previously 

unmapped splay of the West Kaibab fault. 

The dip vector for Fault D is not within 30° of the dip vector of nodal planes 

07/21/1959A or 07/21/1959B, but is within 30° of the dip vector of nodal plane 

04/26/1991B (Figure 38).  The relationship between the fault surface orientation and the 

nodal plane is ambiguous.  Therefore, it is also ambiguous whether Fault D should be 

considered potentially seismogenic.       

 

Fault E 

Fault E was observed at 36.7225° north latitude and 112.0639° west longitude, 

approximately 13 km east of Jacobs Lake Arizona and directly south of Faults F.  The 

fault is exposed in a road cut on the south side of Highway 89 (Figure 39).  Fault E is 

within swath 07/21/1959B.  The fault has an average dip azimuth of 102°, plunging 70°, 
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Figure 36.  Uninterpreted (a) and interpreted (b) photograph of Fault D.  Continuous thin black 

lines denote the same lithologic contact and crossed-hacked area represents the fault surface.  The 

photograph was taken facing towards an azimuth of 270°.   
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Figure 37.  Interpreted photograph of Fault D.  Dotted white line shows extent of the fault core.  

b) a) 

c) 

Figure 38.  Lower-hemisphere, equal-area stereographic projection of the dip vector of Fault D 

bound by a 95% confidence interval compared to the dip vectors of (a) nodal plane 07/21/1959A, 

(b) nodal plane 07/21/1959B, and nodal plane 04/26/1991B. 
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with a 95% confidence interval of 4°.  No slip-direction indicators are preserved on the 

fault surface.   There is 1 ± 0.5 m of displacement along the fault.  The fault core is 10-20 

cm wide and filled with cataclasite.  Fault E is a mapped fault (Billingsley and others,  

2008). 

The orientation of Fault E does not correlate spatially with the orientation of 

nodal plane 07/21/1959B (Figure 40).  Fault E appears to be unrelated to any of the four 

earthquakes studied. 

 

 

 

 

Figure 39.  Uninterpreted (a) and interpreted (b) photograph of Fault E.  Continuous thin black 

lines denote the same lithologic contact.  The photograph was taken facing towards an azimuth of 

180°.   
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Fault F  

Site 1.  Fault F was observed at two different sites along the eastern flank of the 

Kaibab Plateau.  Site 1 of Fault F was observed at 36.7327° north latitude and 112.0609° 

west longitude, approximately 13 km east of Jacobs Lake, Arizona, and directly north of 

Faults E and Fault F Site 2.  The fault is exposed in road cuts on both sides of Highway 

89 (Figures 41 and 42).  There is 3 ±1 m of displacement along the fault surface.  The 

fault core is weathered out and filled with debris.  No slip-direction indicators are 

preserved on the fault surface.     

Site 2. Site 2 Fault F was observed at 36.7267° north latitude and 112.0591° west 

longitude, approximately 13 km east of Jacobs Lake, Arizona, directly north of Fault E 

and south of Fault F Site 1.  Fault F Site 2 is exposed in a road cut on the north side of 

Highway 89 (Figure 43).  No slip-direction indicators are preserved on the fault surface.   

There is a minimum displacement of 5 m, but there do not appear to be any common 

markers or common contacts exposed in both the hanging wall and foot wall to measure 

Figure 40.  Lower-hemisphere, equal-area stereographic projection of the dip vector of Fault E 

bound by a 95% confidence interval compared to the dip vectors of nodal plane 07/21/1959B with 

uncertainty ellipses of 10°, 20°, and 30°.   
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the displacement directly.  The fault core consists of fault breccia and is 20-50 cm thick.  

Fault F is a mapped fault (Billingsley and others, 2008).   

Fault F is within swath 07/21/1959B, and swath 02/15/1962(2)B.  The fault has an 

average dip azimuth of 277°, plunging 81°, with a 95% confidence interval of 2°.  The 

dip vector for Fault F is not within the uncertainty area of the dip vector for nodal planes 

07/21/1959B or 02/15/1962(2)B (Figure 44).  Fault F appears to be unrelated to any of 

the four earthquakes studied. 

 

 

 

 

Figure 41.  Uninterpreted (a) and interpreted (b) photograph of Fault F at site 1 on the south side of 

Hwy 89.  Continuous thin black lines denote the same lithologic contact.  The photograph was 

taken facing towards an azimuth of 165°.   
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Figure 42.  Uninterpreted (a) and interpreted (b) photograph of Fault F at site 1 on the north side 

of Hwy 89.  Continuous thin black lines denote the same lithologic contact.  The photograph was 

taken facing towards an azimuth of 15°.   

Figure 43.  Uninterpreted (a) and interpreted (b) photograph of Fault F at site 2.  Continuous thin 

black lines denote the same lithologic contact.  The photograph was taken facing towards an 

azimuth of 10°.   
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Field Observations – Geomorphic Features 

 Geomorphic lineaments identified through the analysis of hillshade images 

correspond to distinct geomorphic features on the landscape, although faulted exposures 

were not always observed along these trends.  These features could possibly be formed 

by faults not exposed in outcrop (e.g. Strahler, 1948).  Therefore, distinct geomorphic 

features not corresponding to previously mapped faults were documented in the field.  

Geomorphic features corresponding to major mapped faults parallel to seismo-lineament 

swaths were also documented.    

 

West Kaibab Fault 

 The West Kaibab fault is expressed in the hillshade images by a distinct 

geomorphic lineament within the 07/21/1959B and 04/26/1991B swaths (Figures 45 and 

46).  Field investigation did not lead to the observation of an exposed fault surface, but 

photo documentation depicts the westward-facing escarpment formed by normal faulting 

Figure 44.   Lower-hemisphere, equal-area stereographic projection of the dip vector of Fault F 

bound by a 95% confidence interval compared to the dip vectors of (a) nodal plane 07/21/1959B 

and (b) nodal plane 02/15/1962(1)B. 

b) 
a) 
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(Figure 6).  This escarpment strongly indicates the location and orientation of the West 

Kaibab fault. 

 Based on the limited orientation data that can be derived from hillshade image 

analysis, the mean strike of the West Kaibab fault geomorphic lineament was compared 

to the dip vectors of nodal plane 07/21/1959B and nodal plane 04/26/1991B (Figure 47).  

There is a different mean strike of the West Kaibab fault associated with each nodal plane 

because different sections of the fault lay within the horizontal uncertainty areas of each 

earthquake epicenter.  Within the horizontal uncertainty area of the 07/21/1959 

earthquake epicenter, the West Kaibab fault geomorphic lineament has a mean dip 

azimuth of 297° with a 95% confidence interval of 3°.  Within the horizontal uncertainty 

area of the 04/26/1991B epicenter, the West Kaibab fault has a mean dip azimuth of 289° 

with a 95% confidence interval of 7°.  The dip vector for the 04/26/1991B nodal plane 

projects within the area representing all the possible dip vectors of a fault surface that 

strikes parallel to the trend of the geomorphic lineament.  This suggests that the 

04/26/1991 earthquake might have occurred on the West Kaibab fault.  The correlation 

between the geomorphic lineament of the West Kaibab fault and the 07/21/1959B nodal 

plane is much weaker.  

 

 
 

 

Figure 45.  Uninterpreted and interpreted hillshade image of the West Kaibab fault geomorphic 

lineament parallel to the 07/21/1959B swath.  The hillshade image is illuminated from an 

azimuth of 263° and an inclination of 0°.  
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Big Springs Fault 

 The Big Springs fault is expressed on the hillshade image through a linear valley 

directly to the east of the West Kaibab fault (Figures 48 and 49).  The eastern slope of the 

valley is an escarpment formed by the Big Springs fault that extends several kilometers 

(Figure 50).  The geomorphic lineament formed by the Big Springs fault is within the 

Figure 46.  Uninterpreted and interpreted hillshade image of the West Kaibab fault geomorphic 

lineament parallel to the 04/26/1991B swath.  The hillshade image is illuminated from an azimuth 

of 286° and an inclination of 0°.  

Figure 47.  Lower-hemisphere, equal-area stereographic projection of the dip vector of (a) nodal 

plane 07/21/1959B and (b) nodal plane 04/26/1991B compared to all possible dip vectors of the 

West Kaibab geomorphic lineament (gray area).  The nodal plane dip vectors are represented by 

the gray triangles surrounded by concentric small circles with radii of 10°, 20°, and 30° from the 

nodal plane dip vector. 

b) a) 
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07/21/1959B swath and the 04/26/1991B swath.  The section of the fault closest to the 

04/26/1991 earthquake epicenter is parallel or subparallel to the 04/26/1991B swath 

(Figure 50).  

 Within the horizontal uncertainty area of the 07/21/1959B epicenter, the Big 

Springs fault geomorphic lineament has a mean dip azimuth of 273° with a 95% 

confidence interval of 7°.  Within the horizontal uncertainty area of the 04/26/1991 

epicenter, the Big Springs fault has a mean dip azimuth of 264° with a 95% confidence 

interval of 6°.  Spatial correlation is evaluated by projecting the dip vectors of the 

07/21/1959B and 04/26/1991B nodal planes and comparing them to all the possible dip 

vectors associated with the mean dip azimuths of a fault surface that strikes parallel to the 

trend of the geomorphic lineament (Figure 51).  This suggests that the 07/21/1959 and 

04/26/1991 earthquakes might have occurred on the Big Springs fault.  

 

 

 

Figure 48.  Uninterpreted and interpreted hillshade image of the Big Springs fault geomorphic 

lineament parallel to the 07/21/19959B swath.  The hillshade image is illuminated from an 

azimuth of 263° and an inclination of 0°. 
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Figure 49.  Uninterpreted and interpreted hillshade image of the West Kaibab fault geomorphic 

lineament parallel to the 04/26/1991B swath.  The hillshade image is illuminated from an azimuth 

of 286° and an inclination of 0°. 

Figure 50.  Interpreted photograph of the Big Springs fault. The photograph was taken at 36.6643° 

N and 112.3467° W and facing towards at an azimuth of 195°.   
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Kaibab Plateau Lineament 

 A geomorphic lineament parallel to the 07/21/1959B swath was observed through 

the hillshade image on the Kaibab Plateau directly south of Jacob Lake (Figure 52).  This 

lineament does not correspond to any mapped faults, but does have an approximately 

linear trend for over 10 km.  Field observations show that the lineament is formed by a 

series of shallow linear valleys separated by low saddles (Figure 53).  The region of the 

lineament is heavily vegetated and no fault surfaces were observed.   

 The Kaibab Plateau geomorphic lineament has a mean trend of 174°/354° with a 

95% confidence interval of 1°.  The dip vector of the 07/21/1959B nodal plane is within 

the projected area representing all the possible dip vectors for a fault whose strike 

corresponds with the trend of the geomorphic lineament (Figure 54).   Considering the 

small degree of uncertainty associated with the trend of the geomorphic lineament, the 

Figure 51.  Lower-hemisphere, equal-area stereographic projection of the dip vectors of (a) nodal 

plane 07/21/1959B and (b) nodal plane 04/26/1991B compared to all possible dip vectors of the 

Big Springs geomorphic lineament (gray area).  The nodal plane dip vectors are represented by 

the gray triangles surrounded by concentric small circles with radii of 10°, 20°, and 30° from the 

nodal plane dip vector. 

 

b) a) 
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trend of the geomorphic lineament and the trend of the earthquake nodal plane are 

spatially well correlated.  

 

 

 

 

 
 

Figure 52.  Uninterpreted and interpreted hillshade image of the Kaibab Plateau geomorphic 

lineament.  The hillshade image is illuminated from an azimuth of 83° and an inclination of 0°.  

Figure 53.  Interpreted photograph of the shallow valley which forms the Kaibab Plateau 

geomorphic lineament. The photograph was taken at 36.6946° N and 112.2348° W and facing 

towards an azimuth of 140°.   
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Vermilion Cliffs Lineament 

 The western edge of the Vermilion Cliffs trends predominantly north-south, but 

abruptly changes to a northwest orientation at its southwestern edge.  This northwest 

trend is within the 02/15/1962(1)B swath and continues parallel to the swath for over 5 

km (Figure 55 and 56).  This abrupt change in orientation does not correspond to any 

mapped faults in the area and no exposed fault surface was observed in the field.  To 

determine if earthquake 02/15/1962(1) could have occurred on a fault surface with a 

strike parallel to the Vermilion Cliffs, the mean strike of the geomorphic lineament 

formed by the cliff edge was measured and compared to the strike of nodal plane 

02/15/1962(1)B. 

 Even though the Vermilion Cliffs geomorphic lineament is distinctly parallel to 

the 02/15/1962(1)B swath, it is not within the horizontal uncertainty area associated the 

earthquake epicenter.  A plane projected from the outer boundaries of the horizontal 

Figure 54.  Lower-hemisphere, equal-area stereographic projection of the dip vector of nodal 

plane 07/21/1959B compared to all possible dip vectors for a fault surface striking parallel to the 

trend of the Kaibab Plateau geomorphic lineament (gray area).  The nodal plane dip vectors are 

represented by the gray triangles surrounded by concentric small circles with radii of 10°, 20°, 

and 30° from the nodal plane dip vector. 
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uncertainty area around the epicenter to the ground surface lies ~20 km northwest of the 

Vermilion Cliffs geomorphic lineament (Figure 57).  While the alignment of the 

Vermilion Cliffs geomorphic lineament within the 02/15/1962(1)B seismo-lineament is 

noteworthy, it seems unreasonable to suggest spatial correlation based on current data.  

 

 

 

 

 

Figure 55.  Uninterpreted and interpreted hillshade image of the Vermilion Cliffs geomorphic 

lineament parallel to the 02/15/1962(1)B swath.  The hillshade image is illuminated from an azimuth 

of 59° and an inclination of 0°.  

Figure 56.  Interpreted photograph of the linear ridge that forms the Vermilion Cliffs geomorphic 

lineament. The photograph was taken at 36.7767° N and 112.0588° W and facing towards an 

azimuth of 100°.   
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Zion Nation Park Lineaments 

 Several geomorphic lineaments were observed parallel or subparallel to the 

02/15/1962(2)B swath (Figure 58).  The lineaments are perpendicular to the predominant 

drainage pattern in the area and extend 1-3 km.  The most evident lineaments were 

inaccessible and hence not observed in the field;  however, similar nearby geomorphic 

features which produced similar lineaments in the hillshade images were documented as 

analogs (Figure 59).  The analog lineaments were observed to be formed by narrow 

steep-sided valleys extending generally north-northwest.       

It was found that the geomorphic lineaments within the 02/15/1962(2)B seismo-

lineament were not within the section of the swath associated with the horizontal 

uncertainty area of the earthquake epicenter.  Although there was insufficient evidence to 

suggest spatial correlation between the 02/15/1962(2) earthquake and the geomorphic 

Figure 57.  Segment of the seismo-lineament swath associated with the horizontal uncertainty area 

surrounding the epicenter of earthquake 02/15/1962(1) (red).  
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lineaments observed through hillshade image analysis, it is significant that the orientation 

of several geomorphic lineaments within Zion Nation Park is parallel to the orientation of 

the seismo-lineament swath.  Further study may provide the data necessary to determine 

spatial correlation. 

 

 

 

 

Figure 58.  Uninterpreted and interpreted hillshade image of the Zion National Park geomorphic 

lineaments.  The hillshade image is illuminated from an azimuth of 263° and an inclination of 0°.  

Figure 59.  Interpreted photograph of a linear valley which forms geomorphic lineaments similar to 

those parallel to the 02/15/1962(2)B swath. The photograph was taken at 37.2262° N and 

112.8851° W and facing towards an azimuth of 340°.   
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CHAPTER FIVE 

Discussion and Conclusion 

 

 

M 5.75 Earthquake of July 21, 1959 
 

The 07/21/1959 earthquake correlates spatially with a distinct geomorphic 

lineament that is not associated with any previously mapped fault (Kaibab Plateau 

geomorphic lineament;  Figure 60).  The trend of the geomorphic lineament strongly 

matches the trend of the 07/21/1959B nodal plane as well as the trend of mapped faults to 

the north.  If this geomorphic lineament is coincident with a previously unmapped fault, it 

might be seismogenic. 

There is also moderate spatial correlation between the 07/21/1959 earthquake and 

the West Kaibab and Big Springs faults.   The correlation is weaker than the correlation 

between the earthquake and the Kaibab Plateau geomorphic lineament because the strike 

of the West Kaibab fault is ~30° clockwise from the strike of the 07/21/1959B nodal 

plane and the epicenter is ~15 km north of the northern tip of the Big Springs fault. 

 

M 4.5 Earthquake of February 15, 1962 

No faults were observed in the field that correlate with the nodal planes reported 

for the first earthquake on February 15, 1962. To the south, the trend of the Vermillion 

Cliffs geomorphic lineament parallels the strike of the nodal plane, although no normal 

faults have been mapped in the area that are parallel with the nodal plane (Figures 55-57).  

If the focal-mechanism solution and focal location are accurate, the earthquake is likely 
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to have occurred on a previously unmapped fault that might not be exposed at the ground 

surface. 

 

 
 

 

 

M 4.4 Earthquake of February 15, 1962 

The reported nodal planes of the second earthquake of February 15, 1962, did not 

spatially correlate with any observed fault surface;  however, the strike of the 

02/15/1962(2)B nodal plane is parallel with the trend of several prominent geomorphic 

lineaments within the corresponding seismo-lineament swath (Figure 23, 58, 59).  To the 

north, there are a series of prominent, parallel linear valleys that coincide with the strike 

of the nodal plane (Figures 58, 59).  These are coincident with prominent regional joint 

sets in the area that are geomorphically manifested as the parallel slot canyons of Zion 

National Park (e.g., Davis, 1999;  Rogers and Engelder, 2001).  It is possible that these 

extensional joints might evolve into extensional faults in a manner similar to those in the 

Figure 60.  Map showing observed faults and geomorphic lineaments that spatially correlated with 

the 07/21/1959 earthquake.  Correlating features and the boundaries of the seismo-lineament 

swaths are shown in blue.  Faults not correlated to the earthquake are shown in black.    
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Canyonlands area of southern Utah (e.g., Moore and Schultz, 1999;  Trudgill and 

Cartwright, 1994).   

Brumbaugh (2008) suggested that the 02/15/1962(2) event might have been 

generated by the Toroweap-Sevier fault;  however, the Toroweap-Sevier fault trace is not 

located within the seismo-lineament of either reported nodal plane for this earthquake, 

and the Toroweap-Sevier fault trend is not coincident with the strike of either reported 

nodal plane (Figure 23).  This suggests the possibility that one or more of the geomorphic 

lineaments that trend parallel to the strike of nodal plane 02/15/1962(2)B are associated 

with a previously unmapped fault. 

 

M 4.0 Earthquake of April 26, 1991 

The 04/26/1991 earthquake has a strong spatial correlation with the West Kaibab 

fault and a moderately strong spatial correlation with the Big Springs fault (Figure 61).  

Both these faults are parallel to the 04/26/1991B nodal plane and are within the section of 

the swath associated with the earthquake epicenter horizontal uncertainty.  There was no 

fault surface dip data collected in the field, but the surface expression of both faults 

indicates westward-dipping normal displacement.  If an average dip of 60° is assumed 

(e.g., Frankel et al., 1996) the correlation between the fault surface orientation and the 

nodal plane is strengthened (Figure 62).  This supports recent GPS data suggesting that 

the West Kaibab fault system marks the eastern limits of Basin and Range style extension 

within the Colorado Plateau (Kreemer et al., 2010). 

The orientation of Fault B correlated with the orientation of nodal plane 

04/26/1991A (Figure 61).  The orientation and sense of slip of Fault B is generally 

consistent with the overall east-west extension of the region, with a strike trend of 328°.  
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Although Fault B might be part of a seismogenic fault system, it appears that the 

correlation between the earthquake and the West Kaibab and Big Springs fault systems is 

more significant and it is more likely that the West Kaibab or Big Springs fault systems is 

the source of the earthquake. 

 

 

 

 

 

 

 

 

Figure 62.  Lower-hemisphere, equal-area stereographic projection of the dip vector of nodal 

plane 04/26/1991B compared to (a) the dip vectors of the West Kaibab fault and (b) the Big 

Springs fault with and assumed dip angle of 60°.  The earthquake dip vectors are surrounded by 

concentric small circles with radii of 10°, 20°, and 30°.  The fault dip vectors are surrounded by a 

small circle representing a 95% confidence interval.  

b) a) 

Figure 61.  Map showing observed faults and geomorphic lineaments that spatially correlated with 

the 04/26/1991 earthquake.  Correlating features and the boundaries of the seismo-lineament 

swaths are shown in green.  Faults not correlated to the earthquake are shown in black.    
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Uncertainty 

The methods employed in this thesis are able to account for reported uncertainties 

in the focal location or nodal-plane orientation for a given earthquake.  In modern 

seismograph networks like the one used by Jer-Ming Chiu at the Center for Earthquake 

Research and Information at the University of Memphis, earthquake focal locations and 

mechanisms are determined using a carefully developed 3-D model of crustal velocities 

within a network array that is much denser than the US national array.  Using a dense 

network and a 3-D velocity structure results in single-event locations that appear to 

correlate well with other earthquakes and with known seismogenic structures, even 

without taking the extra step of joint relocation of earthquake foci (e.g., Dunn and others, 

2010).   

Most single-event locations, even today, are based on simple 1-D crustal velocity 

models and data collected by networked seismographs that might not be in an optimal 

spatial configuration to analyze earthquakes that occur in the Northern Arizona Seismic 

Belt.  Poor azimuthal distribution of seismographs around an earthquake focus, and use 

of overly simplistic crustal velocity models, can dramatically affect the location accuracy 

of single earthquakes (e.g., Cronin and Sverdrup, 2003;  Northrup, 1970).  A recent 

example involves the M 6.0 earthquake near Wells, Nevada, on February 21, 2008, which 

was initially located using just the USGS ANSS seismograph network.  When data from 

the EarthScope USArray and Transportable Array (TA) networks were incorporated in 

the location process, the focal location shifted by almost 20 km (personal communication 

to Vince Cronin from Nevada State Geologist Jon Price, September 2009).  At the time of 
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the Wells earthquake, the TA network surrounded the epicentral region at a spacing of 

~70 km, providing excellent azimuthal coverage. 

Three of the four earthquakes considered in this research occurred at a time in the 

late 1950s and early 1960s when global seismograph networks were in their infancy, and 

when deployments were sparse at best.  It is only through careful retrospective analysis 

that focal locations and mechanism solutions are known for these events (Brumbaugh, 

2008).  Although the current location and mechanism data for these events might be as 

good as we are likely to ever have, the possibility exists that the true locations of these 

events might have been beyond the reported uncertainty regions, and that the mechanisms 

(whose uncertainties were not reported) might have significant uncertainties as well.   

What is beyond question is that the transition zone between the Colorado Plateau 

and the Basin and Range Provinces is undergoing horizontal strain (e.g., Kreemer et al., 

2010;  Snow and Wernicke, 2000) that is accommodated in the upper crust by 

seismogenic faulting (Brumbaugh, 2008).  This thesis research used the best available 

published information about four of the largest reported earthquakes in this area to make 

reasonable, if preliminary, assessments of the faults that might have generated the 

earthquakes.  

 

Further Research 

  Seismo-lineament analysis of the Kanab-Fredonia area was successful in 

identifying potentially seismogenic faults as well as geomorphic features that might be 

formed by seismogenic faulting.  Additional research is needed to test and expand the 

results of this study.  Airborne LiDAR swath mapping could be used to identify 

previously unseen lineaments or extend those that have already been observed.  LiDAR 



70 
  

would be particularly useful to examine the heavily vegetated Kaibab Plateau where the 

most prominent geomorphic lineaments were recognized (e.g., Harding and Berghoff, 

2000).  Seismo-lineament analysis could be applied to additional focal-mechanism 

solutions for earthquakes with smaller magnitudes.  The added seismo-lineament swaths 

might help identify further potentially seismogenic faults.      
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APPENDIX A 

 

Example of Seismo-Lineament Mathematica Code 
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Example of Fisher Statistics 
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Fisher Statistics version 2.0  

Vince Cronin, 16 July 2004 20-Sep-05 Vince_Cronin@baylor.edu 

   

  

Input 

Values   

Number of observations (N) 10   

     

  

Vector/Dip 

Azimuth Vector/Dip Plunge 

  (degrees) (degrees) 

First observation 277 87 

Second observation 278 84 

Third observation 275 84 

Fourth observation if any; input 0 if 

none 275 83 

Fifth observation if any; input 0 if 

none 270 83 

Sixth observation if any; input 0 if 

none 278 85 

Seventh observation if any; input 0 if 

none 277 84 

Eighth observation if any; input 0 if 

none 274 84 

Ninth observation if any; input 0 if 

none 276 85 

Tenth observation if any; input 0 if 

none 274 76 

   

   

  

Output 

Values  

Average Vector/Dip Azimuth 275 =B66 

Mean Vector/Dip Plunge 84 =D66 

95 (radius of cone of 95% CI, 

degrees)
2 =B70 

Estimate of k (class I if k≥10) 787 =B72 

 

Calculations         

  Conversion       

  Dip Azimuth   Dip Angle   

  (radians) code (radians) code 

First 4.834562028 =B9/(180/PI()) 1.518436449 =C9*(180/pi()) 

Second 4.852015321 =B10/(180/PI()) 1.466076572 =C10*(180/pi()) 

Third 4.799655443 =B11/(180/PI()) 1.466076572 =C11*(180/pi()) 

Fourth 4.799655443 =B12*(180/PI()) 1.448623279 =C12*(180/pi()) 

Fifth 4.71238898 =B13*(180/pi()) 1.448623279 =C13*(180/pi()) 

mailto:Vince_Cronin@baylor.edu
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Sixth 4.852015321 =B14*(180/PI()) 1.483529864 =C14*(180/pi()) 

Seventh 4.834562028 =B15*(180/pi()) 1.466076572 =C15*(180/pi()) 

Eighth 4.78220215 =B16*(180/pi()) 1.466076572 =C16*(180/pi()) 

Ninth 4.817108736 =B17*(180/pi()) 1.483529864 =C17*(180/pi()) 

Tenth 4.78220215 =B18*(180/pi()) 1.326450232 =C18*(180/pi()) 

 

  Direction Cosines 
  

        

  North code East code Down code 

First  

0.0063781

49 

=COS(D31)

*COS(B31) -0.05194585 

=SIN(B31)*

COS(D31) 

0.998

63 

=SIN(

D31) 

Seco

nd  

0.0145475

5 

=COS(D32)

*COS(B32) -0.1035112 

=SIN(B32)*

COS(D32) 

0.994

522 

=SIN(

D32) 

Third 

0.0091102

56 

=COS(D33)

*COS(B33) -0.1041307 

=SIN(B33)*

COS(D33) 

0.994

522 

=SIN(

D33) 

Fourt

h  

0.0106216

13 

=COS(D34)

*COS(B34) -0.12140559 

=SIN(B34)*

COS(D34) 

0.992

546 

=SIN(

D34) 

Fifth  

-2.23962E-

17 

=COS(D35)

*COS(B35) -0.12186934 

=SIN(B35)*

COS(D35) 

0.992

546 

=SIN(

D35) 

Sixth  

0.0121297

35 

=COS(D36)

*COS(B36) -0.08630755 

=SIN(B36)*

COS(D36) 

0.996

195 

=SIN(

D36) 

Seve

nth  

0.0127388

15 

=COS(D37)

*COS(B37) -0.10374932 

=SIN(B37)*

COS(D37) 

0.994

522 

=SIN(

D37) 

Eight

h  

0.0072915

37 

=COS(D38)

*COS(B38) -0.10427384 

=SIN(B38)*

COS(D38) 

0.994

522 

=SIN(

D38) 

Ninth  

0.0091102

56 

=COS(D39)

*COS(B39) -0.08667829 

=SIN(B39)*

COS(D39) 

0.996

195 

=SIN(

D39) 

Tent

h  

0.0168756

18 

=COS(D40)

*COS(B40) -0.24133259 

=SIN(B40)*

COS(D40) 

0.970

296 

=SIN(

D40) 

 

Vector 
Mean 

Direction 
Cosines       

  North code East code Down code 

  

0.098

80352

9 

=IF(B5=10,SU

M(B44:B53),IF

(B5=9,SUM(B4

4:B52),IF(B5=

8,SUM(B44:B5

1),IF(B5=7,SU

M(B44:B50),IF

(B5=6,SUM(B4

4:B49),IF(B5=

5,SUM(B44:B4

8),IF(B5=4,SU

M(B44:B47),SU

M(B44:B46))))

)))) 

-

1.12

520

428 

=IF(B5=10,SUM

(D44:D53),IF(B

5=9,SUM(D44:

D52),IF(B5=8,S

UM(D44:D51),IF

(B5=7,SUM(D44

:D50),IF(B5=6,

SUM(D44:D49),

IF(B5=5,SUM(D

44:D48),IF(B5=

4,SUM(D44:D47

),SUM(D44:D46

)))))))) 

9.924

495 

=IF(B5=10,S

UM(F44:F53),

IF(B5=9,SUM

(F44:F52),IF(

B5=8,SUM(F4

4:F51),IF(B5

=7,SUM(F44:

F50),IF(B5=6

,SUM(F44:F4

9),IF(B5=5,S

UM(F44:F48),

IF(B5=4,SUM

(F44:F48),SU

M(F44:F46)))

))))) 

lengt

h= 

9.988

56539

9 

=SQRT((B57^2

)+(D57^2)+(F

57^2)) 
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Unit Vector 

Mean 

Direction 

Cosines           

  North code East code Down code 

  0.009891664 

=B57/

B58 

-

0.11264

924 

=D57/

B58 

0.993

586 

=F57

/B58 

 

Mean Dip 
Vector         

  
trend 

(degrees) code 

plunge 

(°) code 

  275.0182376 

=IF(D62<0,360-

ACOS(B62/(COS(ASIN(F62))))*(

180/PI()),ACOS(B62/(COS(ASIN

(F62))))*(180/PI())) 

83.5069

4987 

=(ASIN

(F62)*(

180/PI(

))) 

 

Radius of 95% CI cone     

P (probability) 0.05 (input value) 

95 (radius in degrees) 1.7 

=ACOS(1-(((B5-

B58)/B58)*(((1/B69)^((1)/(B5-1)))-

1)))*(180/PI()) 

      

estimate of k (precision 

parameter) 
787.1 

=IF(B5=B58,((B5-1)/0.00001),((B5-1)/(B5-

B58))) 
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