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ABSTRACT  
  

The goal of this study is to gain a better understanding of earthquake 

distribution and regional tectonic structure across Arizona. To achieve this 

objective, I utilized seismic data from EarthScope's USArray Transportable Array 

(TA), which was deployed in Arizona from April 2006 to March 2009. With station 

spacing of approximately 70 km and ~3 years of continuous three-component 

broadband seismic data, the TA provided an unprecedented opportunity to 

develop the first seismicity catalog for Arizona without spatial sampling bias. In 

this study I developed a new data analysis workflow to detect smaller scale 

seismicity across a regional study area, which serves as a template for future 

regional analyses of TA data and similar datasets.  

The final event catalog produced for this study increased the total number 

of earthquakes documented in Arizona by more than 50% compared to the 

historical catalog, despite being generated from less than three years of 

continuous waveform data. I combined this new TA catalog with existing 

earthquake catalogs to construct a comprehensive historical earthquake catalog 

for Arizona. These results enabled the identification of several previously 

unidentified areas of seismic activity within the state, as well as two regions 

characterized by seismicity in the deeper (>20 km) crust. The catalog also 

includes 16 event clusters, 10 of which exhibited clear temporal clustering and 

swarm-like behavior. These swarms were distributed throughout all three 

physiographic provinces, suggesting that earthquake swarms occur regardless of 

tectonic or physiographic setting. I also conducted a case study for an 

earthquake swarm in June of 2007 near Theodore Roosevelt Lake, 

approximately 80 miles northeast of Phoenix. Families of events showed very 
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similar character, suggesting a nearly identical source location and focal 

mechanism. We obtained focal mechanisms for the largest of these events, and 

found that they are consistent with normal faulting, expected in this area of the 

Arizona Transition Zone. Further, I observed no notable correlation between 

reservoir water level and seismicity. The occurrence of multiple historical 

earthquakes in the areas surrounding the reservoir indicates that this swarm was 

likely the result of tectonic strain release, and not reservoir induced seismicity. 
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CHAPTER 1 

Introduction and Scope of Work 

Much of the state of Arizona has experienced tectonic deformation in the 

recent geologic past, yet Arizona is generally considered to be relatively aseismic 

compared to neighboring regions. For example, southern California is one of the 

most seismically active and extensively studied regions the world due to the 

presence of the San Andreas fault system. To the north and northwest of 

Arizona, Nevada and Utah experience frequent seismicity and active extension 

associated with the Great Basin, and New Mexico to the east has experienced 

moderate seismicity within the Socorro magma body and Rio Grande rift. 

Arizona is characterized by three major physiographic provinces: the 

Colorado Plateau, the Arizona Transition Zone, and the Southern Basin and 

Range (Figure 1). The boundaries between these provinces are still debated and 

vary greatly when considering geologic and geophysical parameters (Pierce, 

1984; Brumbaugh, 1987). The Colorado Plateau encompasses much of the 

northern and eastern portions of the state and is characterized by relatively thick 

(~40 km) crust that has experienced little deformation since the Mesozoic. The 

Arizona Transition Zone extends across central Arizona in the northwest-

southeast direction, and is characterized by extensive horst block mountain 

ranges, volcanic mountains, graben and half graben basins and steep canyons 

(Hendricks and Plescia, 1991). The Southern Basin and Range province extends 

across much of the southern and western portions of the state and is 

characterized by extensive sediment-filled basins separated by ranges formed 

from tilted normal fault blocks and metamorphic core complexes.  
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Figure1. Physiographical setting of the Colorado Plateau, the Arizona Transition 
Zone and the Southern Basin and Range in relation to other major physiographic 
provinces of the western United States.  
 

The recent deployment of the EarthScope USArray Transportable Array 

(TA) within Arizona (Figure 2) has provided the unprecedented opportunity to 

perform a detailed analysis of the frequency and geographical distribution of 

seismicity throughout Arizona for an extended period of time without spatial 

sampling bias, and to connect these seismicity patterns with the geologic history 

of the region. In this thesis, I utilize the regional scale of the TA data to generate 
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a seismicity catalog that documents seismic activity for ~3 years across the entire 

state. I combine this new catalog with existing historical earthquake catalogs to 

form a comprehensive earthquake catalog for the state of Arizona. Further, I 

perform a case study of an earthquake swarm near Theodore Roosevelt 

reservoir, and examine the connections of this swarm to regional tectonic 

stresses and local loading from the reservoir. 

 

Figure 2. Active seismic stations associated with the EarthScope USArray 
Transportable Array (red triangles) in June 2007, including most stations used in 
this study. Figure from USArray Array Network Facility website 
(http://anf.ucsd.edu/stations.php). 
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CHAPTER 2 

Seismicity within Arizona during the Deployment of t he EarthScope 

USArray Transportable Array 

Abstract.  Historical analyses of seismicity within Arizona have shown 

that the state is seismically inactive relative to the remainder of the southwestern 

US. However, previous studies have been hindered by a lack of instrumentation, 

which has ultimately contributed to the perception that earthquakes within 

Arizona are rare and limited to the north-central and northwestern portions of the 

state. The EarthScope USArray Transportable Array (TA) was deployed within 

Arizona from April 2006 to March 2009 and has provided the opportunity to 

review seismicity on a statewide scale. In this study, we develop methods for 

producing an earthquake catalog containing events as small as ml 0.0 and 

complete to at least ml 1.4 using waveform data recorded by a TA-like regional 

array with approximately 70 km station spacing. We combine the earthquake 

catalog generated from TA data with historical earthquake catalogs from various 

sources to produce the first comprehensive historical earthquake catalog for the 

state of Arizona. Comparison of our catalog to existing historical catalogs reveals 

several previously unidentified areas of seismic activity in Arizona and suggests 

that most of the state is capable of producing small-magnitude seismicity. We 

also identify 16 earthquake clusters, many of which have temporal swarm-like 

behavior. These swarms and clusters account for 42% of the seismic events that 

occurred during the TA deployment in Arizona, occur in all physiographic, 

geophysical and tectonic settings, and may represent an important mechanism 

for small-scale tectonic strain release within intraplate regions. 
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Introduction.  Detailed characterization of seismicity within active tectonic 

regions is an essential element of assessing subsurface geologic processes, 

both past and present. Western North America continues to be an active zone of 

deformation with well documented seismic activity recorded from the plate 

boundary on the west to the Rocky Mountains in the east. In relation to the 

northern Basin and Range (Nevada), Wasatch Front (Utah) and California (North 

America / Pacific plate boundary), much of Arizona has experienced low levels of 

recorded seismicity. The southern Basin and Range encompasses much of 

southern and western parts of the state and has experienced recent deformation; 

however, it is characterized by a paucity of present-day seismicity. The Colorado 

Plateau of northeastern Arizona has experienced more seismicity than the 

southern Basin and Range, yet it has remained relatively undeformed in the 

recent geologic past. The goal of this study is to more completely characterize 

seismicity across the state of Arizona and provide new constraints on the 

present-day deformation field in the region.  

The Advanced National Seismic System (ANSS) composite catalog is a 

worldwide earthquake catalog that contains a total of 813 unique Arizona events 

in the time window from 1935 to 2011 (ANSS, 2011). Permanent networks 

contributing to this catalog include the National Earthquake Information Center 

(NEIC), the Southern California Seismic Network (CI), the Nevada Seismic 

Network (NN), and the Utah Seismograph Network (UU). The Arizona 

Earthquake Information Center (AEIC) has compiled a regional catalog of 

historical events within Arizona dating back to 1830 that contains 1,004 unique 

events that were either recorded by the Northern Arizona Seismic Network 

(NASN) or collected from previous earthquake catalogs (Dubois et al., 1981; 
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AEIC, 2011). While earthquakes in the AEIC catalog older than 1960 use 

hypocenter locations and event magnitudes estimated from felt reports and may 

not be accurate, the modern events have all been located using a crustal model 

modified from Warren 1969 (Brumbaugh, 1990; Brumbaugh, personal 

communication). Additional historical earthquakes not listed in the ANSS and 

AEIC catalogs include 12 events from the USGS Preliminary Determination of 

Epicenters (PDE) catalog (USGS, 2011) and events from local-scale seismic 

investigations (Kruger-Knuepfer et al., 1985; Brumbaugh, 2008a,b; Eagar and 

Fouch, 2007).  

When taken together, these catalogs demonstrate clear spatial variations 

in seismicity across the state of Arizona. First, the north-central portion of the 

state has been the most seismically active in terms of event frequency (Figure 3, 

left) and has produced the three largest historical earthquakes (ml 6.0-6.2), which 

were located near Flagstaff, Arizona. These data form the basis for the most 

recent seismic hazard analysis for Arizona (Figure 4), and coincide with the 

location of the Northern Arizona Seismic Belt (NASB), which has been proposed 

as the southwestern tectonic boundary of the Colorado Plateau (Brumbaugh, 

1987). Several other areas are also characterized by relatively higher rates of 

historical seismicity. For instance, earthquakes near Lake Mead in northwestern 

Arizona may have been reservoir induced (Talwani, 1997), or may be associated 

with active deformation within Lake Mead fault system. Earthquakes along the 

Utah-Arizona border are likely to be the result of slip along a series of N-S 

trending normal faults (Pearthree et al., 1983). Earthquake activity in 

southeastern Arizona corresponds to a region of seismicity extending into the Rio 

Grande Rift in New Mexico from northeast Sonora, Mexico, which may be the 
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result of delayed aftershocks from the 1887 MW 7.5 Sonora Earthquake (Castro 

et al., 2010). 

 

Figure 3. Distribution (black dots) and density (shaded areas) of earthquakes 
from historical and modern catalogs. Left panel derived from historical catalog of 
events located within Arizona from 1830 to 2011. Source data includes the 
ANSS, AEIC, USGS PDE, and selected references (see Appendix B for details). 
Long-term and permanent seismic stations are displayed as yellow shapes 
according to network; Northern Arizona Seismic Network (AR-squares), Southern 
California Seismic Network (CI-diamonds), USGS (US-triangles), Utah 
Seismograph Network (UU-circles). Right panel displays events from this study 
that were recorded within Arizona during deployment of the USArray TA (yellow 
squares) from April 2006 to March 2009. In both panels the boundaries between 
physiographic provinces (CP-Colorado Plateau; ATZ-Arizona Transition Zone; 
B&R-Basin and Range) are denoted as dashed lines (from Peirce, 1984), and 
Quaternary faults are displayed as (yellow lines; from USGS 2010 fault and fold 
database: http://earthquake.usgs.gov/hazards/qfaults).  

 

Despite the development of the ANSS and AEIC catalogs, the 

characterization of contemporary seismicity across the entire state Arizona has 

been limited by a lack of instrumentation. Prior to 1989, the few stations deployed 

within Arizona were mostly utilized for active source work. Since 1989, however, 

a growing number of stations have been installed, including the semi-permanent 

NASN network located in the north-central portion of the state, permanent USGS 
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operated stations at Wupatki National Monument (WUAZ) and Tucson (TUC), 

and several stations along the California and Utah borders associated with other 

regional networks (Figure 3, left). In addition to these permanent and semi-

permanent stations, several short-term regional arrays have been deployed 

within Arizona; however, these arrays contributed little to the historical seismicity 

catalog. This sparse and uneven distribution of instrumentation within Arizona 

has created a sampling bias which has precluded a full characterization of the 

spatial distribution of seismicity for portions of Colorado Plateau, the Arizona 

Transition Zone, and the Southern Basin and Range.  

 

Figure 4. Arizona earthquake hazard map displaying peak acceleration (%g) with 
2% probably of exceedence in 50 years for a National Earthquake Hazards 
Reduction Program (NEHRP) B-C boundary site (from Petersen, 2008). Note that 
areas of elevated seismic hazard are consistent with the highest density of 
historical earthquakes (Figure 3, left). 

 

Here we present the first comprehensive analysis of seismicity across the 

state of Arizona through analysis of data recorded by the broadband seismic 

stations of EarthScope’s USArray Transportable Array (TA) 
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(http://earthscope.org/usarray). USArray has provided an unprecedented 

opportunity to monitor seismic activity in all regions without a spatial sampling 

bias. With station spacing of approximately 70 km and ~3 years of continuous 

three-component broadband seismic data, the TA provides the means to 

effectively document the frequency and geographical distribution of seismicity 

throughout Arizona for an extended period of time. We utilized TA data to expand 

upon the preliminary Arizona seismicity catalog developed by the USArray Array 

Network Facility (http://anf.ucsd.edu) by constructing a new data analysis 

workflow to detect smaller scale seismicity. The methods and results presented 

here provide a template for other regional analyses of TA data and other similar 

datasets. We also added events recorded by the TA to existing earthquake 

catalogs to construct a comprehensive historical earthquake catalog for Arizona. 

The final TA-based catalog was generated using less than three years of 

continuous waveform data, yet it increased the total number of earthquakes 

documented in Arizona by more than 50% compared to the historical catalog. 

The new catalog has enabled identification of several previously unidentified 

areas of seismic activity, as well as two regions characterized by seismicity in the 

deeper (>20 km) crust. The catalog also revealed 16 event swarms and clusters 

distributed throughout all three physiographic provinces. These analyses have 

resulted in a better understanding of the current state of active tectonics in 

Arizona, and will provide improved ability to estimate seismic hazard throughout 

the state. 

Data and methods.  The USArray ANF provided data for this study in the 

form of a database for the Antelope Environmental Data Collection Software 

suite (Antelope) (http://www.brtt.com). Waveform data were recorded at a sample 
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rate of 40 sps and consisted of continuous three-component waveform data 

recorded at 92 USArray TA seismometer stations located within or adjacent to 

the state of Arizona from April 2006 to March 2009 (Figure 3, right). A complete 

list of station names, locations, and network codes is provided in Appendix C. For 

an introduction to Antelope software functions and terminology, we refer the 

reader to the Antelope New User’s Guide referenced in (Appendix F). 

Automatic event detection and initial location. To detect and locate 

seismic events within Arizona over the duration of the dataset, we utilized 

Antelope’s algorithms for automatic P arrival detection (dbdetect), detection 

association (dbgrassoc), and hypocenter location (dbgenloc) (Pavlis et al., 2004). 

Dbdetect evaluates waveform data for potential seismic events by computing 

short-term average (STA) versus long-term average (LTA) ratios on one or more 

data channels, as specified by the user, and then flags instances where the 

specified detection parameters are satisfied as potential event arrivals. 

Dbgrassoc searches for families of arrivals determined from dbdetect that meet 

the required association criteria. These criteria may include number of stations, 

maximum time range between first and last arrival, and maximum station 

distance from origin. Dbgrassoc then runs dbgenloc, which uses an iterative least 

squares method that assigns weights to each arrival based on residual time, an 

uncertainty value (if manually-provided), and distance from station to event to 

calculate an event hypocenter assuming the IASP91 velocity model (Kennett et 

al., 1991). Associated arrivals with hypocenters located outside of the study 

region are ignored by dbgrassoc.  

To establish a travel time grid that covered the entire state and extended 

just beyond the state borders, we used Antelope’s ttgrid algorithm. For this study, 
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the grid was centered at 34.2
N and -111.83
W and ext ended 2.55
 in the west-

east direction and 2.95
 in the north-south direction. For simplicity, we set the 

number of grid nodes to 151 in both the west-east and north-south directions. 

Map view grids were established every 2 km in depth for the upper 20 km and 

every 5 km from 20 to 55 km depth.  

In an effort to calibrate dbdetect to detect the smallest events possible 

while minimizing spurious event detections, we ran a series of tests with varying 

dbdetect parameter values. Based on initial test runs using Antelope’s default 

parameter file values, we confirmed that dbdetect was functioning as expected 

by successfully identifying potential P-waves. To fine-tune our ability to detect 

known P waves in the network, we altered specific parameters in the dbdetect 

parameter file. We set the signal to noise threshold to 3.5, the STA time window 

to 1.0, and the LTA time window to 5.0 (See Appendix F for Antelope parameter 

files used in this study).  

We tested the efficacy of dbgrassoc for our study region by altering 

parameter values for (1) the main detection evaluation time window, (2) the 

evaluation time window step, and (3) the minimum number of station detections 

required for association. The initial testing was performed on a random cluster of 

events in the Arizona Transition Zone that occurred on 5/17/2008 in the vicinity of 

34.35
N, -110.37
E. For these tests, we used values of  3, 4 and 5 for the 

threshold number of station detections without eliminating stations based on 

distance from the calculated hypocenter. A value of 3 resulted in many false 

event detections, while a value of 5 resulted in the unsatisfactory exclusion of 

several smaller events. A value of 4 resulted in the detection of 12 Arizona 

events, 9 out of state/spurious events, and 4 mine blasts for the 24 hour period 
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tested. We then added a distance restriction to the station threshold parameter 

so that all stations greater than 1.5 degrees from the calculated hypocenter are 

ignored. This addition resulted in the detection of 10 out of 12 Arizona events, 0 

out of state/spurious events, and 5 mine blasts. We then examined a range of 

detection processing time window values (15, 20, 25 and 60 s), and concluded 

that 20 seconds was the optimal value based on the detection of the greatest 

number of earthquakes while minimizing spurious events. Finally, we tested 

values for the frequency of detection processing from 5, 10, 15, and 40 seconds, 

and concluded that 10 seconds was the optimal value for this parameter.  

Once a satisfactory set of event association parameters was established, 

we applied the detection and event association algorithms to our dataset for all 

available data recorded in 2006. A cursory review of the first 1.5 months of data 

showed that that these settings successfully identified most events in the ANF 

Monthly Event Catalog, while including very few spurious events. Any events 

from the ANF catalog that were not detected were ignored by dbgrassoc because 

dbdetect had only found arrivals at 3 stations. We therefore concluded that the 

algorithm was performing as expected. 

To further test the detection and event association algorithm parameters, 

we ran them on a time window in which we had manually reviewed the waveform 

data for seismicity as part of a separate study. From 13:00 to 15:15 GMT on 

6/25/2007, we visually detected and manually located 10 earthquakes adjacent 

to Roosevelt Lake, within the Arizona Transition Zone. Of these 10 events, two 

events were ml < 1.0, four were 1.4 > ml > 1.0, and four were ml �  1.4. The 

automatic detection and association algorithms successfully found all events with 

ml �  1.4, but missed all events with ml < 1.4. Through a visual review of the 
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waveform data, we determined that dbdetect had successfully flagged arrivals for 

all events with ml > 1.0; however, dbgrassoc failed to associate these detections. 

We tested a series of signal to noise threshold values from 3.5 to 3.0 by steps of 

0.1, but determined that changing this parameter did not improve associations for 

the smallest events. In another series of tests, we decreased the short-term/long-

term average ratio value from 1:5 to 0.5:4 and altered several other parameters, 

but in no case were we able to reduce the event detection threshold magnitude. 

We conclude that our methods are well-tuned to detect and locate all local events 

with ml �  1.4, as well as many with ml < 1.4. Based on these tests and the 

magnitude distributions of events in our catalog, we conclude that the event 

catalog presented in this study is complete to ml = 1.4 and greater, captures most 

events ml > 1.0, and is capable of detecting many events ml < 1.0. 

Quality control of automatic detection processing. After applying the 

automatic detection and location algorithms to the entire data set, we manually 

viewed the P-arrival times and waveform data for each detected event using a 1 

HZ high-pass filter. We classified events in four categories; local earthquake, 

mine/quarry blast, false/out-of-state event, or potential blast. In addition to the 

automatically detected events, we also manually reviewed a minimum of two 

hours of waveform data prior to and following larger earthquakes (ml �  2.0) and 

during swarms to detect potential foreshocks and aftershocks that would be too 

small to be identified by the automatic detection algorithm.  

We reviewed the initial catalog generated through the automated 

detection algorithm and found that the detection of a small number of spurious 

events was unavoidable. These false detections were easily recognized by 

reviewing waveform data, as in each case the largest amplitude signals were not 
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found on stations close to the hypocenter calculated by dbgenloc and waveforms 

were generally noisy with no clear P or S arrivals. Out of state earthquakes were 

also readily recognizable, because the nearest stations to the event hypocenters 

were located along the perimeters of the station grid, which does not extend far 

beyond the state borders of Arizona. As expected, the majority of out-of-state 

events consisted of earthquakes in southern Utah, southern Nevada, and 

southeastern California, primarily along the San Andreas fault system in Baja 

California. During our initial review, we removed all spurious and out of state 

events from the catalog. 

Besides false detections and events located outside the boundaries of the 

study region, the majority of non-earthquake detections came in the form of mine 

and quarry blasts, an expected feature of the initial catalog given the broad range 

of mining and quarrying operations in the state. The reliability of methods used 

for differentiating between blasts from mines and quarries and from local 

earthquakes varies significantly from region to region (Baumgardt and Young, 

1990) due to several factors, including blast type, location of blasts relative to the 

seismic network, station spacing, and other local conditions. Since crustal 

characteristics vary greatly between the three physiographic provinces in 

Arizona, we differentiated between man-made blasts and local earthquakes on a 

case to case basis by waveform character analysis and by a review of Google 

Earth satellite imagery in the areas of suspected blasts (Figure 5). Events with 

emergent or multiple P-arrivals at all stations, long codas (25s or more on 

stations within 1
), and/or excessive low frequency signal were classified as 

suspected mine blasts (Figures 6 and 7, Stump et al., 2002). For each suspected 

blast, we compared the initial locations of these events to create a list of active 
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mine and quarry sites within Arizona (Appendix D). In many cases, blasts from 

individual mine and quarry sites were distinctive enough that their source could 

be easily recognized based on waveform character alone. Confirmed 

mine/quarry blasts were noted in the Antelope event database and copied into a 

separate catalog (Appendix D). Due to the emergent nature of P-wave arrivals 

and the high volume of blasting events (10+ statewide on weekdays), accurate 

locations for most blasts were determined to be beyond the scope of this study. 

Therefore, the final mine/quarry blast catalog produced in this study uses initial 

locations generated from the workflow described above with no further analysis 

or quality control.  
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Figure 5. Google Earth satellite imagery of typical blasting sites found within 
Arizona. a) Morenci Copper Mine located in eastern Arizona. b) Construction 
material site located within the northern Phoenix metropolitan area. 
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Figure 6. Record sections of waveform data for two mine blasts identified using 
automatic detection and location algorithms. Traces are vertical component only, 
filtered at 1 HZ, and labeled with station names and distances from source. Note 
that mine blasts are characterized by lack of clear P and S arrivals and a large 
amount of low frequency signal that extends beyond 25 seconds on stations 
within an epicentral distance of 1
. a) 8/3/2008 01:34:58 GMT blast at Morenci 
Copper Mine in southeastern Arizona. b) 2/6/2008 20:39:17 GMT blast at 
Kayenta Coal Mine in northeastern Arizona. 
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Figure 7. Record sections of waveform data for a quarry blast and a potential 
man-made blast identified using automatic detection and location algorithms. 
Traces are vertical component only, filtered at 1 HZ, and labeled with station 
names and distances from source. Note that quarry blasts are characterized by 
emergent P arrivals and a large amount of low frequency signal that extends 
beyond 25 seconds on stations within an epicentral distance of 1
. a) 6/30/2008 
23:12:48 GMT blast at a quarry site in the northern Phoenix metropolitan area. b) 
1/11/2008 16:27:30 GMT potential man-made blast located north of Phoenix near 
New River. No evidence of man-made blasting was observed near this event 
using Google satellite imagery; however, this event was flagged as potentially 
man-made due to the emergent P and S arrivals and low frequency signal 
beyond 25 s on X15A and Y16A. 
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Events with waveform character similar to other blasts but not located 

near any known blasting locations or visibly scarred areas were flagged as 

potential man-made seismic events and listed in a separate event catalog (Figure 

7b; Appendix D). We identified 97 of these events, 51 of which we attempted to 

locate using the Basin and Range velocity model. The high rate of these events 

being located within the Basin and Range suggests the possibility that 

earthquakes occurring within sedimentary basins have waveform characteristics 

similar to those of mine and quarry blasts. Further analysis of this problem is 

beyond the scope of this paper but should be addressed in future work. 

Earthquake relocation and magnitude calculation.  Following the 

completion of the automated detection and location procedure, and the culling 

non-tectonic events such as false detections and blasts, we manually reviewed 

the waveforms to provide more precise local event locations. Local earthquakes 

have distinctive waveform characteristics that include impulsive P-arrivals that 

vary in amplitude according to azimuth, and a clearly identifiable S-wave less 

than 20 seconds later on stations closer than 1
 (Figure 8). For each earthquake, 

we manually adjusted the P-arrival picks originally assigned by dbdetect, picked 

S-arrivals on stations where the S phase was clear, and assigned time 

uncertainty values for each pick based on signal to noise values and 

impulsiveness of the phase arrival. We used the initial hypocenter location to 

determine if the event was located within the Colorado Plateau, Arizona 

Transition Zone, Basin and Range province and then selected a corresponding 

1-D regional velocity model (Table 1) to calculate the final hypocenter. To limit 

the number of out of state events included in this study, we dropped any 

earthquake located more than 0.1
 from the Arizona state border from our final 
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catalog. Based on previous analyses using this algorithm, we roughly estimate 

epicentral distance errors of 2 km and depth errors of 5 km; however, the 

significant variations in crustal structure across the region make it difficult to 

quantify location errors, which are likely not uniform for all regions of the study 

area. 
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Figure 8. Record sections of waveform data for three earthquakes identified 
using automatic detection and location algorithms. Traces are vertical component 
only and are labeled with station names and distances from hypocenter. a) 
8/2/2008 20:06:04 GMT MW 1.7 earthquake located southeast of Tuba City within 
the Colorado Plateau. b) 3/14/2008 03:40:56 GMT MW1.4 earthquake located 
northwest of Sedona within the Transition Zone. c) 8/3/2008 09:53:23 GMT 
MW2.0 earthquake located east of Parker within the Basin and Range. 
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Table 1. 

Velocity Models Used in this Study 

Arizona Transition Zone Basin and Range Colorado Pl ateau 

(Sinno et al., 1981) (Warren, 1969) (Warren, 1969) 
� � � � � �

P-Velocity   
(km/s) 

Depth     
(km) 

P-Velocity 
(km/s) 

Depth  
(km) 

P-Velocity 
(km/s) 

Depth  
(km) 

      

3.34 0 2.9 0 4.7 0 

6.05 1 5.2 0.4 6.19 3.6 

6.4 15 6.14 2 6.8 27.3 

7.67 24 7.8 22 7.8 42 
      

S-Velocity 
(km/s) 

Depth     
(km) 

S-Velocity 
(km/s) 

Depth  
(km) 

S-Velocity 
(km/s) 

Depth  
(km) 

2 0 1.74 0 2.82 0 

3.62 1 3.12 0.4 3.71 3.6 

3.83 15 3.68 2 4.07 27.3 

4.6 24 4.67 22 4.67 42 
 

For most events, we computed the local magnitude (ml) using Antelope’s 

orbevproc program, which calls mlrichter, the standard local magnitude used for 

all USArray event data processing at the ANF. This is also the official method by 

which the USGS computes magnitudes. In this method, local magnitudes are 

computed using the methodology described by Richter 1958, which uses the 

largest 3-component peak amplitude and applies an empirical scaling factor 

based on assumed attenuation at the event’s epicentral distance. A small portion 

(6%) of events within our catalog did not return magnitude determinations. These 

events were mostly characterized by few P and S arrivals or signal to noise 

values near the detection threshold, suggesting very small ml values. 

Results.  The primary results from this study are twofold. First, as 

described in the data and methods section, we developed the first 
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comprehensive catalog merging both the ANSS and AEIC catalogs with a careful 

eye toward avoiding overlapping events from the two catalogs. The result of this 

effort yielded a new historical catalog for the state of Arizona with a time period 

ranging from 1830 to 2011 and a total of 1,961 unique events. Second, we 

identified and located a total of 995 earthquakes within or immediately adjacent 

to Arizona during the TA deployment from April 2006 to March 2009 (Appendix 

A). For the time period where TA station coverage in Arizona was most complete 

(April 2007 through November 2008), we identified 884 earthquakes. 

To provide an accurate comparison of our results against existing 

catalogs, we generated subsets of data for each catalog containing only events 

that occurred between April 1, 2007 and November 31, 2008 and were located 

within a 0.1
 buffer outside the state borders of Arizona. Based on these 

parameters, the ANSS catalog contained 76 events, the AEIC contained 4 

events, and the ANF catalog contained 248 events. Our earthquake location 

effort identified all four AEIC events, 55 of the 76 ANSS events, and nearly all of 

the ANF events. We reviewed each of the 21 ANSS events not included within 

our catalog, and all except one were found to be either man-made seismic 

events, events with less than four stations within 1.5
, or events with weak P 

wave arrivals that our autodetection algorithm did not flag. The one ANSS 

earthquake missed by our methods had P arrivals flagged on four stations within 

1.4
, and it is unclear why it was not collected by the association algorithm. Of 

the 248 ANF events, we confirmed that all were either included in our catalog or 

were human-caused events that were excluded from our final catalog. 

With 884 events located during the study period, the new catalog 

represents a fourfold increase from the number of events found in the ANF 
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catalog for the same time frame. Our analysis identified 292 (29%) events in the 

new catalog that were located at least 10 km from events recorded in historical 

earthquake catalogs. The most notable areas of previously unidentified seismicity 

were located in the northwest portion of the Arizona Transition Zone, in the 

southeast corner of the state, and within the Colorado Plateau along the Arizona-

New Mexico border (Figure 3, right). 

To calculate background seismicity rates within Arizona, we performed a 

kernel density analysis of the event catalog using a search area radius of 1 

degree (Figure 3, right). In general, seismic activity is most dense in the 

northwest quarter of the state, with a band of elevated seismicity extending to the 

southeast along the southern edge of the Colorado Plateau. Additionally, we 

detected elevated earthquake densities in the southeast corner of the state, as 

well as in portions of the interior of the Colorado Plateau. The maximum 

seismicity rate recorded during the TA deployment was 0.86 events within a 1 

degree radius per day, which occurred in the northwest corner of the state 

between several swarms of repeating earthquakes. For comparison, we 

performed this calculation on the cumulative historical earthquake catalog for 

Arizona (Appendix B; Figure 3, left) and found that historical earthquakes were 

most frequently recorded in the north-central portion of the state (the “northern 

Arizona Seismic Belt”; Brumbaugh 1987).  

We analyzed the depth distribution of events during the TA deployment 

by utilizing an inverse distance weighting interpolation (Watson and Philip, 1985) 

with a variable search radius that was calculated by using the nearest eight data 

points (Figure 9, right). This analysis revealed that while the majority of the 

state’s seismicity occurs within the upper 20 km of the crust with an average of 
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9.9 km, areas of deeper seismicity are found along the Arizona-Utah border in 

northwest portion of the state, as well as the interior portions of the Colorado 

Plateau in the northeast portion of the state. Many of >20 km deep events 

located within the Colorado Plateau are scattered and adjacent to shallow events 

(<20 km); however, we identified a zone containing 13 events ranging from 19 to 

31 km in depth beneath the Defiance Uplift along the Arizona-New Mexico border 

in the northeast portion of the state. The Defiance Uplift region and the Arizona-

Utah in the northwestern portion of the state appear to be the only regions in 

Arizona that exhibit regular seismicity at depths exceeding 20 km. Additionally, 

seismicity within the Arizona Transition Zone is generally shallow compared to 

seismicity recorded within the Basin and Range province (Figure 10). To 

compare our results with historical data, we performed the same inverse distance 

weighting interpolation on the historical seismicity catalog (Figure 9, left) and 

found that the majority of historical earthquakes were shallow (<20 km) with an 

average depth of 7.2 km. The historical catalogs include scattered deep (>20 km) 

earthquakes throughout the state; however, aside from a swarm in eastern 

Arizona detected by Eagar and Fouch (2007), these deep earthquakes appear to 

be anomalous with no clear patterns or association with physiographic or tectonic 

regime. 
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Figure 9. Left: panel displays the depth distribution of historical seismicity within 
Arizona from 1830 to 2011. Right panel displays the depth distribution of 
seismicity within Arizona during the TA deployment from April 2006 to March 
2009. Physiographic provinces are identified on both maps as Colorado Plateau 
(CP), Arizona Transition Zone (ATZ), and Basin and Range (B&R). 
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Figure 10. Histograms displaying depth distribution of earthquakes recorded by 
the USArray TA and located within a) all of Arizona, b) the Colorado Plateau, c) 
the Transition Zone, and d) the Basin and Range province. 95% of earthquakes 
occur above the dashed grey line in all four panels. Also note that the event 
frequency axis in Panel d is stretched by a factor of 4 compared to the other 
three panels. 
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We evaluated the magnitude distribution and total moment release in our 

new catalog. We converted the ml values determined in our processing to 

moment magnitude (MW) using the empirical relationship described by Hanks and 

Kanamori (1979) and Lay and Wallace (1995): 

 

       MW = (1.5* ml + 16)/1.5 - 10.73   (1) 

 

As expected, the overwhelming majority of earthquakes in this study 

(greater than 99%) were MW < 3.0, and greater than 90% of events were MW < 

2.0. The average magnitude of events recorded in this study was 1.15 MW. To 

analyze the geographic distribution of seismic energy release (seismic moment; 

M0) recorded by TA stations from April 2007 through November 2008, we used 

the empirical relationships: 

 

              MW =2/3 log M0 - 10.7    (2) 

      and 

       M0 = 101.5Mw +16.095    (3) 

 

and summed the total M0 release from all events within 25 km of each event 

(Figure 11, right). We did not find significant patterns or anomalies in the 

geographical distribution of cumulative moment release. We found that the total 

seismic moment released during this study period was equivalent to a single 

event of approximately MW = 4.2, and the majority of moment release occurred in 

the northwestern quarter of the state (Figure 11, right). We note that several 

additional areas of elevated moment release are scattered throughout the state; 
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however, these regions were associated with isolated large earthquakes or multi-

event clusters. We performed an identical analysis on historical event data from 

1963 to 2010 and compared the results to the results from our new catalog 

(Figure 11, left). The historical catalog also exhibits the greatest moment release 

in the northwestern portion of the state; however, this result is dominated by the 

larger events that occurred in the north-central portion of the state.  

 
 
Figure 11. Left panel displays total seismic moment (ml equivalent) of historical 
earthquakes from 1960 to present. Right panel displays total seismic moment 
release of earthquakes recorded by the TA from April 2006 to March 2009. 

 

To highlight areas characterized by spatial clustering of earthquakes, we 

performed an earthquake density analysis with a search radius of 2 km and the 

cutoff for number of events in a cluster set to 10 (Figure 12a,b). This analysis 

revealed a total of 16 locations where 10 or more earthquakes were located 

within a 2 km radius. In all a total of 416 events, or 42% of our entire catalog, 

were associated with one of the 16 event clusters (See Appendix E for events 

associated with earthquake clusters and swarms). Of these 16 clusters, 10 were 

distinctly swarm-like, being characterized by temporal clustering (days to weeks) 
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with the largest magnitude event not occurring as the first event in the sequence 

(2 of the criteria specified by Vidale and Shearer, 2006). The remaining six 

clusters appeared to be typical mainshock-aftershock sequences, with the largest 

event at the beginning of the sequence. 

 

Figure 12a. Locations of swarms and clusters located as part of this study in 
relation to Quaternary faults within Arizona (dark grey lines; from USGS 2010 
Quaternary fault and fold database: http://earthquake.usgs.gov/hazards/qfaults). 
Earthquakes recorded by USArray TA stations are depicted as light gray dots. 
Typical mainshock-aftershock type clusters are denoted by dashed circles. 
Temporally clustered earthquake swarms are denoted by solid circles. A 
complete list of clusters and associated events is provided as a separate table in 
Appendix E.  

 



  31 

 

12b. Locations of swarms and clusters identified as part of this study in relation to 
the locations of post-15 m.y. volcanic outcrops in Arizona (light grey areas; from 
Scarbourough, 1985). Earthquakes recorded by USArray TA stations are 
depicted as dark gray dots. Typical mainshock-aftershock type clusters are 
denoted by dashed circles. Temporally clustered earthquake swarms are 
denoted by solid circles. A complete list of events associated with swarms and 
clusters is provided as a separate table in Appendix E.  

 

Discussion.  Our new Arizona earthquake catalog is consistent with 

patterns denoted by the historical catalog in that the majority of earthquakes 

occur in the northwest portion of the state (Figure 3). However, earthquakes in 

our catalog appear to be more evenly distributed, while the areas of highest 

earthquake density in the historical catalog are centered in the areas of where 

historical seismic stations are most dense. 
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The Arizona-Utah border in the northwest portion of the state and the 

Arizona-New Mexico border in the northeast portion of the state are the only two 

regions where earthquake hypocenters were consistently located at depths 

greater than 20 km (Figure 9) in our new catalog. It is possible that these two 

regions of anomalously deep earthquakes may be the result of inaccuracies in 

the local velocity models used to locate the events, whereby significant 

differences in crustal structure could account for mislocated events. This is 

unlikely, however, since the northwest portion of the state is characterized 35 to 

40 km thick crust (Brumbaugh, 1987) while the northeastern portion of the state 

is characterized by crust that is 40 km thick or more (Gilbert et al., 2007), and 

both regions likely possess similar upper crustal velocities due to their similar 

compositions. Further, earthquakes within both areas were located using the 

same crustal velocity model from Warren 1969 for the Colorado Plateau. We 

therefore suggest that it is more likely that the deeper earthquakes in the 

northwest portion of the state are associated with active fault systems, such as 

the Hurricane and Sevier-Toroweap that perhaps penetrate to significant depths 

given their age and activity level. In northeastern Arizona, events may be 

associated with crustal deformation due to the Defiance Uplift, one of several 

monoclines within the Colorado Plateau. This is unlikely, however, as the 

Defiance region is believed to have been uplifted during the Laramide interval of 

Late Cretaceous through Eocene time (Kelley, 1967). It is more likely that these 

deep earthquakes are the result of an increased depth of the brittle-ductile 

transition due to the larger regional crustal thickness and possible reactivation of 

pre-existing structures. 
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The 16 earthquake clusters identified as part of this study (Figure 12) 

make up ~42% of the events recorded during the TA deployment in Arizona. 

These clusters consist of groups of 10 or more earthquakes located within a 2 km 

radius. There appears to be no correlation between physiographic or geologic 

setting and cluster location, as clusters are located within the Basin and Range 

Province, within the Arizona Transition Zone, along the Transition Zone-Colorado 

Plateau boundary, within the interior of the Colorado Plateau, and throughout in 

the northwest quarter of Arizona. Clusters in northwestern Arizona appeared to 

be associated with areas of documented Quaternary faulting (Figure 12a; 

Menges and Pearthree, 1983); however, several clusters are also located within 

areas of recent (<15 Ma) volcanic activity (Figure 12b). We also identified a 

cluster within a sedimentary basin near the town of Gila Bend in southern 

Arizona. Two clusters were located adjacent to the man-made reservoirs of Lake 

Mead and Theodore Roosevelt Lake; however, studies of seismicity near these 

reservoirs did not find a correlation between seismic activity and reservoir water 

levels (Rogers and Lee, 1976; Chapter 3). 

Additionally, most spatially clustered event groups exhibited a significant 

degree of temporal clustering, which we term “swarms”. In some cases, more 

than 20 events were identified on the same day, with as many as 49 events 

occurring within a one-week period. Waveform characters of swarms in this study 

were remarkably similar within the same cluster, suggesting that most of the 

swarms occurred as a result of repeating slip along a single fault plane. While 

detailed analysis of each swarm is beyond the scope of the present study, we 

examined the June 2007 swarm located adjacent to Roosevelt Lake in Chapter 
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3. Here we comment on the tectonic and physiographic setting of these 

earthquake clusters and the significance of their widespread occurrence. 

Of the 16 earthquake clusters, 10 were distinctly swarm-like, with 

temporal clustering ranging from days to weeks and the largest event not 

occurring as the first event in the sequence. In addition to the 10 spatially and 

temporally clustered earthquake swarms identified as part of this study, state 

historical swarms have been identified in eastern Arizona (Eagar and Fouch, 

2007), near Fredonia (Kruger-Knuepfer et al., 1985), and in the San Francisco 

Volcanic Field (AEIC Catalog, See Appendix B). 

Most studies associated with earthquake swarms point to the migration of 

hydrothermal fluids (Heinike et al., 2009) or magma injection (Špi� ák 2000, Kurz 

et al., 2004) as their cause; however, the occurrence of swarms has also been 

attributed to aseismic slip in both subduction zone (Holtkamp and Brudzinski, 

2011) and transform fault (Vidale and Shearer, 2006) environments. Other areas 

with intraplate swarms that do not appear to be associated with fluid migration 

include Arkansas (Špi� ák, 2000; Rabak et al., 2010) and Ontario, Canada (Ma 

and Eaton, 2009). In each of these cases, the largest event in the swarm 

sequence is larger than M4.0; however, only four of the swarms identified in the 

current study contain events larger than ml 3.0. This suggests that within regions 

of relative seismic inactivity, tectonic strain may commonly be accommodated by 

repeated small-magnitude seismicity or swarm-like earthquake sequences in 

addition to occasional moderate earthquakes and infrequent large earthquakes. 

To confirm this hypothesis for our study region, further analysis of earthquake 

clustering is warranted. It is likely that future TA-based seismicity studies with 
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provide ample opportunity to examine this phenomenon in multiple tectonic and 

physiographic environments as the TA continues eastward. 

While this type of study is useful for updating earthquake catalogs and 

discovering areas of previously unidentified seismic activity, it remains difficult to 

generate fault plane solutions for most of these events due to their small 

magnitude (97% �  ml 2.5). As part of a concurrent study we analyzed a series of 

earthquakes that occurred in June 2007 near Theodore Roosevelt Lake, ~130 

km northeast of Phoenix (Chapter 3). We were able to calculate focal 

mechanisms for the two largest events (ml = 2.7 and ml = 3.1) that were 

consistent with slip along a northwest-southeast trending normal fault located 

nearby. This swarm, along with several events near Lake Mead in the northwest 

portion of the state (Rogers and Lee, 1976), and the Mb 4.9 February 4, 1976 

Chino Valley Earthquake (Eberhart-Phillips et al., 1981) represent the only 

historical Arizona earthquakes outside of the southwestern margin of the 

Colorado Plateau province for which fault-plane solutions have been calculated. 

To further characterize the state of tectonic stress within Arizona, we suggest 

that future studies consider calculating focal mechanisms for the 33 ml 2.5 or 

larger events and several clusters of small-magnitude repeating events identified 

as part of this study. Further, specific attention should paid to events located 

within the interior of the Colorado Plateau and Basin and Range provinces, 

because focal mechanisms and local tectonic strain orientations have not been 

well-studied within these portions of Arizona. 

We have found that three years of data from the USArray TA deployment 

within Arizona is insufficient to fully characterize moment release and earthquake 

hazard within the state. In more tectonically active regions such as southern 
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California or other plate boundaries, the earthquake cycle is relatively short and 

can be effectively monitored over a period of years to decades. However, 

recurrence intervals for M7.0 sized events associated with normal faults 

throughout the southern Basin and Range province have been estimated to 

range from 10 to 100 k.y. (Menges and Pearthree, 1989). Therefore, we 

conclude that the deployment of a long-term regional network is necessary to 

capture more of the earthquake cycle in this region of low deformation rates, and 

therefore accurately estimate rates of seismicity and hazard for the entire state of 

Arizona. 

Conclusions.  We developed the methods presented in this study to 

effectively and efficiently process waveform data from a regional broadband 

seismometer array with station spacing similar to that of the of the USArray 

Transportable Array (~70 km), and to produce a catalog of seismicity complete to 

ml 1.4. This study also serves as a template for future TA-based and other 

regional studies from similar experiments. In the case of Arizona, spatial 

coverage of the TA across the entire state has led to the identification of 

seismicity within areas previously thought to be tectonically inactive relative to 

neighboring states. Of the 995 events within the new catalog, we identified 292 

(29%) located at least 10 km away from events recorded in historical earthquake 

catalogs, and we identified 579 (58%) events located at least 10 km from 

documented Quaternary faults. The most notable areas of previously unidentified 

seismicity were located in the northwest portion of the Arizona Transition Zone, in 

the southeast corner of the state, and within the Colorado Plateau along the 

Arizona-New Mexico border. The presence of seismicity in all three 

physiographic provinces of Arizona suggests that, while some areas generate 
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more seismic activity than others, the entire state of Arizona is seismogenic and 

small-scale tectonic strain within continental interiors can be accommodated 

through small-magnitude earthquakes. This study also confirms that broad, 

uniformly spaced seismometer station locations and coverage area have a 

significant impact on measured seismicity rates and hazard analysis for a given 

region. 

Through analysis of the earthquake catalog generated as part of this 

study we have found that the majority of events that occur within Arizona are 

shallow (< 20 km). Two notable exceptions to this observation are areas 

characterized by consistently deep hypocenters (> 20 km); the region along the 

Arizona-Utah border in northwestern Arizona, and the area of the Defiance Uplift 

along the Arizona-New Mexico border. We also identified 16 clusters of 10 or 

more earthquakes within a 2 km radius. Of these 16 clusters, we noted 10 with 

swarm-like characteristics, chiefly (1) temporal clustering over a period of days to 

weeks and (2) the largest magnitude event occurring somewhere in the middle of 

the temporal sequence. We identified earthquake swarms in all three 

physiographic provinces of Arizona, suggesting that spatio-temporal earthquake 

clustering may be a significant mechanism of regional strain release regardless 

of tectonic or physiographic setting. 
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CHAPTER 3 

Seismic Activity Near Theodore Roosevelt Lake, Arizo na 

Abstract. The deployment of the EarthScope USArray Transportable 

Array (TA) within Arizona has produced a dataset with station density and 

waveform quality previously unavailable for the state. Our examination of TA data 

has identified seismicity throughout Arizona, including regions with no mapped 

Quaternary faults and without recent volcanic activity. As a case study, we 

examined an area immediately surrounding Theodore Roosevelt Lake that has 

experienced six known instances of seismic activity, including five separate 

periods of activity since June 2007. The period of peak seismicity was from June 

21 to 28, 2007, and included 62 total events with 20 earthquakes large enough to 

locate hypocenters. This cluster was centered approximately 7 km northeast of 

Theodore Roosevelt Dam with a maximum event magnitude of ml 3.1. USArray 

stations also recorded two events on January 27, 2008, which were located 5 km 

southeast of Theodore Roosevelt Dam with a maximum magnitude of ml 0.9, and 

a ml 1.0 earthquake located 10 km northeast of the dam on May 3, 2008. Given 

the proximity of these events to Roosevelt Lake, reservoir induced seismicity 

(RIS) may be a viable explanation for the seismicity. However, historical 

earthquake data in the area is insufficient to perform a detailed study on RIS, and 

more significantly, we observed no temporal correlation between recent seismic 

activity and water level changes in Roosevelt Lake. Additionally, the nearest 

Quaternary fault is located 30 km to the west of the cluster, and the most recent 

local volcanic activity in the area occurred approximately 18.5 Ma. We observed 

no notable correlation between reservoir water level and seismicity, and multiple 

historical earthquakes in the areas surrounding the reservoir indicate that this 
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swarm was likely the result of tectonic strain release rather than reservoir 

induced seismicity. 

Introduction.  The state of Arizona is composed of three distinct 

physiographic provinces: the Colorado Plateau, Arizona Transition Zone, and the 

southern Basin and Range (Figure 13). Characteristics including crustal structure 

and thickness, stress orientations, volcanism, seismicity, heat flow, and gravity 

suggest that the Transition Zone represents both a tectonic and geophysical 

transition between the thick and relatively stable crust of the Colorado Plateau 

and the thin and highly-extended crust of the southern Basin and Range 

(Brumbaugh, 1987; Hendricks and Plescia, 1991; Thompson and Zoback, 1979). 

However, these tectonic and geophysical transitions do not strictly occur along 

the physiographic boundaries between the regions, and the tectonic evolution of 

the Transition Zone is not fully understood. 

The most direct way to examine geophysical and tectonic transitions is by 

reviewing regional seismicity. However, the lack of historical earthquake data 

within the state of Arizona has limited previous studies of seismicity and 

lithospheric strain accommodation and supported the perception that the region 

is seismically inactive relative to neighboring regions of the tectonically active 

western United States. Few studies have examined seismicity within or near the 

Arizona Transition Zone. Analysis of the February 4, 1976 mb 4.9 Chino Valley 

earthquake identified a northwest trending normal fault plane with a 40º dip to the 

southwest as well as microseismicity in the area at a rate of 0.3 events per day 

(Eberhart-Phillips et al., 1981). Focal mechanisms for earthquakes within the 

southernmost Colorado Plateau indicate exclusively northwest-trending normal 

faulting (referenced in Kreemer et al., 2010) with the exception of the November 
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4, 1971 ml 3.7 earthquake near Williams, Arizona for which Brumbaugh (1980) 

determined reverse movement on a northwest trending high angle fault. A recent 

earthquake swarm containing at least twenty small-magnitude (ml 3.2 to 4.2) 

earthquakes was also identified in eastern Arizona, within the southern Colorado 

Plateau (Eagar and Fouch, 2007), indicating that the region may be capable 

releasing strain via repeated slip along a previously unidentified faults. 

 

Figure 13. Digital elevation model for the state of Arizona with boundaries 
between physiographic provinces denoted as a dashed line (Pierce, 1984). 
Historical seismicity data (black dots) is from the comprehensive historical 
earthquake catalog for Arizona generated as part of a separate study (Appendix 
B). USArray TA stations (triangles) recorded the data used in this study.  
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In this study, we utilize new seismic data from EarthScope’s USArray 

Transportable Array (TA). With more than 90 broadband seismometer stations 

located within or adjacent to Arizona and an average station spacing of 

approximately 70 km, the TA has produced unprecedented volume, coverage, 

and quality of broadband seismometer data (Figure 13). In Chapter 2, we present 

a new catalog of seismicity for the state of Arizona using data from the TA. 

One of the important features of our analysis of the initial seismicity 

catalog produced by the USArray Array Network Facility and our own processing 

of TA data was the identification of at least 10 earthquake swarms within Arizona, 

each characterized by a distinct spatial and temporal correlation of events with 

no clear mainshock preceding the sequence. Locations of these swarms ranged 

from areas of Quaternary faulting, to areas of recent volcanic activity, to areas 

previously thought to be seismically inactive. In this study, we focus on an event 

cluster centered approximately 7 km northeast of Theodore Roosevelt Dam and 

located within the Arizona Transition Zone (Figure 14). We combine historical 

earthquake data with a detailed examination of USArray TA data to build a 

comprehensive event catalog for the area surrounding Theodore Roosevelt Lake. 

We evaluate the potential impact of the reservoir on local seismicity by 

investigating the temporal patterns of seismicity and their relation to historical 

water levels. We also compute source mechanisms for the largest 2 events in the 

cluster and explore the current state of crustal stress within this portion of the 

Arizona Transition Zone. 
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Figure 14. Total seismicity recorded in the area of Theodore Roosevelt Lake, 
including earthquakes recorded during the deployment of the EarthScope 
USArray TA (white circles) and events found in the ANSS and AEIC catalogs 
(black dots). Groups of spatially clustered events are circled. Displayed focal 
mechanism is the average of all viable solutions for the largest (ml 3.1) event in 
the June 2007 swarm. The two nearest TA stations used in this study are 
displayed as black squares. Background is grayscale digital geologic map of 
Arizona (Richard et al., 2002) with bedrock displayed as darker grays, Tertiary 
and Quaternary sediments as light grays, and mapped inactive faults as solid 
black lines. 
 

Regional Geologic History and Setting.  The topographic relief from the 

uplifted Colorado Plateau in northern Arizona to the thinned crust in the southern 

Basin and Range province in southern Arizona was created by NE-SW crustal 

extension that occurred during the Basin and Range disturbance. Dates for the 
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Basin and Range disturbance range from 25 to 6 Ma (McQuarrie and Wernicke, 

2005) to 15 to 5 Ma (Menges and Pearthree 1989); however, studies agree that 

Basin and Range tectonism has ceased in southern and central Arizona. The 

northwest-southeast least principal stress direction during Basin and Range 

extension resulted in the formation of northwest trending mountain fault blocks 

(Zoback et al., 1981) separated by large sediment-filled basins throughout the 

southern portion of the state.  

Seismotectonic investigations have been conducted for the entire state of 

Arizona (Menges and Pearthree, 1983; Pearthree et al., 1983), on a regional 

scale for central Arizona (Pearthree and Scarborough, 1984), and at a local scale 

for Theodore Roosevelt Dam (Anderson, et al.,1987). These studies agree that 

while known Quaternary faults within the Arizona Transition Zone are few, they 

generally trend in the northwest-southeast direction and are consistent with the 

reactivation of faults that originated during Basin and Range extension.  

This study focuses on seismicity in the area of Theodore Roosevelt Dam, 

located approximately 130 km northeast of Phoenix within the Arizona Transition 

Zone. Roosevelt Dam was completed in 1911 within a narrow gorge just 

downstream from the confluence of Tonto Creek and the Salt River. Theodore 

Roosevelt Lake fills a large portion of the Tonto Basin, occupying approximately 

16 km of the original Salt River bed and approximately 13 km of the Tonto Creek 

bed. Tonto Basin is a northwest-southeast trending graben bounded by the horst 

blocks of the Mazatzal Mountains to the west and the Sierra Ancha to the east 

(Figure14). The lithology of Tonto Basin consists of approximately 300 m of 

Tertiary sediments that are overlain by Quaternary gravel-capped pediments, 

alluvial fans, and stream terraces (Anderson, et al. 1987). Basin-bounding faults 
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are poorly exposed in the area, but are identified as the Two Bar faults to the 

southwest and the Armer Mountain fault to the northeast. These faults each trend 

to the northwest, but recent studies consider them to be inactive since they do 

not displace Quaternary basin-fill in the area (Pearthree and Scarbourough, 

1984; Anderson et al, 1987).  

Data and Methods.  Data from this study came from the EarthScope 

USArray Transportable Array (TA), which recorded broadband seismic data in 

the state of Arizona from April 2006 to March 2009. For a preliminary analysis of 

the spatial and temporal distributions of seismic activity within Arizona during this 

time period, we used the EarthScope Array Network Facility (ANF) monthly event 

catalog to generate a Google Earth file of events recorded by the TA. The ANF 

catalog includes events identified in other regional catalogs as well as additional 

events located by an ANF automatic detection algorithm and confirmed by ANF 

analysts (http://anf.ucsd.edu/tools/events/download.php). Using our Google Earth 

document of events from the ANF catalog (available at 

http://gcc.asu.edu/lockridge/files/ANF_AZquakes.kmz), we identified 10 areas of 

seismicity within Arizona that exhibit event clusters with clear spatial and 

temporal correlations. A cluster of 8 events adjacent to Roosevelt Lake occurred 

during a five day period from June 21 to June 26, 2007. The ANF located the 

events an average of approximately 6.5 km northeast of Roosevelt Dam, with 

depths ranging from 8 to 17 km and unknown magnitudes. Due to the cluster’s 

proximity to Roosevelt Dam and the potential human impact of seismicity in this 

area, in this study we further analyze the Roosevelt Lake cluster using waveform 

data from the USArray TA. 
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We analyzed waveform data from the 8 TA stations nearest to the 

Roosevelt Lake cluster using Antelope Environmental Data Collection Software 

(http://www.brtt.com) and hand-picked P and S arrivals from June 21 to June 28, 

2007 to generate a preliminary catalog of events for the cluster. We used a 1-5 

Hz bandpass filter to search for events and a 0.3 Hz high-pass filter or no filter to 

pick phase arrivals. To locate earthquake hypocenters, we used the dbgenloc 

software (Pavlis et al., 2004) and a 1D seismic velocity model for the Arizona 

Transition Zone (Sinno et al., 1981). We used the orbevproc program to calculate 

moment magnitudes (ml) for each event. Methodology and corrections of the 

orbevproc program originate from Richter 1958. Further details of the data 

processing and location methods are described in detail in Chapter 2. We note 

that at the time of data processing for this study, the ANF database did not 

include magnitudes for most small events. 

To search for additional earthquakes within the Roosevelt Lake area over 

the duration of the TA deployment, we employed a similar event autodetection 

scheme to that used by the EarthScope Array Network Facility (ANF) to process 

global seismicity using TA data (See Chapter 2 for details). We applied a short-

term average/long-term average (STA/LTA) amplitude detection algorithm 

(dbdetect) to the vertical channels of the 8 stations nearest to the cluster. We 

used a STA window of 1.5 seconds, an LTA window of 10 seconds, and band 

pass filter of 0.5 to 5 Hz to detect any instances where the amplitude signal to 

noise (S/N) threshold was greater than 3.0. We then defined a travel time grid 

space (ttgrid) centered at the area of seismicity. The grid spans 1 degree by 1 

degree with 151 grid nodes on each axis, and depth grids spaced by 2 km from 0 

to 20 km and by 5 km from 20 to 50 km. Once the initial P wave detections were 
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determined and the travel time grid was constructed, we utilized the event 

association program (dbgrassoc) to search for and flag potential events that were 

(1) detected on 4 or more stations with P waves occurring within a 15 second 

time window, and (2) produced initial hypocenter locations within the established 

travel-time grid, which represented the area of interest for this study. Our 

parameter configuration resulted in the detection of many spurious events; 

therefore, we manually inspected each flagged event to determine its validity and 

eliminated any mine blasts or other noise that may have resulted in the flagging 

of a false event. 

To test the sensitivity of our automatic detection algorithm, we compared 

the results from the autodetection scheme with the events we manually picked 

during the period of peak seismicity from June 21, 2007 to June 28, 2007. Our 

automatic detection algorithm successfully identified 10 out of 10 events with ml > 

1.0, plus the two previously unidentified events with ml < 1.0 that occurred on 

January 27, 2008; however, our detection algorithm was unable to identify any of 

the 10 events with ml < 1.0 that were manually picked during the period of peak 

seismicity. Based on these results, we are satisfied that our detection algorithm is 

calibrated to successfully detect all events above ml <1.0 for this region. 

After using the automatic detection algorithm to complete our review of 

TA data, we calculated focal mechanisms for the two largest events in the 

cluster. First-motion focal mechanisms were determined using the program 

FOCMEC (Snoke et al., 1984) included in the version 8.3 of the SEISAN 

software package (Havskov and Ottemoller, 1999). The program uses P-wave 

polarity as input and take-off angles that were calculated using a layered 

medium. The program makes a grid-search of the focal sphere and finds how 
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many polarities fit each possible solution. On average, 10 P-wave polarities were 

used per event and the search for solutions was controlled by a grid-search 

every 5 degrees to find zero polarity errors (Figure 15). 

 

Figure 15. Suite of viable focal mechanism solutions showing nearly identical 
fault orientation and slip for two largest events recorded during the Roosevelt 
Lake Swarm. Individual fault plane solutions are labeled by their pressure (P) and 
tension (T) poles. a) ml 3.0 6/25/2007 14:52:28 GMT earthquake. Average fault-
plane solutions strike N42
W and dip 57
 SW. b) m l 2.7 6/25/2007 13:04:55 GMT 
earthquake. Average fault plane solutions strike N38.5
W and dip 54.5
 SW. 
Focal mechanism solutions provided by Lepolt Linkimer. 

 

Results.  After a manual review of waveform data during the peak 

seismicity time (June 21, 2007 to June 26, 2007), we detected 62 events with 

similar waveform character, 20 of which were large enough to locate using four 

or more phase arrivals. By using the automatic detection algorithm described 

above, we detected two additional events on January 27, 2008. 

To test the hypothesis that the Roosevelt Lake cluster was a series of 

repeating events occurring along the same fault, we examined the waveforms of 

each event in an effort to determine waveforms matches. A more quantitative 

approach would be to use a multichannel cross correlation scheme in the future, 

though this approach may not yield robust results given the low S/N for many of 
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the events in the cluster. We identified three separate families of events. Of the 

22 largest events, we identified 16 events in Family 1, four events in Family 2, 

and the two January 27, 2008 events in Family 3 (Table 2; Figure 16). We also 

note that in Figure 16, the locations of events in Families 1 & 2 appear to be 

associated with slip along an unnamed lineament on the north side of the 

reservoir, while Family 3 events appear to be associated with the Two Bar North 

fault on the south side of the reservoir.  

Table 2. 

Earthquakes Recorded in the Vicinity of Theodore Roosevelt Lake 
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We searched for temporal patterns within the cluster by reviewing event 

locations, magnitudes and depths over time. No obvious temporal patterns in 

event locations were detected between Family 1 and Family 2, except that the 

Family 2 events are generally characterized by smaller magnitudes and 

temporally follow some of the larger Family 1 events. We note that the two 

largest events of ml 2.7 and 3.1 are each associated with event Family 1 (Figure 

16). No obvious spatial patterns were associated with event depths, except that 

the largest events were located with hypocenter depths of 2 km or less, which is 

much more shallow than the 8 to 17 km depths reported in the ANF catalog. This 

result may be due to the ANF catalog using a global velocity model for their 

hypocenter locations, while hypocenters in the current study were located using a 

velocity model specific to the Arizona Transition Zone. 

First motion focal mechanism solutions were calculated for the two largest 

events (Figure 15). Solutions for both events correspond to a NW-SE striking 

normal fault, consistent with NW-SE regional least principal stress directions 

typical of most previous studies throughout the state (Kreemer et al, 2010 and 

references therein). These results are also consistent with the orientations of 

historical faults mapped in the areas surrounding Roosevelt Lake (Figure 14). 

Discussion.  Active seismicity in the area of Roosevelt Lake and the 

apparent swarm-like nature of the 2007 cluster suggest a possibility of reservoir 

induced seismicity (RIS). Previous studies have determined that reservoir 

induced seismicity can extend outward from a reservoir by a factor of 3 to 4 times 

the reservoir width (Talwani et al., 2007). At its widest point, Roosevelt Lake is 

3.5 km across, making a conservative estimate for the potential impact area of 

RIS to be ~10.5 km from the reservoir. All known historical events (Table 2) in the 
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Roosevelt Lake area are within this distance from the edge of the reservoir, and 

are therefore potential candidates for RIS.  

To evaluate the potential impact of the Theodore Roosevelt Lake 

reservoir on local seismicity, we obtained daily reservoir water levels from Salt 

River Project (SRP), the owner and operator of Theodore Roosevelt Dam. Daily 

water levels from March 2006 through September of 2010 are plotted in Figure 

17, with the five known periods of seismic activity during that period also plotted 

for reference. The June 2007 cluster occurs during a water-level drop following a 

year of low-water levels. The January 27, 2008 events occur at the beginning of 

a large water-level increase, the May 3, 2008 event occurs in the weeks following 

a water level peak, the June 25, 2010 event occurs approximately 90 days 

following the high-water mark for the time of the study, and the September 26, 

2010 event occurs during a gradual decline in water level. From the available 

data, no clear temporal correlations between reservoir water levels and seismic 

activity is observed; however, a 90-day delay from peak seismicity for the June 

25, 2010 event could be adequate to allow for pore-pressure diffusion from RIS, 

assuming typical permeability levels of 0.1 to 100 m2/s for known occurrences of 

RIS (Talwani and Acree, 1985). 
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Figure 17. Comparison of reservoir water elevation above mean sea level (black, 
left Y-axis) to the number of earthquakes recorded per day (grey, right Y axis). 
Tick marks on the X-axis represent 30 days of data and are labeled every 150 
days. The five spikes in the events per day series represent the June 2007 
swarm (recorded by TA), the two January 2008 earthquakes (recorded by TA), 
the March 3, 2008 event (recorded by TA), the June 25, 2010 earthquake (from 
ANSS catalog), and the September 26, 2010 earthquake (from ANSS catalog). 

 

Known occurrences of RIS are classified as either initial or protracted 

seismicity. Initial RIS occurs following the initial impoundment of a reservoir or 

when water levels increase above a previous high-water mark. In most cases, 

seismicity returns to background levels after a period of months to years. 

Protracted RIS occurs more rarely, can continue for years or decades after initial 

impoundment, and is dependent on the frequency and amplitude of water-level 

changes (Talwani, 1997). The December 1979 earthquake is the only historical 

event located in the vicinity of Theodore Roosevelt Lake; therefore, we rule out 

the potential of initial RIS. Further, there does not to be any temporal correlation 

between recent seismicity and water level fluctuations at Roosevelt Lake (Figure 

17). These findings are consistent with Anderson et al.1987, who also considered 

the occurrence of RIS at Roosevelt Lake to be very unlikely. However, a 90-day 

delay from peak seismicity for the June 25, 2010 event could be adequate to 
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allow for pore-pressure diffusion from RIS, assuming typical permeability levels 

of 0.1 to 100 m2/s for known occurrences of RIS (Talwani and Acree, 1985). Due 

to the small amount of measured seismicity and the duration of investigation, 

further monitoring of small-scale seismicity in the area is warranted to definitively 

rule out the occurrence of RIS (direct or protracted) at Roosevelt Lake. 

To examine the total energy release and potential fault slip range from the 

Roosevelt Lake cluster, we converted ml to M0 and MW for each event using the 

following equations from Hanks & Kanamori 1979: 

 

   Log M0 =1.5 ml + 16.0    (1) 

 

   MW =2/3 log M0 - 10.7    (2) 

 

From these values, we calculated a range of potential event radii (c) and 

stress drops (�� ) for each event using the following formula from Hanks 1977: 

 

   M0=16/7*�� c3     (3).  

 

From these equations, we computed that the potential radius of slip for an 

event of similar magnitude to the ml 3.1 event ranges from approximately 100 to 

120 meters for realistic stress drop values of 60 to 100 bar (Figure 18). We also 

found that a small event of MW 1.0 would have a potential radius of slip ranging 

from 10 to 12 meters for realistic stress drop values. These results confirm that 

small magnitude events and event clusters release stress from continued Basin 

and Range extension within the Arizona Transition Zone and they are likely to 
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occur without any surficial geomorphic evidence of rupture (Eagar and Fouch, 

2007).  

 

Figure 18. Relationship between slip radius, stress drop and magnitude for a 
penny-shaped crack fault model. Contour lines correspond to magnitude values 
as labeled. We note that for an assumed stress drop of 100 bar, a MW 3.0 
earthquake (similar to the largest in this study) the fault plane would have a 
radius of ~100 m. 

 

Our analysis of EarthScope USArray TA data revealed multiple isolated 

events and event clusters within the Arizona Transition Zone and southern Basin 

and Range provinces (Chapter 2). These small events throughout central and 

southern Arizona may represent either residual pulses of activity from the Basin 

and Range disturbance or the development of a new, small-scale system of post-

Basin and Range extension (Menges and Pearthree, 1989). Recurrence intervals 

for documented normal faults in the southern Basin and Range province range 

from 10-100 k.y (Pearthree and Calvo, 1987; Menges and Pearthree,1989); 

however, these studies are limited to large faults with surficial evidence of 
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rupture. Therefore, we suggest that localized, small-scale seismicity is the means 

by which southern and central Arizona is releasing the majority of the stress 

associated with continued crustal deformation. The lack of recorded events and 

mapped Quaternary faults within the Transition Zone and Basin and Range 

regions of Arizona is likely due to lack of historical seismic monitoring rather than 

a lack of associated seismic activity. 
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CHAPTER 4 

Summary and Future Directions 

Summary.  Historically, the largest earthquakes and the majority of 

seismicity recorded within Arizona have been located in the north-central portion 

of Arizona within an area that has been described as the Northern Arizona 

Seismic Belt (Brumbaugh, 1987). As a result, the Northern Arizona Seismic 

Network (NASN) was installed to monitor this region, and it remains the only 

major long-term broadband seismic network operating within the state. While the 

stations associated with the NASN monitor the portions of the state with the 

largest recorded earthquakes, historical seismicity within Arizona is by no means 

limited to the NASB. Earthquakes of M4.0 or larger have been located throughout 

the Transition Zone and Basin and Range provinces within Arizona (Figure 11), 

including a ml 4.2 associated with a December 2003 swarm of 20 M3.2 and 

larger earthquakes in Eastern Arizona (Eagar and Fouch, 2007). During a study 

on the 1976 Mb 4.9 earthquake in Chino Valley, a microseismicity rate of 0.3 

events per day was documented within the Arizona Transition Zone (Eberhart-

Phillips et al., 1981). Fault scarp analysis in the Santa Rita Mountains of southern 

Arizona has revealed significant slip in the mid-Pleistocene with an estimated 

seismic moment ranging from 6.4 to 7.3 (Pearthree and Calvo, 1987), which is 

similar in size to the 1887 MW 7.5 earthquake in Sonora, Mexico (Natali and 

Sbar, 1982). Additionally, recurrence intervals for M7.0 sized events associated 

with normal faults throughout the southern Basin and Range province have been 

estimated to range from 10 to 100 k.y. (Menges and Pearthree, 1989).  

Despite the potential for large earthquakes throughout Arizona, historical 

analyses of seismicity on a state-wide scale have been hindered by the lack of 
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uniform station coverage. The deployment of the EarthScope USArray 

Transportable Array (TA) in Arizona from April 2006 to March 2009 provided an 

unprecedented opportunity to improve our understanding of the earthquake 

process and regional tectonic structure within Arizona. In the studies presented in 

this thesis, we obtained waveform data from 92 broadband seismometers for the 

duration of TA deployment in Arizona and developed an automatic detection 

algorithm to review the waveform data for seismic events. We then manually 

reviewed each detected event to eliminate those with potential man-made 

seismic sources and manually picked P and S wave arrivals to develop an 

earthquake catalog complete to ml = 1.4.  

Using these methods, we identified 1,000 total earthquakes within 

Arizona recorded by the USArray TA from April 2006 to June 2009, which is 

more than 50% of the total number of unique events recorded in the state in all 

other previous databases combined. Our new catalog reveals that earthquakes 

occur throughout the majority of the state with only the southwest and south-

central portions of the Basin and Range province being relatively inactive. Areas 

of previously unidentified seismic activity include the western Transition Zone, 

the southern edge of the Colorado Plateau in eastern Arizona, and the interior of 

the Colorado Plateau. Earthquakes throughout the state are generally shallow 

(<20 km), with two major exceptions; (1) along the Arizona-Utah border in the 

northwest portion of the state and (2) in the area of the Defiance Uplift in 

northeastern Arizona. This study also identified a total of 16 areas of spatial 

clustering where 10 or more earthquakes occurred within a 2 km radius. Of these 

16 clusters, 10 were distinctly swarm-like, being characterized by temporal 

clustering (days to weeks) with the main shock (largest event) not occurring as 
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the first event in the sequence (2 of the criteria specified by Vidale and Shearer, 

2006). These earthquake swarms were detected in all three major physiographic 

provinces, suggesting that repeated slip along a single fault or series of related 

faults is a common occurrence regardless of tectonic and physiographic 

province.  

As a case study of swarms within Arizona, we selected a swarm that 

occurred in June of 2007 near Theodore Roosevelt Lake, a reservoir located 

approximately 130 km northeast of Phoenix. We selected this swarm due to its 

proximity to the Phoenix Metropolitan area and the potential hazard repeated 

seismicity poses to the nearby Theodore Roosevelt Dam. A manual review of 

waveform data from the TA revealed a total of 62 events from June 21 to June 

28, 2007, with 20 events that were large enough to locate hypocenters. Focal 

mechanisms for the two largest events (ml 3.1 and 2.7) revealed a least principle 

stress direction of northeast-southwest, which is consistent with a northwest-

southeast trending normal fault (Figure 15). We observed no notable correlation 

between reservoir water level and seismicity, and multiple historical earthquakes 

in the areas surrounding the reservoir indicate that this swarm was likely the 

result of tectonic strain release rather than reservoir induced seismicity.  

Future Directions.  In this study we present methods to analyze 

waveform data from a regional broadband seismometer array and create a 

catalog of seismicity complete to ml 1.4. These methods are calibrated to be 

effective for an array with a similar station spacing of EarthScope’s USArray 

Transportable Array (~70km); however, they can also be tuned to effectively 

detect smaller events recorded by a local small-aperture array. As the TA moves 

eastward across the United States, it will continue to provide new opportunities to 
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improve our understanding of local and regional tectonic settings throughout the 

continental interior, particularly in regions which have not previously been 

monitored by robust seismic networks. The methods described in this study 

improve upon automatic detection and subsequent processing methods that are 

used to produce the USArray Array Network Facility’s (ANF’s) monthly event 

archives (http://anf.ucsd.edu/tools/events/download.php), and are an efficient 

and effective way to process the wealth of waveform data recorded by the TA.  

The calculation of source mechanisms associated with earthquakes is 

perhaps the best way to improve our understanding of the state of stress in 

seismogenic areas. Most historical studies within Arizona have calculated focal 

mechanisms consistent with north-south or northwest-southeast trending normal 

faulting which is consistent with a northeast-southwest least principal stress 

direction (referenced in Kreemer, 2010); however, these studies are limited to the 

north-central portion of Arizona, with the 1976 Chino Valley earthquake 

(Eberhart-Phillips et al., 1981) and events near Lake Mead in the northwest 

portion of the state (Rogers and Lee, 1976) as the only exceptions to this 

statement. The 70 km station spacing of the USArray TA has not only provided 

the opportunity to improve studies of seismicity throughout the United States, but 

it is also sufficient to allow for detailed analysis of source mechanisms for 

earthquakes as small as ml 2.5, as demonstrated in Chapter 3 of this thesis. This 

study identified a total of 33 earthquakes ml 2.5 or larger during the TA 

deployment. We suggest that a future study focused on calculating focal 

mechanisms for these events would enable an improved understanding of active 

strain and deformation throughout the entire state.  
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Another result from the work presented here that warrants additional 

study is the occurrence of multiple earthquake swarms throughout Arizona. In 

addition to the 10 spatially and temporally clustered earthquake swarms 

identified as part of this study, historical swarms have been identified in eastern 

Arizona (Eagar and Fouch, 2007), in the area of Fredonia (Kruger-Knuepfer et 

al., 1985), and in the San Francisco Volcanic Field (Appendix B). Most studies 

associated with earthquake swarms appear to point to the migration of 

hydrothermal fluids (Heinike et al., 2009) or magma injection (Špi� ák, et al, 2000, 

Kurz et al., 2004) as the cause of tectonically driven swarms; however, the 

occurrence of swarms has also been attributed to aseismic slip in both 

subduction zone (Holtkamp and Brudzinski, 2011) and transform fault (Vidale 

and Shearer, 2006) environments. While some earthquake swarms in Arizona 

are located within regions of recent volcanic activity and may be attributed to 

subsurface migration of magma, most are located in areas commonly associated 

with Cenozoic normal faulting. Other areas with intraplate swarms that do not 

appear to be associated with fluid migration include Arkansas (Špi� ák, 2000; 

Rabak et al., 2010) and Canada (Ma and Eaton, 2009). As the USArray TA data 

continues across the United States, the discovery of spatio-temporal earthquake 

swarms in regions of varying geologic and tectonic settings will warrant additional 

investigation and may help to reveal the causes of intraplate, non-volcanic 

earthquake swarms. 
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Available for download at: 
http://gcc.asu.edu/lockridge/supplements/az_ta_catalog.csv 

Year Month Day Hr Min Sec Latitude 
(N) 

Longitude 
(E) 

Depth 
(km) 

Magnitude 
(ml) 

Velocity 
Model 

2006 4 4 10 33 16 34.893 -111.246 0 2.1 colpla 

2006 4 14 7 2 0 34.499 -112.835 0 1.8 trans2 

2006 4 16 17 29 20 34.737 -112.464 0 1.9 trans2 

2006 4 25 12 10 38 34.942 -113.259 1 1.2 trans2 

2006 4 26 8 4 23 34.959 -112.691 1 0.9 trans2 

2006 4 27 3 43 8 34.738 -112.468 1 1.0 trans2 

2006 4 30 5 2 5 34.943 -113.257 4 0.8 trans2 

2006 5 2 9 57 55 34.941 -113.249 1 0.9 trans2 

2006 5 9 8 2 17 34.942 -113.248 7 1.3 trans2 

2006 5 13 3 46 42 35.046 -112.606 1 1.2 trans2 

2006 5 16 12 8 42 34.938 -114.080 0 1.7 trans2 

2006 5 21 2 9 4 34.944 -113.249 6 0.5 trans2 

2006 5 29 14 48 6 35.672 -112.141 11 2.2 colpla 

2006 6 8 15 54 24 34.937 -112.626 1 1.6 trans2 

2006 6 11 6 6 30 34.941 -113.251 6 1.7 trans2 

2006 6 18 17 7 44 34.726 -110.824 3 2.2 colpla 

2006 6 18 19 16 13 35.195 -112.995 2 1.5 trans2 

2006 6 19 1 48 16 34.945 -113.215 10 - trans2 

2006 6 19 9 47 8 34.940 -113.253 1 0.5 trans2 

2006 6 27 4 12 57 34.948 -112.694 2 1.8 trans2 

2006 6 28 16 21 52 34.708 -112.861 1 1.1 trans2 

2006 7 2 19 12 48 34.697 -112.914 1 1.2 trans2 

2006 7 4 3 24 56 34.973 -112.361 1 0.9 trans2 

2006 7 9 15 21 53 34.747 -112.705 1 2.9 trans2 

2006 7 9 16 26 13 34.745 -112.691 1 0.5 trans2 

2006 7 9 17 43 33 34.743 -112.707 1 3.3 trans2 

2006 7 9 18 49 37 34.738 -112.709 9 0.9 trans2 

2006 7 9 18 55 41 34.746 -112.688 1 0.9 trans2 

2006 7 10 0 46 54 34.743 -112.714 3 1.7 trans2 

2006 7 10 5 26 59 34.746 -112.700 1 1.9 trans2 

2006 7 10 14 39 27 35.157 -111.975 4 1.3 colpla 

2006 7 12 8 57 12 34.940 -113.251 3 0.7 trans2 

2006 7 13 10 37 8 34.938 -113.255 2 0.7 trans2 

2006 7 13 15 57 21 34.940 -113.253 6 1.9 trans2 

2006 7 13 16 24 51 34.938 -113.252 1 0.9 trans2 

2006 7 14 12 43 21 34.940 -113.247 0 1.5 trans2 

2006 7 14 12 43 31 34.940 -113.249 3 1.8 trans2 

2006 7 15 15 47 34 35.176 -113.945 1 1.1 trans2 
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Year Month Day Hr Min Sec Latitude 
(N) 

Longitude 
(E) 

Depth 
(km) 

Magnitude 
(ml) 

Velocity 
Model 

2006 7 21 7 7 38 35.986 -113.302 0 1.4 colpla 

2006 7 22 16 52 16 34.943 -113.252 10 1.3 trans2 

2006 8 1 13 5 2 35.166 -112.961 1 1.2 trans2 

2006 8 3 18 13 6 34.941 -113.251 7 1.4 trans2 

2006 8 15 8 7 6 34.939 -113.256 1 - trans2 

2006 8 15 8 15 57 34.943 -113.249 8 0.9 trans2 

2006 8 15 8 28 51 34.940 -113.254 1 0.6 trans2 

2006 8 15 8 40 49 34.940 -113.254 6 1.0 trans2 

2006 8 15 8 44 33 34.942 -113.252 8 0.1 trans2 

2006 8 15 8 48 13 34.942 -113.259 1 0.6 trans2 

2006 8 15 11 12 22 34.941 -113.247 6 0.3 trans2 

2006 8 21 9 17 6 34.456 -112.885 1 0.9 trans2 

2006 9 6 21 24 42 34.943 -113.254 6 0.8 trans2 

2006 9 19 13 25 47 35.895 -111.412 21 2.6 colpla 

2006 9 22 19 39 13 35.147 -114.047 2 1.1 trans2 

2006 9 25 10 25 27 34.939 -113.256 4 0.8 trans2 

2006 9 25 10 28 50 34.942 -113.257 1 0.7 trans2 

2006 9 25 11 13 30 34.942 -113.258 1 0.4 trans2 

2006 9 28 20 51 33 35.319 -113.658 0 1.2 trans2 

2006 10 10 6 10 58 34.943 -113.250 6 0.9 trans2 

2006 10 10 6 42 29 34.940 -113.258 1 - trans2 

2006 10 10 8 48 13 34.941 -113.257 3 0.6 trans2 

2006 11 5 13 43 17 34.348 -112.875 1 0.8 trans2 

2006 11 16 20 48 28 35.814 -112.620 4 2.1 colpla 

2006 11 25 20 52 0 34.679 -111.132 4 1.8 colpla 

2006 11 27 19 14 29 36.420 -113.947 9 2.1 colpla 

2006 11 29 4 54 51 34.959 -111.535 2 1.6 colpla 

2006 12 3 16 50 10 34.937 -113.255 1 1.2 trans2 

2006 12 3 23 33 30 34.939 -113.252 10 - trans2 

2006 12 7 8 6 59 35.114 -112.929 1 1.1 trans2 

2006 12 13 9 32 55 35.902 -111.399 21 2.5 colpla 

2006 12 16 18 25 14 34.945 -113.247 9 1.4 trans2 

2007 1 9 6 3 34 35.911 -114.808 0 1.8 trans2 

2007 1 15 0 20 20 34.877 -113.939 3 1.2 trans2 

2007 1 23 11 29 57 34.848 -113.821 3 1.2 trans2 

2007 2 4 23 56 37 34.824 -112.403 0 - trans2 

2007 2 8 14 46 52 35.232 -113.335 1 1.4 trans2 

2007 2 9 3 15 26 35.188 -113.624 9 0.7 trans2 

2007 2 13 18 9 20 35.091 -113.313 0 1.1 trans2 

2007 2 14 13 2 21 36.014 -114.804 13 1.7 trans2 
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Year Month Day Hr Min Sec Latitude 
(N) 

Longitude 
(E) 

Depth 
(km) 

Magnitude 
(ml) 

Velocity 
Model 

2007 2 17 11 29 26 34.999 -113.167 4 1.5 trans2 

2007 2 18 0 5 31 36.183 -112.483 30 1.8 colpla 

2007 2 18 0 13 52 36.758 -113.783 12 1.4 colpla 

2007 2 19 5 45 41 37.045 -112.978 18 2.2 colpla 

2007 2 19 6 41 35 35.230 -113.330 1 1.2 trans2 

2007 3 6 21 4 1 36.477 -112.416 21 2.3 colpla 

2007 3 9 6 29 32 34.596 -113.259 9 1.5 trans2 

2007 3 10 22 20 48 36.490 -113.434 15 - colpla 

2007 3 20 8 22 15 35.936 -114.769 13 1.5 trans2 

2007 3 28 18 25 25 36.833 -112.465 4 1.5 colpla 

2007 3 28 23 25 37 36.822 -113.805 18 1.9 colpla 

2007 3 29 18 52 3 35.332 -113.611 2 1.3 trans2 

2007 4 4 6 28 26 36.744 -113.895 15 0.8 colpla 

2007 4 5 4 30 21 36.745 -113.891 15 1.7 colpla 

2007 4 10 12 28 23 36.434 -112.378 4 1.5 colpla 

2007 4 11 2 11 33 36.743 -113.909 19 1.8 colpla 

2007 4 12 3 2 53 37.077 -113.348 18 1.2 colpla 

2007 4 12 4 24 49 32.252 -109.289 4 1.2 basinr 

2007 4 13 21 5 44 35.986 -113.245 18 2.1 colpla 

2007 4 15 0 33 10 36.746 -113.897 17 2.6 colpla 

2007 4 18 5 20 0 37.059 -112.859 19 1.2 colpla 

2007 4 18 7 22 15 35.003 -112.791 2 1.3 trans2 

2007 4 23 13 19 7 36.262 -113.230 4 1.0 colpla 

2007 4 24 3 8 28 35.968 -112.248 3 1.0 colpla 

2007 4 24 17 5 53 36.950 -112.108 0 2.1 colpla 

2007 4 25 10 12 11 36.801 -112.800 23 1.3 colpla 

2007 4 25 20 42 0 35.160 -112.501 11 1.1 trans2 

2007 4 25 21 2 22 35.158 -112.499 10 0.7 trans2 

2007 4 25 21 46 45 35.155 -112.503 10 0.7 trans2 

2007 4 26 1 53 56 35.154 -112.499 12 0.5 trans2 

2007 4 26 1 54 26 35.145 -112.502 8 1.3 trans2 

2007 4 26 2 23 24 35.159 -112.501 9 1.6 trans2 

2007 4 26 2 26 12 35.159 -112.501 10 0.9 trans2 

2007 4 26 2 34 19 35.156 -112.488 12 0.8 trans2 

2007 4 26 2 35 9 35.155 -112.498 10 1.1 trans2 

2007 4 26 2 38 20 35.159 -112.484 13 0.7 trans2 

2007 4 26 2 39 59 35.149 -112.499 9 1.0 trans2 

2007 4 26 3 5 17 35.154 -112.492 10 0.8 trans2 

2007 4 26 3 22 50 35.158 -112.503 8 0.8 trans2 

2007 4 26 3 46 15 35.157 -112.498 12 - trans2 
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Year Month Day Hr Min Sec Latitude 
(N) 

Longitude 
(E) 

Depth 
(km) 

Magnitude 
(ml) 

Velocity 
Model 

2007 4 26 4 1 33 35.153 -112.498 9 0.7 trans2 

2007 4 26 4 9 8 35.162 -112.501 11 1.0 trans2 

2007 4 26 4 47 28 35.161 -112.502 9 1.0 trans2 

2007 4 26 4 49 22 35.163 -112.500 9 0.9 trans2 

2007 4 26 5 15 39 35.166 -112.499 8 1.4 trans2 

2007 4 26 5 28 12 35.151 -112.499 8 0.9 trans2 

2007 4 26 6 8 58 35.163 -112.497 10 1.2 trans2 

2007 4 26 6 21 53 35.158 -112.490 11 0.9 trans2 

2007 4 26 6 29 54 35.162 -112.498 8 0.8 trans2 

2007 4 26 6 33 30 35.157 -112.499 9 0.7 trans2 

2007 4 26 7 11 22 35.150 -112.501 8 0.8 trans2 

2007 4 26 9 3 58 35.522 -112.183 19 0.7 colpla 

2007 4 26 10 36 53 35.159 -112.501 8 0.9 trans2 

2007 4 26 15 41 54 35.153 -112.496 9 0.7 trans2 

2007 4 26 17 10 57 35.161 -112.480 12 0.8 trans2 

2007 4 26 22 23 40 37.054 -112.909 17 1.7 colpla 

2007 4 27 4 43 45 35.155 -112.486 12 0.8 trans2 

2007 4 27 6 34 25 35.154 -112.470 14 - trans2 

2007 4 27 8 23 31 37.053 -112.907 19 1.6 colpla 

2007 4 27 13 12 14 36.745 -113.901 18 2.2 colpla 

2007 4 27 13 53 23 35.157 -112.499 8 1.5 trans2 

2007 4 27 21 31 5 36.100 -114.667 16 1.3 trans2 

2007 4 29 14 13 51 35.159 -112.496 10 1.2 trans2 

2007 5 1 5 12 51 35.155 -112.492 9 0.2 trans2 

2007 5 1 7 15 16 35.156 -112.502 8 1.1 trans2 

2007 5 1 10 24 37 35.153 -112.496 10 0.8 trans2 

2007 5 1 10 38 12 35.157 -112.499 9 1.1 trans2 

2007 5 1 10 47 17 35.161 -112.500 9 0.6 trans2 

2007 5 1 18 9 9 32.478 -109.049 14 1.1 basinr 

2007 5 1 18 10 54 32.479 -109.056 13 - basinr 

2007 5 1 18 17 49 32.477 -109.054 14 1.1 basinr 

2007 5 3 2 5 28 36.099 -114.694 14 1.6 trans2 

2007 5 4 2 24 32 36.924 -112.532 16 2.4 colpla 

2007 5 4 12 10 19 34.766 -110.925 4 1.5 colpla 

2007 5 5 3 21 44 31.274 -109.198 2 1.8 basinr 

2007 5 6 5 1 41 35.929 -112.415 12 1.4 colpla 

2007 5 6 23 29 13 34.762 -110.981 3 1.5 colpla 

2007 5 7 11 19 24 36.047 -114.289 0 0.7 trans2 

2007 5 8 1 50 45 36.744 -113.885 15 2.0 colpla 

2007 5 8 9 56 11 37.047 -113.525 18 1.0 colpla 
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Year Month Day Hr Min Sec Latitude 
(N) 

Longitude 
(E) 

Depth 
(km) 

Magnitude 
(ml) 

Velocity 
Model 

2007 5 9 5 24 16 35.969 -114.780 13 1.1 trans2 

2007 5 12 18 1 0 34.725 -112.752 2 0.8 trans2 

2007 5 16 7 42 59 36.789 -112.793 17 1.4 colpla 

2007 5 17 14 36 43 36.490 -113.824 15 1.4 colpla 

2007 5 17 17 28 35 36.078 -112.204 4 0.7 colpla 

2007 5 18 7 15 23 36.988 -112.404 16 1.0 colpla 

2007 5 18 10 18 4 36.074 -112.219 4 2.1 colpla 

2007 5 18 21 1 29 35.123 -109.261 17 1.3 colpla 

2007 5 18 22 24 3 35.127 -109.253 18 0.3 colpla 

2007 5 19 22 36 46 36.355 -112.363 17 1.6 colpla 

2007 5 20 0 41 39 36.076 -112.197 4 0.9 colpla 

2007 5 20 2 3 27 36.801 -112.798 26 0.9 colpla 

2007 5 23 14 42 36 36.897 -111.900 14 1.0 colpla 

2007 5 24 10 19 2 36.349 -112.360 18 0.6 colpla 

2007 5 24 13 6 59 36.686 -112.921 23 1.2 colpla 

2007 5 25 14 27 23 37.002 -113.537 11 1.1 colpla 

2007 5 26 9 7 8 36.786 -112.999 22 1.7 colpla 

2007 5 26 11 21 38 36.791 -112.996 23 0.6 colpla 

2007 5 26 18 1 13 36.774 -112.996 16 2.0 colpla 

2007 5 27 5 14 17 36.901 -112.295 19 0.8 colpla 

2007 5 27 8 18 14 31.327 -109.284 7 1.4 basinr 

2007 5 28 16 15 59 36.177 -111.638 11 0.8 colpla 

2007 5 29 4 16 56 34.661 -112.724 1 0.5 trans2 

2007 5 29 18 24 42 35.048 -113.188 6 1.0 trans2 

2007 5 30 2 47 47 34.774 -110.930 4 1.0 colpla 

2007 6 4 2 56 25 36.676 -112.931 20 1.7 colpla 

2007 6 5 4 12 17 35.641 -113.075 3 1.0 colpla 

2007 6 5 4 53 54 35.653 -113.088 4 0.7 colpla 

2007 6 5 13 43 23 34.946 -112.540 8 1.1 trans2 

2007 6 7 16 14 13 35.901 -111.819 14 1.4 colpla 

2007 6 8 2 13 54 35.017 -113.470 10 0.4 trans2 

2007 6 8 7 0 40 34.652 -109.999 4 0.7 colpla 

2007 6 8 23 12 36 36.813 -113.469 17 1.4 colpla 

2007 6 9 11 37 19 35.451 -111.787 4 2.0 colpla 

2007 6 10 22 17 31 35.191 -111.976 10 0.6 colpla 

2007 6 10 22 42 3 35.451 -111.786 4 1.0 colpla 

2007 6 11 3 19 46 36.510 -113.748 21 1.5 colpla 

2007 6 12 5 19 49 35.449 -111.790 4 0.7 colpla 

2007 6 12 9 46 17 35.205 -113.035 1 1.1 trans2 

2007 6 12 16 23 38 36.804 -112.895 24 0.9 colpla 
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Year Month Day Hr Min Sec Latitude 
(N) 

Longitude 
(E) 

Depth 
(km) 

Magnitude 
(ml) 

Velocity 
Model 

2007 6 13 9 51 30 36.512 -113.755 14 1.1 colpla 

2007 6 14 6 48 48 35.059 -112.427 7 0.6 trans2 

2007 6 14 15 7 11 36.012 -112.226 4 2.0 colpla 

2007 6 14 23 9 13 36.950 -112.371 22 1.4 colpla 

2007 6 15 21 14 44 36.114 -111.092 8 1.9 colpla 

2007 6 16 1 18 12 35.448 -111.785 4 1.8 colpla 

2007 6 16 13 44 8 36.179 -111.632 4 0.6 colpla 

2007 6 17 19 49 21 32.461 -111.984 11 1.0 basinr 

2007 6 18 5 4 55 32.118 -110.608 10 - basinr 

2007 6 19 10 12 40 37.050 -112.639 16 1.1 colpla 

2007 6 20 8 33 12 36.897 -113.478 21 1.2 colpla 

2007 6 21 10 29 39 35.913 -111.815 11 1.7 colpla 

2007 6 21 10 40 42 33.731 -111.137 5 1.4 trans2 

2007 6 24 15 15 27 35.331 -111.456 10 1.0 colpla 

2007 6 25 10 22 42 36.009 -114.780 15 1.5 trans2 

2007 6 25 13 4 55 33.730 -111.139 5 2.7 trans2 

2007 6 25 13 6 59 33.727 -111.134 7 1.3 trans2 

2007 6 25 13 7 8 33.725 -111.133 9 1.4 trans2 

2007 6 25 13 7 46 33.734 -111.140 7 1.1 trans2 

2007 6 25 13 51 7 33.725 -111.134 8 0.2 trans2 

2007 6 25 14 17 56 33.728 -111.134 9 1.2 trans2 

2007 6 25 14 50 43 33.730 -111.141 8 0.3 trans2 

2007 6 25 14 52 28 33.730 -111.140 7 3.1 trans2 

2007 6 25 14 56 27 33.729 -111.134 9 1.5 trans2 

2007 6 25 15 6 43 33.729 -111.135 9 1.1 trans2 

2007 6 25 16 23 7 33.730 -111.137 8 0.4 trans2 

2007 6 25 19 36 25 33.730 -111.137 6 1.5 trans2 

2007 6 25 19 57 21 33.728 -111.135 9 0.4 trans2 

2007 6 25 20 49 46 33.730 -111.138 8 0.5 trans2 

2007 6 26 7 49 50 37.036 -112.824 12 1.1 colpla 

2007 6 26 8 13 56 33.732 -111.141 6 1.5 trans2 

2007 6 26 15 39 14 33.728 -111.141 1 0.8 trans2 

2007 6 26 22 51 2 35.413 -113.341 1 1.2 trans2 

2007 6 27 8 34 50 33.728 -111.136 8 0.1 trans2 

2007 6 28 13 29 19 33.727 -111.134 8 0.5 trans2 

2007 6 28 20 27 16 33.729 -111.138 8 0.3 trans2 

2007 6 28 22 0 7 36.825 -113.940 13 1.4 colpla 

2007 6 29 2 33 49 34.668 -112.582 1 1.9 trans2 

2007 6 29 5 57 59 36.746 -113.896 16 0.7 colpla 

2007 6 30 8 0 47 36.827 -112.780 22 1.0 colpla 
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Year Month Day Hr Min Sec Latitude 
(N) 

Longitude 
(E) 

Depth 
(km) 

Magnitude 
(ml) 

Velocity 
Model 

2007 6 30 16 22 24 36.030 -112.014 7 1.6 colpla 

2007 7 1 2 7 6 36.909 -112.791 32 0.6 colpla 

2007 7 3 4 2 48 36.367 -113.877 3 1.2 colpla 

2007 7 4 6 23 16 36.111 -111.097 8 1.2 colpla 

2007 7 4 18 30 28 36.104 -111.073 8 3.4 colpla 

2007 7 5 23 23 43 34.891 -111.051 4 1.8 colpla 

2007 7 10 18 57 38 36.968 -113.520 25 1.2 colpla 

2007 7 11 7 17 41 33.894 -110.953 6 0.5 trans2 

2007 7 11 9 1 30 36.053 -112.225 6 1.3 colpla 

2007 7 12 1 15 4 31.787 -109.736 2 0.7 basinr 

2007 7 15 12 48 0 36.902 -112.859 10 0.9 colpla 

2007 7 15 23 18 18 35.781 -112.577 11 1.7 colpla 

2007 7 16 18 44 48 36.179 -113.226 4 1.9 colpla 

2007 7 16 21 23 31 36.177 -113.225 4 1.7 colpla 

2007 7 17 14 35 42 35.863 -112.000 4 1.1 colpla 

2007 7 18 3 8 9 36.820 -113.683 18 1.0 colpla 

2007 7 20 11 21 54 36.176 -113.223 4 1.0 colpla 

2007 7 22 4 35 1 36.014 -112.209 4 1.6 colpla 

2007 7 23 1 52 59 35.259 -113.078 0 1.2 trans2 

2007 7 27 11 38 12 36.061 -112.227 3 0.7 colpla 

2007 7 31 13 41 20 32.685 -111.486 10 - basinr 

2007 7 31 15 34 43 35.933 -114.772 9 0.9 trans2 

2007 8 3 10 23 36 36.056 -114.701 0 1.2 trans2 

2007 8 4 9 50 7 32.294 -110.483 10 - basinr 

2007 8 7 9 25 46 35.427 -111.777 11 0.9 colpla 

2007 8 7 22 58 44 36.196 -111.583 14 1.7 colpla 

2007 8 8 2 35 58 37.081 -113.504 19 1.2 colpla 

2007 8 8 16 19 38 35.974 -109.275 23 3.1 colpla 

2007 8 10 2 7 36 36.943 -112.495 25 0.9 colpla 

2007 8 10 10 45 8 35.912 -113.142 12 1.3 colpla 

2007 8 11 11 58 25 34.294 -110.144 1 1.0 trans2 

2007 8 11 12 11 53 34.291 -110.118 7 1.1 trans2 

2007 8 11 12 18 5 34.296 -110.136 9 0.9 trans2 

2007 8 11 13 24 32 34.291 -110.122 1 0.7 trans2 

2007 8 12 17 43 50 36.201 -111.581 4 1.9 colpla 

2007 8 14 4 12 3 36.177 -111.636 2 0.8 colpla 

2007 8 14 16 45 54 36.785 -113.490 21 1.8 colpla 

2007 8 16 6 26 14 34.670 -109.524 2 1.8 colpla 

2007 8 16 19 47 32 33.457 -109.202 1 1.6 trans2 

2007 8 17 4 49 27 36.288 -111.534 20 1.4 colpla 
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(N) 

Longitude 
(E) 

Depth 
(km) 
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(ml) 

Velocity 
Model 

2007 8 18 10 54 47 36.920 -113.486 20 0.9 colpla 

2007 8 18 11 19 1 36.922 -113.485 20 1.2 colpla 

2007 8 18 21 2 6 36.433 -112.544 18 1.9 colpla 

2007 8 19 4 53 12 36.181 -112.270 7 0.8 colpla 

2007 8 19 14 14 17 33.454 -109.214 1 1.4 trans2 

2007 8 19 15 51 50 36.918 -113.484 20 2.2 colpla 

2007 8 19 15 52 41 36.921 -113.485 21 1.6 colpla 

2007 8 19 16 1 52 36.921 -113.487 21 1.0 colpla 

2007 8 19 16 20 0 36.919 -113.481 23 0.9 colpla 

2007 8 19 16 43 34 36.923 -113.483 22 1.3 colpla 

2007 8 19 17 41 50 36.923 -113.485 20 0.8 colpla 

2007 8 19 18 56 30 33.448 -109.160 2 - trans2 

2007 8 19 20 0 45 36.922 -113.485 21 0.9 colpla 

2007 8 20 4 41 43 36.191 -113.155 20 0.6 colpla 

2007 8 20 14 55 59 36.922 -113.483 23 1.4 colpla 

2007 8 20 18 29 58 36.921 -113.485 21 2.0 colpla 

2007 8 24 4 27 37 34.292 -110.132 1 1.3 trans2 

2007 8 26 6 57 22 36.194 -111.592 7 0.7 colpla 

2007 8 28 7 41 43 35.255 -113.082 1 0.8 trans2 

2007 8 31 22 20 43 36.696 -112.451 0 0.9 colpla 

2007 9 2 10 27 51 34.279 -109.127 4 0.5 colpla 

2007 9 3 4 34 26 33.475 -111.105 11 1.0 trans2 

2007 9 4 3 47 50 37.081 -113.624 15 0.7 colpla 

2007 9 4 11 22 43 36.725 -112.310 13 0.8 colpla 

2007 9 6 5 57 36 35.806 -111.578 18 0.8 colpla 

2007 9 6 7 52 56 36.721 -111.886 39 1.3 colpla 

2007 9 6 12 25 31 35.184 -111.978 13 1.5 colpla 

2007 9 7 10 26 7 35.059 -110.931 7 1.2 colpla 

2007 9 7 11 51 49 35.192 -111.969 4 0.9 colpla 

2007 9 9 4 53 55 36.193 -111.586 4 - colpla 

2007 9 9 5 7 9 36.194 -111.583 4 0.6 colpla 

2007 9 9 20 3 30 36.773 -113.008 17 1.1 colpla 

2007 9 10 6 56 19 35.989 -112.329 4 - colpla 

2007 9 11 9 53 42 36.193 -113.202 18 0.7 colpla 

2007 9 12 14 16 10 36.827 -113.467 12 1.5 colpla 

2007 9 12 23 33 52 36.191 -111.633 5 1.1 colpla 

2007 9 15 10 28 23 36.527 -112.549 14 0.2 colpla 

2007 9 18 0 43 46 35.978 -113.374 21 1.0 colpla 

2007 9 19 20 48 23 36.973 -112.785 13 1.3 colpla 

2007 9 20 2 28 17 35.849 -114.632 8 2.5 trans2 
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(N) 
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Depth 
(km) 
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(ml) 

Velocity 
Model 

2007 9 20 2 31 46 35.845 -114.631 6 1.0 trans2 

2007 9 20 11 48 46 32.330 -114.312 14 2.0 basinr 

2007 9 20 13 59 20 37.011 -113.607 22 1.5 colpla 

2007 9 21 9 18 16 37.095 -113.313 17 1.3 colpla 

2007 9 23 14 2 38 36.125 -111.085 16 1.0 colpla 

2007 9 24 3 33 18 36.748 -112.911 6 - colpla 

2007 9 25 8 7 40 36.123 -112.482 15 - colpla 

2007 9 26 2 24 5 36.977 -112.365 20 2.5 colpla 

2007 9 26 5 11 27 36.994 -112.365 20 0.3 colpla 

2007 9 26 5 18 10 36.994 -112.359 20 1.1 colpla 

2007 9 27 6 36 47 36.992 -112.367 20 1.8 colpla 

2007 9 27 7 30 36 36.995 -112.379 21 1.4 colpla 

2007 9 27 8 18 42 35.225 -113.153 0 1.4 trans2 

2007 9 28 12 13 41 31.511 -109.312 14 1.4 basinr 

2007 9 28 14 30 50 35.331 -113.470 1 1.6 trans2 

2007 10 1 5 36 12 36.728 -112.940 1 0.7 colpla 

2007 10 5 12 54 51 36.992 -112.361 20 1.4 colpla 

2007 10 9 3 1 2 36.450 -113.983 5 2.2 colpla 

2007 10 10 0 5 40 36.459 -114.001 2 1.2 colpla 

2007 10 10 9 52 53 36.872 -113.035 22 1.9 colpla 

2007 10 10 10 46 9 36.870 -113.045 20 0.8 colpla 

2007 10 11 21 2 23 35.171 -111.655 4 1.0 colpla 

2007 10 12 20 58 17 36.725 -111.882 39 1.4 colpla 

2007 10 14 23 0 57 36.063 -112.227 4 1.7 colpla 

2007 10 15 5 45 11 35.912 -112.185 9 1.3 colpla 

2007 10 17 7 3 44 36.061 -112.227 5 0.9 colpla 

2007 10 17 10 5 9 36.755 -112.902 21 0.8 colpla 

2007 10 18 3 6 13 36.965 -111.842 28 1.5 colpla 

2007 10 20 13 7 58 36.069 -114.680 0 0.9 trans2 

2007 10 20 14 8 32 35.479 -113.173 1 0.8 trans2 

2007 10 21 8 55 20 35.916 -112.191 9 1.3 colpla 

2007 10 23 22 55 31 35.349 -113.219 1 0.3 trans2 

2007 10 24 2 23 10 35.272 -112.982 5 0.4 trans2 

2007 10 24 2 25 49 35.269 -113.000 10 0.7 trans2 

2007 10 24 2 29 11 35.270 -113.001 9 0.4 trans2 

2007 10 24 2 35 23 35.262 -113.031 10 0.3 trans2 

2007 10 24 6 26 13 35.267 -113.006 9 1.6 trans2 

2007 10 28 17 37 10 36.998 -113.741 4 1.3 colpla 

2007 10 28 21 9 7 35.908 -111.815 3 1.2 colpla 

2007 11 2 9 35 9 35.201 -111.989 4 1.4 colpla 
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(N) 

Longitude 
(E) 

Depth 
(km) 
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Velocity 
Model 

2007 11 2 12 49 36 35.195 -111.998 12 0.7 colpla 

2007 11 2 13 20 16 35.190 -112.001 13 1.3 colpla 

2007 11 3 14 9 19 36.949 -112.604 26 1.1 colpla 

2007 11 4 9 33 0 37.067 -111.885 25 1.5 colpla 

2007 11 6 5 49 22 35.478 -109.241 23 1.4 colpla 

2007 11 19 10 36 14 36.035 -112.232 4 0.5 colpla 

2007 11 21 0 28 2 36.849 -113.965 19 0.8 colpla 

2007 11 21 1 6 22 36.846 -113.967 17 1.3 colpla 

2007 11 21 11 33 52 36.392 -113.658 4 0.8 colpla 

2007 11 21 12 13 30 36.387 -113.657 11 1.6 colpla 

2007 11 21 12 24 21 36.390 -113.657 14 1.9 colpla 

2007 11 21 12 27 4 36.392 -113.657 17 0.8 colpla 

2007 11 21 12 28 56 36.388 -113.652 14 0.8 colpla 

2007 11 21 13 47 20 36.391 -113.654 16 1.9 colpla 

2007 11 21 13 49 16 36.388 -113.656 9 0.6 colpla 

2007 11 21 14 53 43 36.753 -112.916 18 1.9 colpla 

2007 11 21 15 2 53 36.382 -113.653 10 0.6 colpla 

2007 11 21 15 25 28 36.708 -112.919 19 1.2 colpla 

2007 11 21 16 57 35 36.387 -113.660 13 1.9 colpla 

2007 11 21 17 44 25 36.384 -113.650 14 1.2 colpla 

2007 11 21 19 8 12 36.392 -113.654 9 1.4 colpla 

2007 11 21 20 32 34 36.384 -113.652 3 1.1 colpla 

2007 11 21 22 5 35 36.383 -113.652 3 1.5 colpla 

2007 11 21 22 22 12 36.383 -113.654 7 - colpla 

2007 11 21 22 26 55 36.378 -113.653 9 1.2 colpla 

2007 11 21 23 45 53 36.385 -113.647 19 1.1 colpla 

2007 11 22 1 10 2 36.387 -113.651 12 0.9 colpla 

2007 11 22 1 11 28 36.386 -113.655 9 - colpla 

2007 11 22 2 53 52 36.388 -113.654 11 1.3 colpla 

2007 11 22 13 19 36 36.389 -113.657 8 1.2 colpla 

2007 11 22 13 57 52 36.389 -113.658 9 1.3 colpla 

2007 11 22 14 1 11 36.391 -113.656 11 1.4 colpla 

2007 11 22 14 8 1 36.391 -113.655 4 0.6 colpla 

2007 11 22 14 40 31 36.389 -113.664 17 0.6 colpla 

2007 11 25 4 11 12 35.142 -112.636 7 0.9 trans2 

2007 11 25 4 20 17 35.148 -112.673 20 - trans2 

2007 11 25 6 17 15 36.954 -113.369 25 0.7 colpla 

2007 11 27 0 54 50 35.817 -109.261 22 2.3 colpla 

2007 11 27 7 6 26 35.903 -109.166 13 1.4 colpla 

2007 11 30 1 5 32 37.054 -112.838 19 1.0 colpla 
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(N) 
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(E) 

Depth 
(km) 
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Velocity 
Model 

2007 12 2 4 17 32 36.427 -111.008 6 1.1 colpla 

2007 12 2 4 26 23 36.414 -111.031 7 - colpla 

2007 12 2 14 1 39 35.693 -112.138 8 0.8 colpla 

2007 12 2 15 35 50 35.693 -112.117 3 0.3 colpla 

2007 12 3 14 46 34 36.804 -112.792 24 1.5 colpla 

2007 12 4 16 16 17 35.639 -111.608 9 1.2 colpla 

2007 12 5 0 22 41 36.428 -113.127 13 3.6 colpla 

2007 12 5 0 32 18 36.433 -113.154 14 1.9 colpla 

2007 12 5 0 41 24 36.434 -113.156 14 1.0 colpla 

2007 12 5 0 54 11 36.433 -113.155 14 2.5 colpla 

2007 12 5 1 3 0 36.432 -113.160 14 0.5 colpla 

2007 12 5 4 57 31 36.435 -113.143 13 0.5 colpla 

2007 12 5 5 8 54 36.429 -113.155 14 0.0 colpla 

2007 12 5 7 8 44 36.431 -113.150 14 0.6 colpla 

2007 12 5 9 32 25 36.428 -113.139 13 1.0 colpla 

2007 12 5 9 54 53 36.433 -113.149 14 0.0 colpla 

2007 12 5 11 29 36 36.432 -113.151 14 0.2 colpla 

2007 12 5 11 42 10 36.816 -112.789 23 - colpla 

2007 12 5 12 18 54 36.429 -113.148 14 0.5 colpla 

2007 12 6 4 5 19 36.431 -113.153 14 1.1 colpla 

2007 12 8 16 49 45 34.940 -112.429 1 1.3 trans2 

2007 12 8 23 33 46 36.428 -113.148 14 1.2 colpla 

2007 12 8 23 38 19 36.431 -113.151 14 0.6 colpla 

2007 12 9 0 12 41 36.431 -113.154 14 1.7 colpla 

2007 12 9 0 20 9 36.431 -113.151 14 0.0 colpla 

2007 12 9 17 28 21 35.853 -114.628 0 1.7 trans2 

2007 12 10 13 21 37 36.358 -112.360 17 0.8 colpla 

2007 12 10 18 13 44 36.431 -113.150 14 2.8 colpla 

2007 12 10 18 35 31 36.428 -113.147 13 0.6 colpla 

2007 12 10 19 38 13 36.429 -113.153 14 2.6 colpla 

2007 12 10 20 9 43 36.429 -113.162 14 3.4 colpla 

2007 12 10 23 44 0 36.430 -113.157 14 2.3 colpla 

2007 12 11 2 30 34 34.287 -110.120 1 0.5 trans2 

2007 12 11 4 18 50 35.171 -111.547 16 0.9 colpla 

2007 12 11 4 51 51 35.165 -111.531 17 1.0 colpla 

2007 12 11 7 12 28 36.430 -113.150 14 0.7 colpla 

2007 12 11 9 19 15 35.170 -111.541 16 0.7 colpla 

2007 12 11 16 48 40 35.170 -111.529 15 0.2 colpla 

2007 12 12 8 21 15 36.423 -113.140 13 0.6 colpla 

2007 12 12 9 9 22 36.824 -112.350 16 1.3 colpla 
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2007 12 12 13 20 24 36.063 -112.466 14 0.9 colpla 

2007 12 13 10 30 37 35.592 -112.949 4 - colpla 

2007 12 13 11 3 38 35.592 -112.950 4 0.5 colpla 

2007 12 13 11 3 55 35.594 -112.941 4 - colpla 

2007 12 13 11 17 36 35.594 -112.948 4 0.1 colpla 

2007 12 13 11 43 33 35.595 -112.945 5 0.0 colpla 

2007 12 13 12 8 24 35.593 -112.944 4 0.2 colpla 

2007 12 13 12 36 26 35.594 -112.950 6 1.5 colpla 

2007 12 13 22 45 44 36.065 -112.230 4 1.2 colpla 

2007 12 14 9 27 1 36.047 -112.235 4 1.0 colpla 

2007 12 14 10 5 3 36.046 -112.221 4 1.2 colpla 

2007 12 14 15 9 32 36.428 -113.154 14 2.2 colpla 

2007 12 14 18 32 31 36.046 -112.233 4 1.3 colpla 

2007 12 15 23 28 39 36.718 -112.935 14 0.9 colpla 

2007 12 16 8 39 43 36.718 -112.923 4 1.0 colpla 

2007 12 16 10 57 34 36.428 -113.150 14 2.5 colpla 

2007 12 16 11 28 50 36.428 -113.155 14 1.2 colpla 

2007 12 18 14 0 53 36.716 -112.914 4 - colpla 

2007 12 18 14 41 51 36.429 -113.161 14 0.9 colpla 

2007 12 18 20 24 11 35.942 -114.319 3 0.7 trans2 

2007 12 20 0 30 19 34.614 -112.907 0 1.3 trans2 

2007 12 22 2 22 51 36.728 -112.744 20 1.0 colpla 

2007 12 22 23 54 41 36.804 -111.659 12 1.2 colpla 

2007 12 23 11 30 6 36.427 -113.128 13 1.0 colpla 

2007 12 24 1 34 10 36.039 -112.230 4 1.6 colpla 

2007 12 24 2 25 6 35.806 -112.583 4 - colpla 

2007 12 24 7 30 57 35.807 -112.582 4 1.0 colpla 

2007 12 24 8 42 46 35.805 -112.582 4 - colpla 

2007 12 24 11 0 13 35.809 -112.584 4 - colpla 

2007 12 24 13 14 3 35.814 -112.588 4 1.5 colpla 

2007 12 25 15 0 27 31.801 -109.580 3 0.9 basinr 

2007 12 27 0 13 20 36.530 -112.258 23 3.0 colpla 

2007 12 27 23 43 38 36.285 -112.335 11 0.2 colpla 

2007 12 28 2 17 44 36.283 -112.329 8 0.1 colpla 

2007 12 28 3 41 58 36.286 -112.322 14 0.9 colpla 

2007 12 28 5 35 9 36.282 -112.339 7 0.1 colpla 

2007 12 28 6 37 40 36.367 -112.260 17 1.2 colpla 

2007 12 28 9 2 7 36.288 -112.298 13 1.4 colpla 

2007 12 28 12 37 15 36.284 -112.311 12 1.6 colpla 

2007 12 28 12 55 8 36.285 -112.319 14 0.5 colpla 
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2007 12 28 16 45 13 36.281 -112.302 12 0.7 colpla 

2007 12 28 21 2 43 36.660 -112.318 26 1.0 colpla 

2008 1 5 23 45 0 35.023 -113.914 1 3.1 trans2 

2008 1 6 5 35 33 35.026 -113.905 1 - trans2 

2008 1 6 16 32 50 35.030 -113.942 1 1.2 trans2 

2008 1 6 20 16 21 35.025 -113.924 1 1.3 trans2 

2008 1 7 7 48 21 31.796 -109.571 6 2.6 basinr 

2008 1 9 8 2 38 35.026 -113.937 1 1.3 trans2 

2008 1 9 8 3 45 35.031 -113.939 1 1.4 trans2 

2008 1 10 0 5 13 36.966 -113.597 26 1.4 colpla 

2008 1 11 6 10 29 36.051 -112.242 4 1.2 colpla 

2008 1 11 9 51 30 36.525 -112.186 1 1.5 colpla 

2008 1 11 10 5 43 36.076 -114.627 0 1.3 trans2 

2008 1 13 17 22 34 36.177 -113.193 4 1.2 colpla 

2008 1 15 7 56 2 36.909 -113.493 21 1.4 colpla 

2008 1 15 11 52 5 36.268 -113.978 1 0.8 colpla 

2008 1 17 14 54 32 36.421 -113.132 13 0.6 colpla 

2008 1 17 22 0 13 35.020 -113.914 1 3.5 trans2 

2008 1 17 22 5 6 35.029 -113.949 1 - trans2 

2008 1 17 22 12 51 35.026 -113.933 1 0.7 trans2 

2008 1 17 22 18 55 35.027 -113.938 1 0.6 trans2 

2008 1 17 23 29 24 35.028 -113.932 1 0.7 trans2 

2008 1 18 0 7 3 35.027 -113.929 1 0.6 trans2 

2008 1 18 3 9 6 35.025 -113.913 1 - trans2 

2008 1 18 3 42 25 35.897 -111.442 21 1.5 colpla 

2008 1 18 12 2 48 35.853 -114.628 1 1.2 trans2 

2008 1 18 13 18 25 35.027 -113.932 1 0.7 trans2 

2008 1 18 22 43 39 35.314 -112.826 2 1.0 trans2 

2008 1 19 12 9 46 35.027 -113.929 1 0.8 trans2 

2008 1 20 17 28 34 35.026 -113.929 1 2.1 trans2 

2008 1 20 18 12 35 35.028 -113.938 1 0.9 trans2 

2008 1 21 11 35 43 36.634 -112.245 28 2.2 colpla 

2008 1 25 1 12 14 36.154 -113.645 18 1.2 colpla 

2008 1 27 1 28 39 33.640 -111.124 5 0.9 trans2 

2008 1 27 9 42 33 33.635 -111.119 9 - trans2 

2008 1 29 7 34 30 34.641 -112.295 1 1.1 trans2 

2008 1 31 12 18 59 36.805 -113.469 19 1.5 colpla 

2008 2 2 2 24 34 36.427 -113.146 14 1.4 colpla 

2008 2 3 2 5 41 35.805 -112.579 6 1.1 colpla 

2008 2 3 5 17 38 34.183 -110.754 10 2.4 trans2 
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2008 2 4 17 20 43 35.857 -114.633 2 1.6 trans2 

2008 2 7 7 54 50 34.482 -110.329 3 1.4 colpla 

2008 2 7 19 31 5 35.853 -114.627 0 2.4 trans2 

2008 2 7 19 49 17 35.857 -114.633 1 1.5 trans2 

2008 2 7 19 51 51 35.858 -114.631 0 - trans2 

2008 2 7 21 17 48 35.854 -114.632 2 1.4 trans2 

2008 2 8 7 27 6 35.994 -114.757 13 1.3 trans2 

2008 2 8 15 20 22 36.690 -112.407 21 1.2 colpla 

2008 2 9 5 46 18 35.173 -112.712 13 - trans2 

2008 2 9 12 13 49 35.024 -113.922 1 0.9 trans2 

2008 2 10 11 58 41 35.022 -113.923 1 1.2 trans2 

2008 2 11 18 23 20 34.757 -110.982 3 1.0 colpla 

2008 2 12 4 3 47 34.758 -110.985 3 1.1 colpla 

2008 2 13 9 51 2 36.939 -111.790 21 1.1 colpla 

2008 2 17 2 23 9 35.175 -109.282 14 2.1 colpla 

2008 2 18 16 54 45 36.697 -109.608 13 1.5 colpla 

2008 2 18 21 12 1 34.296 -112.796 8 0.8 trans2 

2008 2 18 23 38 24 35.015 -111.979 9 1.1 trans2 

2008 2 19 13 54 2 36.003 -114.619 11 1.2 trans2 

2008 2 19 20 12 5 36.792 -110.031 14 1.2 colpla 

2008 2 20 12 15 1 35.011 -111.984 13 1.0 trans2 

2008 2 20 12 16 5 34.997 -111.993 14 - trans2 

2008 2 22 9 32 50 34.683 -112.577 1 1.0 trans2 

2008 2 23 5 58 44 36.059 -114.758 13 0.8 trans2 

2008 2 29 11 17 18 36.055 -112.237 4 0.9 colpla 

2008 3 2 9 29 50 35.002 -112.081 1 0.9 trans2 

2008 3 5 16 14 43 35.017 -111.975 9 1.2 trans2 

2008 3 12 2 24 15 36.933 -112.898 21 2.1 colpla 

2008 3 12 22 39 16 36.567 -109.656 4 0.9 colpla 

2008 3 14 3 40 56 35.020 -111.975 9 1.5 trans2 

2008 3 14 8 2 12 34.769 -113.819 4 0.8 trans2 

2008 3 16 15 26 37 36.397 -110.485 22 1.1 colpla 

2008 3 19 4 49 15 36.472 -113.490 16 1.3 colpla 

2008 3 19 9 32 29 36.471 -113.501 12 2.9 colpla 

2008 3 19 9 35 38 36.468 -113.499 12 1.4 colpla 

2008 3 19 9 57 23 36.468 -113.490 17 0.8 colpla 

2008 3 19 10 4 14 36.471 -113.484 21 - colpla 

2008 3 19 10 27 29 36.469 -113.496 17 - colpla 

2008 3 19 10 39 3 36.474 -113.494 12 1.2 colpla 

2008 3 19 11 38 3 36.477 -113.486 16 - colpla 
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2008 3 19 12 20 35 36.198 -112.735 19 1.1 colpla 

2008 3 19 13 43 59 36.092 -113.963 6 1.1 trans2 

2008 3 20 6 8 54 36.062 -109.138 21 1.3 colpla 

2008 3 20 10 48 2 35.976 -114.783 14 0.8 trans2 

2008 3 21 6 22 14 36.206 -112.460 23 1.6 colpla 

2008 3 21 7 26 51 35.916 -114.794 8 1.6 trans2 

2008 3 21 11 49 3 34.225 -109.077 3 1.0 colpla 

2008 3 21 19 59 20 35.197 -112.722 1 0.8 trans2 

2008 3 21 20 3 56 35.190 -112.735 7 1.7 trans2 

2008 3 21 20 7 5 35.190 -112.727 1 1.3 trans2 

2008 3 21 21 35 26 35.189 -112.726 2 1.9 trans2 

2008 3 21 21 42 24 35.184 -112.735 6 1.0 trans2 

2008 3 21 21 44 10 35.190 -112.735 6 0.9 trans2 

2008 3 22 1 46 40 35.185 -112.733 2 1.1 trans2 

2008 3 22 1 47 44 35.190 -112.729 1 1.2 trans2 

2008 3 22 2 54 27 35.191 -112.728 1 1.2 trans2 

2008 3 22 3 6 51 35.191 -112.733 13 2.4 trans2 

2008 3 22 3 11 53 35.189 -112.734 4 1.1 trans2 

2008 3 22 3 12 42 35.191 -112.742 10 2.2 trans2 

2008 3 22 3 21 27 35.191 -112.737 13 1.8 trans2 

2008 3 22 3 28 1 35.192 -112.734 8 2.1 trans2 

2008 3 22 3 38 55 35.187 -112.735 1 1.0 trans2 

2008 3 22 8 35 42 35.193 -112.740 10 1.0 trans2 

2008 3 22 9 8 29 35.190 -112.734 8 1.0 trans2 

2008 3 22 12 4 37 35.186 -112.743 7 0.7 trans2 

2008 3 22 20 25 16 35.194 -112.740 12 0.9 trans2 

2008 3 23 1 4 11 35.187 -112.742 12 0.8 trans2 

2008 3 23 2 13 23 35.191 -112.734 0 1.0 trans2 

2008 3 23 6 8 23 36.454 -112.282 20 1.7 colpla 

2008 3 23 6 11 0 35.194 -112.736 10 1.5 trans2 

2008 3 23 6 13 29 35.190 -112.730 8 1.1 trans2 

2008 3 23 14 20 12 35.936 -109.166 11 0.9 colpla 

2008 3 24 12 39 59 36.459 -113.496 16 1.4 colpla 

2008 3 26 6 51 3 36.467 -113.487 18 1.0 colpla 

2008 3 27 1 7 12 36.470 -113.496 4 4.0 colpla 

2008 3 27 1 13 40 36.479 -113.485 14 1.7 colpla 

2008 3 27 1 28 9 36.466 -113.506 1 2.6 colpla 

2008 3 27 1 34 54 36.471 -113.492 12 1.2 colpla 

2008 3 27 1 57 51 36.468 -113.490 18 0.7 colpla 

2008 3 27 1 58 59 36.470 -113.496 13 2.5 colpla 
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2008 3 27 2 25 41 36.466 -113.492 24 0.7 colpla 

2008 3 27 4 17 26 36.471 -113.499 12 1.1 colpla 

2008 3 27 4 26 46 36.468 -113.506 9 1.5 colpla 

2008 3 27 5 27 56 36.480 -113.497 3 1.0 colpla 

2008 3 27 6 33 20 36.470 -113.501 11 2.1 colpla 

2008 3 27 13 28 40 36.470 -113.500 12 1.6 colpla 

2008 3 27 23 15 26 36.468 -113.494 20 1.2 colpla 

2008 3 28 0 10 36 36.478 -113.488 14 1.8 colpla 

2008 3 28 1 1 40 36.470 -113.502 12 2.0 colpla 

2008 3 28 14 35 30 36.469 -113.488 20 0.9 colpla 

2008 3 28 20 18 37 36.465 -113.500 12 1.7 colpla 

2008 3 28 20 24 50 36.442 -113.506 4 1.4 colpla 

2008 3 29 4 6 7 34.289 -110.125 5 1.2 trans2 

2008 3 29 9 18 5 36.441 -113.502 14 1.0 colpla 

2008 3 29 19 9 33 34.493 -112.321 8 1.3 trans2 

2008 3 29 20 38 4 36.454 -113.499 17 1.1 colpla 

2008 3 31 3 0 31 36.465 -113.479 16 0.6 colpla 

2008 4 3 5 5 4 36.462 -113.502 11 1.4 colpla 

2008 4 4 13 46 26 36.457 -113.503 15 1.4 colpla 

2008 4 4 17 5 58 36.684 -109.623 16 1.3 colpla 

2008 4 5 10 36 34 35.857 -114.637 8 2.3 trans2 

2008 4 5 10 44 18 35.863 -114.638 1 1.1 trans2 

2008 4 5 11 35 12 35.851 -114.635 7 1.9 trans2 

2008 4 5 11 58 43 35.853 -114.637 10 1.4 trans2 

2008 4 5 11 59 27 35.850 -114.636 9 1.0 trans2 

2008 4 5 15 21 28 35.854 -114.636 9 1.3 trans2 

2008 4 5 17 24 53 35.853 -114.631 5 2.1 trans2 

2008 4 5 18 26 7 36.475 -113.496 10 2.5 colpla 

2008 4 6 4 12 55 35.337 -111.455 8 0.7 colpla 

2008 4 6 4 18 50 35.874 -114.643 1 1.0 trans2 

2008 4 7 21 32 5 34.704 -111.181 2 2.9 colpla 

2008 4 8 10 55 37 34.293 -110.130 5 1.0 trans2 

2008 4 9 23 49 31 35.074 -112.569 5 0.7 trans2 

2008 4 10 13 37 41 36.466 -113.496 8 1.2 colpla 

2008 4 11 9 35 47 34.291 -110.129 8 0.9 trans2 

2008 4 11 20 50 18 35.188 -111.946 4 0.9 colpla 

2008 4 13 13 52 53 36.465 -113.489 16 1.2 colpla 

2008 4 13 22 45 11 34.294 -110.135 4 1.2 trans2 

2008 4 14 17 38 39 36.467 -113.503 29 0.8 colpla 

2008 4 15 0 12 54 36.923 -112.317 25 1.7 colpla 
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2008 4 16 1 38 46 35.925 -109.498 23 1.6 colpla 

2008 4 18 4 22 25 36.920 -113.537 17 0.4 colpla 

2008 4 18 6 45 4 36.980 -113.579 20 1.0 colpla 

2008 4 18 14 4 19 36.717 -112.922 11 1.1 colpla 

2008 4 18 20 45 47 36.718 -112.921 2 1.6 colpla 

2008 4 18 21 46 0 37.060 -112.894 18 2.4 colpla 

2008 4 20 12 37 38 35.509 -112.132 11 1.4 colpla 

2008 4 22 2 56 18 36.274 -112.370 18 1.0 colpla 

2008 4 24 13 15 59 36.835 -111.568 23 0.7 colpla 

2008 4 25 10 25 19 36.219 -110.477 26 2.1 colpla 

2008 4 27 4 59 5 36.429 -113.120 13 0.5 colpla 

2008 4 27 6 55 47 36.435 -113.152 14 1.0 colpla 

2008 4 28 6 11 54 34.296 -110.135 4 0.6 trans2 

2008 4 28 7 46 9 36.474 -113.500 1 2.0 colpla 

2008 4 28 7 56 19 35.507 -112.126 7 0.9 colpla 

2008 4 28 7 58 31 36.470 -113.493 17 1.4 colpla 

2008 4 28 8 1 26 35.512 -112.129 12 1.1 colpla 

2008 4 28 8 8 18 36.469 -113.493 17 0.8 colpla 

2008 4 28 8 56 21 35.509 -112.126 8 1.6 colpla 

2008 4 28 9 41 53 35.510 -112.129 8 1.6 colpla 

2008 4 28 14 31 55 33.338 -109.265 6 1.3 trans2 

2008 4 28 14 50 57 35.508 -112.125 7 1.3 colpla 

2008 4 28 14 53 14 35.510 -112.127 9 1.6 colpla 

2008 4 28 14 55 46 35.510 -112.126 9 1.4 colpla 

2008 4 28 15 0 41 35.511 -112.129 12 0.9 colpla 

2008 4 28 15 7 5 35.510 -112.127 11 0.7 colpla 

2008 4 28 15 9 24 35.511 -112.126 10 0.8 colpla 

2008 4 28 15 47 56 35.510 -112.125 10 1.6 colpla 

2008 4 28 15 57 46 35.512 -112.127 9 1.3 colpla 

2008 4 28 22 7 44 35.624 -113.036 9 1.2 colpla 

2008 4 30 2 24 37 31.366 -109.068 3 2.4 basinr 

2008 5 1 2 19 46 35.185 -111.940 13 1.3 colpla 

2008 5 1 5 40 16 36.718 -112.928 4 1.9 colpla 

2008 5 1 6 34 57 36.722 -112.936 11 0.8 colpla 

2008 5 1 22 34 59 36.733 -112.921 18 1.0 colpla 

2008 5 2 6 21 48 35.938 -112.745 13 1.3 colpla 

2008 5 2 8 18 28 35.737 -109.270 25 1.2 colpla 

2008 5 2 8 59 53 36.718 -112.927 4 1.3 colpla 

2008 5 2 10 12 34 36.370 -113.907 5 1.4 colpla 

2008 5 2 20 18 41 31.407 -109.207 5 0.6 basinr 
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2008 5 3 6 52 23 36.813 -112.887 19 1.1 colpla 

2008 5 3 10 29 32 33.714 -111.063 0 1.0 trans2 

2008 5 3 16 34 57 36.813 -112.885 18 1.0 colpla 

2008 5 3 18 38 38 37.094 -112.880 14 0.4 colpla 

2008 5 3 18 42 20 36.814 -112.890 21 0.9 colpla 

2008 5 3 19 25 54 34.962 -110.629 4 1.9 colpla 

2008 5 4 6 32 7 36.904 -113.042 25 1.1 colpla 

2008 5 4 8 20 19 35.509 -112.130 9 2.0 colpla 

2008 5 4 9 10 36 36.843 -112.985 24 1.2 colpla 

2008 5 7 9 40 10 36.444 -113.522 4 0.9 colpla 

2008 5 8 0 21 19 31.341 -109.318 0 2.6 basinr 

2008 5 9 18 50 6 35.509 -112.121 4 1.1 colpla 

2008 5 10 5 26 40 34.819 -110.373 14 0.9 colpla 

2008 5 10 7 10 57 36.605 -112.317 27 1.4 colpla 

2008 5 10 10 32 57 36.448 -112.341 11 0.8 colpla 

2008 5 11 3 20 34 34.768 -110.962 5 1.2 colpla 

2008 5 12 22 2 34 34.780 -113.783 0 1.2 trans2 

2008 5 13 0 51 36 34.783 -113.776 0 0.8 trans2 

2008 5 14 11 11 41 36.434 -113.522 14 0.4 colpla 

2008 5 14 19 36 49 36.186 -111.636 5 1.2 colpla 

2008 5 15 22 50 16 34.348 -110.370 1 1.1 trans2 

2008 5 15 22 52 1 34.343 -110.368 1 1.0 trans2 

2008 5 16 18 15 19 36.843 -113.659 17 1.4 colpla 

2008 5 16 18 52 55 34.345 -110.370 1 1.4 trans2 

2008 5 16 22 0 0 36.461 -112.209 13 1.1 colpla 

2008 5 17 0 10 33 34.347 -110.376 2 1.4 trans2 

2008 5 17 0 40 40 34.348 -110.369 8 1.5 trans2 

2008 5 17 4 23 56 34.345 -110.377 1 1.1 trans2 

2008 5 17 4 54 10 36.461 -112.208 12 1.0 colpla 

2008 5 17 5 32 56 34.343 -110.365 4 0.8 trans2 

2008 5 17 7 31 29 34.348 -110.371 4 1.0 trans2 

2008 5 17 8 21 1 34.346 -110.371 5 1.2 trans2 

2008 5 17 8 22 9 34.344 -110.372 9 1.2 trans2 

2008 5 17 8 59 42 34.344 -110.370 7 1.4 trans2 

2008 5 17 9 35 32 34.347 -110.371 4 1.2 trans2 

2008 5 17 10 13 47 34.342 -110.369 1 0.5 trans2 

2008 5 17 12 55 41 36.256 -111.762 15 0.9 colpla 

2008 5 18 0 38 22 34.346 -110.367 6 2.3 trans2 

2008 5 18 0 39 28 34.347 -110.371 4 1.4 trans2 

2008 5 18 0 47 22 34.341 -110.370 1 1.4 trans2 
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2008 5 18 1 11 32 34.344 -110.370 6 2.4 trans2 

2008 5 18 1 21 16 34.344 -110.370 1 1.1 trans2 

2008 5 18 1 29 23 34.341 -110.367 1 0.8 trans2 

2008 5 18 2 13 33 34.346 -110.368 1 1.5 trans2 

2008 5 18 2 23 4 34.345 -110.367 2 0.7 trans2 

2008 5 18 5 13 52 34.342 -110.369 1 0.7 trans2 

2008 5 18 7 31 58 37.007 -112.965 26 1.3 colpla 

2008 5 18 9 3 48 34.343 -110.371 1 0.6 trans2 

2008 5 18 10 41 58 34.297 -110.131 10 0.9 trans2 

2008 5 19 10 28 44 31.411 -110.595 2 1.3 basinr 

2008 5 19 11 34 1 34.346 -110.373 1 1.0 trans2 

2008 5 21 20 28 33 36.459 -112.234 15 2.2 colpla 

2008 5 23 3 23 48 35.606 -113.324 1 0.4 trans2 

2008 5 23 3 45 21 35.605 -113.327 1 0.9 trans2 

2008 5 23 9 46 29 35.611 -113.324 2 1.3 trans2 

2008 5 23 10 37 36 35.610 -113.322 1 1.0 trans2 

2008 5 23 12 29 41 35.610 -113.321 1 - trans2 

2008 5 24 9 55 56 36.048 -112.211 9 0.6 colpla 

2008 5 24 12 17 15 36.392 -113.627 14 1.3 colpla 

2008 5 24 14 29 54 36.389 -113.631 16 1.1 colpla 

2008 5 26 21 44 29 36.474 -113.495 8 2.4 colpla 

2008 5 27 5 30 39 35.183 -111.943 4 0.4 colpla 

2008 5 28 8 4 55 35.627 -113.031 8 1.7 colpla 

2008 5 28 9 18 22 35.638 -113.033 8 1.2 colpla 

2008 5 29 12 39 35 37.030 -112.941 18 0.2 colpla 

2008 5 30 4 0 46 37.043 -112.965 17 1.0 colpla 

2008 5 31 3 32 54 36.985 -112.868 15 0.9 colpla 

2008 5 31 10 13 31 36.958 -112.090 23 0.2 colpla 

2008 6 1 18 29 24 36.475 -113.496 17 1.3 colpla 

2008 6 1 23 6 33 36.398 -113.627 19 1.6 colpla 

2008 6 4 23 32 35 36.443 -112.492 13 3.8 colpla 

2008 6 5 2 34 30 36.445 -112.488 14 0.9 colpla 

2008 6 5 10 11 7 36.070 -112.222 4 1.4 colpla 

2008 6 6 16 17 24 35.983 -114.763 13 1.6 trans2 

2008 6 7 15 34 21 35.967 -114.770 14 1.5 trans2 

2008 6 8 15 59 4 36.995 -112.049 18 0.7 colpla 

2008 6 9 0 52 7 36.867 -112.561 20 1.0 colpla 

2008 6 9 18 28 46 36.975 -113.816 14 1.2 colpla 

2008 6 10 19 51 4 34.886 -110.365 4 1.3 colpla 

2008 6 12 2 56 58 31.263 -109.188 2 1.2 basinr 
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2008 6 12 14 26 9 36.540 -111.187 3 1.6 colpla 

2008 6 13 15 49 36 36.753 -113.029 19 1.2 colpla 

2008 6 15 15 17 32 35.512 -112.129 2 1.1 colpla 

2008 6 15 15 17 57 35.510 -112.127 2 - colpla 

2008 6 15 15 25 56 35.511 -112.130 10 1.6 colpla 

2008 6 15 15 26 42 35.512 -112.135 10 1.4 colpla 

2008 6 15 15 29 16 35.512 -112.133 9 0.9 colpla 

2008 6 15 15 31 12 35.510 -112.140 8 0.8 colpla 

2008 6 15 15 41 43 35.509 -112.127 10 2.0 colpla 

2008 6 15 15 45 32 35.513 -112.136 12 0.1 colpla 

2008 6 15 16 0 40 35.511 -112.136 8 1.3 colpla 

2008 6 15 16 10 41 35.510 -112.137 10 0.8 colpla 

2008 6 15 17 20 28 36.461 -112.209 13 1.7 colpla 

2008 6 15 21 45 19 36.457 -112.209 13 0.9 colpla 

2008 6 15 23 14 6 35.513 -112.138 13 1.0 colpla 

2008 6 16 1 59 27 36.072 -112.482 12 0.8 colpla 

2008 6 17 1 36 52 34.697 -111.168 4 1.1 colpla 

2008 6 18 4 20 51 35.512 -112.133 8 1.4 colpla 

2008 6 18 4 42 22 35.512 -112.130 8 1.3 colpla 

2008 6 18 4 42 54 35.512 -112.133 12 - colpla 

2008 6 18 4 47 0 35.507 -112.129 4 0.5 colpla 

2008 6 18 5 14 24 34.958 -112.581 6 0.9 trans2 

2008 6 19 14 14 29 31.386 -109.089 9 2.4 basinr 

2008 6 19 16 30 16 35.512 -112.135 13 0.9 colpla 

2008 6 19 16 31 14 35.511 -112.123 4 1.1 colpla 

2008 6 19 20 22 51 35.625 -113.015 4 1.1 colpla 

2008 6 19 20 40 59 35.628 -113.031 9 1.3 colpla 

2008 6 23 7 32 6 36.567 -110.677 8 0.8 colpla 

2008 6 23 11 59 47 36.576 -110.702 6 0.4 colpla 

2008 6 24 6 59 24 36.681 -112.450 20 0.8 colpla 

2008 6 24 7 33 33 36.682 -112.453 17 0.2 colpla 

2008 6 24 9 43 23 36.441 -113.477 13 1.0 colpla 

2008 6 24 9 58 7 36.684 -112.452 18 0.8 colpla 

2008 6 24 11 25 19 37.056 -112.369 23 0.1 colpla 

2008 6 27 4 41 49 36.725 -112.330 7 1.0 colpla 

2008 6 30 5 57 42 35.010 -109.964 26 1.1 colpla 

2008 6 30 22 57 28 32.717 -112.557 0 0.5 basinr 

2008 6 30 23 10 39 32.703 -112.563 14 - basinr 

2008 7 1 2 10 55 34.892 -113.393 12 0.9 trans2 

2008 7 3 13 37 22 36.063 -112.217 6 1.2 colpla 
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2008 7 5 11 49 11 36.881 -113.667 16 1.7 colpla 

2008 7 6 14 24 31 33.678 -110.854 7 1.3 trans2 

2008 7 8 5 5 47 35.231 -113.597 1 1.7 trans2 

2008 7 8 7 21 27 35.994 -113.240 12 0.5 colpla 

2008 7 8 11 18 30 35.233 -113.596 0 - trans2 

2008 7 8 12 4 10 35.234 -113.598 2 1.2 trans2 

2008 7 8 12 8 35 35.239 -113.608 1 0.8 trans2 

2008 7 8 16 50 32 35.243 -113.606 1 0.4 trans2 

2008 7 9 5 16 51 36.887 -113.022 19 1.0 colpla 

2008 7 14 1 51 38 36.191 -111.438 1 1.0 colpla 

2008 7 14 3 29 33 36.456 -113.508 10 1.2 colpla 

2008 7 16 2 58 38 31.297 -109.256 6 1.1 basinr 

2008 7 18 4 58 30 34.783 -113.782 1 0.5 trans2 

2008 7 18 5 2 0 34.779 -113.818 0 0.2 trans2 

2008 7 18 5 12 46 34.781 -113.785 4 1.0 trans2 

2008 7 18 8 29 23 36.543 -111.179 18 0.8 colpla 

2008 7 18 18 33 17 34.778 -113.786 6 0.9 trans2 

2008 7 19 2 45 49 36.628 -113.306 11 0.8 colpla 

2008 7 20 19 17 12 36.831 -113.954 17 1.9 colpla 

2008 7 21 11 22 28 36.062 -112.225 4 0.2 colpla 

2008 7 22 19 52 41 36.107 -114.702 13 1.3 trans2 

2008 7 24 14 5 31 34.188 -113.844 6 2.5 basinr 

2008 7 24 18 39 25 36.027 -112.011 7 2.2 colpla 

2008 7 25 0 38 11 36.861 -112.846 14 1.7 colpla 

2008 7 29 12 22 3 36.935 -113.046 26 1.6 colpla 

2008 7 31 7 19 47 36.055 -114.065 0 1.6 trans2 

2008 8 1 15 7 29 36.940 -112.102 17 0.9 colpla 

2008 8 2 20 6 4 35.986 -110.982 38 1.8 colpla 

2008 8 3 5 2 45 36.464 -112.200 13 0.8 colpla 

2008 8 3 9 53 23 34.188 -113.862 7 2.1 basinr 

2008 8 7 10 56 48 36.467 -113.514 4 1.0 colpla 

2008 8 9 1 34 59 36.049 -114.803 14 1.4 trans2 

2008 8 11 10 14 54 35.201 -111.940 9 0.3 colpla 

2008 8 12 11 11 33 36.166 -109.525 26 1.0 colpla 

2008 8 12 20 43 35 36.217 -110.456 34 1.9 colpla 

2008 8 19 15 28 42 36.175 -112.411 12 1.1 colpla 

2008 8 19 17 10 31 36.047 -112.236 4 1.7 colpla 

2008 8 22 9 39 30 35.185 -111.945 12 0.7 colpla 

2008 8 27 7 9 58 34.487 -110.089 9 1.4 colpla 

2008 8 28 3 17 40 35.325 -111.495 11 1.3 colpla 
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2008 8 28 4 11 44 36.937 -112.347 13 0.7 colpla 

2008 8 28 6 31 4 35.186 -111.945 12 1.2 colpla 

2008 8 29 0 20 56 36.748 -113.901 17 1.2 colpla 

2008 8 30 11 4 2 36.578 -110.678 4 1.4 colpla 

2008 8 30 16 29 51 36.582 -110.680 13 1.1 colpla 

2008 8 30 19 33 29 36.576 -110.681 3 1.2 colpla 

2008 8 31 1 53 12 36.574 -110.679 8 1.5 colpla 

2008 8 31 11 53 20 36.578 -110.687 8 0.6 colpla 

2008 9 1 3 12 46 36.800 -113.407 15 1.4 colpla 

2008 9 1 5 44 11 36.578 -110.676 3 1.6 colpla 

2008 9 1 7 9 15 36.579 -110.681 3 0.8 colpla 

2008 9 1 7 38 33 36.579 -110.680 4 1.2 colpla 

2008 9 2 1 51 56 36.444 -112.482 16 0.1 colpla 

2008 9 2 8 4 54 36.580 -110.676 4 1.2 colpla 

2008 9 2 11 4 9 36.576 -110.686 5 1.1 colpla 

2008 9 3 22 18 1 36.580 -110.671 8 1.4 colpla 

2008 9 4 16 9 13 36.761 -111.778 23 1.0 colpla 

2008 9 5 13 51 30 36.180 -112.111 5 1.0 colpla 

2008 9 5 16 4 0 36.584 -110.670 8 1.0 colpla 

2008 9 6 22 27 17 34.479 -112.847 1 1.4 trans2 

2008 9 7 6 20 1 34.569 -110.522 12 1.1 colpla 

2008 9 7 12 5 19 37.030 -112.963 16 0.7 colpla 

2008 9 7 12 17 27 37.038 -112.965 16 0.1 colpla 

2008 9 7 12 44 20 36.811 -113.978 16 1.5 colpla 

2008 9 7 13 0 15 37.027 -112.958 15 0.8 colpla 

2008 9 7 18 8 42 36.587 -110.681 8 0.8 colpla 

2008 9 7 18 47 3 34.482 -112.848 1 1.4 trans2 

2008 9 7 20 43 8 37.097 -112.769 12 0.7 colpla 

2008 9 8 1 2 22 36.582 -110.677 9 1.3 colpla 

2008 9 8 14 51 48 36.748 -113.890 15 0.9 colpla 

2008 9 8 15 41 31 36.577 -110.669 9 1.4 colpla 

2008 9 8 18 49 57 36.590 -110.660 9 0.7 colpla 

2008 9 9 6 21 26 36.581 -110.677 9 1.5 colpla 

2008 9 9 8 53 49 36.581 -110.678 9 1.2 colpla 

2008 9 9 12 12 30 36.577 -110.664 9 0.8 colpla 

2008 9 10 7 20 53 36.579 -110.667 4 1.3 colpla 

2008 9 10 9 27 54 36.584 -110.678 4 - colpla 

2008 9 10 14 14 14 36.576 -110.671 4 1.2 colpla 

2008 9 11 13 15 59 35.181 -111.956 13 1.1 colpla 

2008 9 12 1 2 31 36.181 -111.637 4 0.9 colpla 
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2008 9 12 20 29 7 34.693 -110.095 4 1.4 colpla 

2008 9 13 10 29 39 36.793 -112.795 17 1.0 colpla 

2008 9 13 16 4 19 36.046 -112.240 4 2.0 colpla 

2008 9 14 10 5 32 36.581 -110.668 5 0.9 colpla 

2008 9 14 16 34 37 36.897 -111.333 27 0.7 colpla 

2008 9 15 4 28 55 36.815 -112.350 15 0.6 colpla 

2008 9 15 6 42 45 36.212 -110.469 38 2.2 colpla 

2008 9 15 7 23 50 36.727 -111.897 37 1.6 colpla 

2008 9 15 10 56 47 36.580 -110.660 4 1.4 colpla 

2008 9 15 11 6 29 36.584 -110.662 4 0.9 colpla 

2008 9 15 11 12 33 36.580 -110.679 4 0.8 colpla 

2008 9 16 13 52 33 36.465 -113.503 9 1.2 colpla 

2008 9 17 11 20 12 35.729 -111.829 22 0.6 colpla 

2008 9 19 3 42 59 34.568 -110.516 10 1.0 colpla 

2008 9 22 15 17 45 33.155 -109.353 4 1.2 trans2 

2008 9 23 9 27 7 35.247 -111.429 13 0.8 colpla 

2008 9 25 6 8 57 37.001 -112.902 19 1.5 colpla 

2008 9 28 8 46 24 36.573 -110.672 4 1.6 colpla 

2008 9 28 8 46 56 36.587 -110.672 5 1.6 colpla 

2008 9 28 9 21 26 36.581 -110.681 4 1.2 colpla 

2008 9 28 9 24 18 36.588 -110.690 4 0.7 colpla 

2008 9 28 14 58 47 36.579 -110.678 3 1.3 colpla 

2008 9 29 6 43 3 36.586 -110.663 4 1.3 colpla 

2008 9 29 6 43 5 36.583 -110.673 4 1.3 colpla 

2008 10 1 4 20 35 36.197 -113.997 1 1.1 colpla 

2008 10 1 5 14 27 36.200 -113.995 2 0.8 colpla 

2008 10 1 10 42 7 36.197 -113.992 3 0.6 colpla 

2008 10 1 10 45 59 35.682 -113.457 1 0.7 trans2 

2008 10 1 23 49 18 35.925 -112.073 15 2.8 colpla 

2008 10 2 3 52 6 35.181 -111.960 11 1.1 colpla 

2008 10 2 21 46 31 36.905 -111.665 24 1.4 colpla 

2008 10 3 21 15 15 36.512 -112.513 20 0.8 colpla 

2008 10 4 11 7 11 36.808 -112.795 17 0.9 colpla 

2008 10 5 2 56 20 36.700 -112.464 11 - colpla 

2008 10 6 11 0 43 36.821 -112.295 15 0.6 colpla 

2008 10 6 19 20 24 36.515 -112.523 19 1.0 colpla 

2008 10 8 2 22 34 35.859 -112.109 18 1.0 colpla 

2008 10 9 12 37 48 36.563 -112.538 25 1.3 colpla 

2008 10 10 8 40 33 33.341 -109.238 1 1.4 trans2 

2008 10 10 8 55 56 33.344 -109.242 1 1.4 trans2 
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2008 10 11 8 57 42 36.169 -113.227 4 1.3 colpla 

2008 10 12 23 21 37 35.024 -113.905 1 1.4 trans2 

2008 10 13 15 10 27 35.353 -111.504 9 0.7 colpla 

2008 10 13 15 24 30 36.185 -111.636 4 1.5 colpla 

2008 10 13 15 43 55 36.174 -111.644 15 1.2 colpla 

2008 10 13 18 4 20 36.569 -110.675 7 1.0 colpla 

2008 10 13 22 27 55 36.181 -111.639 4 0.9 colpla 

2008 10 14 12 56 33 37.042 -112.430 22 0.2 colpla 

2008 10 17 3 5 10 36.193 -114.598 2 3.2 trans2 

2008 10 17 3 26 25 36.199 -114.597 1 1.9 trans2 

2008 10 18 4 2 32 35.226 -111.531 24 0.9 colpla 

2008 10 19 5 35 25 35.858 -114.667 1 2.2 trans2 

2008 10 19 5 44 31 35.874 -114.716 10 2.2 trans2 

2008 10 19 19 51 14 35.479 -111.764 11 2.9 colpla 

2008 10 19 23 14 5 35.474 -111.761 12 1.2 colpla 

2008 10 20 10 39 43 36.815 -112.275 24 0.9 colpla 

2008 10 21 6 20 1 36.191 -111.423 2 1.0 colpla 

2008 10 22 6 46 37 31.352 -109.159 4 2.2 basinr 

2008 10 26 12 33 36 36.473 -113.506 9 1.8 colpla 

2008 10 26 13 32 21 36.385 -113.626 11 0.8 colpla 

2008 10 27 1 49 7 34.907 -112.880 1 1.4 trans2 

2008 11 2 14 16 25 36.442 -113.525 6 1.1 colpla 

2008 11 3 7 4 47 36.667 -112.517 16 0.8 colpla 

2008 11 6 23 43 57 36.575 -110.674 1 1.3 colpla 

2008 11 7 5 5 56 36.570 -110.674 11 1.1 colpla 

2008 11 11 13 36 11 36.571 -110.661 9 1.4 colpla 

2008 11 11 19 11 0 36.832 -113.946 11 1.9 colpla 

2008 11 13 7 38 58 36.992 -112.400 27 0.9 colpla 

2008 11 19 11 6 12 36.811 -111.793 25 1.3 colpla 

2008 11 20 5 56 1 35.761 -109.440 22 1.7 colpla 

2008 11 20 11 34 50 36.274 -112.332 8 0.8 colpla 

2008 11 20 21 59 51 31.266 -109.188 2 1.0 basinr 

2008 11 24 5 57 13 35.544 -109.210 31 1.9 colpla 

2008 11 24 12 29 57 34.115 -110.222 6 1.6 trans2 

2008 11 28 20 7 36 32.953 -112.771 13 0.8 basinr 

2008 11 28 20 8 10 32.957 -112.772 14 - basinr 

2008 11 29 0 13 3 32.957 -112.764 12 0.4 basinr 

2008 11 29 1 48 0 32.952 -112.774 13 1.6 basinr 

2008 11 29 1 59 25 32.955 -112.769 13 - basinr 

2008 11 29 2 35 36 32.963 -112.776 13 0.8 basinr 
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Year Month Day Hr Min Sec Latitude 
(N) 

Longitude 
(E) 

Depth 
(km) 

Magnitude 
(ml) 

Velocity 
Model 

2008 11 29 2 41 5 32.955 -112.773 13 0.6 basinr 

2008 11 29 3 33 56 32.955 -112.766 13 0.6 basinr 

2008 11 29 3 35 3 32.955 -112.773 12 0.2 basinr 

2008 11 29 3 43 7 32.952 -112.766 13 0.8 basinr 

2008 11 29 3 49 8 32.953 -112.765 14 0.8 basinr 

2008 11 29 5 8 9 32.948 -112.773 14 0.7 basinr 

2008 11 29 5 16 16 32.945 -112.781 17 0.7 basinr 

2008 11 29 6 13 59 32.960 -112.765 13 - basinr 

2008 11 29 7 10 28 32.953 -112.774 13 1.5 basinr 

2008 11 29 7 11 21 32.955 -112.772 13 1.5 basinr 

2008 11 29 7 16 22 32.951 -112.773 13 0.2 basinr 

2008 11 29 7 22 24 32.954 -112.770 13 1.6 basinr 

2008 11 29 12 31 55 32.967 -112.772 11 - basinr 

2008 11 29 16 21 36 32.955 -112.770 13 1.3 basinr 

2008 11 29 16 22 8 32.955 -112.771 13 1.5 basinr 

2008 11 29 16 26 46 32.950 -112.773 13 0.5 basinr 

2008 12 1 8 30 47 33.153 -109.341 7 1.1 trans2 

2008 12 4 5 11 9 36.584 -110.679 9 1.0 colpla 

2008 12 4 10 26 44 36.579 -110.667 10 0.6 colpla 

2008 12 6 13 58 28 36.586 -110.681 8 0.8 colpla 

2008 12 8 10 12 40 37.024 -112.425 22 1.2 colpla 

2008 12 15 14 20 19 37.030 -112.392 4 1.5 colpla 

2008 12 17 8 46 53 34.939 -111.084 23 1.1 colpla 

2008 12 17 8 54 5 35.919 -109.509 14 0.9 colpla 

2008 12 29 15 58 23 35.107 -109.165 19 1.8 colpla 

2009 1 1 14 35 50 36.813 -112.844 15 2.4 colpla 

2009 1 3 6 35 42 36.589 -109.716 18 1.2 colpla 

2009 1 3 7 5 57 36.208 -111.655 6 1.1 colpla 

2009 1 4 18 31 9 36.206 -111.655 4 1.4 colpla 

2009 1 11 13 31 11 35.659 -111.641 7 2.1 colpla 

2009 1 18 20 29 54 36.468 -112.266 15 0.9 colpla 

2009 1 24 2 45 13 35.507 -109.012 25 - colpla 

2009 2 1 9 37 16 36.583 -110.676 8 0.6 colpla 

2009 2 6 3 55 43 36.580 -110.682 8 1.0 colpla 

2009 2 6 19 55 47 36.580 -110.658 9 1.1 colpla 

2009 2 7 10 25 19 36.582 -110.679 9 1.3 colpla 

2009 2 14 15 38 32 37.008 -112.379 0 - colpla 

2009 3 12 8 28 0 35.399 -109.191 18 1.6 colpla 

2009 3 28 0 50 4 35.525 -110.951 15 1.5 colpla 
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APPENDIX B  

COMPREHENSIVE HISTORICAL EARTHQUAKE CATALOG FOR ARIZONA 

FROM 1830 TO 2011  
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This study combines several existing earthquake catalogs into a single 

comprehensive historical earthquake catalog for the state of Arizona. The 

comprehensive catalog excludes all events located more than 1
 from the 

Arizona state borders, and care was taken to exclude to remove any seismicity 

generated by obvious man-made sources. For cases where an event was listed 

in more than one catalog, authority was given to the catalog with the higher 

number rank in the “Citations” column. Published papers are exceptions to this 

rule and event data from “Citations” 5-10 was given authority over any of the 

catalogs used in this study. The catalog can be downloaded from:  

 

 http://gcc.asu.edu/lockridge/supplements/azeqcatalog.csv 

 

Citations for the catalog can be downloaded from: 

 

 http://gcc.asu.edu/lockridge/supplements/azeqcatalog_refs.txt 
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APPENDIX C  

USARRAY TRANSPORTABLE ARRAY STATIONS USED IN THIS STUDY  
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Station 
Name 

Network 
Code 

Latitude 
(N) 

Longitude  
(E) 

S20A  TA 37.8300 -108.3605 
S14A  TA 37.7601 -113.1684 
S19A  TA 37.7459 -109.1366 
S16A  TA 37.7222 -111.5961 
S18A  TA 37.6903 -109.9948 
S15A  TA 37.6761 -112.3627 
S17A  TA 37.6354 -110.8018 
S12A  TA 37.6083 -114.8489 
S13A  TA 37.5808 -113.8604 
MVCO  US 37.2103 -108.4986 
T18A  TA 37.1364 -109.8741 
T14A  TA 37.0615 -113.0840 
T13A  TA 37.0195 -113.9073 
T15A  TA 37.0183 -112.3824 
T17A  TA 36.9969 -110.8041 
T16A  TA 36.9839 -111.5060 
T19A  TA 36.8299 -109.0249 
T12A  TA 36.7256 -114.7147 
U17A  TA 36.5996 -110.6624 
U12A  TA 36.4321 -114.5388 
U15A  TA 36.4280 -112.2915 
U18A  TA 36.4199 -109.8696 
U14A  TA 36.4182 -113.1805 
U13A  TA 36.4151 -113.9653 
U20A  TA 36.3758 -108.5204 
U19A  TA 36.2925 -109.2076 
U16A  TA 36.1428 -111.1297 
V13A  TA 35.8522 -113.9840 
V15A  TA 35.8191 -112.1731 
V20A  TA 35.7992 -108.4662 
V12A  TA 35.7266 -114.8511 
V19A  TA 35.7147 -109.0456 
V18A  TA 35.7113 -109.9327 
V14A  TA 35.6339 -113.1053 
V17A  TA 35.6218 -110.7938 
WUAZ  US 35.5169 -111.3739 
W12A  TA 35.3010 -114.8701 
W14A  TA 35.2127 -113.0834 
W15A  TA 35.1787 -112.2666 
W20A  TA 35.1259 -108.5001 
W18A  TA 35.1181 -109.7357 
W19A  TA 35.1118 -109.3879 
W13A  TA 35.0990 -113.8854 
W16A  TA 35.0951 -111.5318 
W17A  TA 35.0789 -110.7127 
NEE2  CI 34.7676 -114.6188 
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Station 
Name 

Network 
Code 

Latitude 
(N) 

Longitude  
(E) 

X13A  TA 34.5935 -113.8302 
X20A  TA 34.5421 -108.4980 
X18A  TA 34.5293 -109.9501 
X15A  TA 34.4866 -112.2368 
X14A  TA 34.4692 -112.8906 
X19A  TA 34.4275 -109.2901 
X16A  TA 34.4178 -111.4411 
X17A  TA 34.3371 -110.8058 
PDM  CI 34.3034 -114.1415 
Y19A  TA 33.9571 -109.2541 
Y15A  TA 33.9535 -112.3331 
Y14A  TA 33.9383 -113.0048 
Y20A  TA 33.9085 -108.3769 
Y16A  TA 33.8798 -111.4783 
Y13A  TA 33.8142 -113.8287 
Y18A  TA 33.7776 -110.0341 
Y12C  TA 33.7503 -114.5238 
Y17A  TA 33.6953 -110.8444 
Z14A  TA 33.3627 -112.9458 
Z16A  TA 33.3410 -111.4273 
Z17A  TA 33.2969 -110.4723 
Z19A  TA 33.2921 -109.2657 
Z15A  TA 33.2893 -112.1581 
Z13A  TA 33.1999 -113.6568 
Z20A  TA 33.1132 -108.5922 
Z18A  TA 33.0851 -110.0362 
GLA  CI 33.0515 -114.8271 
113A  TA 32.7683 -113.7667 
119A  TA 32.7663 -109.3029 
114A  TA 32.7513 -112.8830 
115A  TA 32.7006 -112.2279 
118A  TA 32.6399 -109.9697 
117A  TA 32.5716 -110.7393 
116A  TA 32.5618 -111.7042 
120A  TA 32.5466 -108.6330 
112A  TA 32.5356 -114.5804 
TUC  US 32.3098 -110.7847 
216A  TA 32.0022 -111.4574 
219A  TA 31.9989 -109.2592 
218A  TA 31.9737 -110.0464 
214A  TA 31.9559 -112.8115 
220A  TA 31.9041 -108.5266 
217A  TA 31.7748 -110.8162 
318A  �� � 31.4390 -109.9907 
319A  �� � 31.3757 -109.2809 
320A  �� � 31.3369 -108.5284 
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APPENDIX D  

MINE BLASTS, QUARRY BLASTS, AND POTENTIAL BLASTING SITES  
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As part of the workflow for this study, automatic event detection and 

location algorithms identified a large number of mine blasts, quarry blasts, and 

other man made seismic sources. Obtaining detailed locations for these events 

was considered to be beyond the scope of this study; therefore, I collected these 

events in separate catalogs of (1) man-made and (2) potential man-made 

seismic sources. These catalogs can be downloaded from:  

 

http://gcc.asu.edu/lockridge/supplements/mine_blasts.csv 

 

http://gcc.asu.edu/lockridge/supplements/potentialblasts.csv 

 

In this study, I used Google Earth satellite imagery and waveform 

character to distinguishing between man-made seismic sources and 

earthquakes. Part of separating the man-made seismic events from earthquakes 

included the generation of a list of mines, quarries, and potential blasting sites 

active within the state of Arizona during the deployment of the TA (April 2006 to 

March 2009). This list can be downloaded from:  

 

http://gcc.asu.edu/lockridge/supplements/blast_sites.txt 
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APPENDIX E  

EARTHQUAKE CLUSTERS AND ASSOCIATED EVENTS  
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Using the catalog developed from the TA data, I created a table of 

earthquakes associated by spatially clustering. This table allowed me to group 

events according to cluster and characterize their temporal, spatial, and 

magnitude distributions. The table can be downloaded from:  

 

http://gcc.asu.edu/lockridge/supplements/eventclusters.csv 
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APPENDIX F  

USER’S GUIDE FOR LOCATING LOCAL EARTHQUAKES IN ANTELOPE AND 

PARAMETER FILES 
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 As part of the workflow for this study, I generated an introductory User’s 

Guide to the Antelope Environmental Data Collection Software suite. This guide 

gives basic instructions on how to set up and operate the Antelope software to 

perform a study with similar objectives as those outlined in this study. Antelope 

stores key vales and settings within parameter files. I have spent much time fine-

tuning the parameter files for the Antelope functions discussed in the Data and 

Methods sections of Chapter 2 and Chapter 3 of this study.  

As a courtesy to those who wish to repeat these methods, I have 

provided copies of the Antelope User’s Guide and the Antelope parameter files 

used for this study. These documents can be downloaded from:  

 

http://gcc.asu.edu/lockridge/supplements/Antelope/  

 



 

  


