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CHAPTER 1:  INTRODUCTION TO THE SOURCE PHENOMENOLOGY 
EXPERIMENTS 

 
Jessie L. Bonner, Brian Stump, Mark R. Leidig, Xiaoning Yang, Rongmao Zhou, Tae Sung 

Kim, William R. Walter, Aaron Velasco, Chris Hayward, Diane Baker, C. L. Edwards, 
Steven Harder, Heather Hooper, Travis Glenn, Cleat Zeiler, James Britton, James F. 
Lewkowicz, William S. Blomberg, Bob Greschke, Steve Azevedo, and Glen Gettemy 

INTRODUCTION 
 
The identification of nuclear explosions is complicated by the wide variation in geologic 
materials around the world and their effect on source characterization and regional wave 
propagation.  These variations make a uniform set of worldwide detection and recognition 
criteria unlikely.  Previous studies (e.g., Richards et al., 1992; Leith et al., 1996; Stump et al., 
1995) have shown that a significant number of small regional events around the world are 
mining explosions.  Thus we can expect to receive regional data from mining explosions in areas 
of monitoring interest even if there have been no historical signals from nuclear explosions.  A 
physical understanding of mining explosions and their relationship to contained single-fired 
explosions, which have been shown to be seismically analogous to nuclear explosions, could 
provide a mechanism for assessing nuclear explosion monitoring capabilities throughout the 
world.  
 
In August and September 2003, a consortium consisting of Weston Geophysical, Southern 
Methodist University, Lawrence Livermore National Laboratory, Los Alamos National 
Laboratory, and the University of Texas at El Paso conducted a series of source phenomenology 
experiments at the Morenci copper and Black Mesa coal mines in Arizona.  The consortium was 
assisted in the field by the Incorporated Research Institutions in Seismology (IRIS) PASSCAL 
Instrument Center.  The experiment was designed to: 
  

• Determine the source of single- and delay-fired explosion generated shear and 
compressional waves,  

• Quantify the energy partitioning in regional seismic phases from different types of 
explosions, and 

• Quantify the differences between contained single-fired chemical explosions, a surrogate 
for nuclear tests, and delay-fired mining explosions in mines located in different 
lithologic and tectonic regimes. 

 
The blasts were designed to provide data to address a number of source parameter issues.  
Scaling relationships for single-fired explosions were examined by detonating single-fired shots 
of varying yields in confined and unconfined settings.  Unconfined settings were achieved by 
either underburying the explosions or placing them near a free-face within the mine.  We also 
examined the effects of scaled depth of burial by detonating confined and unconfined shots of 
similar yields at depths of 20 and 30 meters.  The explosions were recorded by hundreds of 
seismic instruments deployed at local and regional distances in addition to permanent regional 
broadband stations.   
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In this introductory chapter of the final report, we provide a brief overview of the experiment 
design, various aspects of the data collected, and preliminary insights into the phenomenology.  
We also introduce additional chapters written by consortium institutions that try to answer some 
of the remaining questions regarding source phenomenology of single-fired chemical and delay-
fired mining explosions.  The datasets collected were diverse; however, we have utilized the 
synergy between the seismic, videographic, and acoustic data to answer these research questions.   

THE EXPERIMENTS 
 
The Source Phenomenology Experiments (SPE) in Arizona were perhaps the most extensively 
recorded series of explosions to date.  We designed, detonated, and recorded ten single-fired 
explosions at a copper mine in southeast Arizona and nine single-fired explosions in a northern 
Arizona coal mine.  The single-fired explosions ranged in size from 200 to ~33,000 lbs. of a 
mixture of Ammonium Nitrate Fuel Oil (ANFO) and emulsion explosives.  Delay-fired mining 
explosions at each mine were also recorded.  We deployed a wide variety of instruments 
including: 

• High-g accelerometers within the nonlinear zone that were used to characterize the 
failure of near-source materials in spall,  

• High frequency velocity instruments in the 1 to 100 km range that captured the 
generation of strong shear arrivals, in addition to P-waves, and their development into 
surface waves, and 

• Broadband portable instruments obtained from the IRIS PASSCAL program, which were 
deployed to supplement permanent regional seismic stations. 

Additionally, we carried out detailed refraction surveys in and around the source region to define 
local material properties.  Videographic data were used to document the surficial effects of the 
explosions, and velocity of detonation recorders (VODRs) were used to assess the performance 
of the explosives.  Acoustic data were recorded for the SPE shots at the copper mine but will not 
be discussed in this manuscript.  Figure 1-1 shows the mine locations and the stations deployed 
to record the explosions.    

Our research on this important dataset has focused on the following areas: 

• Developing velocity and attenuation models of the Black Mesa basin, Colorado Plateau, 
and southern Arizona for moment tensor inversion, 

• Quantifying shear-wave generation from the single-fired explosions, 
• Examining the differences between co-located single-fired chemical and delay-fired 

mining explosions, and 
• Examining the effects of confinement and yield on explosion amplitudes at close-in, 

near-source, and regional distances. 
 
For this final report, we provide the results that have been conducted in each of these areas.  
These studies will be published in separate articles later. 
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Source Phenomenology Experiments at a Coal Mine in Northern Arizona 
The explosions at the coal mine in northern Arizona consisted of two fully confined and seven 
unconfined single-fired chemical explosions, recorded on many of the stations shown in Figure 
1-1.  Additionally, 18 mining production shots were recorded by the broadband stations in the 
mine and at regional distances.  Two of the unconfined shots were detonated in a topographic 
bench next to a free-face.  An example of an unconfined ~7-ton explosion detonated at a depth of 
20 m is shown in Figure 1-2.  The origin parameters for the explosions are provided in Table 1-1.   

 

 
Figure 1-1.  The locations of the explosions and seismic stations during the Source 

Phenomenology Experiments (SPE) in Arizona.  Explosions were conducted at a 
copper mine in southeastern Arizona and a coal mine in northeastern Arizona.  
Broadband Guralp instruments, on loan from IRIS PASSCAL, were deployed 
between the two mines during the summer of 2003.  Short-period, vertical 
component geophones with digitizers (called Texans) were deployed in a cross-
shaped array near the copper mine and in azimuthal bands around the coal mine.  
Within 1 km of the explosion test pits, we deployed high-g accelerometers and 
velocity gauges to document the near-source phenomena. 
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Figure 1-2.  Snapshots of an unconfined explosion at the coal mine.  The explosion consisted 
of 13,807 lbs. of ANFO/Emulsion mix loaded in five boreholes at 20 m depth and 
shot simultaneously.  The first image shows the video capture prior to the initiation 
of the blast; note the positions of the boreholes (white arrows).  The second image 
(T=0 seconds) shows the burning detonator cord (white line extending to the right 
side of the image).  In the third image (T = 0.033 seconds, or the length of one video 
frame), we begin to note the heaving of the rock from the underburied explosion.  In 
the fifth image (T = 0.66 seconds) a 4-6 m high dome of fractured rock has formed, 
and we note that one borehole has ejected some of its stemming.  In the seventh 
image (T = 1.66 seconds), as the dome reaches a maximum height of 8-10 m, we note 
that it is slightly asymmetrical due to this one borehole.  The blasted rock finished 
impacting the ground by T = 3 seconds. 
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Table 1-1.  Origin information for the SPE shots at a northern Arizona coal mine. 
Name Year Month Day UTC Yield (lbs.) Depth (m) Free-Face
Shot 1 2003 9 6 21:37:12.4 32988 10  
Shot 2 2003 9 7 15:45:48.1 232.8 12  
Shot 3 2003 9 7 15:57:19.5 12089.5 30  
Shot 4 2003 9 7 16:16:09.5 13807 20  
Shot 5 2003 9 7 16:30:40.9 8284.5 20  
Shot 6 2003 9 7 16:53:26.6 5708.5 12  
Shot 7 2003 9 7 17:17:15.3 3590.3 12  
Shot 8 2003 9 7 17:35:57.6 6094.4 12 √ 
Shot 9 2003 9 7 17:47:06.2 3290.3 12 √ 

 

Velocity and Attenuation Structure.  We developed a detailed velocity and attenuation 
structure of the explosion test site in order to complete moment tensor inversions and waveform 
modeling.  We used shallow refraction data to resolve the explosion test bed P-wave velocity and 
layer thicknesses.  We also used 130 “Texans,” which are short-period single-component 
geophones with associated digitizers, at distances less than 15 km, as well as the regional 
broadband stations, to study the P-wave velocity structure of the upper crust (Figures 1-3a and 1-
3b).  Moment tensor studies also rely heavily on an adequate description of the shear-wave 
velocity structure, thus we extracted Rg dispersion curves from the Texan data (Figure 1-3c) and 
inverted the data for S-wave velocity structure of the test pit region and upper crust (Figure 1-
3d).  We also performed a joint inversion of surface wave dispersion and receiver functions using 
the software of Herrmann (2004) to constrain the structure of the middle and lower crust.  The 
details of this study are summarized in Leidig et al., (in press).  Finally, a QRg model for the 
upper crust was developed using observed Rg attenuation from the Texan and broadband datasets 
(Bonner et al., 2005).  The development of the velocity and attenuation model is described in 
Chapter 2, and Chapter 3 describes the moment tensors generated using these models. 

Shear-Wave Generation.  One of the research objectives of this study was to quantify the 
possible sources of explosion-generated shear waves.  The preliminary research aimed at 
accomplishing this goal has been the identification of S-waves in our datasets and the 
examination of the spectral ratios of the S-waves for the various blasts.  The northern Arizona 
SPE shots generated significant shear-wave motion, as evidenced in Figures 1-4a and 1-4b.  On 
the vertical-component Texan recordings (Figure 1-4a), the P-wave and Rg arrivals are easily 
identified and are traveling at apparent velocities of 2.7 km/s and 1 km/s, respectively.  There are 
additional arrivals that we delineate on the figure as possible S-wave arrivals.  The apparent 
velocity for the phase is approximately 1.8 km/s; however, we note that tracing the arrival times 
of this phase back to the origin results in ~1 second of offset in the origin time of this phase.  
Some may wish to attribute this delay to near-source scattering, while others may argue that the 
delay is caused by secondary source effects (e.g., spall or CLVD).  It may take a detailed 
analysis of the prominent Love waves (Figure 1-4b), including an examination of any Love-wave 
phase delay, to determine the source of the SPE shear-wave arrivals.  It is interesting to note that 
the largest amplitude Love waves are not associated with the largest yield explosions, but instead 
are observed in data from the blasts in a topographic bench next to an unconfined free-face. 
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Figure 1-3.  Velocity models for the explosion test bed and surrounding region at the coal 

mine.  a) First arrival data from a 20-channel seismic refraction profile completed in 
the test bed and topographic bench.  b) First arrival data for 130 Texan recordings 
used to develop a P velocity model of the upper crust.  c) Short-period, fundamental-
mode Rayleigh wave (Rg) group velocity dispersion curves for 130 Texan 
recordings.  d) Inversion results for the Rg dispersion curves for shear-wave velocity 
structure of the upper crust. 

 

 
 
 
Figure 1-4.  Shear-wave arrivals from the SPE shots in northern Arizona.  a) Record 

section of “Texan” recordings showing P, Rg, and a possible S-wave arrival.  b) 
Transverse component recordings of 7 SPE explosions at a single broadband station 
showing large amplitude Love-wave arrivals. 
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Comparisons of Delay-Fired Mining Explosions vs. Single-Fired Chemical Explosions in 
Sedimentary Rocks.  There are numerous physical and chemical differences between nuclear 
and mining explosions.  Perhaps the most obvious difference is that one involves a nuclear 
reaction and the other is a chemical reaction, which for our study involved an ANFO and 
emulsion mix.  The 1993 Non-Proliferation Experiment (NPE) chemical kiloton explosion at 
NTS established that large single-fired contained chemical explosions can be used directly as 
surrogates for nuclear tests for the purposes of calibrating regional discriminants (e.g., Walter et 
al., 1995; Denny et al., 1997; Stump et al., 1999), and that it would be very difficult to 
differentiate between the two types of explosions based on seismic data alone.   
 
Another important difference between nuclear and mining explosions is that mining explosions 
are rarely detonated simultaneously.  For example, a typical mining explosion observed at 
regional distances may contain between 100,000-5,000,000 lbs. of ANFO; however, it may be 
detonated over a period of 2-4 seconds.  The effect of this “delay-firing” technique is to fracture 
the rock for the mining operations while limiting ground vibrations in order to prevent damage to 
nearby structures.   
 
A final difference between the two explosions involves confinement.  Underground nuclear 
explosions are often buried beneath several hundred meters of rock to ensure that the explosion 
is fully confined (minimal surficial effects from the explosion) and fully contained (no leakage of 
radioactive gases).  Most mining explosions are detonated next to both vertical and horizontal 
free surfaces, resulting in significant surficial damage to the rocks, thus they are unconfined and 
uncontained. 
 
The effects of delay-firing on local recordings of production shots are evidenced in Figure 1-5.  
The median velocity spectrum of five production shots (delay-fired yields ranging from 6.5 to 
280 tons) recorded at local distances of 3.6 ± 0.6 km shows increased 0.3 to 2 Hz energy in both 
the vertical and transverse components when compared to the median spectrum for seven SPE 
shots (single-fired yields ranging from 1.5 to 7 tons) recorded at a distance of 4 km.  We note 
that the peak magnitude of the ground motion for the SPE and production shots are very similar; 
however, at this distance the peak ground motion for the SPE shots is a P-wave, while it is Rg 
and Love-waves for the production shots.  Chapter 4 further examines the effects of 
confinement differences between small unconfined and confined chemical explosions.   
 
Single- and delay-fired scaling amplitudes and source spectra at regional broadband stations are 
compared in Chapter 5.  The single-fired explosion amplitudes scale with increasing shot yield, 
but the delay-fired explosions, which had larger total yield, generate smaller amplitudes due to 
the delay firing characteristics.  The spectral comparisons of the two shot types indicates they are 
very similar and difficult to distinguish, but subtle differences can be seen in low and high 
frequency passbands of P and Lg spectra. 

Source Phenomenology Experiments at a Copper Mine in Southern Arizona 
The explosions at the copper mine in southeastern Arizona consisted of four fully confined and 
six unconfined single-fired chemical explosions, recorded on many of the stations shown in 
Figure 1-1.  Three of the unconfined shots were detonated in a topographic bench next to a free-
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face.  Seven mining production shots were also recorded by the stations.  Many of the production 
shots consisted of multiple explosive arrays detonated over an extended time interval.   
a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-5.  Spectral comparisons of delay-fired mining explosions and single-fired SPE 

shots.  a) Median vertical component spectra for 5 production shots (black), 7 SPE 
shots (red), and 7 pre-event noise estimates (blue).  b) Median transverse component 
spectra for same series of explosions and noise. 

 
The origin information for these blasts is provided in Table 1-2, and a series of images from an 
unconfined shot is presented in Figure 1-6.  It is interesting to note the differences in 
phenomenology between the unconfined explosion in Figure 1-6 at the hard-rock copper mine 
and the unconfined explosions at the coal mine.  Unconfined shots similar to Shot B5 (Figure 1-
6) caused deep craters at the copper mine, while the unconfined shots at the coal mine created 
hemispheroidal heave of the material as shown in Figure 1-2.  The videographic data help to 
highlight the differences in the surficial phenomena associated with these explosions in different 
media. 
 

Table 1-2.  Origin information for the SPE shots at a southern Arizona copper mine. 
Name Year Month Day UTC Yield (lbs.) Depth (m) Free-Face

Shot B1 2003 8 18 20:18:15 1700 13 √ 
Shot B2 2003 8 18 20:28:40 6800 13 √ 
Shot B3 2003 8 18 21:35:10 1700 13  
Shot B4 2003 8 19 18:46:52 6800 33  
Shot B5 2003 8 19 19:04:35 6800 13  
Shot B6 2003 8 19 19:26:03 1700 33  
Shot B7 2003 8 19 19:51:00 13600 13 √ 
Shot B8 2003 8 19 20:10:39 3400 13  
Shot B9 2003 8 19 20:26 <200   
Shot B10 2003 8 19 21:06:22 13600 33  
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Figure 1-6.  Snapshots of the detonation of Shot B5 at the southern Arizona copper mine.  
The explosion consisted of 6,800 lbs. of ANFO/Emulsion mix loaded in four 
boreholes at 13 m depth and shot simultaneously.  a) The first image (T = 0 seconds) 
shows the video capture prior to the initiation of the blast.  The fourth image (T = 1 
seconds) shows that there is a significant amount of fly rock created by this 
underburied explosion.  b) A deep crater was created by this blast. 
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Velocity Structure.  An important part of these experiments was the quantification of the near-
source material properties in order to constrain their effect on the explosion source function.  As 
noted in Figure 1-3, the explosion medium at the coal mine was determined to be slow and 
indicative of highly-fractured, dry sedimentary rock.  Detailed refraction surveys were conducted 
at the copper mine test site in order to determine the P-wave velocities (Vp) of the test bed.  The 
structure consisted of a shallow (4-5.5 m) weathered layer (0.58 < Vp < 0.67 km/s), a second 
layer (~18 m with 2.44 < Vp < 3.05 km/s), and faster velocities at greater depths (Vp > 4.57 
km/s).  The refraction studies are described in detail in Hayward et al. (2004).  The velocities of 
the emplacement media in this granite porphyry are clearly faster than the limestone test pit at 
the coal mine.  
 
The compressional-wave velocity was further constrained using the first arrivals of P-waves 
recorded on a north-south line of Texans north of the copper mine.  A P-wave velocity structure 
of two layers over a halfspace was inferred from the travel time curve.  The P velocities of the 
layers and half space were estimated to be 4.55 km/s, 5.21 km/s, and 6.07 km/s respectively.  
The corresponding layer thicknesses were calculated to be 0.15 km and 3.38 km, using the 
relationship between velocity, critical distance, and intercept time (Dobrin, 1960).    
 
The dispersion curves of the Rg phase recorded on the N-S Texan profile were used to provide 
shear wave velocity constraints for our model.  The dispersion curves show a systematic 
variation, implying the existence of a strong lateral variation in the velocity structure around the 
mine (Figure 1-7a).  It is believed that the variation is caused by a change from a granodiorite 
body (faster dispersion curves) located in the source region (0-7 km in Figure 1-7b) to deformed 
sedimentary rocks (slower dispersion curves).  The velocity models produced from differential 
inversion of these dispersion curves are tabulated in Chapter 6, and the moment tensor 
inversions from this model are found in Chapter 7. 
 
Shear-Wave Generation.  We quantified the generation and propagation of shear-wave energy 
from the single-fired and delay-fired explosions.  The shear energy includes both the direct shear 
arrivals and Rg at the local and near-regional distances recorded by the Texans.  The record 
sections presented in Figure 1-8 are from shot B10, and have a frequency range of 0.7 to 20 Hz 
(Figure 1-8a) and 0.5 to 3 Hz (Figure 1-8b).  The Rg energy is strongest at the lower frequencies, 
while the P-wave amplitudes are much larger than the shear amplitudes at high frequencies.  
There is significant shear energy that is traceable back to the source.  We note that the S-wave 
energy from the Texan data at the coal mine (Figure 1-4) was not traceable back to the source, 
but instead was offset by approximately 1 second.   
 
Effects of Yield and Confinement.  A discussion of reduced coupling in delay-fired explosions 
can be found in Chapter 8.  The effects of coupling and yield on the close-in accelerations (~0.5 
km distance) are presented in Figures 1-9a and 1-9b using variable-yield shots (B4, B6, and B10) 
at an emplacement depth of 33 m.  There are strong amplitude variations between the three shots, 
which are also reflected in the spectra.  Close-in, near-source, and regional seismic observations 
document similar scaling.  The effects of confinement on the seismic waveforms (Figures 1-9c 
and 1-9d) were compared using three shots with 6,800 lbs. of explosives (B2, B4, and B5).  The 
detonation of shot B2 on the free-face resulted in a significant amount of material being moved 
into the mine pit.  Shot B5, away from the free-face, created a large crater.  There was little 
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permanent surface displacement following the detonation of shot B4, which was detonated at 
twice the depth of the others.  These significant free surface differences resulted in slight 
variations in the seismic amplitudes and are further quantified in Chapter 9.   
 

 
 

Figure 1-7.  Shear wave velocity data for the source region at the copper mine.  a) Short-
period, fundamental-mode Rayleigh wave (Rg) group velocity dispersion curves for 
Texan recordings showing possible lateral variations in shear-wave velocity 
structure.  b) Differential inversions of the dispersion curves showing changes in the 
structure with increasing distance from the sources. 
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Figure 1-8.  Shear-wave arrivals from the SPE shots at the copper mine.  a) Record section 

of Texan recordings showing P- and S-wave arrivals.  b) Record section filtered to 
highlight the short-period Rayleigh waves (Rg). 

 

 
 

Figure 1-9.  Effects of confinement and yield on near-source recordings of the copper mine 
SPE shots.  a) Effects of varying the yield on the amplitudes of seismograms from a 
near-source accelerometer.  b) Spectral shapes for seismograms in subplot a).  c) 
Effects of varying the confinement and depth on the amplitudes of seismograms 
from a near-source accelerometer.  d) Spectral shapes for seismograms in subplot c). 
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Comparisons of Delay-Fired Mining Explosions vs. Single-Fired Chemical Explosions in 
Granodiorite.  To investigate the nature of the dedicated and production explosions at the 
copper mine SPE site, we plot seismograms as a function of distance in Figure 1-10.  Both Love 
and Rayleigh waves are generated strongly by the delay-fired mining explosions, while surface 
waves are poorly excited by the single-fired SPE shots.  However, the surface waves become 
more prominent beyond 30 km, demonstrating that either the surface waves are either being 
generated by crustal structure along the path, or the P-wave energy is becoming highly 
attenuated for these shots.  Furthermore, the SPE shots contain more high-frequency energy than 
the mining explosions, as shown for the SPE data from the coal mine in Figure 1-5.  A further 
discussion of the near source phases is located in Chapter 10. 
 

 
 

Figure 1-10.  A comparison of an SPE shot and mining explosion both detonated at the 
copper mine in southern Arizona.  (A) and (B) are the horizontal and transverse 
channels respectively of a 13,600 lbs. dedicated free-face shot.  (C) and (D) are the 
same channels of a production shot with an unknown yield and a delay-fired 
configuration.  Station distances are the same for both sources and both events had 
depths of approximately 10 m.  All of the seismograms were high-pass filtered at 1 
Hz. 
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Peak Ground Motion Predictions and Observations.  In order to properly deploy the 
accelerometers and velocity seismometers, the peak ground motions expected were calculated 
based on a series of published models (Figure 1-11).  In addition, these calculations were 
performed to determine the maximum explosive size possible to use without damaging nearby 
structures or exceed vibrations limitations.  After the experiments were concluded, the observed 
peak velocities and accelerations were compared to the predicted values. 
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Figure 1-11.  Peak vertical velocity estimates for a 2,000 lbs. charge for nine models. 

Earthquake and Explosion (Chemical, Mining, and Nuclear) Discrimination 
Many seismic stations of monitoring interest have never recorded a regional distance nuclear 
test.  Such tests were limited geographically mainly to the former test sites and temporally to the 
last century.  Under the current global testing moratorium, the challenge to regional discriminant 
calibration is how to effectively calibrate stations without nuclear test records.  Many of these 
stations do record mining explosions, and if clear physically-based relationships between 
production mining explosions and nuclear tests were available, these events could be used to 
help calibrate regional discriminants.  
 
We have started to examine the regional discrimination behavior of the SPE shots relative to 
normal production mining explosions, natural earthquakes, and previous nuclear tests at the 
Nevada Test Site.  Examples of the regional seismograms from the northern Arizona coal mine 
SPE shot 3 are shown in Figure 1-12.  The discrimination analysis includes identifying and 
picking the onset times of the regional phases Pn, Pg, and Lg, making amplitude measurements 
in a variety of passbands, normalizing those measurements for the effects of source and path 
using the Magnitude, Distance, and Amplitude Correction (MDAC) methodology (Walter and 
Taylor, 2002), and calculating Pg/Lg ratios for each event.  Figure 1-13 shows the results at 
station KNB (Kanab, Utah) for six of the northern Arizona coal mine SPE shots (diamonds) and 
production mining explosions (triangles), compared to a set of nuclear tests (stars) and western 
U.S. earthquakes (circles).  We find that the MDAC-corrected SPE shots fall in the middle of the 
nuclear explosion population with very little variation due to the differing shot conditions.  Thus 
for this particular discriminant at this station, the SPE shots and mining explosions are good 
surrogates for nuclear explosions, and the differences in depth of burial and single versus 
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multiple shot have only a small effect on the discriminant measures.  We have extended this 
analysis to other regional stations (e.g., ANMO, TUC, WUAZ; regional profile stations) and 
other discriminants to more completely examine the discrimination relationship of the SPE shots 
to production shots, earthquakes, and nuclear tests.  These results are compiled in Chapter 12. 

 
Figure 1-12.  Record section of near-regional data recorded from SPE shot 3 at the coal 

mine in northern Arizona.  Pn, Pg, and Lg are the prominent arrivals at regional 
distances.  At local distances, we note a prominent 1 Hz Rg arrival; however, it is 
highly attenuated in the upper crust of the Colorado Plateau. 

CONCLUSIONS 
 
The Arizona SPE experiments have resulted in an important dataset for the nuclear monitoring 
community.  The 19 dedicated single-fired explosions and multiple delay-fired mining 
explosions were recorded by one of the most densely instrumented accelerometer and 
seismometer arrays ever fielded, and the data have already proven useful in quantifying 
confinement and excitation effects for the sources.  It is very interesting to note that we have 
observed differences in the phenomenology of these two series of explosions resulting from the 
differences between the relatively slow (limestone) and fast (granodiorite) media.  We observed 
differences at the two SPE sites in the way the rock failed during the explosions, how the S-
waves were generated, and the amplitude behavior as a function of confinement.  Our 
consortium’s goal is to use the synergy of the multiple datasets collected during this experiment 
to unravel the phenomenological differences between the two emplacement media. 
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The data suggest that the main difference between single-fired chemical and delay-fired mining 
explosion seismograms at regional distances is the increased surface wave energy for the latter 
source type.  The effect of the delay-firing is to decrease the high-frequency P-wave amplitudes 
while increasing the surface wave energy because of the longer source duration and spall 
components.   
 
The results suggest that the single-fired explosions are surrogates for nuclear explosions in 
higher frequency bands (e.g., 6-8 Hz Pg/Lg discriminants).  We have shown that the SPE shots, 
together with the mining explosions, are efficient sources of S-wave energy, and our next 
research stage is to postulate the possible sources contributing to the shear-wave energy.  This 
will be completed through moment tensor inversions that make use of the detailed velocity 
structure obtained for the two SPE test sites. 

 
Figure 1-13.  Comparison of six SPE shots from the coal mine (diamonds) with production 

shots at the same mine (triangles) at station KNB using the 6-8 Hz Pg/Lg 
discriminant (e.g. Walter et al., 1995).  The ratios are plotted as either raw (a and c) 
or MDAC-corrected (b and d) amplitude ratios as a function of distance (a and b) or 
moment magnitude (c and d).  The SPE shots show less variability and have similar 
values to the mean of the nuclear tests (stars), making them possible surrogates in 
this discriminant case.  Earthquakes are plotted as circles.   
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ABSTRACT 
 
The objective for this phase of the project was to determine the velocity structure, crustal 
thickness, and attenuation structure below Black Mesa and Eastern Arizona in order to perform 
moment tensor inversions and synthetic waveform modeling.  The experiment explosions were 
recorded by 130 near-source, vertical-component sensors and 25 broadband seismometers.  
Broadband stations, deployed in a linear array to the south of the mesa, also recorded 
earthquakes at regional and teleseismic distances during the duration of the deployment.  Prior to 
the explosion series, we conducted a shallow refraction study at the site using 20 three-
component geophones.  We utilized the multiple data sets recorded by the experiment to develop 
a new velocity and attenuation model for Black Mesa. 

We analyzed the shallow refraction and explosion data to generate P and S velocity models for 
the upper crust.  The P velocities (α) were determined by examining first arrival times as a 
function of distance from the source.  In addition, we performed ground roll and surface-wave 
studies to develop a shear wave velocity (β) structure for the upper crust.  The results indicate an 
upper crustal velocity structure that consists of very slow velocity sediments (α < 3 km/s; 
β < 1.5 km/s) to a depth of 1.8 km.  At depths below 1.8 km, the velocities increase to 
approximately 6 km/s and 2.7 km/s for α and β, respectively.  For the deeper crustal and upper 
mantle velocity, we used refraction data from broadband stations and inverted surface-wave 
dispersion data.  We were not able to precisely determine the depth of the Moho, as our results 
indicate it to be between 37 and 46 km.  The velocity model developed for Black Mesa was 
validated using comparisons between observed and synthetic waveforms and small ground-truth 
explosion location studies. 

OBJECTIVES 
 
In order to perform moment tensor inversions and synthetic seismogram generation, it is 
necessary to know the crustal structure and attenuation of the region.  Many experiments have 
been conducted to determine the crustal thickness of the Colorado Plateau (CP) and image the 
Basin and Range transition.  Some of these include COCORP (Hauser et al., 1987), PACE 
(Parsons et al., 1996), RISTRA (West et al., 2004), CPGB (Sheehan et al., 1997), and Keller et 
al. (1976).  However, limited information is available for the crustal structure of the southern CP 
near Black Mesa.   
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To complete this portion of the experiment, we recorded the planned explosions using 130 
vertical-component seismic recorders surrounding the mine and 25 broadband seismometers 
placed in a linear array south of the mine (Figure 2-1).  Our active source consisted of an 
explosion that had a large charge weight (12,089 lbs.), over-buried depth (30 m), and minimal 
source complexities (fully confined, no blowout of material).  We also conducted a shallow 
refraction profile near the explosion source to characterize the near-surface velocities.  After we 
developed the velocity model, we tested its capability to accurately predict travel times of 
seismic phases from the explosions and locate the explosions using P-wave arrival times.  We 
describe the results of these studies and the velocity model development in the following 
sections. 
 

 
Figure 2-1.  The focus of our study was to determine the velocity structure of the southern 

Colorado Plateau.  The insets show the location of the explosion site (star) and 
seismic stations used in this study.  Filled circles are single-component (vertical) 
recorders (commonly referred to as Texans), solid black triangles are regional 
broadband stations consisting of Guralp CMG-40T instruments, and white 
highlighted black triangles are close-in broadbands discussed in the location 
validation section. 

RESEARCH ACCOMPLISHED 

The Velocity Structure of the Near Surface 
Refraction Profile P Velocity.  We conducted a shallow refraction study on Black Mesa near 
the explosion test site using a 60-channel Geometrics system.  The refraction study was 
conducted prior to the explosions to obtain the emplacement media velocity profiles, which are 
required for source modeling.  The excitation source for the refraction study was an 8-guage 
industrial seismic gun, and we recorded the resulting seismic signals on 20 three-component L-
28 recorders at 5 m spacing.  We picked the first arrival times by manual inspection of the data 
(Figure 2-2), after removing three noisy channels.  As observed in Figure 2-2, the crossover 
distance is between 15 and 20 m.  We regressed two lines to the first arrivals using basic 
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refraction equations (e.g., Burger, 1992) to estimate a P-wave velocity of approximately 1.33 
km/s to a depth of 3.9 m.  This slow medium is composed of grossly fractured limestone and coal 
damaged by previous explosions.  The P-wave velocity was determined to be 2.5 km/s at depths 
greater than 4 m.  Visual analysis of borehole cuttings showed this region to be predominantly 
composed of limestone.  We completed a reversed refraction profile and found imperceptible dip 
on the layered structure, which was confirmed by visual inspection of a free-face within the 
mine.  We were unable to resolve any additional breaks in the travel time curves that might be 
associated with additional layering in the geology of the test pit.  
 

 
Figure 2-2.  Shallow P-wave velocity structure at Black Mesa.  (a)  Waveforms produced by 

a seismic gun as recorded on 17 geophones in a linear array.  The largest amplitude 
arrival on these waveforms are the Rayleigh-waves (ground roll), which were used 
to invert for shear-wave velocity structure.  The high-frequency arrival after the 
surface waves is the acoustic signal from the source gun detonation.  (b) Time vs. 
distance chart of first arrivals for the waveform data.  The data were categorized as 
either direct (filled circles) or refracted (open squares) arrivals, and the travel times 
were regressed against the source-receiver offset (lines).  The slopes of the lines and 
the y-intercepts were used to determine the velocity structure for the surficial rocks 
at Black Mesa (c).   
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S Velocity from Refraction Profile Ground Roll.  Following the P-wave refraction analysis, 
we estimated the shear-wave velocity of the explosion test site.  Because we did not use a shear-
wave excitation source for our shallow geophysical study, direct measurement of S-wave arrivals 
was not feasible.  However, it is possible to invert the group-velocity dispersion curves of the 
ground roll (or Rayleigh waves) for the shear-wave velocity structure (Xia et al., 1999).  The 
Rayleigh waves have the largest amplitudes, as noted in Figure 2-2.  

We estimated group-velocity dispersion curves (Figure 2-3c) for the last five sensors (Figure 2-
3a and 2-3b) in the refraction profile.  Visual inspection of the dispersion curves for the stations 
at shorter distances showed the surface wave train was not stable enough to produce dispersion 
curves that we could invert for shear-wave velocity structure.  We note that the higher-frequency 
surface waves arrive prior to the lower-frequency signals, indicating that the dispersion curves 
should exhibit inverse dispersion.  Using the techniques of Dziewonski et al. (1969), we 
estimated group-velocity dispersion curves for the data by applying narrow-band Gaussian filters 
at center periods between 0.01 and 0.1 seconds and determining the group velocities for peaks in 
the resulting envelope functions.  Surface waves generally exhibit the largest amplitudes in 
ground roll and near-source seismic studies; thus, the large amplitude peaks were assumed to 
sample the fundamental-mode surface waves.  It is easy to pick the surface-wave dispersion 
values at periods between 0.02 and 0.09 seconds, but the interpretation is difficult at higher 
periods.  We note that the largest amplitudes at periods greater than 0.1 seconds have very low 
velocity values (< 0.5 km/s).  Given that these shear-wave velocities are similar to those of soils, 
we did not include these peaks as part of our dispersion curve.  The standard error associated 
with the dispersion curves was approximately ±0.1 km/s, based on the widths of the contours in 
the analysis. 

We used the group-velocity dispersion curves as input to a damped, least-squares inversion 
technique (Herrmann, 2004).  Our initial P-wave velocity structure consisted of the velocities 
determined from the refraction analyses, and we did not allow these velocities to vary during the 
inversions.  We experimented with various models for starting shear velocity structure.  These 
included a model that reflected the P-wave velocity with a Vp/Vs ratio of 1.74, a stair-step model 
with a linear increase of 0.1 km/s for every 10 m in depth from an initial value of 0.6 km/s, and a 
constant velocity model of 0.8 km/s to a depth of 50 m.  Figure 2-3d depicts the inversion results 
for the different starting models, each of which converged to a similar velocity structure.  The 
results suggest that the average shear-wave velocity is ~0.8 km/s.  The resolution kernels for the 
data showed that the analysis is valid to depths between 30 and 40 m.  These results are 
anomalous, since they suggest that the Poisson’s ratio for these rocks is approximately 0.4.  This 
rather high number is more representative of shale and sandstone than limestone and may be the 
result of the highly fractured nature of the rock.  When we use a starting model with a Poisson’s 
ratio indicative of limestone (0.25), the inverted model again converges to velocities in the 0.8 
km/s range at shallow depths.     
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Figure 2-3.  Shallow S-wave velocity structure at Black Mesa (a) Filtered (10-20 Hz) 

recordings of ground roll for the last five channels of the refraction profile.  (b) 
Filtered (20-30 Hz) seismograms.  (c) Group-velocity dispersion curves for the 
ground roll data determined using multiple filter analysis (Dziewonski et al., 1969).  
(d) Linearized inversion results for each dispersion curve.  The average model is 
shown as the dotted line with one standard deviation plotted as the horizontal 
dotted lines.  

The Velocity Structure of the Upper Crust 
Texan P-Wave Studies.  During the experiment, we deployed 130 vertical-component 
geophones with RefTek 125 digitizers in various locations on Black Mesa (Figure 2-1).  They are 
referred to as Texans because they were originally designed by researchers at the University of 
Texas at El Paso.  We recorded a 12,089 lbs. over-buried explosion on these instruments (Figure 
2-4a) and then picked the first arrival time on each seismogram.  We combined the data from the 
Texans with the arrival times from the Geometrics 60-channel system described earlier.  Visual 
analysis of the arrival times (Figure 2-4b) suggested that a four-layer refraction model was 
required to obtain the upper crustal velocity structure (Figure 2-4c) for Black Mesa.  The data 
suggest that the second layer in the shallow structure derived from the Geometrics refraction data 
(α = 2.53 km/s) extends to a depth of 320 m below the surface.  At this depth, the velocity 
increases to approximately 2.95 km/s down to a depth of 1.82 km.  Below this depth, the velocity 
jumps considerably to almost 6 km/s.  Keller et al. (1976) examined short-to-intermediate period 
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surface-wave data in the northern CP and determined this sharp increase to 6 km/s occurred near 
2 km depth.  Our results suggest a similar transition; however, we have estimated a slightly 
shallower depth in the southern CP using data with increased resolving power at these shallow 
depths.   

 
Figure 2-4.  Upper crustal P-wave velocity structure at Black Mesa.  a) Waveforms 

produced by a 12,089 lbs. explosion, recorded on 130 Texan recorders.  b) Time vs. 
distance chart of first arrivals for the waveform data.  The Texan data have two 
distinct slopes, and the data for each of these populations (black up-facing triangles 
and grey side-facing triangles) were regressed against distance.  The best-fit lines 
are plotted.  Also plotted are the first arrivals (although difficult to see on this 
distance scale) and regression lines from the refraction work (Figure 2-3) discussed 
earlier.  The slopes of the lines and the y-intercepts were used to determine the 
velocity structure for the upper crust at Black Mesa (c). 
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In this analysis, we assumed that the velocity structure under the mesa was homogeneous, and 
that the explosion was an isotropic P-wave source.  To minimize the effects of these 
assumptions, refraction studies are typically performed with the source and receiver paths in a 
straight line.  The minimal scatter in the first-arrival data, indicated by large squared correlation 
coefficients (R2), suggests the assumptions are valid at the scale of our study.  In high frequency 
(> 10 Hz) Texan recordings, we have observed heterogeneities in the velocity structure on Black 
Mesa; however, the perturbations are typically confined to the near surface (< 50 m) in regions 
that have been previously mined for coal and since reclaimed.  We also assume that there are no 
significant hidden layers caused by low-velocity zones in the velocity structure.  

Texan Surface-Wave Studies.  We used the surface waves (Rayleigh) recorded on the Texan 
instruments to further refine the shear-wave velocity model for the Black Mesa test site.  The 
geophone used to record these surface waves was a Mark Products 4.5 Hz sensor; however, the 
explosion generated surface waves with frequencies between 0.5 and 8 Hz.  Therefore, we 
corrected the Texan data for instrument response and compared them for accuracy to data from 
nearly co-located broadband stations (Leidig et al., 2004).  Because we corrected the data below 
the corner frequency, long-period noise often contaminated the Texan data at frequencies below 
0.5 Hz.  Therefore, the results in this study are limited to frequencies above this value.  However, 
a bandwidth between 0.5-8 Hz provides us with enough surface-wave data to determine the 
shear-wave velocity structure of the upper 2-3 km.  

We estimated the group-velocity dispersion curves and then performed a damped, least-squares 
inversion of the dispersion data for the shear-wave velocity structure.  We completed multiple-
filter analysis on the 130 Texan recordings (Figure 2-5a) of the explosion; the results are shown 
in Figure 2-5b.  The inter-station results are similar, with a standard deviation of less than 0.1 
km/s at all periods.  Eight different dispersion curves have a bifurcation centered on a period of 2 
seconds, which is evidence of some lateral heterogeneity in the velocity model for Black Mesa. 

We used a starting model determined from the Texan P-wave velocity studies in the surface-
wave inversion.  To improve the inversion results, each layer in the velocity model was sub-
divided into thin layers (0.1, 0.2 or 0.3 km thickness, depending upon depth) of constant 
velocity.  We generated the starting S-wave velocity model by assuming a Vp/Vs ratio of 1.74.  
Holding the P velocity model constant, we inverted for the S-wave velocity structure using a 
variety of damping values.  Figure 2-5c shows the inversion results for the 130 group-velocity 
dispersion curves. 

We found that damping values in the range of 0.1 to 1 provided the most stable inversion results.  
The resolution kernels indicate that we resolve only the upper 2 to 2.5 km of the crust.  When the 
damping value is set to 0.1, large variability occurs in the models below 2 km.  This is probably 
the result of over-fitting the dispersion data at the expense of a reliable shear-wave velocity 
structure at depth.  At depths below 2 km, a damping value of 1.0 produced velocity models with 
less scatter (Figure 2-5c).  

As part of this study, we examined whether the inversion of the Texan group-velocity dispersion 
data indicated an anomalous Poisson’s ratio for Black Mesa, as observed at the explosion test 
bed.  The results in Figure 2-5c suggest that the shear-wave velocity is less than that of the 
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starting model, which was developed using a Vp/Vs ratio of 1.74.  We note that the shear-wave 
velocities below 0.5 km are similar to those determined from the inversion of ground-roll data, 
which again suggests an anomalous Poisson’s ratio for the mesa.  The bifurcation noted near a 
period of 2 seconds in the dispersion data (Figure 2-5b) results in a similar feature at depths of 
1.0 to 1.5 km in the inversion models.   

 
Figure 2-5.  Upper crustal S-wave velocity structure at Black Mesa (a) Filtered (0.5 to 1 Hz) 

recordings of short-period Rayleigh waves for the 130 Texan stations.  (b) Group-
velocity dispersion curves for the surface-wave data determined using multiple-
filter analysis (Dziewonski et al., 1969).  (c) Linearized inversion results for each 
dispersion curve with damping equal to 1.0.  The average and mean models are 
shown.  

Velocity Structure of the Crust and Upper Mantle 
Refraction Profiling.  To determine the P-wave velocity structure for the rest of the crust and 
upper mantle, we extended our refraction studies by considering the first arrival data on the 
north/south array of broadband sensors (Figure 2-1).  For the 12,089 lbs. explosion, we picked 
the Pn and Pg arrivals for stations with adequate signal-to-noise ratio (Figure 2-6a).  We note 
that additional stations were deployed further south of MR13 in Figure 2-1; however, the signal-
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to-noise ratio of the Pn arrival at these stations was ~1, which meant they could not be used 
confidently in our study.  We combined the first arrival times from the shallow refraction profile 
(Figure 2-2), the Texan data (Figure 2-4), and the regional broadband stations into a single data 
set (Figure 2-6b).  Based on this data set, we estimated that 7 distinct layers were required to 
solve the refraction equation.  These included the original two layers found using the shallow 
Geometrics refraction data, the two layers comprising the Texan structure model, and three 
additional layers as noted by changes of slope in the regional broadband data.  Four data points 
define the first of the additional layers (marked by open circles).  The velocity determined for 
this layer is 6.2 km/s, with a thickness of 6.3 km.  Filled hexagrams mark the second layer, 
which has a velocity of 6.3 km/s and a thickness of 30 km.  Finally, the first arrivals refracting 
along the top of the mantle are shown as open stars, with a velocity of 7.88 km/s and a thickness 
that cannot be determined by this analysis.  When we include the layering determined from the 
upper-crust refraction arrivals, the crustal thickness in the southern CP is 39 km and the P 
velocity model is shown in Figure 2-6c. 

 
Figure 2-6.  Crustal and upper mantle P-wave velocity structure at Black Mesa.  (a)  

Waveforms produced by a 12,089 lbs. explosion as recorded on 11 broadband 
stations.  (b) Time vs. distance chart of first arrivals for all data sets.  The best-fit 
lines from a regression of travel time against distance are plotted.  The slopes of the 
regression lines and the y-intercepts were used to determine the velocity structure 
for the crust and upper mantle at Black Mesa (c).   
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For a precise estimate of the crustal thickness from regional refraction studies, additional stations 
would be needed at the crossover distances shown in Figure 2-6b.  Additionally, a reversed 
refraction profile planned from mining explosions in southern Arizona could not be completed 
due to inoperable stations in the CP.  Thus, we were not able to determine if the Moho is dipping 
in our study region.  Given the limited offset ranges and unreversed profile, we needed to 
examine the trade-offs between velocity, layer thickness, and dip for the velocity model derived 
from the refraction data.  Additionally, we needed to consider errors in phase onset arrival 
estimation. 

To complete this task, we assumed measurement errors for the phase picks of 0.5 seconds.  At 
epicentral distances close to the source, we can achieve better accuracy in the phase arrival onset; 
however, at distances greater than 100 km, the signal to noise ratio decreases and the phase 
picking deteriorates.  The assumed error of 0.5 seconds is larger than what was measured in a 
multiple analyst test of phase picking for different explosions recorded during this experiment.  
For that test, the standard error in the estimated phase onset times was 0.4 seconds.   

We then used 10,000 Monte Carlo simulations to determine the range of velocity models that fit 
the observed data shown in Figure 2-6b.  For the first uncertainty test, we used the structure 
shown in Figure 2-6c as the starting model (henceforth referred to as MOD_1).  For the Monte 
Carlo simulations, we allowed the depth and velocity of each layer to vary as much as ±5 
percent.  We forward modeled the travel times for each velocity structure simulated and 
compared them to the observed data plus ± 0.5 second error.  Models that did not fit the data plus 
error were rejected.  The resulting models that fit the data are shown in Figure 2-7a (right) while 
the range of models considered is shown in Figure 2-7a (left).  All simulation results are 
compiled in Table 2-1. 

These results for the MOD_1 simulations show that the depth to the Moho is 39 ± 2.8 km with a 
velocity of 7.85 ±  0.26 km/s.  The mean RMS misfit of all the models that fit the data plus error 
is 0.28 seconds.  We considered six layers over a mantle-half space for the MOD_1 simulations.  
Next, we chose to develop a starting model that consisted of a sedimentary layer and upper and 
lower crustal layers.  The resulting model is called MOD_2 and determines if thick layers can fit 
the data better than the thinner additional layers in MOD_1.  The results for the MOD_2 
simulations are presented in Figure 2-7b showing that the data can be fit by a 2 km thick 
sedimentary layer (3 km/s), a 19 km upper crustal layer (6.27 km/s), and a 19 km lower crustal 
layer (6.50 km/s).  The depth to the Moho was determined to be 40.13 ± 2.03 km with an upper 
mantle velocity of 7.89 ± 0.23 km/s.  The RMS for MOD_2 was reduced by a factor of 2 over 
MOD_1. 

For MOD_3, we considered thinner layers to examine if gradient models could be developed to 
fit the observed data.  For this test, we considered 12 layers over a half space.  The layers were 
either 2 km or 4 km thick, and we altered the Monte Carlo simulations to only change the 
velocity by ± 5%.  The simulations that fit the data are shown in Figure 2-7c.  While there are 
numerous gradient models that fit the data, we note that the error in the velocity in the mantle is 
greatly increased over MOD_1 and MOD_2.  We completed similar gradient models for 36 km 
and 44 km crusts and noted fewer models that fit the observed data with increased scatter in the 
mantle velocities. 



Chapter 2:  Development of a Velocity and Attenuation Model for Black Mesa, Arizona and the Southern Colorado 
Plateau from Multiple Data Sets 

 

 37

 
Figure 2-7.  Uncertainty testing of velocity structures in the southern Colorado Plateau.  

The left plots show the range of models tested while the right plots show the models 
that had predicted data matching the observed data plus error.  a)  MOD_1, b) 
MOD_2, c) MOD_3, and d) MOD_4.  The resulting mean models are compiled in 
Table 2-1. 
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Table 2-1.  Models developed from uncertainty testing. 
 MOD_1 MOD_2 MOD_3 MOD_4 

Layer Depth P-Vel Error Depth P-Vel Error Depth P-Vel Error Depth P-Vel Error
1 0.00 1.33 0.13 0.00 2.99 0.31 0.00 3.01 0.17 0.00 2.97 0.29
2 0.004 2.53 0.26 1.99 6.27 0.20 2.00 6.06 0.22 1.99 6.15 0.19
3 0.20 2.97 0.27 21.10 6.50 0.37 4.00 6.17 0.16 22.90 6.44 0.38

4 1.80 5.89 0.44 40.13 ± 
2.03 7.89 0.23 8.00 6.24 0.16 44.06 ± 

1.93 7.75 0.22

5 2.51 6.21 0.27    12.00 6.30 0.17    
6 8.75 6.39 0.28    16.00 6.36 0.18    

7 39.15 ± 
2.79 7.85 0.26    20.00 6.42 0.19    

8       24.00 6.49 0.21    
9       28.00 6.56 0.22    
10       32.00 6.56 0.25    
11       36.00 6.79 0.31    
12       40.00 7.88 0.34    

RMS 0.28 sec   0.14 sec   0.31 sec   0.16 sec   
             
 Depth in kilometers;  P-Vel in km/s;  Error in km/s 

 
For the final uncertainty test, we estimated the effect of the Moho’s dip on the velocity structure.  
Previous velocity models of the CP and Basin and Range (Wolf and Cipar, 1993; McCarthy et 
al., 1991) suggest that the Moho in the CP is dipping between 2° and 4° with the updip direction 
toward the south.  We completed the Monte Carlo simulations for a dipping Moho with 5° of dip 
(MOD_4) and the results are shown in Figure 2-7d.  We considered MOD_2 for our starting 
crustal model based on the reduced RMS misfit between the observed and predicted data.  A dip 
of 5° in the Moho for the CP would increase our estimated crustal thickness by 4 km (Table 2-1).  

Because of our uncertainty testing for our refraction data, we have determined that a simple 
three-layer structure (MOD_2) produces travel times that fit our observed data better than more 
complex models with increased layering.  The models all suggest a P-wave velocity for the 
middle and lower crust between ~6 and 6.5 km/sec and an upper mantle of ~7.8 km/sec.  The 
tests show that the crustal thickness in the southern CP ranges between 38 and 46 km depending 
upon whether the Moho is flat or has a 5° updip toward the south.   

Joint Inversion of Receiver Functions and Surface Wave Dispersion.  Performing a joint 
inversion of surface-wave dispersion and receiver function data reduces the limitations and non-
uniqueness inherent to each technique.  To determine the deeper velocity structure of the mesa, 
we inverted data from broadband station NN24, which is within 15 km of the explosion source.  
We also performed joint inversions on some of the broadband stations to the south.  We 
calculated receiver functions from teleseismic earthquakes using an iterative, time domain, 
wavelet-stripping deconvolution algorithm (Ligorria and Ammon, 1999).  A Gaussian factor of 
5.0 was used, and events with deconvolutions that did not reproduce 70% of the original signal 
were discarded.  This generally left fewer than four earthquakes in a similar distance range for 
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the inversion.  Initially these events were stacked to create an average waveform, but the 
individual waveforms were variable enough to produce poor inversion fits, so only one event 
was used per station (Table 2-2).   

Using a multiple-filter analysis code (Herrmann, 2004), surface-wave dispersion curves were 
generated from regional earthquakes recorded on the broadband stations.  If we had multiple 
high-quality dispersion curves at a station, we averaged similar curves to generate a 
representative dispersion curve.  We removed data points that had large variations from the other 
curves.  Table 2-3 lists the events used to make the average dispersion curves.   

Table 2-2.  Receiver function events. 
Station YR MN DD HH MM Sec Msec Lat Lon Z (km) Mag
NN24 2003 09 27 11 33 25 080 50.04 87.81 16 7.5 
NN23 2003 09 25 19 50 06 360 41.81 143.91 27 8.3 
NN20 2003 09 25 19 50 06 360 41.81 143.91 27 8.3 
MR18 2003 09 02 18 28 00 330 -15.23 -173.22 10 6.6 
MR16 2003 09 25 19 50 06 360 41.81 143.91 27 8.3 
MR13 2003 09 25 19 50 06 360 41.81 143.91 27 8.3 

 
Table 2-3.  Surface wave dispersion events. 

Station YR MN DD HH MM Sec Msec Lat Lon Z (km) Mag
2003 09 09 23 07 21 350 30.16 -114.11 10 3.8 
2003 09 09 23 41 48 470 30.26 -114.07 10 3.9 NN24 
2003 09 10 11 26 44 550 30.64 -113.54 10 3.7 
2003 09 09 23 07 21 350 30.16 -114.11 10 3.8 
2003 09 09 23 41 48 470 30.26 -114.07 10 3.9 NN23 
2003 09 13 15 22 40 990 36.83 -104.91 5 3.8 
2003 09 09 23 07 21 350 30.16 -114.11 10 3.8 NN20 2003 09 09 23 41 48 470 30.26 -114.07 10 3.9 
2003 09 09 23 07 21 350 30.16 -114.11 10 3.8 MR18 2003 09 09 23 41 48 470 30.26 -114.07 10 3.9 

MR16 2003 09 09 23 07 21 350 30.16 -114.11 10 3.8 
MR13 2003 09 09 23 07 21 350 30.16 -114.11 10 3.8 

 
We performed the joint inversion using the teleseismic receiver function and surface-wave 
dispersion curve for each station.  In the first five layers of the inversion starting model, we used 
the P and S velocity model developed in previously described studies.  We fixed the P velocity in 
those layers, while the shear velocities were allowed to vary.  Three lower layers making up the 
middle crust, lower crust, and mantle had a fixed Vp/Vs ratio of 1.74.  Initially, we separated 
many of the thicker layers into thinner layers, but that proved unnecessary, as the thin layers 
tended to have very similar velocities after the inversion.  Figure 2-8 shows the best-fitting 
velocity models, receiver function fit, and surface-wave dispersion fit for the regional stations.  
The shear-wave velocity models are relatively consistent between the stations, as shown in 
Figure 2-8a.  Figure 2-8b highlights near-surface velocity variations, but these are expected, 
since the stations were deployed over hundreds of kilometers.  Except at station NN20, the 
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middle and lower crustal velocities are quite similar.  The crustal thickness ranges from 37 to 40 
km, but is nearly 43 km at NN20.  A later Moho arrival, seen in Figure 2-8c, causes this effect, 
along with a plateau in the surface-wave dispersion velocities at higher periods (seen in Figure 2-
8d).  

 
Figure 2-8.  Results of the joint inversion of receiver functions and surface-wave dispersion 

data at various SPE regional stations in eastern AZ. a) Best-fitting velocity 
structure at each station.  b) Enlarged plot of the upper 6 km velocity structure.  c) 
Receiver functions observed at the stations (black), and modeled receiver functions 
(blue).  d) Surface-wave dispersion data observed at the stations (dots) and modeled 
dispersion (lines). 
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Even though these results support the velocity model determined from refraction analysis, we 
decided not to use these results in building the final velocity model as performing the joint 
inversion using different receiver functions produced varying velocity models.  Wolf and Cipar, 
(1993) indicate a 6.8 km/s P velocity layer just above the Moho.  Using a receiver function with 
a larger Moho arrival at NN24 can also support the existence of this layer if the crustal thickness 
is 46 km, which differs from the refraction analysis.  We determined that it is possible for a faster 
layer in the lower crust to exist and not be resolved in the refraction dataset, especially if the 
velocities in the lower crust are gradational or if the layer above is sufficiently thick.   

Surface-Wave Inversion.  To reduce the uncertainty caused by the limited receiver function 
data set, we determined the shear-wave velocity of the lower crust by performing a damped, 
least-squares inversion of earthquake surface-wave dispersion data.  In addition, to minimize the 
travel path used for generation of the dispersion curve, phase velocity dispersion curves were 
calculated between stations WUAZ (Flagstaff, AZ) and NN24 (Figure 2-1) using a phase-
velocity dispersion analysis code (Herrmann, 2004).  This short path distance provides a 
dispersion curve that is only affected by the CP velocity structure.  Table 2-4 lists the 
earthquakes used to generate the average phase-velocity dispersion curve.  Both earthquakes 
were co-located and therefore traveled a nearly identical path from source to station.  The phase 
velocities from both events were averaged to make the representative phase-velocity curve used 
for inversion. 

We inverted the surface-wave dispersion curve by starting with the model developed in 
previously described studies.  The P velocity was fixed in all layers, while the shear velocities 
were allowed to vary.  Figure 2-9a plots the observed phase velocity data (dots) and velocity 
error bars (dashed lines).  The final P and S velocity models, including the results of this shear 
wave inversion, are plotted in Figure 2-9b and listed in Table 2-5.  The solid line in Figure 2-9a 
is the dispersion curve of the inverted shear velocity model and shows a close fit to the observed 
data and is well within the error bounds. 
 

 
Figure 2-9.  Results of the inversion of surface-wave dispersion data from the broadband 

stations.  a) Observed phase-velocity dispersion (dots), velocity errors (dashed 
lines), and inverted model fit (solid line).  b) Final P and S velocity model.  Shear 
velocities of middle and lower crust determined from the phase-velocity inversion. 
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Table 2-4.  Surface wave phase velocity dispersion events. 
YR MN DD HH MM Sec Msec Lat Lon Z (km) Mag

2003 09 09 23 07 21 350 30.16 -114.11 10 3.8 
2003 09 09 23 41 48 470 30.26 -114.07 10 3.9 

 
Table 2-5.  Final velocity model of Black Mesa. 
Z (km) H (km) α (km/sec) β (km/sec) 

0 0.02 2.53 0.80 
0.02 0.04 2.53 0.97 
0.06 0.16 2.53 0.98 
0.22 0.1 2.53 0.99 
0.32 0.1 2.95 1.01 
0.42 0.1 2.95 1.04 
0.52 0.2 2.95 1.15 
0.72 0.2 2.95 1.27 
0.92 0.2 2.95 1.36 
1.12 0.2 2.95 1.33 
1.32 0.2 2.95 1.29 
1.52 0.3 2.95 1.28 
1.82 0.69 5.98 2.68 
2.51 6.29 6.20 3.65 
8.8 30.14 6.31 3.92 

38.94  7.88 4.51 

Attenuation Model 
In addition to the velocity models, an accurate estimate of the attenuation model for Black Mesa 
is required for the moment tensor inversions.  To estimate the shear-wave attenuation for our 
study region, we examined the surface waves recorded by both the Texan deployment and 
refraction study.  The particle velocity (u) of a Rayleigh wave for one station can be described by 
the amplitude recorded at another station and the following equation: 
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where R1 and R2 are the epicentral distances for stations 1 and 2, u1 is the particle velocity at 
station 1, u2 is the particle velocity at station 2, and α is an attenuation coefficient.  This equation 
takes into account attenuation and geometric spreading, and we used different estimates of α in 
order to fit the curvilinear Texan and refraction data.  The results are shown in Figure 2-10.  We 
note that we used units of feet and inches/second in this figure to complete a request from the 
mine to aid in their ground motion studies.  We converted the attenuation coefficients to Q 
values in different frequency bands, and the preliminary results are summarized in both subplots 
of Figure 2-10.  The scatter in the Texan data is not surprising given the variation in station site 
effects (e.g., localities varying from hard rock sites to deployments in river sediments), the fact 
that the geophones were not calibrated prior to the study, and possible source effects.  The 
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attenuation coefficients (α) shown in Figure 2-10 are in units of 1/ft and are in agreement with 
typical values from Woods and Jedele (1985).  The Q values were used to develop an attenuation 
model for the upper crust that ranged from 5 in the upper most layer to 40-50 at depths of 
approximately 1 km. 
 

 
Figure 2-10.  Frequency-dependent attenuation models for the Texan (top) and refraction 

(bottom) data at Black Mesa. 
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Velocity Model Validation 
Waveform Modeling.  We completed waveform modeling and location studies to validate the 
final 1-D velocity model for Black Mesa in the southern CP.  For the waveform modeling study, 
we used a wavenumber-integration program (Herrmann, 2004) to generate full-waveform 
synthetics for an explosion source at 30 m depth.  We propagated these synthetics through the 1-
D velocity model to epicentral distances of three randomly selected stations from the Texan 
network: 5.15 km, 9.22 km, and 12.30 km.  The comparison of the synthetic (red) and observed 
(black) data is shown in Figure 2-11; the amplitudes of all traces have been normalized to the 
maximum amplitude in the first 20 seconds of each record.  The traces were Butterworth band-
pass filtered between 0.5 and 1 Hz, 1-2 Hz, 2-4 Hz, 4-8 Hz, and 8-16 Hz. 

Examination of the synthetic arrivals shows that the observed P-wave arrivals match the 
theoretical P-wave arrival for all three stations considered in the analysis.  In Figure 2-11a, the 
first arrival samples the sedimentary rocks that comprise the upper 1.8 km of the model.  For the 
stations at distances greater than 5 km (Figures 2-11b and 2-11c; see also Figure 2-5), the first 
arrival is the refracted arrival along the higher velocity layer at 1.8 km depth in the model.  
Based on the stratigraphy in the region, this contact is probably related to the transition between 
sedimentary and metamorphic rocks in the CP (Figure 2-12).  We note that in Figures 2-11b and 
2-11c we are not only matching the observed first-arrival travel times, but our synthetics also 
match the observed secondary P-wave arrivals.   

The theoretical surface wave arrivals match the observed data for all three stations in each 
frequency band.  It is interesting to note the presence of several observed arrivals between the P- 
and surface waves that were not modeled by the explosion synthetics.  Examination of these 
arrivals at multiple stations indicates that they have group velocities of ~1.78 km/s.  We have 
identified these phases as shear waves generated by secondary source phenomenology or 
scattering along the propagation path.  Given that we generate the synthetics using an isotropic 
source, we do not expect S-waves to be generated by our modeling technique.  All other 
differences between the synthetic and observed data are related to scattering phenomena; 
however, the travel-time matches for the primary arrivals and surface-wave data suggest our 1-D 
velocity model is appropriate for Black Mesa. 

Location Validation.  Another way to test the accuracy of a velocity model is to relocate 
‘ground-truth’ or reference events (i.e., events whose origin time and hypocenter are well 
known) using the observed first-arrival times from each event (Bondar et al., 2001; Ritzwoller et 
al., 2003).  If the velocity model is sufficiently accurate, the event relocations will produce small 
mislocations and accurate origin times compared to ground truth.  We performed a ground-truth 
relocation exercise on nine single-fired, contained explosions set off at Black Mesa on 
September 6-7, 2003, to assess the performance of our 1-D velocity model.  Table 2-6 lists the 
origin parameters of the nine events that we studied.  We note that none of the data we utilize in 
this section were used to derive the 1-D velocity model.  Stations L1-L5 were used for the 
relocation (Figure 2-1). 
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Figure 2-11.  Synthetic (red) vs. observed (black) filter panels at epicentral distances of a) 

5.15 km, b) 9.22 km, and c) 12.30 km.  The synthetics were generated using the 1-D 
model developed in this paper. 

 
We relocated the explosion hypocenters using a Grid-search Multiple-Event Location algorithm 
(GMEL) (Rodi et al., 2002).  The GMEL algorithm solves jointly for the location parameters 
(hypocenters and origin times) of a set of events and a travel-time correction associated with 
each station recording the events.  It finds maximum-likelihood solutions for the event and 
station parameters, which are subject to prior bounds on each parameter.  GMEL obtains each 
hypocenter solution using a recursive grid-search technique, which guarantees global optimality 
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of the solution and makes it straightforward to constrain the solution within its specified bounds.  
For the case of Gaussian data errors, as we assumed in this study, each station travel-time 
correction is obtained simply as the mean residual at the station, clipped (if necessary) to its prior 
bound.  GMEL iterates over a grid-search location of events and computation of station 
corrections until it reaches a convergence criterion. 

 
Figure 2-12.  The stratigraphy of the Black Mesa 
area (modified from Truini and Thomas, 2003 and 
Stoffer, 2004). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To generate the model-based travel times required by GMEL, we used the TauP Toolkit 
(http://www.seis.sc.edu; Crotwell et al., 1999) and the 1-D velocity model (Table 2-5) for Black 
Mesa.  We constrained the GMEL relocations to allow movements in the epicenters and origin 
times only; this is necessary because of the poor azimuthal distribution of the station coverage, 
which causes spurious movements in the event depths.  We ran GMEL iteratively to locate the 
events and compute station travel-time corrections until the solution was changing by 0.01% 
(RMS) between iterations. 
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Table 2-6.  Origin data for single-fired contained shots at Black Mesa. 
Name Latitude Longitude Year Month Day UTC Depth (m)

SHOT1 36.46108 -110.30081 2003 9 6 21:37:12.40 10 
SHOT2 36.4581 -110.30528 2003 9 7 15:45:48.10 12 
SHOT3 36.45827 -110.30549 2003 9 7 15:57:19.50 40 
SHOT4 36.45842 -110.30546 2003 9 7 16:16:09.50 20 
SHOT5 36.45856 -110.30542 2003 9 7 16:30:40.90 20 
SHOT6 36.45827 -110.30525 2003 9 7 16:53:26.60 12 
SHOT7 36.45849 -110.3051 2003 9 7 17:17:15.30 12 
SHOT8 36.45811 -110.30511 2003 9 7 17:35:57.60 12 
SHOT9 36.45839 -110.30493 2003 9 7 17:47:06.20 12 

 
We summarize the results of relocating the ground-truth events (Table 2-6) in Tables 2-7 and 2-
8.  Table 2-7 provides a quantitative look at the mislocations in epicenter and origin time.  The 
epicentral mislocations range from 120 – 200 m, with origin time changes ranging between -0.09 
and -0.14 seconds.  In addition to the epicenter mislocations, we have listed station travel-time 
corrections in milliseconds produced by GMEL in Table 2-8.  The station corrections are very 
small, all less than 7 msec.  Overall, the magnitudes of the ground-truth event mislocations and 
station corrections are quite small, indicating that the velocity model is accurate.  The systematic 
trend of the mislocations to the northeast is likely due to poor station coverage on the western 
side of the events, but it may indicate a slight bias in the velocity model as well.   

To assess the velocity model’s accuracy further, we can also examine the misfit between 
modeled and observed travel times for each ground-truth event as a function of station position.  
We computed model-based travel times for each shot in Table 2-6 (using the ground-truth field 
position) to stations L1-L5 (Figure 2-1) and subtracted them from the observed arrival times.  
Then we computed the mean residual at each station and its corresponding standard deviation; 
we show the results in Figure 2-13.  All the mean residuals are less than zero, with station L1 
having the largest mean residual (-0.17 sec).  The standard deviations are nearly equal at all 
stations (approximately 0.023 sec).  These results indicate that the P-wave velocity model is 
slightly fast overall, but it is certainly more than acceptable.  

Table 2-7.  Relocation results for single-fired contained shots at Black Mesa. 

Name Date 
(yyyymmdd) 

Estimated 
Origin Time

Estimated 
Latitude 

Estimated 
Longitude

Depth 
(m) 

Epicentral 
Mislocation 

(m) 

OT 
Difference 

(s) 
SHOT1 20030906 21:37:12.29 36.4623 -110.2998 10 160 -0.11 
SHOT2 20030907 15:45:47.96 36.4589 -110.3044 12 120 -0.14 
SHOT3 20030907 15:57:19.41 36.4592 -110.3042 40 160 -0.09 
SHOT4 20030907 16:16:09.40 36.4593 -110.3041 20 160 -0.10 
SHOT5 20030907 16:30:40.77 36.4597 -110.3043 20 160 -0.14 
SHOT6 20030907 16:53:26.48 36.4592 -110.3034 12 200 -0.12 
SHOT7 20030907 17:17:15.22 36.4597 -110.3034 12 200 -0.09 
SHOT8 20030907 17:35:57.47 36.4592 -110.3035 12 180 -0.13 
SHOT9 20030907 17:47:06.06 36.4594 -110.3033 12 190 -0.14 
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Table 2-8.  Station travel-time corrections. 
Station Correction (msec)

L1 -3 
L2 7 
L3 -5 
L4 1 
L5 1 

 

 

Figure 2-13.  The mean residuals and associated standard deviations calculated at each of 
the five stations for the nine shots in Table 2-6.  The results were computed by 
subtracting modeled arrival times from the observed travel times, using the ground-
truth field positions as the event locations.  

CONCLUSIONS 
 
Multiple seismic data sets recorded during the summer of 2003 on Black Mesa in the southern 
CP provide a detailed picture of the upper crustal structure in this region.  Shallow refraction 
surveys show that the rocks in the upper 50 m have anomalous Poisson’s ratios (~0.4) that are 
due to shear-wave velocities less than 1 km/s.  These rocks are highly fractured and porous 
shales, limestones, coals, and sandstones of the Mesa Verde Group (Figure 2-12).  We see a 
general increase in shear-wave velocity to a depth of 1.8 km.  At this depth, the P-wave and S-
wave velocities increase dramatically to 6.0 and 2.7 km/s, respectively.  Based on the 
stratigraphy in this region, the large velocity increase at 1.8 km depth is probably related to the 
unconformity separating sedimentary Paleozoic rocks and Precambrian metamorphic rocks.  A 
similar depth to the unconformity is found when the 1.4 km of the exposed sedimentary section 
at the Grand Canyon (150 km west of Black Mesa) is combined with the 200-400 m of exposed 
sedimentary section on Black Mesa.  We note that the velocities increase slightly at 
approximately 3 and 9 km and then remain relatively constant (α=6.3 km/s and β=3.9 km/s) 
throughout the remainder of the crust. 
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 The structure in the lower crust and upper mantle is more complicated and not as easy to 
conclusively determine.  Based on refraction profiling, we observed that crustal thickness in the 
southern CP is 39 ± 2.8 km and the P-wave velocity in the upper mantle is 7.88 km/s.  This 
thickness is also supported by phase velocity dispersion inversion results.  However, the effects 
of a dipping Moho could increase the depth to the Moho by ~4 km.  We also note that a 6.8 km/s 
layer may exist at the bottom of the crust based on preliminary receiver functions.  The existence 
of such a layer could be unresolved on our refraction studies, thus it is possible that the crustal 
thickness could be as large as 46 km.  Published crustal thicknesses for the CP vary from 37-50 
km (Keller et al., 1976; Wilson et al., 2002, Wolf and Cipar, 1993).  Table 2-9 shows a 
compilation of other published velocity structures.  The velocity structure of the CP determined 
from the extensive data sets discussed in this manuscript have similar aspects to these previous 
studies.   
 

Table 2-9.  Published Colorado Plateau velocity structure.* 
Z 

(km) 
Vp 

(km/s) 
Vs 

(km/s) 
0 4.0  
2 6.2  
12 6.1 – 6.4  
27 6.4 – 6.7 4.0 – 4.2

37 – 43 7.9 – 8.1 4.55 
*Data compiled from Hicks (2001), West et al. (2004), and Condie and Selverstone (1999). 
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ABSTRACT 
 
I have developed time-dependent source moment tensors for the eight explosions detonated at 
Black Mesa using a frequency-domain linear inversion technique.  Three-component close-in 
data recorded within 700 m from the sources were used in the inversion to retrieve the moment 
tensors. 

The source moment tensors of all shots are dominated by the isotropic component regardless of 
the different source configurations.  The time histories of the partially contained and uncontained 
shots are more oscillatory than those of the contained shots, possibly indicating the involvement 
of the explosion-free-surface interaction.  The cast shots have more complicated moment-tensor 
time histories.  In addition, their moment tensors show an enhanced low-frequency (1-6 Hz) 
signal in the off-diagonal components, particularly in Myz.  This signal may have resulted from 
the material cast. 

Although the amplitude of Myz in the 1-6 Hz frequency band is only a small fraction of the 
amplitude of the isotropic component in the same frequency band for the cast shots, it can 
generate shear waves of much larger amplitudes.  The deviatoric moment-tensor component of 
an explosive source, the causes of which include the non-spherical geometry of the source, the 
near-source region medium heterogeneity and/or anisotropy, and the secondary source effects 
such as material cast, can be an important contributor in shear-wave generation, even though the 
deviatoric component itself may be small. 

OBJECTIVE 
 
The objective of this research is to characterize eight explosive sources detonated at Black Mesa 
by retrieving the time-dependent source moment tensors of these explosions through the 
inversion of near-source seismic data. 

RESEARCH ACCOMPLISHED 

Introduction 
Moment-tensor representation is a comprehensive representation of point seismic sources (Aki 
and Richards, 1980).  In this representation, sources are modeled as nine orthogonal generalized 
force couples.  These force couples form a symmetric second-order tensor called moment tensor.  
The amplitudes of the moment-tensor components contain information about whether a source is 
a shear failure or a source that involves volume change, as well as the strength of the source.  By 
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representing moment-tensor components as a function of time, a time-dependent source moment 
tensor reveals not only the source strength but also the evolution of the source through time.  
Time-dependent source moment tensors are particularly useful for modeling the explosive 
sources of different configurations as those detonated at Black Mesa.  This is because in addition 
to the primary gas generation and expansion, the source process of these explosions involves the 
interaction of the explosive detonation with the surrounding medium and its surface boundaries.  
These secondary source effects may have different source mechanisms and different times of 
initiation.  By retrieving the source time functions, we can differentiate these source effects and 
gain detailed information about the source process. 

Two factors that play important roles in a successful moment-tensor inversion are accurate 
velocity models including attenuation and good focal-sphere coverage (Sileny, 2004; Satake, 
1985).  As discussed in Chapter 2, a variety of techniques were utilized to infer the velocity 
model of the Black Mesa test site.  The combination of first-arrival picks, surface-wave 
dispersion and amplitude analysis, and joint dispersion and receiver function inversion applied to 
near-source, local, and regional data resulted in accurate models for both P- and S-wave 
velocities and for attenuation. 

With the derivation of source moment tensors as one of the main objectives of the experiment, 
three-component broadband seismometers were deployed around the explosions with the 
optimum azimuthal and distance coverage achievable.  The use of three-component sensors 
provided better sampling of the seismic wavefield, which in turn imposes better constraints on 
the inverted source moment tensors. 

In the following sections, I first give a brief description of the inversion formulation and the 
inversion technique that I employed.  I then show some examples of the data used in the 
inversion and the calculation of Green’s functions.  The moment-tensor inversion results, error 
analysis, and the implications in seismic wave generation and partitioning are provided in the last 
sections. 

Theory and Method 
Observed ground displacement from a seismic source is related to the source moment tensor as 

 un
p = Gni, j

p ∗ mij  (p  = 1, 2, 3, …), (3-1) 

where un
p  is the pth ground-displacement observation in the xn direction (n = 1, 2, 3); mij is the 

ijth component of the source moment tensor and Gni, j
p  is the spatial derivative, with respect to xj, 

of the corresponding Green’s functions (Aki and Richards, 1980; Stump and Johnson, 1977).  By 
Fourier transforming equation (3-1) into the frequency domain, convolution becomes 
multiplication and equation (3-1) is linearized.  In a matrix form, the linearized equations are 
expressed as 

 u = Gm. (3-2) 

I used the singular-value decomposition method (Lanczos, 1961; Menke, 1989) to solve this 
equation for the spectra of the moment tensors.  The covariance of the resulting moment-tensor 
spectra is  
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  Cm = σ u
2G−1(G−1)T  (3-3) 

for independent data of uniform variance σ u
2.  The time history of the moment tensors was 

obtained by inverse Fourier transforming the moment-tensor spectra into the time domain.  In 
order to avoid the long-period instability introduced by double integrating ground acceleration to 
ground displacement, I used ground velocity data instead, and retrieved the spectra of the 
derivative of the moment tensors, or the moment-rate tensors. 

Data 
Three groups of seismometers were deployed at Black Mesa during the experiment to record the 
explosions.  The first group consisted of broadband, three-component accelerometers that were 
within 700 m from the sources.  Five broadband, three-component seismometers comprised the 
second group.  The source-receiver distances for these seismometers were from 1 km to 5 km.  
The third group is an array of Texan instruments – vertical short-period geophones.  This group 
of geophones covered a distance range out to 13.5 km from the sources.  Because the velocity 
model was best constrained in the close-in region within 1 km from the sources and the close-in 
data were least contaminated by medium scattering, I only used data from the first group of 
accelerometers for the moment-tensor inversion.  I conducted trial inversions by including data 
recorded at farther distances and the resulting moment tensors did not change much, indicating 
that compared with the close-in data, the data at farther source-receiver distances were not 
important for the moment-tensor inversion.  Using only the data recorded at farther distances in 
the inversion produced results that were composed mainly of noise.  It indicates that a few 
kilometers from the sources, the velocity structure of the medium cannot be adequately modeled 
with a simple 1D model for the purpose of the time-dependent moment-tensor inversion.  With 
only the close-in data retained in the inversion, the deeper layers of the velocity model, which 
was not as well constrained, is less important.  The layout of the explosions and the close-in 
accelerometer array is shown in Figure 3-1.  Also shown in the figure is the coordinate system 
for the source moment tensors. 

Figure 3-2 gives an example of the close-in ground-velocity data from Shot 3.  For these close-in 
distances, the data are relatively simple.  The duration of the signal is generally less than 1 
second.  Some later arrivals and coda can be seen in the data at longer source-receiver distances.  
Figure 3-3 is the amplitude spectra of the data in Figure 3-2.  The amplitude spectra peak at 
about 10 Hz or higher.  The peaks at 1 Hz for some data traces are long-period noises of 
unknown origin. 

Although Shot 3 is a contained explosive source theoretically only capable of generating 
compressional waves, significant amount of shear energy is observed at some of the receivers 
even at these short distances.  The ratios between SH-wave and P-wave ground velocity 
amplitudes range from 0.11 to 0.87 for the data shown in Figures 3-2 and 3-3. 
 
Because of the source elastic radius constraint, not all data from the close-in receivers were used 
in the moment-tensor inversion of the eight explosions (Shot 2 to Shot 9).  
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Figure 3-1.  Layout of the explosions and close-in accelerometers at Black Mesa along with 

the coordinate system of the source moment tensors.  The distance and azimuth 
coverage of the accelerometer array is good. 

 
Figure 3-2.  Ground-velocity data from Shot 3 recorded by the close-in accelerometers.  

Amplitudes are normalized. 
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Figure 3-3.  Amplitude spectra of data in Figure 3-2. 
 
Based on the calculated elastic radii of the sources, data recorded at sites that were too close to 
the sources were removed from the inversion.  Source elastic radii were calculated from the 
Mueller and Murphy (1971) source model and the source and medium parameters.  They are 
listed in Table 3-1 along with the shortest source-receiver distances of the data and the number of 
data traces used in the inversions.  The shortest source-receiver distances for Shot 8 and Shot 9 
were selected more conservatively because these two bench shots failed an adjacent vertical free-
face, involved the casting of the bench material, and thus increased the size of the effective 
source region. 
 

Table 3-1.  Source elastic radii, shortest distance, and number of data traces used. 
Shot number 2 3 4 5 6 7 8 9 

Elastic Radius (m) < 30 < 69 < 96 < 81 < 87 < 76 < 91 < 74
Shortest Distance (m) 46 160 155 150 139 122 182 157 

Number of Traces Used 36 30 30 30 30 30 24 27 
 
Calculation of Green’s Functions 
I calculated Green’s functions for the inversion using a reflectivity code based on the algorithm 
of Müller (1985).  I used a slowness interval for the calculation from 0 to 10 s/km with dense 
sampling (20000 points), which guaranteed the inclusion of all possible phases in the Green’s 
functions.  The length of the Green’s functions is 4096 data points corresponding to about 16.4 
seconds. 
 
Because of the topography, the average elevation of the seismometer sensors used in the 
inversion was 26 m higher than the elevation of the test bed for Shots 2 to 7 and 13 m higher 
than the elevation of the bench for Shots 8 and 9.  To compensate for these differences, I 
increased the depths of sources accordingly in Green’s function calculations.  Although this 
increase may alter the arrival time of the surface reflections relative to the direct wave somewhat, 
I assumed it to be of secondary importance.  In fact, moment tensors from inversions using 
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Green’s functions with adjusted source depths are more causal and less noisy than moment 
tensors obtained without source-depth adjustments.  Other characteristics of the moment tensors 
with depth adjustments, such as the source time function and scaling of the peak spectral 
amplitude with charge weight, are more reasonable as well. 
 
Another factor that affects the explosion depth is the location of the explosive initiation.  For all 
the shots, boosters were placed at the bottom of the shot hole and the explosives were detonated 
upwards.  The depth differences between the shot-hole bottom and the middle of the explosive 
volume range from 0.5 m to 5 m.  I tested putting the source depths at either the bottom of the 
shot holes or in the middle of the charge volumes.  The resulting moment tensors were 
essentially the same.  I present the inversion results with shot-hole bottom as the source depth in 
the following sections. 

Moment-Tensor Inversion Results 
I inverted for the source moment tensors of the eight shots (Shots 2 to 9) detonated at Black 
Mesa using the singular-value decomposition method discussed above.  Source coordinate 
system was set up such that the x direction is parallel to the bench face in the direction from Shot 
8 to Shot 9, the y direction is perpendicular to the bench face to the right of the x direction, and 
the z direction is vertically down (Figure 3-1).  I multiplied both the input data and the Green’s 
functions by the source-receiver distance before the inversion to put more weight on the data at 
farther source-receiver distances.  Although some of the shots (Shots 6 and 8) deviated more 
from a point-source approximation, I inverted for their moment tensors anyway so that the 
results can be compared with shots of similar configurations.  The moment tensors from the 
inversion are plotted in Figure 3-4.  Figure 3-5 shows the moment-rate tensor amplitude spectra.  
Due to the long-period noise in the data (Figure 3-3), spectra below 1 Hz are not reliable and 
should be ignored. 

An apparent characteristic of the moment tensors is that they are dominated by the isotropic 
component throughout the source process regardless of the source configurations.  The moment-
rate spectra indicate that this is true for a large portion of the frequency band, especially for 
contained shots (Shots 2 and 3). 

The moment tensors of fully contained shots (Shots 2 and 3), partially contained shots (Shots 4 
and 5), and uncontained shots (Shots 6 and 7) are similar.  The only difference seems to be that 
the time histories of the diagonal moment-tensor components of partially contained and 
uncontained shots are more oscillatory.  Their spectra, therefore, are more peaked. 

The time histories of the moment tensors of Shots 2 to 7 are relatively simple.  The time histories 
of their diagonal components contain a main pulse representing the explosion.  Subsequent 
signals diminish quickly, though some secondary events can still be seen possibly indicating the 
interaction of the explosive-generated gas with the surrounding medium.  On the other hand, the 
time histories of the diagonal moment-tensor components of the two cast shots, Shots 8 and 9, 
are more complex.  The differences between the source configuration of these two shots and that 
of the rest of the shots are that their source locations were higher; they were detonated adjacent 
to a vertical free-face and their source processes involved material cast.  The complex time 
history might be reflective of some or all of these differences. 
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Figure 3-4.  Moment tensors from the inversion. 

 

Figure 3-4.  Continued. 



Chapter 3:  The Moment-Tensor Inversion of Explosions Detonated at Black Mesa 
 

 59

 

Figure 3-4.  Continued. 

 

Figure 3-4.  Continued. 
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Figure 3-4.  Continued. 

 

Figure 3-4.  Continued. 
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Figure 3-4.  Continued. 

 

Figure 3-4.  Continued. 
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Another distinctive characteristic of Shots 8 and 9 source moment tensors are the enhancement 
of the signal below 6 Hz in Myz and, to a lesser degree, in Mxz.  This relatively long-period signal 
might be related to the cast material falling to the ground.  Myz represents a force system in the y-
z plane that is perpendicular to the bench face and contains the direction of the material cast.  

It is not clear what causes the spectral peak at about 3 Hz in the diagonal moment-tensor 
components of Shots 8 and 9.  As will be discussed later, increasing the source depth would 
remove this peak, implying that it could be an artifact of the inversion configuration. 

 

Figure 3-5.  Amplitude spectra of moment-rate tensors. 
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Figure 3-5.  Continued. 

 
Figure 3-5.  Continued. 
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Figure 3-5.  Continued. 

 
Figure 3-5.  Continued. 



Chapter 3:  The Moment-Tensor Inversion of Explosions Detonated at Black Mesa 
 

 65

 
Figure 3-5.  Continued. 

 
Figure 3-5.  Continued. 
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Figure 3-5.  Continued. 

Figure 3-6 plots the peak spectral amplitudes of the isotropic moment-rate-tensor components as 
a function of charge weight.  The spectral peak is positively correlated with the charge weight.  
The containment condition of the shots does not seem to have significant effects on the spectral 
peaks.  The only outlier seems to be the spectral peak for Shot 4.  The small value for Shot 4 
might indicate a poorer coupling of the explosive. 

Figure 3-7 shows the frequency of the spectral peaks in Figure 3-6 plotted as a function of the 
inverse of cubic root of the charge weight.  It appears that contained shots (Shots 2 and 3) tend to 
have lower frequencies for their spectral peaks.  The overall trend seems to approximate a linear 
relationship predicted for corner frequencies of explosive sources (Mueller and Murphy, 1971; 
Denny and Johnson, 1991). 

Error Analysis 
Because the source-receiver configurations of different shots are similar to one another, the 
variance of the moment-tensor components, which depends only on the configuration of the 
inversion for independent and identical data error (equation 3-2), are similar for different shots.  I 
show in Figure 3-8, as an example, the relative one standard deviation of the moment-rate 
spectra for Shot 3, assuming a constant data variance.  It is apparent from the figure that the 
standard deviation is related to the size of the moment-tensor components with larger 
components having larger variance.  Similar phenomena were observed in other mining shots 
and collapse moment-tensor inversions (Yang, 1997).  The standard deviation is relatively flat 
for the whole frequency range except for very high frequencies. 
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Figure 3-6.  Spectral peaks of the isotropic moment-rate-tensor components plotted against 
charge weight.  Shot numbers are indicated. 

 

Figure 3-7.  Frequency of the spectral peak shown in Figure 3-6 as a function of the inverse 
of cubic root of charge weight.  Shot numbers are marked. 
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Figure 3-8.  Relative one standard deviation of the moment-rate spectra of Shot 3. 

As was discussed above, I increased the depths of the sources in my Green’s function 
calculations to compensate for the difference between source and receiver elevations.  For 
contained shots (Shots 2 and 3), aside from increased noise in moment tensors that did not have 
the depth adjustment, the resulting moment-tensors are similar.  For partially contained and 
uncontained shots, however, the difference is more significant.  Although I prefer the results 
from inversions with the depth adjustment based on their appearances, in order to provide a 
complete description of the research results, I give an example of the inversion results without 
the depth adjustment.  Figure 3-9 is a comparison of the source moment-rate tensor of Shot 4 
obtained from inversions with and without source-depth adjustments.  Figure 3-10 compares 
their spectra. 

The time history of the moment-rate tensor from the inversion without source-depth adjustment 
appears to be seriously contaminated by the noise that starts well before the source start time (t = 
0).  Incorporating the source-depth adjustment essentially removed the spectral peak at about 3 
Hz from the spectra of the moment-rate tensor.  The spectral shape of the diagonal moment-
tensor components also became smoother.  Based on these comparisons and other moment-
tensor characteristics such as the relationship between the moment-tensor spectral peak and the 
charge weight, I argue that it was appropriate to compensate for the source-receiver elevation 
differences in the inversion. 
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Figure 3-9.  Moment-rate tensors of Shot 4 from inversions with and without source-depth 

adjustment. 
 

 
Figure 3-10.  Moment-rate tensor spectra of Shot 4 from inversions with and without 

source-depth adjustment. 
 
Implications in Seismic Wave Generation and Partitioning 
As I discussed above, the moment tensors of the Black Mesa shots are largely dominated by their 
isotropic components.  However, because of their high efficiency in generating shear waves 
(Yang, et al., 1999), the existence of the off-diagonal signal in the two cast shots, Shots 8 and 9, 
cannot be neglected.  Figure 3-11 shows the moment tensor of Shot 9 band-pass filtered between 
1 and 6 Hz. Clear signal is seen in the off-diagonal components, especially in Myz.  The 
amplitude of the Myz signal is about 11% of the amplitude of the isotropic component in the 1-6 
Hz frequency band.  In addition to being of lower frequency than the signal from the explosion, 
the Myz signal also appears to arrive late, consistent with the characteristic of a signal generated 
by material cast. 
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To illustrate the efficiency of off-diagonal moment-tensor components in generating shear 
waves, I plot the synthetic ground-velocity seismograms computed using the moment tensor of 
Shot 9 in Figure 3-12 and the band-pass (1-6 Hz) filtered seismograms in Figure 3-13.  The 
receiver was located at 5 km distance from the source and at 0° azimuth from the x direction (the 
direction of the bench).  For the unfiltered data, the maximum amplitude of the transverse 
component is 52% that of the radial component and 23% that of the vertical component.  For 
filtered data, the ratios are 84% and 37% respectively. 
 

 
Figure 3-11.  Moment tensor of Shot 9 band-pass filtered between 1 and 6 Hz. 
 

 
Figure 3-12.  Synthetic seismogram from the moment tensor of Shot 9.  Receiver was at 5 

km from the source and at 0° azimuth from the x direction. 
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Figure 3-13.  Same seismograms as those in Figure 3-12 but band-pass filtered between 1 

and 6 Hz. 

CONCLUSIONS 
 
I derived the time-dependent source moment tensors of the eight explosions detonated at Black 
Mesa using a frequency-domain inversion technique (Stump and Johnson, 1977).  Data recorded 
at the close-in range (<700 m) from the sources were used in the inversion.  I adjusted the source 
depths in the inversion to compensate for the elevation differences between the receivers and the 
test bed.  Moment tensors from inversions with the source-depth adjustment appear to be more 
reasonable in terms of their physical characteristics. 

The retrieved source moment tensors are dominated by the isotropic component regardless of the 
source configurations.  The time histories of the partially contained and uncontained shots are 
more oscillatory than those of the contained shots, possibly indicating the involvement of the 
explosion-free-surface interaction.  The cast shots have more complicated source time histories.  
In addition, appreciable low-frequency (1-6 Hz) signal is present in the off-diagonal components, 
particularly in Myz.  This signal may represent the source process of the material cast. 

Although the amplitude of Myz in the 1-6 Hz frequency band is only a small fraction of the 
amplitude of the isotropic component in the same frequency band for the cast shots, it can 
generate shear waves of much larger amplitudes.  The deviatoric moment-tensor component of 
an explosive source, which is caused by the non-spherical geometry of the source, the near-
source region medium heterogeneity and/or anisotropy, or the secondary source effects such as 
material cast, can be an important contributor in shear-wave generation, even though the 
deviatoric component itself may be small. 
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ABSTRACT 
 
The Source Phenomenology Experiments (SPE) were conducted during the summer of 2003 in 
Arizona.  Single-fired chemical shots were detonated and recorded at two locations, including a 
coal mine in the Black Mesa district of northern Arizona.  This paper reports on research into the 
effects of confinement on the generation of short-period, fundamental mode Rayleigh waves 
(Rg), using a subset of the SPE data. 
 
Results show important differences between the Rg amplitudes of confined and unconfined 
explosions that must be understood in order to develop discriminants for mining explosions, 
which are an important aspect of nuclear test monitoring.  Rg energy and frequency content are 
dependent upon explosive weight and confinement, and unconfined explosions generate up to 
eight times less energy than equivalent confined explosions.  For this reason, unconfined mining 
explosions cannot be simulated using a Mueller and Murphy (1971) source without including an 
empirical chemical decoupling factor.  Rg chemical decoupling factors for unconfined shots vary 
from 0.5 to 8.2 at frequencies between 0.5 and 11 Hz. 
 
The effects of the bench free-face are evident in radiation patterns.  Explosions on the 
topographic bench show increased spectral energies for Rg (by a factor of 1.5) at azimuths 
behind the bench.  The research has also shown that the shots on the bench contain the same or 
more low-frequency energy and less high-frequency energy than their equivalents in the test pit.  
These results suggest that a discriminant based on the relative azimuthal spectral energies of Rg 
may be a possibility.   

INTRODUCTION 
 
Successful monitoring of small nuclear explosions will require the detection, location, and 
discrimination of small seismic events at regional distances.  While studies have shown that a 
significant number of these small events will be mining explosions (Richards et al., 1992; Stump 
and Pearson, 1997; Leith et al., 1996; and Khalturin et al., 1996), unfortunately few, if any, 
validated discriminants exist for mining explosions.   
 
Some of the mining explosion discriminants that have shown promise include Ms:mb and 
infrasound techniques.  Using very short period (~4 sec) surface waves in Wyoming and China, 
Zhou et al. (2004) showed that delay-fired mining explosions discriminate as earthquakes, while 
a single-fired mining explosion discriminated as an explosion.  The technique is promising; 
however, its application in important monitoring regions would require short-period surface 
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wave attenuation models, which currently may not exist.  The presence of seismic and infrasound 
energy has been shown to be typical for mining explosions (Sorrells et al., 1997); however recent 
evidence suggests that small earthquakes may also generate infrasound signals (Mutschlecner 
and Whitaker, 2005), further complicating the discrimination. 
 
For explosions and earthquakes occurring on or near the earth’s surface, short-period, 
fundamental mode Rayleigh waves (Rg) are often the dominant arrival at local to near-regional 
distances.  The amplitude of the Rg phase depends on the depth of the event, so the presence of 
Rg can be used to identify a shallow event (Bath, 1975; Kafka, 1990).  Rg is seldom recorded at 
distances greater than 500 km, which has limited its usefulness as a depth discriminant, but with 
modern deployments of regional and dense global networks, such as the International Monitoring 
System (IMS), there can be several stations within 500 km of known nuclear test sites or regions 
of high monitoring interest. 
 
One of the main differences between nuclear and mining explosions is confinement.  Nuclear 
explosions are often buried beneath several hundred meters of rock to ensure that the explosion 
is fully confined (there are minimal surficial effects from the explosion) and fully contained 
(there is no leakage of radioactive gases).  Since the objective of most mining explosions is to 
either blast the overburden material into previously mined regions of the pit, or to maximize the 
in situ fracturing of the material, most mining explosions are detonated next to both vertical and 
horizontal free surfaces and involve significant surficial damage, thus they are usually 
unconfined.  Seismic energy radiated from a mine blast is dependent upon the nature of the 
individual explosion and on horizontal and vertical spall.  
 
Mine blasts do not radiate short-period surface wave energy equally in all directions (Bonner et 
al., 2003), and this phenomenon could form the basis for a mining explosion discriminant.  
However, the development of such a discriminant will require a better understanding of the 
source physics of mining explosions.  In this paper, we analyze a new dataset from the 2003 
Source Phenomenology Experiment (SPE) (Bonner et al., in review) to empirically examine how 
confinement affects the coupling of energy from explosions into Rg recorded at local distances, 
particularly in the case of explosions detonated on a bench free-face.  Comparisons are made 
between the observed data and theoretical data created using Mueller and Murphy (1971) sources 
in order to determine how the lack of confinement affects the source scaling. 
 
This research has other useful benefits, in that understanding the effects of a bench on ground 
motion can improve the design of cast blasts and achieve improved blast efficiency while 
allowing blasters to remain below vibration requirements. 

SOURCE PHENOMENOLOGY EXPERIMENT (SPE) OVERVIEW 

Location 
During the summer of 2003, Weston Geophysical, Southern Methodist University, the University 
of Texas at El Paso, Los Alamos National Laboratory (LANL), and Lawrence Livermore 
National Laboratory (LLNL) formed a consortium to quantify the differences between confined 
single-fired chemical explosions and delay-fired mining explosions.  The consortium designed, 
detonated, and recorded nine single-fired explosions at a coal mine in the northern Arizona Black 
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Mesa district, and ten explosions at a copper mine in southeastern Arizona (Figure 4-1).  The 
focus of this paper is on the explosions conducted in the Black Mesa district. 
 

 
 
Figure 4-1.  Source phenomenology experiments were conducted at coal and copper mines 

in Arizona.  The coal mine in the Black Mesa district of northeastern Arizona is the 
location of the studies discussed in this paper.  Major physiographic provinces of 
Arizona are shown on the map.  

Explosion Design and Detonation 
Nine explosions were detonated at Black Mesa as part of the SPE tests, but only Shots 2 - 9 are 
considered in this study.  Shot 1 was located in a slightly different area and was designed to be 
used in regional energy partitioning studies.  The source characteristics of the shots are shown in 
Table 4-1, which also lists the confinement for each shot: whether it was fully confined (i.e., the 
explosion was located in the test pit and was buried deep enough that it caused no effects at the 
surface), unconfined at the surface (i.e., the explosion was located in the test pit and caused 
surficial effects), or unconfined at the surface and along the free-face (i.e., the explosion was 
located on the bench, the topographic level above the pit.  Blasting along the free-face, the 
vertical face of the bench, is used to fracture the overburden in the bench and cast it into the pit.). 
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Table 4-1.  Explosion design for Black Mesa single-fired SPE shots 2 - 9. 
Shot Yield (lbs.) Depth (m) Location Confinement Comments 

2 232.8 15 Test Pit Confined Small calibration shot 
3 12089.5 40 Test Pit Confined -- 
4 13807.0 20 Test Pit Unconfined Approx. same yield as Shot 3
5 8284.5 20 Test Pit Unconfined Smaller than Shot 4 
6 5708.5 15 Test Pit Unconfined Approx. same yield as Shot 8
7 3590.3 15 Test Pit Unconfined Approx. same yield as Shot 9
8 6094.4 15 Free-Face Unconfined Approx. same yield as Shot 6
9 3290.3 15 Free-Face Unconfined Approx. same yield as Shot 7

 
The bottom plot of Figure 4-2 shows the location and number of boreholes for each shot, as well 
as the locations of two video cameras used to record the explosions.  For each shot, the boreholes 
were detonated simultaneously, and the explosives, which were a mix of 62% Ammonium 
Nitrate Fuel Oil (ANFO) and 38% emulsion, performed as expected (velocity of detonation of 
15,000 feet/s, as measured by Velocity of Detonation Recorders (VODRs)).  Video recordings 
suggest that the individual boreholes for each shot detonated within the resolution of one video 
frame sample (1/30th of a second). 
 
The Black Mesa SPE shots can be divided into two categories.  Shots 2-5 were point sources 
detonated in the test pit, and their characteristics (Table 4-1) were varied in order to examine the 
effects of depth, explosive weight, and confinement on the generated seismic energy.  Shots 6 - 9 
were linear sources, loaded similarly to typical production shots at the mine (separation distance 
of 10 m between boreholes, burden of 5 m, and stemming depth of 6 m), and were designed to 
enable the examination of the effects of the free-face on coupling.  Shots 8 and 9 were detonated 
on the bench shown in the top plot of Figure 4-2, and experienced the effects of the free-face, 
while Shots 6 and 7 were detonated on the test pit floor, below the bench. 

Datasets 
A subset of the data collected for the Black Mesa SPE was used in the research described in this 
paper, including: 
 
- Texan Data: 140 vertical component 4.5 Hz Mark Products geophones were deployed at 
varying azimuths and distances from the shots (Figure 4-3).  Data were recovered from 130 of 
these stations.  The design for the network utilized existing roads and formed one fully enclosed 
ring of sensors between 1.5 and 5.5 km from the shots, and a second partially enclosed ring at 
greater distances (out to 13.4 km from the shots).  The data were recorded at 200 
samples/second. 
 
- In-Mine Data: LANL deployed an in-mine network of 5 stations (Figure 4-3).  Each station 
consisted of a broadband 3-component Guralp CMG-3T seismometer enclosed in a thermally 
protected vault (recorded at 250 samples/second), and a short-period 3-component Mark 
Products L4-3D seismometer located within 1 m of the CMG-3T (recorded at 125 
samples/second). 
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- Refraction Data: Refraction studies (reversed profiling and split-spread P-wave velocity 
surveys) were undertaken both in the pit and on the bench to determine the near-source velocity 
structure. 
 
- Video Data: Video of all nine Black Mesa explosions was recorded using two Sony EVW-300 
Hi-8 video cameras at distances of less than 300 m from each shot.  The locations of the cameras 
are shown in the bottom plot of Figure 4-2.  The videos were used to examine the surficial 
phenomena associated with the explosions.  Figures 4-4 and 4-5 show video captures of Shots 3, 
4, 6, and 8. 
 

 
 
Figure 4-2.  (Top) The test pit in the coal mine at Black Mesa where the mine’s engineers 

helped us to design and conduct the SPE shots.  Seven shots were detonated in the 
test pit, and two shots were detonated in the limestone-dominated bench free-face 
(on the left).  The picture was taken from the camera 2 location.  (Bottom) Map view 
schematic showing the Black Mesa SPE shot locations (circles and stars), as well as 
the locations of two video cameras used to record the shots. 
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Figure 4-3.  The Black Mesa SPE Texan network, consisting of 140 vertical single-

component stations (black circles), and the 5 station LANL in-mine 
broadband/short-period network (white triangles).  The black star marks the 
location of the test pit. 
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Figure 4-4.  (Top) Video 
captures from Camera 1 of 
Shot 3, a 6 ton confined 
explosion on the floor of the 
test pit.  The vertical white 
arrows in the top left image 
(at detonation) show the 
locations of the boreholes 
housing the explosives and 
stemming.  The horizontal 
white arrow shows the 
approximate initiation point 
of the explosion based on the 
burning of the detonator 
cord.  The next two images 
show the very limited 
surficial activity of the shot at 
0.4 seconds and 1.5 seconds 
after detonation.  The area 
around the boreholes was 
raised by less than 1 m.  The 
final image shows gases 
escaping through a fracture 
network into a nearby open 
borehole three seconds after 
detonation.  (Bottom) Video 
captures from Camera 1 of 
Shot 4, a 6.5 ton unconfined 
explosion on the floor of the 
test pit.  Shot 4 was designed 
to have a yield similar to Shot 
3, but was purposefully 
underburied so that it would 
be unconfined.  The first 
image (at detonation), shows 
the burning detonator cord 
(white arrow).  The dome of 
fractured rock reached a 

maximum height of 8 to 10 m at 1.66 seconds after detonation, and we note that it was 
slightly asymmetrical due to increased stemming ejection from one borehole.  The dome 
subsided completely by three seconds after detonation. 
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Figure 4-5.  Comparison of video captures of Shot 6 (unconfined, in the test pit) and Shot 8 

(unconfined, on the free-face).  Both shots had yields of approximately 3 tons.  The 
vertical movement of the material for both shots is similar; however, we note that 
there is an additional component of horizontal movement for the explosion on the 
free-face (Shot 8).  Comparable effects were noted for Shots 7 and 9, which were 
designed similarly to the blasts shown here, but with approximately one-half the 
yield (see Table 4-1).   
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METHODS 
 
Our goal was to examine the effects of confinement on the coupling of energy into Rg.  Although 
data were recovered from 130 Texans, the number of Texans available for individual analyses 
ranged between 100 and 120.  Several stations were too close to the shots (< 3 km) to allow 
adequate separation of the P and Rg phases and were not included, while other stations were 
contaminated by passing haul trucks or high noise conditions and were not used.  Several 
analyses were completed using only the 54 Texans from the fully-enclosed inner ring of sensors. 

Data Preparation and Rg Extraction 
The Texan data were converted to velocity and corrected for receiver sensitivity.  In order to 
verify data quality, a spectral comparison was performed between data from a Guralp CMG-3T 
broadband in-mine network station and a nearby Texan short-period geophone (Figure 4-6).  
Small differences in the spectra are to be expected, given that the stations were not co-located 
and the Texans were not individually calibrated (Texan geophones are typically used for velocity 
imaging studies).  The Texan instrument corner frequency is 4.5 Hz; however, an objective of 
this study was to discover whether the geophones could be used at frequencies as low as 0.5 Hz.  
The comparison in Figure 4-6 shows that the corrected Texan and Guralp spectra overlap 
between 1 and 3 Hz even though the sensors were not co-located.  At 1 Hz, the noise on the 
Guralp sensor overwhelms the signal; however, we note that the longer-period noise at the Texan 
station is smaller and the signal can be tracked to ~0.6 Hz.  Kim and Stump (Kim and Stump, 
Pers. Comm., 2004; Leidig et al., 2004) also used co-located Texan and Guralp stations to 
determine that the spectra for the Texan geophones and Guralp broadband sensors are very 
similar at frequencies of 0.5 Hz and greater.  These results suggest that the short-period Texan 
data can be used for analysis of Rg with frequencies of 0.5 Hz and above. 
 
Short-period, fundamental mode Rayleigh waves (Rg) are a prominent arrival on local recordings 
of the SPE blasts.  The Texan data clearly show coherent, well-developed Rg signals at periods 
between 0.5 and 4 Hz (Figure 4-7), however, it is difficult to visually detect Rg at periods above 
4 Hz on the raw seismograms.  We used multiple filter analysis (Dziewonski et al., 1969) and 
phase match filtering techniques (Herrin and Goforth, 1977) to extract Rg from the complex 
waveforms.  An example of a full waveform and the extracted Rg is shown in Figure 4-8.  Group 
velocities were estimated based on the local velocity structure of the test site and record sections 
of the Texan data. 

Spectral Energies and Spectral Energy Ratios 
Rg root mean square (RMS) spectral energies were calculated for each station and each shot in 
various frequency ranges between 0.5 and 15 Hz.  The spectra were calculated using 1028 point 
Fast Fourier Transforms.  The windows started several seconds prior to the expected Rg arrivals 
(at a group velocity of 10 km/s), and were 40 seconds long (phase match filtered waveforms 
contain no P or S data).   
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Figure 4-6.  A comparison between the spectra of a Texan sensor, corrected for the 

instrument response (black line), and a broadband Guralp CMG-3T seismometer 
(grey line).  The spectra are very similar between 1 and 3 Hz, which is below the 
Texan corner frequency, even though the two stations were not co-located.  The 
solid lines are the spectra from the Shot 3 signal, while the dotted lines represent 
noise. 

 

 
Figure 4-7.  Filtered seismograms (1 to 2 Hz) for Shot 3 as recorded on seven Texan sensors 

at distances between 5 and 8 km. 
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The uncertainties in the absolute calibration levels of the Texans, together with the lateral 
variability of attenuation at Black Mesa, limits the applicability of site and station corrections at 
the frequencies of interest.  We used a spectral energy ratio method (Stump et al., 2003) on the 
uncorrected data, which allowed us to compare the source scaling functions for the shots without 
concerning ourselves with local path and site effects.  We calculated ratios of the spectral 
energies of all the shots with Shot 3 (the 6 ton confined shot) and Shot 4 (the 6.5 ton unconfined 
shot), as well as ratios between the two shots on the bench free-face (Shots 8 and 9) and their 
equivalents in the test pit (Shots 6 and 7).  The spectral ratios for each station were smoothed 
using a 6 Hz window with a 1 Hz step.  Mean spectral energy ratios were also calculated for each 
shot combination and each frequency window by averaging over all available stations. 

Figure 4-8.  The full velocity waveform recorded on Texan W25 from Shot 3 (black line), 
and the extracted Rg (grey line).   

 
The spectrum, U, for the ith station (i = 1 to 130 Texan stations), jth shot (j=2 to 9) and kth 
component (only the vertical component is used, therefore k = 1), can be described in the 
frequency domain as (similar to Stump et al., 2003): 
 

Uijk(f)=Rik(f) Pijk(f) Sj(f),                               (4-1) 
 
where Rik(f) is the site effect for each station, Pijk(f) is the local propagation path effect, and Sj(f) 
is the frequency-dependent source function for source j.  Rik(f) depends on station location only, 
so at a specific station i, it is the same for all shots.  Pijk(f) depends on both the source and station 
locations, but since Shots 2-9 were located in a very small test pit area of the mine, at a specific 
station i, Pijk(f) can be assumed to be the same for all shots, i.e. Pijk(f) = Pik(f).  Therefore, at a 
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specific station i, taking the spectral ratio of two different shots allows us to cancel out the path 
and site effects:  
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The top plot of Figure 4-9 demonstrates the decrease of energy with distance and the scatter 
caused by the path and site effects on the Shot 3 data, while the bottom plot demonstrates how 
taking the ratio between the Shot 3 and Shot 4 data removes those effects.  
 

 
 
 
 
 
 
 
 
Figure 4-9.  (Top) The Rg wave 
spectral energies of Shot 3 for each 
Texan station, in four different 
frequency bands.  Note the 
decrease in energy with distance 
(due to path effects such as 
attenuation and geometric 
spreading), and the scatter (due to 
variations in attenuation and site 
effects).  (Bottom) The ratios 
between Shot 3 and Shot 4 of the 
Rg spectral energies for each Texan 
station, in four different frequency 
bands.  Note that taking the ratios 
effectively removes the path and 
site effects.   
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Theoretical Mueller-Murphy Sources 
The Mueller and Murphy (1971) source model was empirically developed based on nuclear 
explosions at the Nevada Test Site (NTS), which were confined sources.  It has been successfully 
applied to nuclear explosions at other test sites, mining explosions (Yang, 1997) and confined 
chemical explosions (Stump et al., 1999; Stump et al., 2003).   
 
We used wavenumber-integration synthetics (Herrmann, 2002) to generate Green’s functions for 
Rg recorded at a distance of 6 km and propagated through the velocity model derived in Leidig et 
al. (2005).  We then used the near-source properties for the test bed (Vp = 2.57 km/s and Vs = 
0.88 km/s) and the Mueller-Murphy source to generate the theoretical reduced displacement 
potential (RDP) for each of our shots.  We used the empirical constants for the Mueller-Murphy 
source for shale, rhyolite, tuff, and salt and determined that shale provided the best fit to the 
observed data.  Visual inspection of the rock in the test pit bench showed the rock to be 
limestone with interbedded shale and coal layers.  The RDP was convolved with the Green’s 
functions for Rg following the methods of Yang (1998) to produce new waveforms that 
incorporated the effects of source depth, yield, near-source medium properties, and Mueller-
Murphy source scaling.  We analyzed the synthetic waveforms in the same way as the observed 
waveforms to obtain theoretical spectral energies and spectral energy ratios.   
 
We compared our SPE explosions (most of which were unconfined) to Mueller-Murphy sources 
(which were confined) in order to determine how a lack of confinement affects the coupling of 
energy.  Differences between the theoretical (Mueller-Murphy) and observed (SPE) data can be 
used to estimate empirical chemical decoupling factors, which measure the effect of the lack of 
confinement.  Clearly, any variations between the design and the actual detonation of the shots 
will also affect the analysis.   

Chemical Decoupling Factors 
Empirical chemical decoupling factors are first-order estimates of the frequency-dependent 
decoupling caused by the lack of confinement of the explosions.  We calculated the factors by 
taking the mean of the spectral energy ratios for a particular shot combination and frequency 
band over all the Texan stations used in the analysis, and dividing by the theoretical spectral 
energy ratio based on the Mueller-Murphy source.  The chemical decoupling factors are 
important because they can provide information on how to adjust the yields of mining explosions 
for confinement effects.  Discussions with mining explosion engineers suggest that observed 
amplitudes from mining explosions are usually 3 times smaller than amplitudes predicted by 
theoretical explosion sources.  These engineers believe that the discrepancies are related to 
coupling issues. 
 
In this analysis, two factors were calculated.  The first was a chemical decoupling factor, and the 
second was an error factor.  The chemical decoupling factor was calculated using observed mean 
spectral ratios between Shot 3 (a confined explosion) and Shots 4 - 9 (all unconfined), and 
theoretical ratios between the same shots, which are all confined due to the nature of the 
Mueller-Murphy source. 
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                                                                                                                                               (4-3) 
 
 
 
 
This chemical decoupling factor provides a first-order estimate of the frequency-dependent 
decoupling caused by the lack of confinement.  If the confined and unconfined explosion sources 
are dissimilar, then we expect the chemical decoupling factor to be quite large.   
 
The error factor was calculated using observed mean spectral ratios between Shot 4 (an 
unconfined explosion) and Shots 3, 5 – 9 (all unconfined except for Shot 3), and theoretical 
ratios between the same shots, which are all confined due to the nature of the Mueller-Murphy 
source. 
 
         
                                                                                                                                               (4-4) 
 
 
 
 
This error factor represents the differences between the design and the actual detonation of the 
shots, and therefore does not actually represent a decoupling effect.  Since the unconfined 
explosions should have had similar sources, we expect that the error factors should be smaller 
than the chemical decoupling factors.   

RESULTS AND DISCUSSION 

Mean Spectral Energy Ratios 
In Figure 4-10a, we compare the theoretical (solid black lines) and observed (solid red lines with 
dashed lines showing ± 1 standard deviation) mean spectral energy ratios, using the confined 
Shot 3 as the reference explosion.   
 
The theoretical ratios are based on Mueller-Murphy sources and the SPE source parameters 
(Table 4-1), and represent ratios between confined explosions.  The Shot 3 / Shot 4-9 ratios 
represent ratios between confined and unconfined explosions.  The differences between the 
observed and theoretical mean spectral ratios demonstrate the effects of the lack of confinement.  
Note that the mean theoretical ratios scale with the explosive weight of the shots. 
 
The observed mean ratios are all larger than the theoretical mean ratios predicted from the 
Mueller-Murphy source (indeed, for most of these comparisons and frequencies, the theoretical 
ratios fall at least 2 standard deviations from the mean of the observed ratios).  This indicates that 
the unconfined shots (4 – 9) have less energy than they would have if they had been confined.  
This reduction in energy can be quantified using empirical chemical decoupling factors, as 
described above.   
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Figure 4-10.  Mean spectral 
ratios and chemical decoupling 
factors.  (a) The solid black 
lines represent the theoretical 
mean spectral ratios for Rg 
(Shot 3 / Shots 4-9) based on 
confined Mueller-Murphy 
explosions and the source 
parameters shown in Table 4-1.  
The solid red lines are the 
observed mean spectral ratios 
for Rg (Shot 3 / Shots 4-9) for 
130 Texan recordings of the 
shots as detonated.  The dashed 
red lines represent ± 1 standard 
deviation.  (b) Comparisons 
between the two sets of shots 
designed to investigate the 
effects of the free-face (Shots 6 
and 8 and Shots 7 and 9).  The 
solid lines are observed mean 
spectral ratios for Rg, while the 
dashed lines represent ± 1 
standard deviation.  The grey 
vertical lines represent 8 Hz, 
the approximate frequency at 
which “crossover” occurs.  (c) 
Chemical decoupling factors 
(observed ratio / theoretical 
ratio) calculated for the Shot 3 
(confined) / Shots 4-9 
(unconfined) ratios for Rg at 
various frequencies.  These 
chemical decoupling factors are 
mainly due to the differences 
between the unconfined and 
confined sources. 
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Below 1 Hz, the observed mean spectral ratios tend to fall off and approximate the theoretical 
Mueller-Murphy values for several of the shot combinations.  The reason for this sharp decrease 
is associated with the explosion phenomenology.  The confined Shot 3 explosion generated more 
1-4 Hz Rg than predicted by the theoretical Mueller-Murphy sources, and based on the modeling 
and considering the decoupling effects, all seven of the explosions generated less 0.5 to 1 Hz Rg 
energy than predicted.  However, for some of the smaller explosions, noise in this frequency 
band complicates the analysis.  Increases in the standard deviation for some shot combinations at 
frequencies less than 1 Hz represent lower signal-to-noise ratios and reduced stability of the 
geophones in this band.   
 
Shots 6 – 9 were designed to investigate the effects of the free-face.  Theoretically, the Shot 3 / 
Shot 6 and Shot 3 / Shot 8 ratios should be approximately the same, as should the Shot 3 / Shot 7 
and Shot 3 / Shot 9 ratios; however, Figure 4-10b shows that this is not necessarily the case for 
the observed ratios.  Between 1.5 and 7 Hz, the Shot 3 / Shot 6 and Shot 3 / Shot 8 ratios are 
clearly separated by at least 1 standard deviation.  The Shot 3 / Shot 7 and Shot 3 / Shot 9 ratios, 
on the other hand, are not clearly separated (they are within 1 standard deviation of the other).  
Both sets of ratios “crossover” each other at approximately 8 Hz.  As we note below, Shots 7 and 
9 may not have detonated as they were designed.  Taking that element of uncertainty into 
account, this analysis suggests that the Shots on the bench (Shots 8 and 9) contain less high-
frequency energy and the same or slightly more low-frequency energy than their equivalents in 
the test pit (Shots 6 and 7).  The chemical decoupling factors in Figure 4-10c tend to reinforce 
this conclusion. 

Chemical Decoupling Factors 
The empirical chemical decoupling factor provides a first-order estimate of the frequency-
dependent decoupling caused by the lack of confinement.  Figure 4-10c shows the chemical 
decoupling factors for Rg at various frequencies.  The chemical decoupling factors are 
frequency-dependent, and peak between 1-3 Hz, the primary frequency for Rg.  The values for 
the chemical decoupling factors vary over all frequency bands from 0.55 to 8.2, with the majority 
ranging between 2 and 4.  This suggests that a lack of confinement can cause significant 
differences between the energies of unconfined shots and theoretical confined sources, and that 
unconfined mining explosion energies probably cannot be simulated using Mueller-Murphy 
sources without the use of some kind of frequency-dependent chemical decoupling factor.  This 
theory was confirmed in a subsequent study on mining explosions in Minnesota (Tibuleac et al., 
2005). 
 
The chemical decoupling factors for Shots 4, 5, 6, and 8 show similar values and behavior with 
frequency.  Shot 8, which was unconfined and detonated on the free-face, exhibits the smallest 
chemical decoupling factors at most frequencies.  The Shot 8 chemical decoupling factors are 
generally less than the chemical decoupling factors for Shot 6, which is its equivalent shot on the 
test pit floor.  At higher frequencies, the energy of Shot 8 becomes similar to that of Shot 6.  This 
effect is due to the crossover phenomenon discussed in the mean spectral energy ratios section.  
The Shot 9 chemical decoupling factors are also less than the Shot 7 factors at all frequencies 
except 8-11 Hz, and the rise at higher frequencies is also due to the crossover phenomenon.  This 
suggests that the energies of Rg are affected by the presence of the free-face near an unconfined 
explosion.   
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We note that the chemical decoupling factors for Shot 7, and to a smaller extent, Shot 9, are 
anomalously high, although their behavior with frequency is similar to the other shots.  The 
reasons for this are unclear, but we suspect that Shots 7 and 9 may not have detonated as they 
were designed.  Figure 4-11a shows a comparison between the theoretical (solid black lines) and 
observed (solid red lines with dashed lines showing ± 1 standard deviation) mean spectral energy 
ratios, using the unconfined Shot 4 as the reference explosion.  These ratios were used to 
estimate the error factors (Figure 4-11b), as described in the Methods section.  The results 
confirm our suspicion that Shots 7 and 9 may not have detonated as planned.  The error factors 
represent the differences between the design and detonation of the shots, and demonstrate the 
difficulties inherent in detonating equivalent explosions in a complicated medium such as that 
present at Black Mesa.  Unfortunately, we do not have very good video footage of Shots 7 and 9, 
so this theory will be difficult to investigate further.  Any conclusions gleaned from Shots 7 and 
9 should be used cautiously. 

 
 
Figure 4-11.  Mean spectral 
ratios and error factors.  (a) 
The solid black lines represent 
the theoretical mean spectral 
ratios for Rg (Shot 4 / Shots 3, 
5-9) based on confined 
Mueller-Murphy explosions 
and the source parameters 
shown in Table 4-1.  The solid 
red lines are the observed mean 
spectral ratios for Rg (Shot 4 / 
Shots 3, 5-9) for 130 Texan 
recordings of the shots as 
detonated.  The dashed red 
lines represent ± 1 standard 
deviation.  (b) Error factors 
(observed ratio / theoretical 
ratio) calculated for the Shot 4 
(unconfined) / Shots 3, 5 - 9 
(unconfined except Shot 3) 
ratios for Rg at various 
frequencies.  With the 
exception of the Shot 4 / Shot 3 
error factor, these error factors 
were calculated between two 
unconfined sources, and are 
mainly due to differences 
between the design and actual 
detonation of the shots. 
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In general, the error factors are much smaller than the chemical decoupling factors and vary less 
with frequency.  With the exception of Shots 7 and 9, the error factors are mainly less than 1, 
suggesting that the Mueller-Murphy model can be used to predict the ratios between two 
similarly unconfined explosions.   

Azimuthal Radiation Plots 
The results presented thus far suggest that on average, the lack of confinement of the explosions 
results in Rg energies that are up to eight times less than the energies of confined (theoretical) 
explosions.  It is also useful to determine whether the spectral ratios show any azimuthal 
variations.  Azimuthal radiation plots of Shots 3-7 confirm the results obtained with the mean 
spectral ratios and chemical decoupling factors.  Figures 4-12 through 4-14 show sample plots of 
Shot 3 / Shot 4-7 and Shot 4 / Shot 3, 5-7.   
 
Comparisons between the shots on the bench free-face (Shots 8 and 9) and their equivalents in 
the pit (Shots 6 and 7) are of great interest, and are shown in Figure 4-15.  These comparisons 
allow us to investigate the effects of the bench free-face on unconfined explosions.  Figure 4-15 
shows azimuthal radiation plots for Rg for a frequency range of 0.5–1 Hz.  Frequency ranges of 
1-2 Hz and 2-4 Hz show similar results, but we begin to observe more scatter in the azimuthal 
radiation patterns at the higher frequencies, and by 4-8 Hz, the effects of the free-face on the Rg 
energies are no longer visible.   
 
The left subplot of Figure 4-15 shows the ratios between both shots in the pit (Shots 6 and 7) and 
both shots on the bench (Shots 8 and 9).  As is to be expected due to the relative explosive 
weights of the shots, in most directions, the energy of Shot 8 is approximately twice as large as 
the energy of Shot 9.  The ratios of Shots 6 and 7 show similar effects.  The radiation patterns are 
close to circular, indicating that the compared shots had similar sources.  The slightly elliptical 
pattern for Shot 7 / Shot 6 gives further support to the theory that the detonation of Shot 7 was 
somewhat different from its design.  This effect also shows up in the right subplot as a decrease 
in the Shot 9 / Shot 7 ratio in the southwest quadrant. 
 
The right subplot of Figure 4-15 shows the ratios between the shots on the bench free-face and 
their equivalents in the pit, and here the results are very different.  For azimuths on the test pit 
side of the plot (white), the ratios are very close to the predicted ratios for the shots (~1).  This is 
as expected for two unconfined explosions of similar yield.  However, for azimuths in the NE 
and SE quadrants, behind the bench free-face (grey), the ratios are increased to greater than 1.5, 
particularly at azimuths near the bench normal (~120°).  This effect is not seen for P-waves 
(Figure 4-16) or S-waves.  Given that the approximate bench azimuth is NNE-SSW, these ratio 
patterns suggest that the free-face is playing an important role in determining the Rg radiation 
patterns for these shots, and that the Rg energies for shots on the bench are increased at azimuths 
behind the free-face.  This suggests that a discriminant based on the relative azimuthal spectral 
energies of Rg may be a possibility; however, station coverage similar to that described in this 
study is not available using the current global networks. 
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Figure 4-12.  Station-based Rg spectral ratios from ~130 Texan stations for Shot 3 / Shots 4-
7 in the bandwidth of 0.5 to 1 Hz.  The solid circles represent the theoretical ratios 
based on Mueller and Murphy (1971) sources.  The spectral energy ratio values 
increase outward, and the ratio for each station is plotted as a function of source to 
station azimuth.  If the confined (Shot 3) and unconfined (Shots 4-7) sources were 
similar, we would expect these ratios to look circular.  However, for all frequencies 
this is not the case.  As expected from mean spectral ratio and chemical decoupling 
factor results, the theoretical ratios are smaller than the observed ratios.  Some plots 
show increases or decreases in the ratios in certain quadrants, indicating 
directionality in one of the two sources, however there is no overall pattern to the 
deviations.  The exception is Shot 7, which displays an almost bipolar radiation 
pattern at various frequency ranges and in a number of different ratios.  This 
supports our suspicion that Shot 7 did not detonate as designed.    
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Figure 4-13.  Station-based Rg spectral ratios from ~130 Texan stations for Shot 3 / Shots 4-

7 in the bandwidth of 2 to 4 Hz.  The solid circles represent the theoretical ratios 
based on Mueller and Murphy (1971) sources.  The spectral energy ratio values 
increase outward, and the ratio for each station is plotted as a function of source to 
station azimuth.  Note that the radiation patterns change with frequency (compare 
to Figure 4-12), and that we begin to observe more scatter at higher frequencies. 
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Figure 4-14.  Station-based Rg spectral ratios from ~130 Texan stations for Shot 4 / Shots 3, 

5-7 in the bandwidth of 2 to 4 Hz.  The solid circles represent the theoretical ratios 
based on Mueller and Murphy (1971) sources.  The spectral energy ratio values 
increase outward, and the ratio for each station is plotted as a function of source to 
station azimuth.  The spectral energy ratios are much more circular in this figure 
than in Figures 4-12 and 4-13, demonstrating that the unconfined sources are far 
more similar to each other than they are to the confined source.  Since the 
theoretical Mueller-Murphy ratios involve ratios between confined sources, and 
these observed ratios (with the exception of the Shot 4 / Shot 3 plot) involve ratios 
between unconfined sources, the theoretical and observed ratios are far closer to 
each other than in the previous figures. 
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Figure 4-15.  Station-based Rg spectral ratios from ~130 Texan stations for combinations of 

Shots 6-9 in the bandwidth of 0.5 to 1 Hz.  The solid circles represent the theoretical 
ratios based on Mueller and Murphy (1971) sources.  The spectral energy ratio 
values increase outward, and the ratio for each station is plotted as a function of 
source to station azimuth. 

 

 
Figure 4-16.  Station-based P spectral ratios from 54 Texan stations for combinations of 

Shots 6-9 in the bandwidth of 2 to 15 Hz.  The solid circles represent the theoretical 
ratios based on Mueller and Murphy (1971) sources.  The spectral energy ratio 
values increase outward, and the ratio for each station is plotted as a function of 
source to station azimuth. 
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CONCLUSIONS 
 
We have used a subset of the data from the 2003 Source Phenomenology Experiment (SPE) to 
study the effects of confinement on the generation of short-period, fundamental mode Rayleigh-
waves (Rg).   
 
The research has shown that there are important differences between the Rg amplitudes of 
confined and unconfined explosions that must be understood in order to develop discriminants 
for mining explosions.  The Rg energy and frequency content are dependent upon explosive 
weight and confinement, and a lack of confinement can cause differences of almost an order of 
magnitude between the energies of unconfined explosions and theoretical confined sources.  On 
average, unconfined chemical explosions have amplitudes that are 2-4 times smaller than similar 
explosions that are fully confined.  For this reason, unconfined mining explosions cannot be 
accurately simulated using a Mueller and Murphy (1971) source without the addition of a 
chemical decoupling factor.   
 
Shots that are not fully confined have frequency-dependent Rg chemical decoupling factors that 
vary from 0.5 to 8.2 at frequencies between 0.5 and 11 Hz.  These chemical decoupling factors 
tend to be largest in the 1-3 Hz Rg bandwidth.  Based on these chemical decoupling factors, 
future work may be able to quantify the relationships between the scaling of decoupled chemical 
explosions and increased infrasound amplitude scaling (e.g., Bonner et al., 2005; Koper et al., 
2002), allowing for increased characterization of the mining explosion source in important 
nuclear monitoring regions. 
 
The effects of the bench free-face are evident in the radiation patterns, which show increased 
spectral energies (by a factor of 1.5) at azimuths behind the bench.  While previous studies have 
suggested this phenomenon, this is the first study that has demonstrated it using co-located 
explosions in and below a bench with a free-face.  The research has also shown that the shots on 
the bench contain the same or more low-frequency energy and less high-frequency energy than 
their equivalents in the test pit.  These results suggest that a discriminant based on the relative 
azimuthal spectral energies of Rg may be a possibility.  Additional modeling (possibly non-linear 
modeling) is recommended to further explore this phenomenon. 

ACKNOWLEDGEMENTS 
 
It is impossible to thank all of the people who helped make this large project a resounding 
success.  We express our sincere thanks to all involved and to all those who helped to support the 
Source Phenomenology Experiment.  In particular, we thank James Britton, Delaine Reiter, 
Brian Stump, Chris Hayward, Rong Mao Zhou, Bob Greschke, Steve Azevedo, Glen Gettemy, 
C. L. Edwards, and Diane Baker.  This research would not have been possible without the 
tremendous support of the front office, engineers, and miners at the coal mine, in particular Mr. 
Steve Blomberg.  We thank the Navajo Nation for allowing us to place instruments on their 
lands.  We also wish to thank Mr. Mike Rosenthal for his support in obtaining variances for the 
largest explosions.  The SPE project was funded by the Department of Energy Under 
Cooperative Agreement No. DE-FC03-02SF22638.   
 



Chapter 4:  Effects of Confinement on Short-Period Surface Waves:  Observations from a New Dataset 
 

 96

REFERENCES 

Bath, M., (1975).  Short-period Rayleigh waves from near-surface events.  Phys. Earth Planet. 
Sci.,  10, 369-376. 

Bonner, J.L., D.C. Pearson, and S. Blomberg, (2003).  Azimuthal variation of short-period 
Rayleigh waves from cast blasts in northern Arizona.  Bull. Seism. Soc. Am., 93, 724-736. 

Bonner, J.L. B. Stump, M. Leidig, R. Zhou, T.S. Kim, W. R. Walter, A. Velasco, C. Hayward, 
D.F. Baker, C.L. Edwards, S. Harder, H. Hooper, T. Glenn, J. Britton, X. Yang, J. F. 
Lewkowicz, W. S. Blomberg, B. Greschke, S. Azevedo, and G. Gettemy, in review.  
Preliminary report on Source Phenomenology Experiments.  Submitted to Seism. Res. Letts. 
in March, 2005. 

Dziewonski, A., S. Bloch and M. Landisman, (1969).  A technique for the analysis of transient 
seismic signals.  Bull. Seism. Soc. Am., 59, 427-444. 

Herrin, E. and T. Goforth, (1977).  Phase-matched filters: application to the study of Rayleigh 
waves.  Bull. Seism. Soc. Am., 67, 1259-1275. 

Herrmann, R.B., (2002).  Computer Programs in Seismology.  Vols. II-IV, St. Louis University, 
St. Louis, Missouri. 

Kafka, A., (1990).  Rg as depth discriminant for earthquakes and explosions: a case study in New 
England.  Bull. Seism. Soc. Am., 80, 373-394. 

Khalturin, V., T. Rautian, P. Richards, and W. Kim, (1996).  Evaluation of chemical explosions 
and methods of discrimination for practical seismic monitoring of a CTBT.  Lamont-Doherty 
Earth Observatory Scientific Report, PL-TR-96-2172. 

Koper, K.D., T.C. Wallace, R.E. Reinke, and A. Leverette, (2002).  Empirical scaling laws for 
truck bomb explosions based on seismic and acoustic data.  Bull. Seism. Soc. Am., 92, 527-
542.  

Leidig, M., B. Stump, J. Bonner, C. Hayward, A. Velasco, D. Baker, H. Hooper, W. Walter, X. 
Yang, R. Zhou, C. Edwards, M. Renwald, and J. Lewkowicz, (2004).  Source 
Phenomenology Experiments in Arizona.  Proceedings of the 26th Seismic Research Review: 
Trends in Nuclear Explosion Monitoring, Orlando, FL (Sept. 21-23, 2004), LA-UR-04-5801, 
Vol.: 1, pp. 427-438. 

Leidig, M. R., J. L. Bonner, and D. T. Reiter, (2005).  Development of a Velocity Model for 
Black Mesa, Arizona and the Southern Colorado Plateau from Multiple Data Sets.  Accepted 
for publication by Bull. Seism. Soc. Am. in July, 2005. 

Leith, W., A. Spivak,  and L. Pernick, (1996).  Large mining blasts from the Kursk mining 
region, Russia.  Proceedings of the 18th  Annual Seismic Research Symposium, 12-15 
September 1996, PL-TR-96-2153, Phillips Laboratory, Hanscom AFB, MA. 



Chapter 4:  Effects of Confinement on Short-Period Surface Waves:  Observations from a New Dataset 
 

 97

Mueller, R.A., and J.R. Murphy, (1971).  Seismic characteristics of underground nuclear 
detonations.  Bull. Seism. Soc. Am., 61, 1675-1692. 

Mutschlecner, J.P., and R.W. Whitaker, (2005).  Infrasound from earthquakes.  J.G.R., 110, 
D01108-D01118.  

Patton, H.J., J. Bonner, and I. Gupta, (in review).  Rg Excitation by Underground Explosions: 
Insights from the Balapan DOB Experiment.  Submitted to Geophys. J. Int. 

Richards, P.G., D. Anderson, and D. Simpson, (1992).  A survey of blasting activity in the 
United States.  Bull. Seism. Soc. Am., 82, 1416. 

Sorrells, G.G., E.T. Herrin, and J. L. Bonner, (1997).  Construction of regional ground truth 
databases using seismic and infrasound data.  Seism. Res. Letts., 68, 743. 

Stump, B.W., D.C. Pearson, R.L. Martin, P.E. Harben, C.L. Edwards, D. Baker, K. Kihara, K. 
Dalrymple, J.P. Lewis, D. Rock, and R. Boyd, (1995).  The Black Thunder regional seismic 
experiment, 10 June - 19 September 1995.  Los Alamos National Laboratory, Los Alamos, 
NM, LA-UR-95-3980. 

Stump, B.W., and D.C. Pearson, (1997).  Comparison of single-fired and delay-fired explosions 
at regional and local distances.  Proceedings of the 19th Annual Seismic Research Symposium 
on Monitoring a Comprehensive Test Ban Treaty, Orlando, FL (Sept. 23-25, 1997), pp. 668-
677.  

Stump, B. W., D. C. Pearson, and R. E. Reinke, (1999).  Source comparisons between nuclear 
and chemical explosions detonated at Rainier Mesa, Nevada Test Site.  Bull. Seism. Soc. 
Am., 89, 409-422. 

Stump, B. W., D.C. Pearson, and V. Hsu, (2003).  Source scaling of contained chemical 
explosions as constrained by regional seismograms.  Bull. Seism. Soc. Am., 93, 1212-1225. 

Tibuleac, I., D. Thompson, and J. Bonner, (2005).  Modeling ground motion in 3D geologic 
media from fragmentation explosions.  Proceedings of the International Society of Explosion 
Engineers' 31st Annual Meeting, Orlando, FL, (Feb. 4-6, 2005), CD-ROM. 

Yang, X., (1997).  Mining explosion and collapse source characterization and modeling with 
near-source seismic data.  Ph.D. Thesis, Southern Methodist University, Dallas, Texas. 

Yang, X., (1998).  MineSeis – A MATLAB GUI program to calculate synthetic seismograms 
from a linear, multi-shot blast source model.  LAUR, 98, 1486. 

Zhou, R., B. Stump, and C. Hayward, (2004).  Ms:mb discrimination study of mining explosions 
in Wyoming, USA and Qianan, China.  Proceedings of the 26th Seismic Research Review: 
Trends in Nuclear Explosion Monitoring, Orlando, FL (Sept. 21-23, 2004), LA-UR-04-5801, 
Vol.: 1, pp. 541-550. 



 

98 

CHAPTER 5:  BLACK MESA SCALING RELATIONSHIPS AND SPECTRAL 
CHARACTERISTICS BETWEEN SINGLE-FIRED AND DELAY-FIRED 

EXPLOSIONS FROM REGIONAL BROADBANDS 
 

Mark Leidig and Jessie Bonner 
Weston Geophysical Corporation 

mleidig@westongeophysical.com, bonner@westongeophysical.com 

ABSTRACT 
 
In the summer of 2003, the Source Phenomenology Experiment was conducted in Eastern 
Arizona.  Single-fired chemical shots were planned, detonated, and recorded along with normal 
production mine blasts at two locations, a coal mine in the Black Mesa region of northern 
Arizona and the Morenci copper mining district in southern Arizona.  Explosions at both sites 
were recorded with close-in sensors and 25 regional broadband seismometers deployed in an 
array between the two mines.  The Black Mesa explosions recorded on the regional stations are 
the focus of this report. 
 
We conducted studies on the scaling relationships and spectral characteristics to find the 
similarities and differences between single-fired explosions and delay-fired mine production 
blasting.  The goal was to determine if mining blasts could be used as surrogates for nuclear 
explosions or if a discriminate could be developed to distinguish the two types of explosions.  
The scaling relationship study found the single-fired shots have a strong correlation between 
spectral amplitude and total charge size, while delay-fired shots have a smaller increase in 
amplitude with total charge weight and a weaker correlation due to scatter in the data.  Generally, 
there is an increase in amplitude with an increase in frequency, but the delay-fired shots have 
smaller amplitudes above 8 Hz than the lower frequency ranges, and this may serve as a way to 
discriminate the two types of explosions. 
 
Single-fired shots have increased spectral amplitudes between 5 and 10 Hz in comparison to 
delay-fired shots.  The delay-fired shots have increased amplitudes between 1 and 3 Hz though.  
The delay between holes in mine blasts generates relatively more low frequency energy than 
single-fired shots.   

OBJECTIVES 

Project Overview 
Two of the biggest challenges facing nuclear monitoring are the ability to discriminate between 
nuclear explosions and other man-made explosions, and the ability to develop ground truth 
calibrations for areas where nuclear events have not been recorded.  A large source of the non-
nuclear explosions is mine blasting.  Mine activity occurs all over the globe so it is important to 
be able to use these events to develop regional calibrations, but also be able to discriminate a 
nuclear explosion from a mine blast.  Therefore, we need to understand the similarities and 
differences between mine blasts and nuclear explosions.   
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During the summer of 2003, Weston Geophysical, Southern Methodist University, the University 
of Texas at El Paso, Los Alamos National Laboratory, and Lawrence Livermore National 
Laboratory formed a consortium to quantify the differences between contained single-fired 
chemical (a surrogate for nuclear tests) and delay-fired mining explosions.  Specifically, we 
wanted to examine the spectral characteristics and partitioning of seismic phases, in particular 
explosion generated S-phases, at regional distances in mines located in different lithologic and 
tectonic regimes.  We designed, detonated, and recorded nine contained, single-fired explosions 
(Table 5-1) and recorded many routine delay-fired production explosions (Table 5-2) in the 
northern Arizona Black Mesa coal mining district (Figure 5-1).  Those explosions were recorded 
on broadband stations arranged in a line extending south of the mine.   
 
The SPE data set provides a unique ability to compare the two explosion types and better 
understand the similarities and differences.  The waveforms from the broadband stations were 
studied to understand the scaling relationships and spectral characteristics of the two types of 
explosions.  This report details the findings of these studies.  
 

Table 5-1.  Black Mesa SPE shots (single-fired). 

Shot Year Month Day Total Charge
(lbs.) 

Max Charge Per
Hole (lbs.) Depth (m) Confinement

1 2003 9 6 32988 1280.8 10 Buffer 
2 2003 9 7 232.8 23.8 12 Solid 
3 2003 9 7 12089.5 2417.9 40 Solid 
4 2003 9 7 13807 2761.4 20 Solid 
5 2003 9 7 8284.5 2761.5 20 Solid 
6 2003 9 7 5708.5 951.4 12 Solid 
7 2003 9 7 3590.3 1795.2 12 Solid 
8 2003 9 7 6094.4 1015.7 12 Free-Face 
9 2003 9 7 3290.3 1645.2 12 Free-Face 

 
Table 5-2.  Black Mesa production shots (delay-fired). 

Year Month Day Total Charge 
(lbs.) 

Max Charge 
/Hole (lbs.) 

Max Charge / 
8 msecs. (lbs.) Depth (m) Type of Shot

2003 8 15 56434.3 230.8 2076.8 16 Parting 
2003 8 19 42442.3 208.8 1461.3 16 Parting 
2003 8 25 132505.0 330.0 3630.0 16 Parting 
2003 8 26 560744.5 1795.5 3591.0 44 Overburden 
2003 8 28 89697.8 1350.5 928.5 50 Overburden 
2003 9 08 263329.8 1812.5 1812.5 45 Parting 
2003 9 11 296285.0 3141.0 6282.0 89 Cast 
2003 9 12 66603.0 230.8 1384.5 15 Parting 
2003 9 15 248624.0 2446.0 2446.0 97 Overburden 
2003 9 16 91681.3 693.8 6937.5 23 Parting 
2003 9 18 58550.5 925.8 4628.8 30 Parting 
2003 10 14 158244.0 1334.0 1334.0 43 Parting 
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Figure 5-1.  Location map of the Black Mesa and Morenci mines and regional station 

locations. 

Regional Deployment 
The University of Texas at El Paso (UTEP) deployed 25 broadband sensors (Guralp 40Ts) 
between the Black Mesa and Morenci mines (Figure 5-1).  Many stations were clustered near the 
Morenci mine; otherwise, they were placed approximately every 30 km in a north/south line.  
The MR series stations were deployed long enough to record all SPE test shots at both mines and 
normal production shots from each mine.  The NN series stations had a much shorter deployment 
and only recorded the Black Mesa SPE shots and some Black Mesa production shots.  Table 5-3 
lists each regional station’s location and length of deployment. 
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Table 5-3.  Regional station locations and deployment dates. 
Station Latitude Longitude Elevation (m) Start Date End Date 
MR00 33.07247 -109.3624 1440 08/15/2003 09/25/2003 
MR01 33.13572 -109.3755 1629 08/15/2003 09/25/2003 
MR02 33.17041 -109.3737 1885 08/15/2003 09/25/2003 
MR03 33.19181 -109.3846 2060 08/02/2003 09/26/2003 
MR04 33.22470 -109.3880 2068 08/02/2003 09/26/2003 
MR05 33.25541 -109.3708 2011 08/02/2003 09/26/2003 
MR06 33.28848 -109.4025 1624 08/02/2003 09/25/2003 
MR07 33.31173 -109.4281 1683 08/03/2003 09/26/2003 
MR08 33.33464 -109.4532 1597 08/03/2003 09/26/2003 
MR09 33.37381 -109.4550 1678 08/03/2003 09/26/2003 
MR10 33.39662 -109.4686 1636 08/03/2003 09/26/2003 
MR11 33.42480 -109.4864 1556 08/04/2003 09/27/2003 
MR12 33.45428 -109.4847 1636 08/04/2003 09/27/2003 
MR13 33.47571 -109.4816 1642 08/04/2003 09/27/2003 
MR14 33.57006 -109.4337 2590 08/09/2003 09/25/2003 
MR15 33.75784 -109.4858 2423 08/09/2003 09/25/2003 
MR16 34.06141 -109.5608 2804 08/09/2003 09/26/2003 
MR17 34.35109 -109.6734 1957 08/10/2003 09/26/2003 
MR18 34.61377 -109.8056 1628 08/10/2003 09/26/2003 
MR19 34.98377 -109.8675 1607 08/10/2003 09/26/2003 
NN20 35.28683 -110.0582 1742 08/30/2203 09/27/2003 
NN21 35.64057 -110.0530 1871 08/29/2003 09/27/2003 
NN22 35.94110 -110.0946 1865 08/29/2003 09/27/2003 
NN23 36.15389 -110.2253 1975 08/29/2003 09/27/2003 
NN24 36.51750 -110.4419 1949 08/29/2003 09/27/2003 

RESEARCH ACCOMPLISHED 

Phases Present 
Both the single-fired and delay-fired shots produced strong P and Lg phases.  Figure 5-2 shows 
the vertical recordings at all SPE regional stations, plotted as a function of epicentral distance, 
for Black Mesa SPE shot 3.  The P first arrival velocity changes between stations MR19 and 
MR18, indicated by a change in the slope of the line needed to fit the first arrivals.  It is also 
around this distance that the theoretical Pn and Pg arrive far enough apart to be visually 
identified.  There is good signal to noise ratio (SNR) on the P arrivals at stations as far away as 
MR14.  Lg also has good SNR on the north component (Figure 5-3).  Figures 5-4 and 5-5 show 
the vertical and north components, respectively, from the Black Mesa production shot on 
September 11, 2003.  Delay-firing the production shots make it difficult to visually separate the 
various P arrivals.  For station distances greater than that of station MR19, the initial P phase 
travels at ~6.5 km/s.  The Lg phase is observed in Figure 5-5 and travels at approximately 3.5 
km/s.   
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Figure 5-2.  Regional vertical component data from Black Mesa shot 3 plotted as a function 

of distance and travel time.  The initial P arrivals are marked by the line.  Data was 
bandpassed between 2 and 8 Hz. 

 
 

 
Figure 5-3.  Regional north component data from Black Mesa shot 3 plotted as a function 

of distance and travel time.  The Lg arrivals are marked by the line.  Data was 
bandpassed between 1 and 4 Hz. 
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Figure 5-4.  Regional vertical component data from Black Mesa production shot on 

September 11, 2003 plotted as a function of distance and travel time.  The initial P 
arrivals are marked by the line.  Data was bandpassed between 2 and 8 Hz. 

 
 

 
Figure 5-5.  Regional north component data from Black Mesa production shot on 

September 11, 2003 plotted as a function of distance and travel time.  The Lg 
arrivals are marked by the line.  Data was bandpassed between 1 and 4 Hz. 
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Scaling Relationships 
We examined the scaling relationship between the source size and resulting regional amplitude 
for the P and Lg phases.  The study was conducted on both single-fired SPE test shots and delay-
fired production shots at the Black Mesa mine in northeastern Arizona.  Regional station MR18 
was chosen for its good SNR and a longer length of deployment, which allowed for the recording 
of more production shots.  We calculated the root mean squared (RMS) amplitude for the P 
phase between P onset and 5.0 km/sec, while Lg RMS amplitude was calculated between Lg 
onset and 3.2 km/sec.  To further examine the scaling relationships, the RMS amplitude for each 
phase was determined in multiple frequency ranges, 0.5-1, 1-2, 2-4, 4-8, and 8-16 Hz.  The data 
were then fit with an equation of the form: 
 
 Amplitude = AWb    (5-1) 
 
SPE Test Shots.  There is a strong correlation between total charge size and RMS amplitude for 
single-fired chemical explosions.  The scaling relationships for P and Lg from the SPE test shots 
(Table 5-1) are shown in Figures 5-6 and 5-7, respectively.  Using Equation 5-1, the best fit to 
each frequency range and the squared correlation coefficient (R2) are also shown.  The large R2 
values indicate a good fit to the above equation for the three higher frequency ranges.  These 
frequency ranges also have similar b values.  The fit decreases for the 0.5-1 and 1-2 Hz 
frequency ranges due to the RMS amplitudes observed for the 232 lbs. shot.  Amplitude tends to 
increase with higher frequency for both P and Lg, except for decreased 8-16 Hz Lg amplitudes at 
larger charge weights.  Figures 5-8 and 5-9 plot the scaling relationship for maximum charge 
weight per hole.  The correlation diminishes because larger shots tend to be composed of more 
holes rather than more explosives per hole. 
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Figure 5-6.  P scaling relationships for SPE test shots as a function of total charge weight 

and at various frequency ranges. 
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Figure 5-7.  Lg scaling relationships for SPE test shots as a function of total charge weight 
and at various frequency ranges. 
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Figure 5-8.  P scaling relationships for SPE test shots as a function of maximum charge 

weight per hole and at various frequency ranges. 
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Figure 5-9.  Lg scaling relationships for SPE test shots as a function of maximum charge 

weight per hole and at various frequency ranges. 
 
Production Shots.  The Black Mesa production shots (Table 5-2) do not show the same strong 
correlation between total charge size and amplitude.  The purpose of delay-fired shots is to 
maximize productivity while minimizing the ground vibration generated away from the shot 
pattern.  By delay-firing the holes, the mine can shoot well over 100,000 lbs. of explosives and 
experience less ground vibration than many of the SPE test shots.  This is accomplished by 
shooting typically less than 3,000 lbs. every 8 msecs. and creating destructive wave interference.  
Figures 5-10 and 5-11 show the scaling relationships for total explosive weight for P and Lg.  
For a similar sized total weight, the production shot amplitudes are up to an order of magnitude 
smaller than the SPE test shots.  The R2 fits for both P and Lg are much lower than for the SPE 
single-fired test shots, which indicates a poor correlation between total shot weight and 
amplitude.  The correlation does not improve when the amplitude is plotted as function of 
maximum charge weight per hole or maximum charge weight per 8 msecs. (Figures 5-12 to 5-
15).  For all three production comparisons, the P amplitude is very similar at all frequency ranges 
and Lg amplitudes are similar in every range except 8-16 Hz.   
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Figure 5-10.  P scaling relationships for production shots as a function of total charge 

weight and at various frequency ranges. 
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Figure 5-11.  Lg scaling relationships for production shots as a function of total charge 

weight and at various frequency ranges. 
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Figure 5-12.  P scaling relationships for production shots as a function of maximum charge 

weight per hole and at various frequency ranges. 
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Figure 5-13.  Lg scaling relationships for production shots as a function of maximum 

charge weight per hole and at various frequency ranges. 
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Figure 5-14.  P scaling relationships for production shots as a function of maximum charge 

weight per 8 msecs. and at various frequency ranges. 
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Figure 5-15.  Lg scaling relationships for production shots as a function of maximum 

charge weight per 8 msecs. and at various frequency ranges. 
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Results.  Based on these scaling relationships, it is apparent that there is a strong correlation 
between amplitude and total charge weight in single-fired shots, but other factors contribute to 
the amplitude in delay-fired mining shots.  Delay-fired shots with many times greater total 
explosive weight can have amplitudes more than an order of magnitude smaller than large single-
fired shots.  Each frequency range in the production shots, except for 8-16 Hz Lg, has similar 
amplitude and a consistent increase in amplitude with charge weight.  Although, the increase is 
not at the same rate as the single-fired SPE shots, and there is considerable scatter between shots 
indicated by the poor R2 fits.  The 8-16 Hz production Lg amplitudes are considerably smaller 
than the other frequency ranges for all charge sizes.  For the SPE test shots, 8-16 Hz Lg 
amplitude is similar to the 2-4 and 4-8 Hz amplitudes.  Examining the 8-16 Hz Lg amplitudes in 
comparison to the other frequency ranges appears to discriminate between single-fired and delay-
fired explosions. 

Spectral Analysis of Single-fired and Delay-fired Shots 
The spectral amplitudes of the SPE test shots and normal production shots at Black Mesa were 
examined to understand the similarities and differences between single-fired chemical explosions 
and delay-fired mining explosions at regional stations.  The SPE test shots were conducted 
September 6 and 7, 2003 in the Black Mesa mine (Table 5-1).  On October 14, 2003, a delay-
fired mining shot was detonated at the same location as our SPE test shots (last row of Table 5-
2).  Unfortunately, the SPE broadband regional array had been removed, but station WUAZ 
(Flagstaff, AZ) recorded the explosion.  WUAZ is ~130 km from the SPE test pit.  SPE shot 1 
was a linear pattern of boreholes designed to bridge the gap between clustered single-fired holes 
and disperse holes in delay-fired mining production shots.  SPE shot 2 was not used in this study 
due to its small yield and low SNR. 
 
The vertical component waveforms for the SPE single-fired shots and delay-fired production 
shot on October 14, 2003 (1014_2010) were bandpassed between 0.7 and 19 Hz and plotted in 
Figure 5-16.  The single-fired shots have more impulsive P arrivals and do not have the large 
short-period Rayleigh wave energy observed at 70 seconds after the origin in the delay-fired 
shot.  Figure 5-17 plots the spectral amplitudes of the SPE test shots and the production shot.  
The explosion spectra (solid lines) include both P and Lg arrivals, cut from P onset to a velocity 
of 3.2 km/s.  A 16-point running average smoothing was applied to the spectra to visually 
simplify the plot.  The noise spectra for each event (dashed lines) include 20 seconds of data cut 
before the P onset and were smoothed with a 4-point running average.  The spectra of SPE test 
shots 3-9 are nearly identical at all frequencies, and scale as a function of total explosive yield.  
Shot 1, a linear pattern of holes instead of a cluster, shows an increase in energy below 4 Hz 
relative to the other test shots.  Spectra above 4 Hz for all shots, including the delay-fired 
production shot (black line), are very similar.  The 158,244 lbs. production shot has 
approximately the same amplitude between 3 and 20 Hz as the 8,285 lbs. single-fired shot 5, 
except for a spectral hole near 10 Hz.  Below 2 Hz, the production shot increases in amplitude 
significantly relative to the single-fired shots.   
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Figure 5-16.  WUAZ vertical component single-fired SPE shot waveforms and delay-fired 

shot from the same location, bandpassed between 0.7 and 19 Hz.  Shot name is 
located in bottom left corner of each plot. 
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Figure 5-17.  Vertical component WUAZ P and Lg combined spectra of the single-fired 

shots and delay-fired production shot from the SPE test pit (black line).  Solid lines 
are the event spectra and dashed lines are pre-event noise spectra.  Event spectra 
have a 16-point smoothing applied and noise spectra have a 4-point smoothing. 
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When examining the spectra of just the P phase, Figure 5-18, it is nearly impossible to 
discriminate between the single-fired and delay-fired shots.  The only noticeable difference 
occurs at 10 Hz where the SPE shots 3-9 have a spectral peak that shot 1 (linear pattern) and the 
delay-fired shot do not have.  The delay-fired shot has a large trough at 10 Hz.  The SPE shots 
are scaled roughly with total yield.   
 
Lg spectra for the linear single-fired and delay-fired production shot are very similar to the 
clustered single-fired shots above 6 Hz, but both increase in amplitude relative to the clustered 
shots below this frequency (Figure 5-19).  Shot 1 has a larger relative increase in amplitude 
between 3 and 5 Hz, but this decreases rapidly and the delay-fired shot continues to increase in 
relative amplitude to below 1 Hz.  
 
The remaining production shots in Table 5-2 were examined using station MR18 of the SPE 
regional array, 210 km from the SPE test pit.  Most of the production shots occurred up to ten 
kilometers from the SPE test shots, which makes a direct comparison between the two data sets 
difficult.  The production shot on September 8, 2003 (0908_2117) occurred approximately 1 km 
from the SPE test pit and can be used as a proxy for the production shot in the test pit on October 
14, 2003 (1014_2010), as shown by Figure 5-20.  Even though the total yields between the two 
production shots differ by more than 100,000 lbs., the WUAZ amplitudes are similar at 
frequencies between 0.7 and 18 Hz.   
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Figure 5-18.  Vertical component WUAZ P spectra of the single-fired shots and delay-fired 

production shot from the SPE test pit (black line).  Solid lines are the event spectra 
and dashed lines are pre-event noise spectra.  Event and noise spectra have a 4-
point smoothing applied. 
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Figure 5-19.  Vertical component WUAZ Lg spectra of the single-fired shots and delay-

fired production shot from the SPE test pit (black line).  Solid lines are the event 
spectra and dashed lines are pre-event noise spectra.  Event and noise spectra have 
a 4-point smoothing applied. 
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Figure 5-20.  Vertical component WUAZ P and Lg spectra of the delay-fired production 

shots on September 8 and October 14, 2003.  Solid lines are the event spectra and 
dashed lines are pre-event noise spectra.  Both shots have similar amplitudes and 
shapes between 0.7 and 18 Hz, allowing the September shot to be a proxy for the 
October shot which occurred in the test pit.  Event spectra have a 16-point 
smoothing applied and noise spectra have a 4-point smoothing.   
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The Nyquist frequency at MR18 is 50 Hz instead of 20 Hz at WUAZ, allowing for the study of 
higher frequency energy.  The event spectral amplitudes typically decrease to background noise 
levels between 20 and 30 Hz, though.  Figures 5-21 and 5-22 plot the vertical and transverse 
components of the production shots at MR18, respectively.  Exact origin time for the production 
shots was not known so the origin time was estimated by visually aligning P arrivals with the 
SPE test shots, which have origin time accuracy to less than 0.1 seconds.  The most striking 
feature of the production shot spectra recorded at station MR18, Figures 5-23 to 5-25, is the 5 to 
6 Hz peak for September 11, 2003 (0911_2055) shot.  There is no obvious difference in the 
design of this shot from the other production shots.  It had the most explosives per hole and 
second largest yield per 8 ms, but the other large shots do not show similar spikes.  Figure 5-23 
is a plot the vertical component spectra of P and Lg, while Figure 5-24 is P spectra only.  The 
decreased SNR between 5 and 10 Hz and generally decreasing amplitude with increasing 
frequency contrast the production shots at MR18 with the single-fired shots at WUAZ.  The 
production shot spectra are less consistent than the single-fired shots but have the same general 
shape and trend to each other.  This variation is expected as the production shots have different 
source durations, orientations, and are in different locations.  Shot 0908_2117, which had similar 
spectral characteristics to 1014_2010, is indistinguishable from the other production shots and 
will be used as a comparison with the single-fired shots at MR18. 
 

 
 
Figure 5-21.  MR18 vertical component delay-fired shot waveforms bandpassed between 

0.7 and 19 Hz.  Shot name is located in bottom left corner of each plot. 
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Figure 5-22.  MR18 transverse component delay-fired shot waveforms bandpassed between 

0.7 and 19 Hz.  Shot name is located in bottom left corner of each plot. 
 

0.1 1 10 100
Frequency (Hz)

0.1

1

10

100

1000

A
m

pl
itu

de

0815_2042
0819_2120
0825_2110
0826_2028
0828_1730
0908_2117
0911_2055
0912_2058
0915_1934
0916_2120
0918_1930

 
Figure 5-23.  Vertical component MR18 P and Lg spectra of the delay-fired production 

shots.  Solid lines are the event spectra and dashed lines are pre-event noise spectra.  
Event spectra have a 16-point smoothing applied and noise spectra have an 8-point 
smoothing. 
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Figure 5-24.  Vertical component MR18 P spectra of the delay-fired production shots.  

Solid lines are the event spectra and dashed lines are pre-event noise spectra.  Event 
and noise spectra have an 8-point smoothing applied. 
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Figure 5-25.  Transverse component MR18 Lg spectra of the delay-fired production shots.  

Solid lines are the event spectra and dashed lines are pre-event noise spectra.  Event 
and noise spectra have an 8-point smoothing applied. 
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The SPE single-fired shots at MR18 have better SNR than the production shots.  Both the P 
arrivals on the vertical component, Figure 5-26, and the Lg arrival on the transverse component, 
Figure 5-27, are much larger than the surrounding noise and coda.  The P to Lg ratio (P/Lg) is 
nearly one in the delay-fired vertical data (Figure 5-21), but is significantly larger than one in the 
single-fired vertical data (Figure 5-26).  On the transverse components, the P arrival from the 
delay-fired shots (Figure 5-21) appears to be little more than an increase in the noise level before 
the Lg arrival.  Although the P arrival is still small compared to the Lg arrival in the single-fired 
shots (Figure 5-27), it is much more significant.  Further work needs to be done to understand the 
source of this P arrival on the transverse component.  Figures 5-28 to 5-30, show the spectral 
amplitudes for the single-fired shots at MR18.  The single-fired P spectra are very similar and 
scale by total shot yield.  They increase to 10 Hz and then decrease to noise level between 10 and 
20 Hz.  Lg amplitudes exhibit much greater variation and peak between 4 and 5 Hz, and then 
decrease steadily to noise levels between 10 and 20 Hz.  The P and Lg spectra of the 0809_2117 
production shot are similar to the single-fired shots above 6 Hz, but increase in amplitude for 
both P and Lg at lower frequencies instead of decreasing like the single-fired shots.   
 

 
 
Figure 5-26.  MR18 vertical component single-fired SPE test shot waveforms bandpassed 

between 0.7 and 19 Hz.  Shot number is located in bottom left corner of each plot. 
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Figure 5-27.  MR18 transverse component single-fired SPE test shot waveforms 

bandpassed between 0.7 and 19 Hz.  Shot number is located in bottom left corner of 
each plot. 
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Figure 5-28.  Vertical component MR18 P and Lg spectra of the single-fired shots and 

delay-fired production shot near the SPE test pit (black line).  Solid lines are the 
event spectra and dashed lines are pre-event noise spectra.  Event spectra have a 16-
point smoothing applied and noise spectra have a 4-point smoothing. 
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Figure 5-29.  Vertical component MR18 P spectra of the single-fired shots and delay-fired 

production shot near the SPE test pit (black line).  Solid lines are the event spectra 
and dashed lines are pre-event noise spectra.  Event and noise spectra have a 4-
point smoothing applied. 
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Figure 5-30.  Transverse component MR18 Lg spectra of the single-fired shots and delay-

fired production shot near the SPE test pit (black line).  Solid lines are the event 
spectra and dashed lines are pre-event noise spectra.  Event and noise spectra have 
a 4-point smoothing applied. 
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P/Lg Spectral Ratio 
This study is designed to determine if the earthquake versus explosion discriminate developed by 
Walter et al. (1995) will discriminate single-fired versus delay-fired explosions.  The Source 
Phenomenology Experiment (SPE) Black Mesa shots combined with normal mining explosions 
provide the optimal data set to test this capability of the discriminate.  In his technique, Walter 
compares Pn/Lg and Pg/Lg ratios at different frequency ranges for earthquakes and explosions.  
The theory is that earthquakes create more Lg energy at higher frequencies (>6 Hz) than 
explosions do.  Therefore, the P/Lg ratio will increase as frequency increases for explosions, 
while remaining more constant for earthquakes.  Although there is still overlap between the 
explosions and earthquakes, the 6-8 and 8-10 Hz data begin to show decent separation (Walter et 
al., 1995, Figure 4).  
 
Stations MR16, MR17, and MR18 of the regional profile were chosen for their better than 
average SNR, separation of Pn and Pg, and longer deployment length, which allowed for the 
recording of more delay-fired mine production shots.  We did not use SPE shot 2 (the 232 lbs. 
shot) data for the study because of poor SNR.  SPE shot 1 at MR16 and shot 5 at MR17 were 
also not used due to recording problems. 
 
Using the SPE single-fired shots and the delay-fired production mine blasts, we tested whether 
these two data sets would show P/Lg ratio separation.  The processing involves picking the Pn 
and Pg phase arrivals and cutting the vertical waveform to create Pn, Pg, and Lg windows.  
Window lengths were determined as follows:  the Pn window is from Pn onset to the onset of 
Pg, the Pg window is from Pg onset to 5.0 km/s travel time, and the Lg window is from 3.5 to 
3.0 km/s travel time.  The ratios are compared at frequency ranges of 0.5-1, 1-2, 2-4, 4-6, 6-8, 
and 8-10 Hz.  We originally tried to follow Walter’s procedure as closely as possible, which used 
a discrete Fourier transform (DFT), but we found that using a frequency bandpass before cutting 
the phase windows led to more clustered results in these data sets.  For each phase window, the 
RMS of the window was calculated to determine the P/Lg ratios.  The left side of Figure 5-31 
plots the Pn/Lg and Pg/Lg ratios from the SPE shots at stations MR16, MR17, and MR18 using a 
DFT, while the plots on the right side use a bandpass.  It is apparent that the bandpass generates 
somewhat more clustered ratios than the DFT for this data set. 
  
It is not possible to distinguish Pn and Pg in the delay-fired shots so when comparing to the 
single-fired shots, we calculated a composite P/Lg ratio.  The P phase window was cut from P 
onset to 5.0 km/s travel time.  We tried the bandpass and DFT methods, and both techniques 
returned similar results.  We also shortened the Lg window by making the end cut 3.2 instead of 
3.0 km/s.  This did not make an appreciable difference, though.  In general, the single-fired and 
delay-fired P/Lg ratios are remarkably similar for all frequency ranges at all three stations.  
Figures 5-32 to 5-34 show the P/Lg ratios at stations MR16, MR17, and MR18, respectively.  
The open circles are individual SPE shot ratios and the solid line is the average of those shots.  
The stars and dashed line represent the production shot ratios and average.   
 
Results.  At MR16 and MR17, the single-fired and delay-fired ratios generally mirror each other 
at all frequencies with the single-fired amplitudes being slightly larger.  At station MR18, the 
average amplitudes cross and the delay-fired shots have slightly larger amplitudes below 4 Hz.  
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This station shows a separation between the data sets above 6 Hz, but this trend is less obvious at 
MR16 and non-existent at MR17.  The 6-8 Hz frequency range has the most promise for a P/Lg 
ratio explosion discriminate, but there is still considerable overlap between the data sets.  The 
single-fired explosions tend to be clustered, but the large scatter in the delay-fired shots makes 
discrimination difficult. 

 
 
Figure 5-31.  Comparison of DFT and bandpass techniques.  The bandpass gives more 

clustered results.  Solid and dashed lines are the average ratios for Pg/Lg and Pn/Lg, 
respectively. 



Chapter 5:  Black Mesa Scaling Relationships and Spectral Characteristics Between Single-fired and Delay-fired 
Explosions from Regional Broadbands 

 
 

 122

 
Figure 5-32.  MR16 P/Lg ratios for the SPE single-fired and production delay-fired shots.  

The dashed line is the average for the SPE shots, while the solid line is the average 
of the production shots. 

 

 
Figure 5-33.  MR17 P/Lg ratios for the SPE single-fired and production delay-fired shots.  

The dashed line is the average for the SPE shots, while the solid line is the average 
of the production shots. 
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Figure 5-34.  MR18 P/Lg ratios for the SPE single-fired and production delay-fired shots.  

The dashed line is the average for the SPE shots, while the solid line is the average 
of the production shots. 

CONCLUSIONS 
 
Scaling relationships indicate a good correlation between amplitude and total charge weight in 
single-fired shots, but there is not a similar simple correlation between the amplitude and yield in 
delay-fired mining shots.  Delay-fired shots with many times greater total explosive weight can 
have amplitudes more than an order of magnitude smaller than large single-fired shots.  
Although there is an increase in amplitude with total charge weight for the production shots, the 
data is scattered and the increase is at a significantly smaller rate than the single-fired shots.  
Examining the 8-16 Hz Lg amplitudes in comparison to the other frequency ranges appears to 
discriminate between single-fired and delay-fired explosions as the production shot 8-16 Hz 
amplitudes are smaller than other frequency ranges. 
 
A general study of the spectral amplitudes of delay-fired mining shots and single-fired chemical 
explosions indicates delay-fired spectral amplitudes decrease with increasing frequency while 
single-fired shots increase in amplitude to a peak around 5-10 Hz before decreasing.   
 
The P/Lg ratio discriminate developed by Walter et al. (1995) shows promise for developing an 
explosion discriminate at the higher frequency ranges.  Typically, the single-fired and delay-fired 
shots have very similar amplitudes at frequencies below 6 Hz.  At station MR18, a separation 
between the data sets begins to develop above 6 Hz, but this trend is not as strong at the other 
stations.  There is still a large amount of overlap in the data sets above 6 Hz.  The large scattering 
in the delay-fired amplitudes makes separation of the two data sets difficult with this technique. 
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INTRODUCTION 
 
The refraction experiments described in Appendix 6-1 and the Morenci Refraction Quicklook 
(Appendix 6-2) provided the data for this interpretation exercise.  Data from both the Betsy 
source at the surface and the explosive charges detonated at approximately 10 ft were used in 
developing these P-wave velocity models.  Data and models are presented from each of four 
areas in the mine: South Coronado, North Coronado, Hamilton Point, and Little Metcalf. 
 
The typical instrument spread was 300 ft with 10 ft spacing between 40 Hz geophones.  Two 
orthogonal 300 ft lines were deployed at each site so that they crossed at the center.  This 
geometry was employed to assess the three dimensional variation at each site. 
 
Sources were placed at each end of 30-geophone line with 10 ft spacing.  The Betsy seisgun was 
used as one set of sources at the surface and a small explosive source at approximately 10 ft 
depth as a second.  The Betsy lines were interpreted for arrival time, crossover distance, and zero 
intercept time.  These measures provided estimates of velocity and depth of the layers.  The 
explosive data was used to estimate velocity in the layers below the source depth.  

REFRACTION DATA 

South Coronado 
The geometry at the South Coronado site along with surface geology is reproduced in Figure 6-1.  
This site is dominated by Precambrian granite at the surface.  The survey was conducted where 
the base of the high wall for the next bench surrounds the test bed to the east, south, and west.  
The site is open to the rest of the mine at the north.  This site is at the 5400-ft level of the mine. 
 
The summary of the refraction surveys at South Coronado is given in Figure 6-2.  The velocities 
of the first, second, and third layers as determined from the two sources are included.  The results 
from the sources at the end of each line are summarized at each end of the refraction line where 
the source was located.  The split-spread results (sources at the center of the cross) are 
summarized at the center of each half line.  The velocities and depths at each end of the lines are 
the models resulting from the interpretation of the reversed lines and include estimates of the dip 
of each interpreted interface. 
 
 



Chapter 6:  Morenci Refraction Interpretation 
 

 126

 
Figure 6-1.  South Coronado geometry and geology. 

 
Figure 6-2.  The results of velocity and depth estimates from the refraction surveys at 

South Coronado.   
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The west to east line dips to the west and the north to south line dips to the north resulting in the 
thickest first layer to the north and west.  The travel times for the reversed north to south line are 
reproduced in Figure 6-3a and 6-3b.  The similarity of the two lines reflects the small 0.56° dip 
along the line.  The velocities in the first layer are quite slow ranging from 1,500 to 2,000 ft/s.  
The second layer is also slow with velocities ranging from 6,700 to 8,700 ft/s.  The thickness of 
this second layer is estimated to be 50 ft.  The deepest material has much faster velocities along 
the north to south line ranging from 12,500 to 13,500 ft/s.  This material is the least resolved in 
the survey. 
 
Although not reproduced in this report the east to west line produces a similar interpretation.  A 
thicker layer of intermediate velocity follows a relatively thin and slow surface layer.  The 
material at the greatest depth has the highest velocities again closer to those expected for 
competent granite.  The deepest velocities along the east to west line, 13,500-17,500 ft/s, are 
faster than those along the north to south line although the limited data and resolution of these 
velocities makes it hard to conclude that these estimates are really different. 
 
Based upon this data and interpretation a simple layered model for South Coronado model is 
summarized in Figure 6-2.  It can be represented as nearly plane layers.  The half space velocities 
are the only ones that approach the velocity of the competent Precambrian granite at the site.   
 
The very low velocities in the top layer probably reflect the blasts from the bench above the test 
bed since the blast boreholes from the previous bench are drilled 10 ft into the bench below prior 
to detonation.  The bench heights in the mine are 50 ft and the typical drill holes are 60 ft.  This 
means that only 50 ft of material is removed following the blast prior to drilling and blasting at 
the next level.  It is interesting that the lowest first layer velocity is for the source at the end of 
the east line.  This part of the line crosses a mapped fault zone that may be reflected in this low 
velocity of 1481 ft/s.  The other lines have very similar first layer velocities ranging from 1850-
2250 ft/s.   
 
The second layer has a much slower velocity than competent granite indicating some level of 
damage.  The granite in this area is highly fractured.  Two possibilities exist; one is that the 
blasts from the bench above may have fractured this deeper material in addition to the surface 
layer, and the second possibility is that the reduced velocity may reflect the removal of 
overburden and the accompanying opening of the fractures.  The water table at this site is 
reported to be below the depths sampled and so any open fractures would probably be air filled.  
It may be pure coincidence but the combined thickness of the first and second layers is closely 
corresponds to the borehole depths used in the mining operation at Morenci.   
 
The deepest material is the most competent and has the highest estimated velocities.  The 
velocity estimate range is large for this material reflecting the limited resolution of our survey at 
these depths.   
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Figure 6-3.  a) Travel time data along the north to south line with the source at the north 
end of the line.  b) Travel time data along the north to south line with the source at 
the south end of the line. 
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North Coronado 
The geometry and geology of the North Coronado refraction site is summarized in Figure 6-4.  
This site was the location of the Source Phenomenology Experiments (SPE). The location of the 
refraction survey reported here is at the 5,200-ft level, while the SPE was conducted at the 5,300-
ft level.  Two benches of material were removed since the SPE.  The depth of the deepest blast 
conducted during the SPE was at 120 ft, close to the level of the refraction survey.  The high-
wall separating the test bed from the next lower level is to the east of the refraction survey as 
illustrated in Figure 6-4. 
 

 
Figure 6-4.  The North Coronado geometry for the refraction survey.  The site is primarily 

Precambrian granite.  The refraction survey was conducted at the 5,200-ft level 
while the Source Phenomenology Experiment conducted earlier at this site was at 
the 5,300-ft level. 

 
The results from all the refraction surveys at North Coronado are summarized in Figure 6-5.  The 
format of this figure is identical to the earlier one at South Coronado.  The north to south surveys 
produced results that are quite similar to those of South Coronado with a very low velocity 
(1,900-2,200 ft/s) shallow layer (13-18 ft), an intermediate layer (~60 ft) with degraded velocity 
(8,000-10,000 ft/s) and finally the competent granite velocity (~15,000 ft/s).  The reversed travel 
times along the north to south line are reproduced in Figure 6-6a and 6-6b.  The length of the line 
and the size of the Betsy source again made the imaging of the deepest layer difficult and so the 
estimate of its depth and velocity is the most uncertain. 
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Figure 6-5.  Summary of the refraction survey at North Coronado.  The data suggests that 

there is some asymmetry in the structure and suggests that there is a lateral change 
in structure as one moves from west to east, approaching the free-face where the 
velocity decreases in the intermediate layer (left model).  The model to the right is 
more representative of the structure away from the free-face. 
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Figure 6-6.  a) Travel time data for the north to south line for a Betsy source at the south 

end of the line.  b) Travel time data for the north to south line for a Betsy source at 
the north end of the line. 
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The structure along the west to east line is more complex.  As indicated in Figure 6-5, the west 
end of the line produced a structure similar to the north to south line.  As one moves towards the 
east the travel time indicates a significant change in the second layer velocity.  This change is 
well illustrated in the travel times for the explosion sources at the two ends of the west to east 
line.  For the explosion at the west end of the line (Figure 6-7), the travel time data first reflects 
velocities of the second layer near 10,000 ft/s and then abruptly slows to near 5,000 ft/s at about 
the 180 ft offset.  The line from the east to west starts slow and then reflects the faster material. 
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Figure 6-7.  Travel times along the west to east line at North Coronado.  The lateral slowing 

of the second layer is reflected in this and accompanying travel time curves. 
 
As indicated in the summary results in Figure 6-5, the Betsy source at the center of the east to 
west line produced quite different models to the west and east of the center point with the model 
to east producing the much slower intermediate layer velocity.  As one moves to the east the 
free-face of the bench is approached.  These low velocities may reflect the effect of this free-face 
on the rocks. 
 
A simple plane layered model for North Coronado may be appropriate for the western portion of 
the test bed (Figure 6-5 right hand model).  The model must be changed as the high wall is 
approached to the east (Figure 6-5 left hand model).  There was not a strong variation in structure 
observed at South Coronado. 
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Hamilton Point 
The third refraction survey was conducted at Hamilton Point (Figure 6-8).  This test bed has a 
variety of materials including Precambrian granite, monzonite porphyry, and older granite 
porphyry. 
 

 
 
Figure 6-8.  Geometry and geology at Hamilton Point. 
 
The results of all the refraction surveys at Hamilton Point are summarized in Figure 6-9.  In 
general, the resulting velocity model is very similar to those developed for South Coronado and 
the portion of North Coronado away from the free-face.  There is a very low velocity surface 
layer with velocities between 1,500 to 2,600 ft/s.  The SE to NW line (Figure 6-10) indicates a 
very shallow dip to the NW.  The NE to SW line dips slightly to the SW.  The model suggests a 
general dip to the west for the top layer. 
 
Again, the thickness of the second layer was difficult to estimate with the sources and total offset 
of the refraction survey.  The evidence for this layer thickness suggests that it is consistent with 
the 50 to 70 ft estimates of the other two sites. 
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The NW to SE surface velocities are slower than those along the SW to NE line.  This may 
reflect material differences along this line or possibly the scatter in the estimates.  A simple plane 
layer model for Hamilton Point is illustrated in the lower right corner of Figure 6-9. 
 
The Hamilton Point model in Figure 6-9 is also similar to that produced for South Coronado and 
a portion of the North Coronado test bed.  The specific velocities and layer thickness indicate 
some variability, although the similarities are strong.  All models have a thin, low velocity first 
layer probably reflecting man made fracturing from blasts in the bench above and the 10-ft sub-
drill.  The second layer is three to four times thicker than the surface layer and consists of 
velocities that are still reduced from those expected from unfractured granite.  Between 60 to 80 
ft, the rock at all the sites shows the highest velocities similar to that expected for competent 
granite. 

 
 
Figure 6-9.  Summary of all refraction surveys at the Hamilton Point site. 
 



Chapter 6:  Morenci Refraction Interpretation 
 

 135

Hamilton Point Reversed Profile SE to NW FFN 
203 & 230

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0.05

0 50 100 150 200 250 300 350

Distance (feet)

Layer 1 (SE to NW)

Layer 2 (SE to NW)

Layer 3 (SE to NW)

Layer 1 (NW to SE)

Layer 2 (NW to SE)

 
 
Figure 6-10.  Reversed refraction line along the SE to NW profile.  A nearly plane layered 

structure is supported by these travel time curves. 

Little Metcalf 
The final site studied was Little Metcalf and is illustrated in Figure 6-11.  The site is dominated 
by older granite porphyry.  It is at the 4,200-ft level in the very bottom of the Metcalf pit.  The 
water table comes to the surface at this site and is the only place investigated with water-
saturated rocks.  As noted in the Quick Look report (Appendix 6-2), the explosive boreholes 
drilled prior to the refraction survey were filled nearly to the surface with water. 
 
The results of all the refraction surveys at this site are summarized in Figure 6-12.  Data quality 
at this site was the best of all the sites explored during this experiment.  Excellent coupling from 
both the Betsy and the explosives were observed.  This might be attributed to the water 
saturation in the materials around each of the sources.  The excellent coupling produced records 
with the best signal to noise ratio and provided excellent first arrival data.  Noise sources in this 
portion of the mine were located a long distance from the survey as well.  The velocity and depth 
estimates for this site are very similar along the different arms of the survey.  The reversed 
profiles produced models with little dip on the interfaces.  The proposed model (Figure 6-12 
lower right corner) consists of two layers over a half space with layer thickness similar to the 
other sites. 
 
Metcalf has significant velocity differences from the other three sites.  The near surface layers 
have significantly higher velocities ranging from 2,000 to 4,000 ft/s with the second layer 
ranging from 10,000-12,000 ft/s (Figure 6-12).  Since the material at this site is water saturated, 
even if these layers are fractured the water saturation will increase the velocities as observed. 
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Figure 6-11.  The geometry and geology at the Little Metcalf site. 
 
The half space velocities at Metcalf, like the other sites, are the hardest to estimate and thus have 
the largest uncertainties.  Comparison of velocity estimates for Metcalf with the other test sites 
indicates little reason to separate this site from the others.  It appears that below 60-80 ft, all the 
test sites produce similar P-wave velocities.  One could speculate that below this depth water 
saturation has little effect on the propagation velocities in the rocks at the Morenci mine because 
below this depth the effect of fractures on propagation velocity are minimized. 
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Figure 6-12.  Summary of all the refraction surveys at the Metcalf site. 

CONCLUSIONS 
 
Refraction surveys from four sites at the Morenci mine have been analyzed.  The models at all 
the sites produce evidence for a very thin, low velocity zone, possibly reflecting damage from 
explosions conducted in the bench above the surface.  A second layer of greater thickness was 
imaged with reduced velocities relative to competent granite.  The fastest material, with 
velocities between 15,000 and 17,500 ft/s, was found at depths from 60 to 80 ft.  The 300 ft 
length of our surveys hindered the estimate of these velocities and could have been improved 
with longer lines. 
 
The Metcalf site was the only place with systematic differences from the other three, as it had 
different propagation velocities in the first two layers, but it had similar layering.  This is the 
only site where the rock was water saturated, possibly accounting for the increased velocities.  
The half space velocity at Metcalf is similar to the other three sites suggesting that water may not 
play as strong of a role at greater depths. 
 
All refraction surveys that were conducted away from the bench free-face produced nearly plane 
layer models, with observed dips of 0.5 to 1.5°.  The refraction survey at North Coronado 
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approached the free-face along the bench and produced evidence of lateral velocity changes as 
the velocity slowed approaching the free-face.  It is possible that this change is an intrinsic 
property of the geology at this site.  No other refraction data was taken near the free-face in this 
study. 
 
Remarkably, the four sites explored at Morenci have similar structures, and a two layer over a 
half space model is a good first approximation to the data.  The presence of water appears to 
affect velocities in the layers but not in the half-space.  The effect of blasting, weathering, and 
overburden expressed in the fracturing of near-surface granites may help explain these 
observations.   
 
Typical blasting practices at the Morenci mine, with 60-ft blast holes, means that the majority of 
the explosives are detonated in rock with reduced velocities.  In the case of the Source 
Phenomenology Experiments, this means that the normal depth shots were also detonated in a 
similar material.  The shots at twice depth of burial, 120 ft, may have been detonated in the more 
competent, higher velocity granite.  The limited data at North Coronado suggests that the 
intermediate layer velocities are decreased as the free-face is approached.  The single-fired shots 
conducted along the free-face may be detonated in a material with degraded strength because of 
this effect. 



Chapter 6:  Morenci Refraction Interpretation 
 

 139

APPENDIX 6-1 
 
Morenci Refraction Survey:  19-24 January 2004 
 
Travelers 
 
 Brian Stump, Chris Hayward, Rong-mao Zhou 
 
Purpose 
 
A series of refraction surveys were planned at the Morenci mine.  The goals of the study 
included: (1) testing of procedures to gather shallow seismic survey data in a noisy mine 
environment, (2) assessment of shallow (top ~100 ft) velocity structure within the mine, (3) 
determination of the variability of this structure both within a single test site and between 
different locations within the mine, (4) determination of the relationship between the seismic 
structure and the test site geology, (5) assessment of the importance of the seismic velocity 
structure and current blasting practices, and (6) recommendation of the need for ongoing 
refraction surveys and necessary techniques for acquiring such data if necessary.  The test site 
where the Source Phenomenology Experiment (SPE) was conducted in North Coronado will be 
characterized.  This information will be critical to the interpretation and modeling of the SPE 
data. 
 
Contacts 
 
IRIS/PASSCAL: Tim Parker 
 
MORENCI MINE: Joe Lamanna, Andrew Lande, Trevor Lewis, Johnny Blizzard, Terry 
Johnson, Todd Ashinhurst, Vicki Seppala 
 
SMU: Chris Hayward, Rong-mao Zhou, and Brian Stump 
 
Schedule 
 
Tuesday, 20 January 

• Meeting in mine to establish final plan for the weeks work. 
• First refraction survey in Garfield.  Purpose was to establish the procedure in an isolated 

part of the mine.  Procedure developed will be used in the other active regions of the 
mine. 
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Figure 6a-1.  Test bed in Garfield where the refraction survey was conducted. 
 

• Set up a single, 300 ft line with 10 ft geophone (40 Hz) spacing.  Used the Betsy Seisgun 
as a source.  Data with good signal to noise ratio acquired. 

 

 
Figure 6a-2.  The Betsy Seisgun and the 300 ft line of geophones being installed. 
 

• Set up three additional 300 ft lines with 10 ft geophone spacing forming a rectangle on 
the test bed.  Used the Betsy Seisgun at each of the corners and at the mid point of each 
line to acquire data from all 120 geophones.  Two refraction seismographs (60 channels 
each) were used to simultaneously acquire all the data. 
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Figure 6a-3.  60-channel Geometrics seismograph (left) and display (right) set up for data 

acquisition in the back of a van. 
 

 
Figure 6a-4.  Garfield seismic survey geometry.  Black rectangle is the recording truck. 
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• Order for the Betsy data was NE, mid NE-NW, NW, mid NW-SW, SW, mid SW-SE, SE, 
mid SE-NE.  All these latter Betsy shots were within 1 ft of the first geophone on each 
line. 

• Used a single charge (~2 lbs. chub charge) in an approximate 10 ft borehole at each 
corner of the box.  A continuous wire was wrapped around the charge as a trigger.  The 
charges were backfilled with approximately 3 ft of stemming.  The records were much 
larger amplitude than the Betsy.  Data was recorded with a prevent buffer (-time).  Data 
was acquired, displayed, and saved.  The retrieval of the data using the existing software 
failed, probably because of the pre-event time.  It will be read back at SMU. 

 

 
Figure 6a-5.  2 lbs. chub charge with detonator line (orange) and trigger cable for 

seismograph wrapped around the charge. 
 

• Order for the blasts was SW, NW, NE, and SE.  One end of each line was directly below 
one of the end geophones while the other end of the line was 10 ft displaced from the last 
geophone. 

• Geology of the test bed included granite, quartzite, and diabase. 
 

Wednesday, 21 January 
• Two separate test areas were planned for the day.  The first in South Coronado was in a 

portion of the mine with moderate activity.  The second in North Coronado was in a busy 
portion of the mine (drilling and loading) providing a test of the refraction techniques in 
different environments. 

• The data acquisition procedure was modified from the first day.  Two, 30-channel lines at 
right angles were planned for each site.  The Betsy and explosives (10 ft depth, 3 ft 
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stemming) were planned at the end of each line and at the center of the two lines where 
they crossed.  This procedure allowed the use of a single refraction seismograph and the 
number of channels installed (60) provided the time to complete two such surveys in a 
single day. 

• The South Coronado refraction lines were deployed in the morning. 
• The site is granite with rock exposed at the surface.  A hammer and spike was needed to 

prepare holes for many of the geophones. 
 

 
Figure 6a-6.  South Coronado seismic survey geometry.  Black rectangle is the recording 

truck. 
 

• Betsy data was acquired.  The order was N, W, S, E, and M.  All Betsy shots were within 
1 ft of the first geophone on each line.  Data from shots 3 and 5 were of low signal to 
noise at the farthest off-sets.  Multiple Betsy shots were acquired at these locations for 
post experiment stacking.  This probably reflected the higher noise environment from the 
previous day. 

• Blast data was acquired in the order W, S, M, E, and N.  One blast at the end of each line 
was directly below one of the end geophones while the other end of the line was 10 ft 
displaced from the last geophone.  10 ft boreholes with 3 ft stemming.  Blast 1 did not 
trigger the refraction seismograph.  A second shot was detonated in the borehole and 
again did not trigger.  Subsequent to this failure, it was discovered that the refraction 
seismograph has a 5 to 15 second (programmable) period after arming in which the 
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trigger is locked out.  We believe that we shot these last two blasts during this lock out 
time window. 

 

 
Figure 6a-7.  Laying out the Nonel for the detonation of the charges at the South Coronado 

site. 
 

• In the afternoon a second, 60-channel cross array was deployed at North Coronado. 
• This array is at the x-y location of the SPE but approximately two benches below where 

the experiment was conducted. 
• The test site is granite with fill material to the far north edge of the region. 

 

 
Figure 6a-8.  North Coronado seismic survey geometry.  Black rectangle is the recording 

truck. 
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• Order of Betsy shots was C, N, E, W, and S.  The Betsy sources were within 1 ft of the 
first geophone on each line.  Multiple shots were taken at these locations for post 
processing.  The noise environment was high.  Two drills were located to the south of the 
test area, a shovel was operating on the bench below to the south, and holes were being 
loaded for a shot to the southwest of the area.  No Betsy data could be taken while the 
drills were operating.  The drills were shut down for 15 minutes during which all the 
Betsy shots were taken. 

 

 
Figure 6a-9.  Drilling one of the 10 ft charge holes at the North Coronado site. 
 

• The order of the blast was W, S, M, E, and N (triggered 300 ms early).  10 ft boreholes 
with 3 ft stemming.  One blast at the end of each line was directly below one of the end 
geophones while the other end of the line was 10 ft displaced from the last geophone.  
These were done and data acquired while all the nearby operations were continued.  The 
blasts provided enough energy to overcome these noise sources. 

  
Thursday, 22 January 

• Cross arrays of the same dimensions as conducted on 21 January were planned for two 
locations on this day as well.  The first site was Hamilton Point and second site was 
Metcalf. 

• The first survey was conducted at Hamilton Point.  It was the windiest time period of the 
experiment with estimated winds of 10-15 mph.  The site was well removed from 
ongoing mine operations. 

 

 
Figure 6a-10.  The Hamilton Point test bed with the approximate locations of the geophone 

lines designated by the blue lines. 
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Figure 6a-11.  Hamilton Point seismic survey geometry.  Black rectangle is the recording 

truck. 
 

• The order of the Betsy shots was SE, M, SW, NW, and NE.  All Betsy shots were within 
1 ft of the first geophone on each line.  Multiple Betsy shots were taken at each site in 
order to improve the signal to noise ratios because of the windy conditions.  This 
improvement will be undertaken in post experiment processing. 

• The order of the blasts was NE, M, NW, SW (did not trigger seismograph), SE.  Blast 
hole 4 had to be re-drilled and was displaced 10 ft, perpendicular to the refraction line 
from the hole that collapsed.  10 ft boreholes with 3 ft stemming.  One blast at the end of 
each line was directly below one of the end geophones, while the other end of the line 
was 10 ft displaced from the last geophone. 

• During the re-drilling of blast hole 4, we acquired data from the array. 
• The geology at Hamilton Point is porphyry granite. 
• The second survey of the day was conducted in Metcalf.  There was very little wind.  A 

front-end loader was operating on the south side of the test area. 
• The geology at this site is also porphyry copper with a greater degree of clay alteration.  

We were in the bottom of the pit at the 4100-ft level.  Unlike any of the other test sites, 
this one is water saturated almost to the surface.  The explosive boreholes were all filled 
with water to within 4-6 ft of the surface. 
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Figure 6a-12.  The Little Metcalf test site with the approximate locations of geophone lines 

in blue. 
 
 

 
Figure 6a-13.  Little Metcalf seismic survey geometry.  Black rectangle is the recording 

truck. 
 

• The order of the Betsy shots was E, S, M, W, and N.  All Betsy shots were within 1 ft of 
the first geophone on each line.  Multiple Betsy shots were taken at each site in order to 
improve the signal to noise ratios because of the windy conditions.  This improvement 
will be undertaken in post experiment processing.  The coupling of the Betsy to the 
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ground was the best of the experiment and provided some of the strongest motions to the 
Betsy operators. 

• The order of the blasts was N, W, M, S, and E.  10 ft boreholes with 3 ft stemming.  The 
boreholes were water filled to within 4-6 ft of the surface.  Stemming was placed into the 
holes.  Several of the shots produced a water/mud geyser following the detonation. 

• Following the shot, the refraction system was pulled and packed for shipping.  101 of 102 
geophones were packed.  Two had pin problems.  Two cables had one or more channel 
outages (bad pins on connector). 

• The Betsy was stored at Morenci in the Geology storage area.  Approximately 40 rounds 
of ammunition remain. 

 Friday, 23 January 
• Meeting with Joe Lamanna, Andy Lande, Johnny Blizzard, Trevor Lewis, Todd 

Ashinhurst, Chris Hayward, Rong-mao Zhou, and Brian Stump to discuss the results of 
the refraction survey.  Results of the meeting are summarized in the conclusions and 
future work section of this report. 

  
Results 
 
The locations of the shot holes that are designated in each of the site maps are compiled in table 
6a-1.  A portion of the data collected at each of the field sites was analyzed using raw field 
records.  The purpose of this preliminary analysis was to assess the quality of the data collected 
during the experiment.  The volume of data collected and time in the field precluded a detailed 
interpretation while the data was collected.  Characteristic Betsy Seisgun data from each of the 
test sites is illustrated below.  A rough model is included.  None of the explosive data is included 
in this initial assessment because of the source depth.  In general, the quality of the explosive 
data is better than the Betsy data in that the signal to noise ratio is larger and the first arrivals are 
easier to identify.  The Betsy data were sufficient to identify the top two layers in most cases.  
Energy from the source was observed out to 300 ft.  Drilling within 500 ft of the North Coronado 
site contaminated the Betsy data, but a break in drilling allowed the acquisition of useful data. 
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Table 6a-1.  Survey locations for seismic P-wave tests. 
North East Elevation (ft) Location 

19308.163 -10935.293 4199.375 Little Metcalf 
19442.000 -10867.839 4200.575 Little Metcalf 
19567.339 -10804.484 4199.049 Little Metcalf 
19512.251 -11004.939 4201.265 Little Metcalf 
19376.498 -10742.276 4203.270 Little Metcalf 
15128.697 -9013.588 4899.105 Hamilton Point 
15287.545 -9274.657 4902.167 Hamilton Point 
15325.828 -9074.810 4899.133 Hamilton Point 
15205.759 -9149.844 4898.381 Hamilton Point 
15079.833 -9229.917 4899.308 Hamilton Point 
20553.237 -17216.788 5201.946 North Coronado 
20406.786 -17222.923 5201.212 North Coronado 
20254.444 -17221.016 5198.225 North Coronado 
20403.955 -17081.455 5200.443 North Coronado 
20407.035 -17369.414 5200.876 North Coronado 
15876.603 -17579.774 5401.378 South Coronado 
15727.973 -17560.537 5400.068 South Coronado 
15576.938 -17534.757 5401.247 South Coronado 
15749.974 -17410.490 5404.240 South Coronado 
15705.387 -17708.666 5399.417 South Coronado 
26104.543 -8717.519 5649.567 Garfield 
26393.916 -8630.362 5650.726 Garfield 
26307.586 -8344.869 5652.377 Garfield 
26023.552 -8432.030 5651.512 Garfield 
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Figure 6a-14.  Garfield. 
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Figure 6a-15.  South Coronado. 
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Figure 6a-16.  North Coronado. 
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Figure 6a-17.  Hamilton Point. 
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Figure 6a-18.  Little Metcalf. 
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Conclusions 
 

1. These results are preliminary since they are based on limited interpretation of the raw 
field records.  We focused on single lines at each of the five test sites in order to develop 
some idea of data quality. 

2. There is variability across each of the test sites that might reflect local geological 
conditions.  This has not been quantified yet.  For example, the north edge of the North 
Coronado test site indicated an extended low velocity zone that might coincide with fill 
material in this region. 

3. No quantitative interpretation of the blast data was undertaken since the sources were 
detonated at depth.  The analysis of this data will be undertaken in the next week. 

4. A number of important similarities were observed.  Garfield, South Coronado, and North 
Coronado all had similar structures.  At each site there is a shallow layer of 12-14 ft 
thickness with very low velocities (~1,200-2,000 ft/s).  A second layer with velocities 
between 6,500 to 8,000 ft/s and 40-50 ft thickness was found at all sites.  Much faster 
velocities ranging from 10,000 – 15,000 ft/s lay below this second layer. 

5. The combined thickness of the surface and second layers is approximately one bench 
height. 

6. Characterization of the surface and first layer velocities can be completed with shorter 
offsets and a smaller number of geophones than used in these experiments.  It is possible 
that a 12-channel refraction seismograph could complete this task. 

7. The depth of the buried explosive source is almost at the interface between the weathered 
surface layer and intermediate velocity granite. 

8. Metcalf is somewhat different because the surface velocities are faster (2,500-3,500 ft/s).  
The material at this site is saturated to the surface. 

9. At many of the sites, the Betsy Seisgun provided adequate signal to noise ratios for 
source-receiver offsets to at least 150 ft and in most cases to 300 ft.  The one difficulty 
arose when drilling was underway within 500 ft of the refraction survey.  With the 
seismic array deployed, data was acquired during a 10-minute break in drilling. 

10. The coupling of the Betsy Seisgun was best in the saturated material at Metcalf. 
 
Future Plans 
 

1. Move field data to lab computer for processing. 
2. Produce large record sections of the Betsy refraction surveys. 
3. Pick the first arrivals and complete revised profile interpretation for each line at each site. 
4. Analyze blast data in the same manner. 
5. Develop a final velocity model for each site. 
6. Consider a refraction survey in the unblasted area.  The second layer velocity is lower 

than expected for competent granite, which may indicate a widely damaged region below 
the shots from the previous bench or a relaxation and opening of cracks resulting from 
the removal of overburden.  A refraction survey in an unblasted region would allow 
exploration of these explanations. 

7. Need to investigate the literature on the velocities of fractured granite. 
8. Completion of a refraction survey before and after a blast would provide data for 

resolving the mechanism of velocity reduction in the second layer. 
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APPENDIX 6-2 
 
Quick Look Report:  2004 Jan Morenci refraction experiments, determining the P-wave 
velocity structure in the first 100 ft 
 
Introduction 
 
From 20-Jan 2004 to 22-Jan 2004, refraction data was collected from five areas in the mine as 
previously discussed in the Morenci Refraction Survey Trip Report (Appendix 6-1).  The current 
report is a transcription of the field notes along with initial quality control plots for the collected 
data and repeats information from the trip report. 
 
The purposes of the survey were: 

1. To test shallow seismic survey acquisition procedures in a noisy mine environment, 

2. To assess shallow (top ~100 ft) velocity structure within the mine, 

3. To determine velocity variability within a single test site and among different test sites, 

4. To determine relationships between seismic structure and geology, 

5. To assess the importance seismic velocity structures to current blasting practices, 

6. To recommend techniques and equipment for similar future surveys, and 

7. To determine the need for additional refraction surveys.   

The test site where the Source Phenomenology Experiments (SPE) were conducted in North 
Coronado will be characterized.  This information will be critical to the interpretation and 
modeling of the SPE data. 
 
General Experiment Setup 
 
The experiments were designed as standard shallow refraction survey (Burger, 1992).  Each 
refraction line consisted of 30 geophones on 10 ft spacing with shots at each end of the line.  We 
used 40 Hz vertical geophones on 3 inch spikes for all deployments.  Although the work in 
August 2003 used 8 potted 4.5 Hz geophones per channel, this involved a great deal more field 
effort, and seemed impractical for tests in a number of areas.  The 40 Hz geophones were 
available and proved much easier to deploy. 
 
Each line was shot with a Betsy 8-gauge Seisgun (projectile surface gun1), then with 2 lbs. 
emulsion explosive charges in 10 ft boreholes.  The Betsy source had been used during the 
August 2003 refraction test and had demonstrated marginal energy for 300 ft surveys if the line 

                                                 
1 Betsy seisguns come in two varieties.  The one used here is an industrial 8-gauge shotgun originally designed to knock off 
accumulated slag from rotary kilns.  A second model is essentially a grenade on a 6 ft stick.  It consists of a black powder 
blank shotgun shell enclosed in a heavy walled plastic tube.  The shell screws onto the end of a long pipe containing a simple 
firing pin.  The shell is detonated at the bottom of a 3 ft borehole and is therefore not suitable for hard rock locations. 
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was sufficiently removed from drills, shovels and other noise sources, and if at least 5 shots were 
summed together.  For this reason, the Betsy source was supplemented with explosive sources.  
Explosives used a single 2 lbs. chub charge in a 10 ft deep borehole backfilled with 
approximately 3 ft of stemming. 
 
Betsy shots were taken at the first and last geophone as well as 150 ft from the end (geophone 15 
or 16 depending on the direction the line).  In most locations, five Betsy shots were recorded for 
later summing.  For explosive charges, offsets varied.  Usually one charge was on the first 
geophone with the other offset 10 ft in-line from the last geophone.  However, for several 
locations, it was impossible to keep the shot hole from collapsing, and an offset hole was drilled 
from one to several ft away. 
 
Other than the first day’s test, which was designed as four lines configured as a box, all tests 
were configured as two crossed lines 300 ft long.  Since the equipment had 60 recording 
channels, both the in-line and cross-line were recorded for each shot.  Only the in-line records 
are considered general refraction survey practice.  Cross-line recordings are considered 
experimental records recorded for later evaluation. 
 
In general, the team consisted of 6 people plus a 2-man blast crew.  For all but the first day, two 
60-channel crosses were deployed, shot, and picked up.  A nightly quality control review of the 
data required another couple hours. 
 
Instruments borrowed from IRIS and SMU are listed in Table 6b-1 and required a pickup and 
van.  The pickup was used to deploy geophones and master cables while the van was used for the 
recording equipment.  For 60-channel deployments, with the recorder operated without external 
keyboard, display, and mouse, all equipment could have fit comfortable in the back of one 
pickup. 
 
Recording parameters for all refraction shots are shown in Table 6b-2.  For some shots, 
particularly noise and test shots, recording parameters vary from those shown in the table.  These 
details may be found in the observer’s notes. 
 
Shots were recorded at the fastest sample rate available (4,000 sps) for 2- or 4-second records.  
Betsy records were generally 2 seconds long, while recordings for explosions were set to 4 
seconds.  The high sample rate was chosen to make field records more easily interpretable since 
the Geometrics recorder plots field records sample-by-sample rather than as interpolated 
waveforms.  We did not expect significant energy above 250 Hz and no recording filters were 
used.  Preamplifier gains were generally set to 0 db for explosions and to 24 db for Betsy shots.  
This usually resulted in clipping of the near geophone, but recordings beyond 10 ft were not 
clipped. 
 
Although the Geometrics has the capability to set the line geometry and to do simple refraction 
interpretation, the complexity of the layout and the low signal-to-noise (SNR) of the Betsy 
unsummed records precluded automatic line interpretation.  Although the explosion sources had 
sufficient SNR, the non-surface source was an additional complexity not handled by the built-in 
refraction interpretation software. 
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Data was recorded in SEG-Y format; a seismic reflection recording standard, rather than the 
SEG-D format in common use for refraction lines.  This was done to avoid the need to reformat 
the data at SMU prior to using the software SPW to do initial processing and display.  In addition 
to the refraction recordings, recordings were made of geophone line tests, of ambient noise, and 
of drilling noise.  These were taken for SMU’s general interest and possible future research 
rather than the immediate problem of interest.  
 

Table 6b-1.  Equipment list for refraction experiment for all but the first test area, only 
about one-half of the equipment was deployed. 

Item Quantity Description 

Recorder 2 60-channel Stratavisor recorders with associated external 
keyboard, mouse, LCD display, and CF recorder 

Geophones 120+ Single L40 40-Hz geophones on 3” spikes 
Takeout Cables 4 30 takeouts/cable at 5 meter spacing 
Seisgun Source 1 SMU’s heavy Betsy seisgun 
Seisgun Loads 120 3 oz zinc slugs in 8 oz industrial shotgun shells 
Adapter Cables 4 Stratavisor adaptor cables (spider cables) 

Triggers 2+ Geometrics hammer switches for Betsy 
Triggers 2 Trigger adapter cables for wire break triggers on explosives 
Trigger 

Extensions 4 91 meter trigger extension cables 

 
Table 6b-2.  Refraction shot parameters.   

Parameter Value 
Group Interval 10 feet 

Groups/line 30 
Shot Interval 150 feet 
Shot Source Betsy on the surface and 2 lb emulsion at 10 feet 
Sample Rate 0.250 ms 

Record Length 2 seconds 
Filters Out/out 
Gain 24 Db for Betsy shots, 0 Db for explosive shots 

Recording Format SEGY 
Trigger Delay 0 ms 

Trigger Hammer switch for Betsy, wire break for explosives 
Geophones L-40 40 Hz vertical on 3” spikes, one phone/group 
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Figure 6b-1.  The master cable is deployed from barrels.  Each master cable is 150 ft long, 

has 30 takeouts, and weighs about 80 lbs.  from barrels avoids the tangles that can 
easily result if the cable is mishandled. 

 

 
Figure 6b-2.  A frost pin is used to loosen the rock enough to place the geophone.  

Geophones must still be planted securely in the ground, but cannot withstand a 
direct hammer blow. 
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Figure 6b-3.  Geophones are laid at 10 ft intervals. 
 

 
Figure 6b-4.  The Betsy Seisgun is assembled prior to shooting. 
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Figure 6b-5.  The Betsy Seisgun ready for the first shot. 
 

 
Figure 6b-6.  Two hammer switches are taped to the Betsy Seisgun. 
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Figure 6b-7.  Recording equipment inside van.  The Geometrics Stratavisor is on the right.  

The external keyboard, display, and trackball are used for convenience. 
 

 
Figure 6b-8.  Betsy ready to fire. 
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Figure 6b-9.  A wire is wrapped around the charge and brought to the surface.  The 

seismograph will begin recording when the wire breaks. 
 

 
Figure 6b-10.  Connecting the time break.  Once the charge is in the borehole, it is 

connected to the seismograph time break circuit (seismograph trigger circuit).   
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Figure 6b-11.  The blaster detonates the explosive conventionally.  The trigger circuit is 

used only to start the seismograph. 
 
Annotated Observer’s Field Notes 
 
The following observer’s log lists the equipment operator’s comments associated with each 
recorded dataset.  In this case, the original field log has been extended and annotated to preserve 
as much of the field information as is possible. 
 
Boreholes were drilled with a John Henry drill unit to a depth of 10 ft.  Geophones were placed 
using taped offsets from the borehole.  Distances recorded in the SEGY headers are incorrect 
since, with the Stratavisor, it is not possible to record both X and Y offsets.  Times listed in the 
log are from the Stratavisor log and are offset from local time. 
 
Garfield Box Test 
The Garfield test consisted of 120 geophones laid in a box 300 ft on a side.  Geophones were 
spaced 10 ft apart.  If counted from end-to-end, each side included 31 geophones with the last 
geophone within one to two feet of the borehole.   
 
Ambient Conditions:  Dead calm in the morning.  Rising wind in the afternoon.  Site is distant 
from drilling, shovel, and production operations.  
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Figure 6b-12.  Map of Garfield box test.  Lines are 300 ft long with shot holes on the first 

and last geophone of each line.  Numbers show the sequence for the Betsy shots and 
do not match the SP in the observer’s notes. 

 
Figure 6b-13.  Sketch of Garfield box layout.  North is to the top.  Shot order (A through H) 

indicates Betsy shot order.  Shots A and B were repeated at end.  Betsy shots are 
within 1 ft of the corner or center geophone. 
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Figure 6b-14.  Garfield box layout.  Foreground corner is SE corner.  Geophone in the 

foreground is about 1 ft from the borehole. 
 

Table 6b-3.  Hole locations for Garfield box. 
North East Elevation (Ft) Location 

26104.543 -8717.519 5649.567 Garfield 
26393.916 -8630.362 5650.726 Garfield 
26307.586 -8344.869 5652.377 Garfield 
26023.552 -8432.030 5651.512 Garfield 

 
Table 6b-4.  Observer’s log for Garfield box. 

FFID 
Sys1 

FFID 
Sys2 Source SP Time File Description 

1  Betsy A 16:24:06 1.SGY Off end 10 ft 2 second record 1 ms sample rate, 
Gain 36 db 

2  Betsy A 16:38:20 2.SGY Off end 10 ft 1 sec @ 0.250 ms filters out/out 
3  Betsy B 16:46:08 2.SGY 150 ft from trace 1 (160 ft from prior shot?) 
4  Betsy C 16:52:00 2.SGY End of line 

5  Test  17:55:41 5.SGY Line Test, Channel 22 open (bad master 
takeout) 

6 2 Betsy C 18:01:49 6.SGY Both lines laid out 
7 3 Betsy D    
8 4 Betsy E   “ 
9 5 Betsy F   “ 
10 6 Betsy G   “ 
- 7 Betsy H   System 1 did not trigger 

11 8 Betsy A 19:20:51 11.SGY Gain 0 db, 0.250 ms, 1 second record, delay 0 
ms 30 second trigger hold off 

12 9 Betsy B 19:24:15 12.SGY  
- 9 Betsy 1 22:34:42 13.SGY Battery failed on system 1 

13 10 Expl 1 22:34:42 13.SGY 0 db gain, 4 sec record -0.100 delay, SW corner
14 11 Expl 2 22:49:14 13.SGY NW corner 
15 12 Expl 3 22:57:33 13.SGY NE corner 
16 13 Expl 4 23:06:32 13.SGY SW corner failed to trigger? 
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South Coronado 
 

 
Figure 6b-15.  Map of South Coronado cross test.  Numbers do not reflect SP in observer 

notes.  Betsy shots are within 1 ft of the end or center geophone. 
 

 
 
Figure 6b-16.  Sketch of South Coronado layout.  Betsy shots are within 1 ft of the end or 

center geophones.  North is at the top. 
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Table 6b-5.  Hole locations for South Coronado. 

North East Elevation (ft) Location 
15876.603 -17579.774 5401.378 South Coronado 
15727.973 -17560.537 5400.068 South Coronado 
15576.938 -17534.757 5401.247 South Coronado 
15749.974 -17410.490 5404.240 South Coronado 
15705.387 -17708.666 5399.417 South Coronado 

 
 

Table 6b-6.  Observer’s log for South Coronado. 
FFID 
Sys1 Source SP Time File Description 

30 Test  15:43:16 30.SGY Line Test 

31 Betsy 1 15:47:26 31.SGY Trace 1 (N line), Preamp 24 db, 
2 sec @ 0.250 ms 

32 Betsy 2 15:51:59 31.SGY West end of line 
33 Betsy 3 15:57:08 31.SGY South end of line 
34 Betsy 3 15:57:59 31.SGY Repeated shot 
35 Betsy 3 15:59:56 31.SGY Repeated shot 
36 Betsy 3 16:00:33 31.SGY Repeated shot 
37 Betsy 3 16:01:11 31.SGY Repeated shot 
38 Betsy 4 16:07:12 31.SGY East end of line 
39 Betsy 4 16:08:30 31.SGY Repeated shot 
40 Betsy 4 16:09:16 31.SGY Repeated shot 
41 Betsy 4 16:09:46 31.SGY Repeated shot 
42 Betsy 4 16:10:18 31.SGY Repeated shot 
43 Betsy 5 16:12:34 31.SGY Center of cross 
44 Betsy 5 16:13:13 31.SGY Repeated shot 
45 Betsy 5 16:13:45 31.SGY Repeated shot 

50 Noise  16:47:44 50.SGY Noise window, 4 second @ 
0.250 ms, 0 db gain 

51 Expl 2 17:22:13 50.SGY West end 
52 Expl 3 17:23:37 50.SGY South end 
53 Expl 5 17:31:13 50.SGY Center of cross 
54 Expl 4 17:32:28 50.SGY East end 
55 Expl 5   First trigger failed 
55 Expl 5 17:45:11 50.SGY  
56 Expl Noise 17:49:35.29 50.SGY False Trigger 
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North Coronado 
 

 
Figure 6b-17.  Map of North Coronado.  Shot numbers do not correspond to SP numbers 

in observer’s notes. 
 

 
Figure 6b-18.  Sketch map for North Coronado line layout. 
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Figure 6b-19.  Panorama of North Coronado.  Drills are to the south. 
 
Ambient Conditions:  Production drill operating off the south end of the line.  Drilling operation 
was suspended during Betsy shots, but was operating during explosive shots.  Several long 
recordings were made of drill noise including some attempts at correlating noise with channel 
31. 
 

Table 6b-7.  Hole locations for North Coronado. 
North East Elevation (ft) Location 

20553.237 -17216.788 5201.946 North Coronado 
20406.786 -17222.923 5201.212 North Coronado 
20254.444 -17221.016 5198.225 North Coronado 
20403.955 -17081.455 5200.443 North Coronado 
20407.035 -17369.414 5200.876 North Coronado 

 
Table 6b-8.  Observer’s notes for North Coronado. 

FFID 
Sys1 Source SP Time File Description 

60 Betsy 1 20:19:22 60.SGY 0 db gain, 2 seconds @ 0.250 ms 
Center 

61 Betsy 2 20:22:21 60.SGY North 
62 Betsy 2 20:23:06 60.SGY Repeated shot 
63 Betsy 2 20:23:21 60.SGY Repeated shot 
64 Betsy 2 20:24:11 60.SGY Repeated shot 
65 Betsy 3 20:25:46 60.SGY East 
66 Betsy 3 20:26:44 60.SGY Repeated shot 
67 Betsy 3 20:26:44 60.SGY Repeated shot 
68 Betsy 3 20:29:10 60.SGY 24 db gain, Repeated shot 
69 Betsy 3 20:29:37 60.SGY Repeated shot 
70 Betsy 3 20:30:02 60.SGY Repeated shot 
71 Betsy 3 20:30:22 60.SGY Repeated shot 
72 Betsy 4 20:34:24 60.SGY West 
73 Betsy 4 20:34:52 60.SGY Repeated shot 
74 Betsy 4 20:35:12 60.SGY Repeated shot 
75 Betsy 4 20:35:31 60.SGY Repeated shot 
76 Betsy 4 20:35:51 60.SGY Repeated shot 
77 Betsy 4 20:36:11 60.SGY Repeated shot 
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FFID 
Sys1 Source SP Time File Description 

78 Betsy 5 20:38:36 60.SGY South 
79 Betsy 5 20:38:53 60.SGY Repeated shot 
80 Betsy 5 20:39:18 60.SGY Repeated shot 
81 Betsy 5 20:39:47 60.SGY Repeated shot 
82 Betsy 5 20:39:56 60.SGY Repeated shot 
83 Betsy 5 20:40:12 60.SGY Repeated shot 
84 Test  20:49:32 60.SGY Line test 
85 Noise  20:51:51 85.SGY Ambient noise 
86 Noise  20:52:11 85.SGY Ambient noise 
87 Noise  20:52:24 85.SGY Ambient noise 
88 Noise  20:52:35 85.SGY Ambient noise 
89 Noise  22:52:48 85.SGY Ambient noise 

100 Noise  20:54:02 100.SGY Long noise record, 32 seconds @ 2 
ms 

101 Noise  20:57:28 101.SGY
Drill correlation, 15 seconds sweep, 

2 seconds listen correlation w/ 
channel 31 

102 Noise  20:57:52 101.SGY Drill correlation 
103 Noise  20:58:33 101.SGY Drill correlation 
104 Noise  20:59:27 101.SGY Drill correlation 
105 Noise  20:59:54 101.SGY Drill correlation 
106 Noise  21:00:58 106.SGY Drill noise, 32 seconds @ 2 ms 
107 Noise  21:02:10 106.SGY Drill noise 
108 Noise  21:02:53 106.SGY Drill noise 
109 Noise  21:03:29 106.SGY Drill Noise 
110 Expl 4 21:18:20 110.SGY 2 seconds @ 0.250 ms, West 
111 Expl 5 21:26:08 110.SGY South 
112 Expl 1 21:30:57 110.SGY Center 
113 Expl  21:39:45 110.SGY ? 
114 Expl  21:40:32 110.SGY No trigger 
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Hamilton Point 
 

 
Figure 6b-20.  Overlook photo of Hamilton Point on 23-Jan-2004.  Blue lines are 

approximate position of refraction survey. 
 

 
Figure 6b-21.  Map of Hamilton Point.  Numbers do not correspond to SP numbers in 

observer’s notes. 
 



Chapter 6:  Morenci Refraction Interpretation 
 

 173

 
Figure 6b-22.  Sketch map of line layout for Hamilton Point. 
 

 
Figure 6b-23.  Panorama of Hamilton point. 
 
Ambient Conditions:  Winds 10-15 mph.  No nearby mining equipment.  Haul road to the 
northeast with light traffic.  Three channels bad on master cable due to broken pins. 
 

Table 6b-9.  Hole locations for Hamilton Point. 
North East Elevation Location 

15128.697 -9013.588 4899.105 Hamilton Point 
15287.545 -9274.657 4902.167 Hamilton Point 
15325.828 -9074.810 4899.133 Hamilton Point 
15205.759 -9149.844 4898.381 Hamilton Point 
15079.833 -9229.917 4899.308 Hamilton Point 

 
Table 6b-10.  Observer’s notes for Hamilton Point. 

FFID 
Sys1 Source SP Time File Description 

200 Test  15:27:17 200.SGD Line Test, Channels 1-30 only 
201 Misfire  15:33:08 201.SGD 24 db, 2 seconds @ 0.250 ms 
202 Betsy 1 15:33:32 202.SGD Groups 1-30 only recorded in SEGD 

203 Betsy 1 15:38:11 203.SGY Switched to SEGY recording, Shot SE corner Groups 
1-60 

204 Betsy 1 15:38:47 203.SGY Repeated shot 
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205 Betsy 1 15:39:04 203.SGY Repeated shot 
206 Betsy 1 15:39:25 203.SGY Repeated shot 
207 Betsy 2 15:43:39 203.SGY Center shot 
208 Betsy 2 15:44:05 203.SGY Repeated shot 
209 Betsy 2 15:44:28 203.SGY Repeated shot 
210 Betsy 2 15:47:34 203.SGY Repeated shot 
211   15:47:34 203.SGY  
212   15:48:03 203.SGY  
213   15:48:16 203.SGY  
214   15:48:35 203.SGY  
215   15:38:50 203.SGY  
216 Noise  15:52:55 216.SGY 16 seconds @ 1 ms, Drill on standby at SE corner 
217 Noise  15:55:57 216.SGY  
218 Noise  15:56:37 216.SGY  
219 Noise  15:57:06 216.SGY  
220 Noise  15:57:33 216.SGY  
221 Noise  15:57:57 216.SGY  
222 Noise  15:58:31 216.SGY  
223 Noise  15:58:55 216.SGY  
224 Noise  15:59:40 216.SGY  
225 Noise  16:01:08 225.SGY 10 seconds sweep, 2 seconds listen pilot channel 1 
226 Noise  16:01:46 225.SGY Drill 
227 Noise  16:05:38 227.SGY 2 seconds @ 0.250 ms 
228 Noise  16:08:47 227.SGY  
229 Noise  16:09:10 227.SGY  
230 Noise  16:09:26 227.SGY  
231 Noise  16:09:39 227.SGY  
232 Noise  16:09:55 227.SGY  
233 Noise  16:12:50 227.SGY  
234 Noise  16:13:09 227.SGY  
235 Noise  16:13:24 227.SGY  
236 Noise  16:13:39 227.SGY  
237 Noise  16:13:52 227.SGY  
238 Test  16:14:29 227.SGY  
239 Test  16:15:48 239.SGY  
240 Noise  16:16:38 240.SGY 64 seconds @ 4 ms 
241 Noise  16:18:02 241.SGY  

242 Noise  16:24:21 242.SGY 10 seconds sweep, 2 seconds listen, 1 ms, pilot 
channel 1 

243 Noise  16:24:57 242.SGY Drill 
244 Noise  16:25:34 242.SGY Drill 
245 Noise  16:26:05 242.SGY Drill 
246 Noise  16:27:20 246.SGY 32 seconds @ 2 ms, Drill 
247 Noise  16:28:10 246.SGY Drill 
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248 Noise  16:20:03 246.SGY Drill 
249 Noise  16:30:10 246.SGY Drill 
250 Noise  16:30:56 246.SGY Drill 
270 Expl  16:37:11 270.SGY NE Corner 
271 Expl  16:44:05 270.SGY Center 
272 Expl  16:50:21 270.SGY NW Corner 
273 Expl  17:04:00 270.SGY SE Corner 
274 Expl  17:04:46 270.SGY SW corner failed to trigger 

 
Processing Notes 
 
Channels 22 and 51 are bad for all shots.  The master cable had broken pins at these positions.  
Processing was done in the same manner as Metcalf, however, trace offsets used here are 
referenced as if the NW-SE line is oriented N-S.  This coordinate rotation should have no affect 
other than to rotate any resultant dipping horizon. 
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Little Metcalf Pit 
 

 
Figure 6b-24.  Overlook of Little Metcalf Pit on 23-Jan-2004, the day following the survey.  

Blue lines are approximate position of the refraction survey. 
 

 
Figure 6b-25.  Map for Little Metcalf Pit.  Numbers do not correspond to SP numbers in 

observer’s log. 
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Figure 6b-26.  Sketch line layout for Little Metcalf Pit. 

 
Figure 6b-27.  Panorama of Little Metcalf Pit. 
 
Ambient Conditions:  Water within 3 ft of the surface and ground in saturated condition.  Several 
shots produced water geysers.  Front-end loader operating off the south end of the line. 
 

Table 6b-11.  Hole locations for Little Metcalf Pit. 
North East Elevation Location 

19308.163 -10935.293 4199.375 Little Metcalf 
19442.000 -10867.839 4200.575 Little Metcalf 
19567.339 -10804.484 4199.049 Little Metcalf 
19512.251 -11004.939 4201.265 Little Metcalf 
19376.498 -10742.276 4203.270 Little Metcalf 
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Table 6b-12.  Observer’s notes for Little Metcalf Pit. 
FFID Sys1 Source SP Time File Description 

300 Test  18:41:59 300.SGY Line Test, 24 Db 
301 Betsy 1 18:53:07 301.SGY East end, 24 Db 
302 Betsy 1 18:53:45 301.SGY East end 
303 Betsy 1 18:53:59 301.SGY East end 
304 Betsy 1 18:54:46 301.SGY East end 
305 Betsy 1 18:55:02 301.SGY East end 
306 Betsy 2 18:58:08 301.SGY South end 
307 Betsy 2 18:58:23 301.SGY South end 
308 Betsy 2 18:58:37 301.SGY South end 
309 Betsy 2 18:58:50 301.SGY South end 
310 Betsy 2 18:59:03 301.SGY South end 
311 Betsy 3 19:01:38 301.SGY Center 
312 Betsy 3 19:01:55 301.SGY Center 
313 Betsy 3 19:02:07 301.SGY Center 
314 Betsy 3 19:02:23 301.SGY Center 
315 Betsy 3 19:02:35 301.SGY Center 
316 Betsy 4 19:04:29 301.SGY West 
317 Betsy 4 19:04:51 301.SGY West 
318 Betsy 4 19:05:08 301.SGY West 
319 Betsy 4 19:05:21 301.SGY West 
320 Betsy 4 19:05:37 301.SGY West 
321 Betsy 5 19:08:27 301.SGY North 
322 Betsy 5 19:08:41 301.SGY North 
323 Betsy 5 19:08:51 301.SGY North 
324 Betsy 5 19::09:03 301.SGY North 
325 Betsy 5 19:09:20 301.SGY North 
326 Noise  19:26:21 326.SGY 4 ms, 64 seconds @ 48 Db 
327 Noise  19:28:19 327.SGY 8 ms, 128 seconds @ 48 Db 
328 Expl 5 19:52:07 328.SGY North, 0 Db, 2 sec @ 0.250 ms
329 Expl 4 19:59:21 328.SGY West 
330 Expl 3 20:03:06 328.SGY Center 
331 Expl 2 20:10:08 328.SGY South 
332 Expl 1 20:15:33 328.SGY East 

 
Processing Notes 
 
Coordinates are in feet relative to the center point (the line cross).  Processing was done using 
SPW.  Field 301.SGY file was converted to SPW format.  Observer’s notes, receiver positions, 
and source positions are loaded into SPW using copy and paste from Excel spreadsheets.  
Geometry was added with the following flow.   
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Data was reviewed in SeisViewer sorting by source location, FFID, and channel to check for 
consistent triggers and determine if any records need to be deleted from the stacked data.  Field 
records 301, 306, and 323 were killed.  The geophone at location 1 was excessively noisy, but 
was left in the stack. 
 
Stacking data in SPW requires a trick.  Shot locations must increment by 60 (the number of 
active channels).  This will result in unique common midpoints for each shot position and enable 
SPW to stack the data using CMP routines.  Partial observer, source, and receiver tables are 
included as Tables 6b-13 to 6b-15.  Output offset and receiver locations were then replaced using 
the spreadsheet function in SPW. 
The resultant record sections are shown below.  A similar process was used for the explosive 
sources, but in this case, it was not necessary to stack the data. 
 

 
 

Figure 6b-28.  Processing flow to add geometry.  
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Figure 6b-29.  Metcalf Betsy shots 1-5 at geophone 4.  The first shot (field record 301) 
comes in slightly early relative to the other shots and probably represents a late 
trigger.  It is therefore deleted from the stack. 

 
Table 6b-13.  Receiver location cards.   

Line Receiver Northing Easting Line Receiver Northing Easting
0 1 150 0 2 31 0 -150 
0 2 140 0 2 32 0 -140 
0 3 130 0 2 33 0 -130 
0 4 120 0 2 34 0 -120 
0 5 110 0 2 35 0 -110 
0 6 100 0 2 36 0 -100 
0 7 90 0 2 37 0 -90 
0 8 80 0 2 38 0 -80 
0 9 70 0 2 39 0 -70 
0 10 60 0 2 40 0 -60 
0 11 50 0 2 41 0 -50 
0 12 40 0 2 42 0 -40 
0 13 30 0 2 43 0 -30 
0 14 20 0 2 44 0 -20 
0 15 10 0 2 45 0 -10 
0 16 0 0 2 46 0 0 
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0 17 -10 0 2 47 0 10 
0 18 -20 0 2 48 0 20 
0 19 -30 0 2 49 0 30 
0 20 -40 0 2 50 0 40 
0 21 -50 0 2 51 0 50 
0 22 -60 0 2 52 0 60 
0 23 -70 0 2 53 0 70 
0 24 -80 0 2 54 0 80 
0 25 -90 0 2 55 0 90 
0 26 -100 0 2 56 0 100 
0 27 -110 0 2 57 0 110 
0 28 -120 0 2 58 0 120 
0 29 -130 0 2 59 0 130 
0 30 -140 0 2 60 0 140 

 
Table 6b-14.  Source location cards. 

Line Receiver Northing Easting Elevation
4 60 150 0 0 
8 120 0 -150 0 
12 180 0 0 0 
16 240 -140 0 0 
20 300 0 140 0 

 
Table 6b-15.  Observer’s note input to geometry definition.   

Field 
file 

Source 
line 

Source 
location 

First 
channel 

Last 
channel 

Receiver 
line 

First 
group 

Group 
increment 

301 4 60 1 30 10 1 1 
301 4 60 31 60 12 31 1 
302 4 60 1 30 10 1 1 
302 4 60 31 60 12 31 1 
303 4 60 1 30 10 1 1 
303 4 60 31 60 12 31 1 
304 4 60 1 30 10 1 1 
304 4 60 31 60 12 31 1 
305 4 60 1 30 10 1 1 
305 4 60 31 60 12 31 1 
306 8 120 1 30 10 1 1 
306 8 120 31 60 12 31 1 
307 8 120 1 30 10 1 1 
307 8 120 31 60 12 31 1 
308 8 120 1 30 10 1 1 
308 8 120 31 60 12 31 1 
309 8 120 1 30 10 1 1 
309 8 120 31 60 12 31 1 
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310 8 120 1 30 10 1 1 
310 8 120 31 60 12 31 1 
311 12 180 1 30 10 1 1 
311 12 180 31 60 12 31 1 
312 12 180 1 30 10 1 1 
312 12 180 31 60 12 31 1 
313 12 180 1 30 10 1 1 
313 12 180 31 60 12 31 1 
314 12 180 1 30 10 1 1 
314 12 180 31 60 12 31 1 
315 12 180 1 30 10 1 1 
315 12 180 31 60 12 31 1 
316 16 240 1 30 10 1 1 
316 16 240 31 60 12 31 1 
317 16 240 1 30 10 1 1 
317 16 240 31 60 12 31 1 
318 16 240 1 30 10 1 1 
318 16 240 31 60 12 31 1 
319 16 240 1 30 10 1 1 
319 16 240 31 60 12 31 1 
320 16 240 1 30 10 1 1 
320 16 240 31 60 12 31 1 
321 20 300 1 30 10 1 1 
321 20 300 31 60 12 31 1 
322 20 300 1 30 10 1 1 
322 20 300 31 60 12 31 1 
323 20 300 1 30 10 1 1 
323 20 300 31 60 12 31 1 
324 20 300 1 30 10 1 1 
324 20 300 31 60 12 31 1 
325 20 300 1 30 10 1 1 
325 20 300 31 60 12 31 1 
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Little Metcalf Pit Record Sections 
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Explosion Records 
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Stratavisor Log File 
 
The following text lists the edited StrataVisor log file from system 1 used on all shots.  The file 
has been edited to remove extraneous information such as duplicate line tests. 
20-Jan-2004 Garfield Box Pattern 
Beginning New Line – Line 1, Starting File Number is 1 
Sample Interval 1.000 msec, Record Len 2.000 Sec, Delay 0.000 Sec, 
Shot Location 0.00 
1st Phone Location 0.00, Last Phone (CH 60) Location 590.00 
Preamp Gain Style is set to ALL 36 db 
Auto Save is ON. 
Saving to disk – Next File Number is 1 – Data Dir is E:\SPE – SEG-Y Format 
Auto Save is ON. 
Saving to disk – Next File Number is 1 – Data Dir is E:\SPE – SEG-Y Format 
Auto Save is OFF. 
Saving to disk – Next File Number is 1 – Data Dir is E:\SPE – SEG-Y Format 
Auto Stack, Stack Limit 1. 
FFID       1 (Stack  1) 16:13:20.58 01/20/2004  
FFID       1 (Stack  1) 16:13:51.36 01/20/2004  
FFID       1 (Stack  1) 16:14:16.45 01/20/2004  
Shot Location 0.00 
1st Phone Location 10.00, Last Phone (CH 60) Location 600.00 
Shot Location 0.00 
1st Phone Location 10.00, Last Phone (CH 60) Location 600.00 
FFID       1 (Stack  1) 16:24:06.56 01/20/2004  
FFID       1 (Stack  1) 16:24:06.56 01/20/2004  498 Kbytes SAVED IN 1.SGY 
Sample Interval 0.250 msec, Record Len 1.000 Sec, Delay 0.000 Sec, 
Refraction Survey Mode.   
SHOT DISPLAY GAIN STYLE HAS BEEN CHANGED TO FIXED GAIN 
Shot Location 0.00 
1st Phone Location 10.00, Last Phone (CH 60) Location 600.00 
FFID       2 (Stack  1) 16:38:20.27 01/20/2004  
FFID       2 (Stack  1) 16:38:20.27 01/20/2004  978 Kbytes SAVED IN 2.SGY 
FFID       3 (Stack  1) 16:46:08.46 01/20/2004  
ALARM: Overdriven channels! See red traces.  16:46:10 
FFID       3 (Stack  1) 16:46:08.46 01/20/2004  975 Kbytes SAVED IN 2.SGY 
Shot Location 300.00 
1st Phone Location 10.00, Last Phone (CH 60) Location 600.00 
FFID       4 (Stack  1) 16:52:00.37 01/20/2004  
ALARM: Overdriven channels! See red traces.  16:52:02 
FFID       4 (Stack  1) 16:52:00.37 01/20/2004  975 Kbytes SAVED IN 2.SGY 
REPORT FOR LINE TEST: 
 
(MATCH,DEV MATCH) AND (NOISE,DEV NOISE) ARE: 
CH.#1 : ( 0.29, 0.11 ), ( 0.16, 0.06 ) 
CH.#2 : ( 0.53, 0.03 ), ( 0.34, 0.02 ) 
CH.#3 : ( 0.35, 0.20 ), ( 0.08, 0.02 ) 
CH.#4 : ( 0.10, 0.04 ), ( 0.08, 0.02 ) 
CH.#5 : ( 0.13, 0.01 ), ( 0.12, 0.02 ) 
CH.#6 : ( 0.24, 0.05 ), ( 0.08, 0.01 ) 
CH.#7 : ( 0.05, 0.02 ), ( 0.06, 0.01 ) 
CH.#8 : ( 0.53, 0.19 ), ( 0.20, 0.10 ) 
CH.#9 : ( 1.00, 0.14 ), ( 0.22, 0.04 ) 
CH.#10 : ( 0.24, 0.00 ), ( 0.16, 0.00 ) 
CH.#11 : ( 0.11, 0.00 ), ( 0.08, 0.00 ) 
CH.#12 : ( 0.28, 0.00 ), ( 0.10, 0.00 ) 
CH.#13 : ( 0.09, 0.00 ), ( 0.82, 0.00 ) 
CH.#14 : ( 0.48, 0.00 ), ( 0.86, 0.00 ) 
CH.#15 : ( 0.07, 0.00 ), ( 0.67, 0.00 ) 
CH.#16 : ( 0.02, 0.00 ), ( 0.74, 0.00 ) 
CH.#17 : ( 0.81, 0.00 ), ( 0.74, 0.00 ) 
CH.#18 : ( 0.41, 0.00 ), ( 0.84, 0.00 ) 
CH.#19 : ( 0.07, 0.00 ), ( 0.78, 0.00 ) 
CH.#20 : ( 0.47, 0.00 ), ( 0.80, 0.00 ) 
CH.#21 : ( 0.22, 0.00 ), ( 0.96, 0.00 ) 
CH.#22 : * THIS IS AN OPEN CHANNEL * 
CH.#23 : ( 0.43, 0.00 ), ( 0.72, 0.00 ) 
CH.#24 : ( 0.11, 0.00 ), ( 0.85, 0.00 ) 
CH.#25 : ( 0.67, 0.00 ), ( 2.60, 0.00 ) 
CH.#26 : ( 0.89, 0.00 ), ( 2.28, 0.00 ) 
CH.#27 : ( 1.31, 0.00 ), ( 2.67, 0.00 ) 
CH.#28 : ( 0.47, 0.00 ), ( 2.78, 0.00 ) 
CH.#29 : ( 4.23, 0.00 ), ( 3.81, 0.00 ) 
CH.#30 : ( 0.94, 0.00 ), ( 2.57, 0.00 ) 
CH.#31 : * THIS IS AN OPEN CHANNEL * 
CH.#32 : * THIS IS AN OPEN CHANNEL * 
CH.#33 : * THIS IS AN OPEN CHANNEL * 

CH.#34 : * THIS IS AN OPEN CHANNEL * 
CH.#35 : * THIS IS AN OPEN CHANNEL * 
CH.#36 : * THIS IS AN OPEN CHANNEL * 
CH.#37 : * THIS IS AN OPEN CHANNEL * 
CH.#38 : * THIS IS AN OPEN CHANNEL * 
CH.#39 : * THIS IS AN OPEN CHANNEL * 
CH.#40 : * THIS IS AN OPEN CHANNEL * 
CH.#41 : * THIS IS AN OPEN CHANNEL * 
CH.#42 : * THIS IS AN OPEN CHANNEL * 
CH.#43 : * THIS IS AN OPEN CHANNEL * 
CH.#44 : * THIS IS AN OPEN CHANNEL * 
CH.#45 : * THIS IS AN OPEN CHANNEL * 
CH.#46 : * THIS IS AN OPEN CHANNEL * 
CH.#47 : * THIS IS AN OPEN CHANNEL * 
CH.#48 : * THIS IS AN OPEN CHANNEL * 
CH.#49 : * THIS IS AN OPEN CHANNEL * 
CH.#50 : * THIS IS AN OPEN CHANNEL * 
CH.#51 : * THIS IS AN OPEN CHANNEL * 
CH.#52 : * THIS IS AN OPEN CHANNEL * 
CH.#53 : * THIS IS AN OPEN CHANNEL * 
CH.#54 : * THIS IS AN OPEN CHANNEL * 
CH.#55 : * THIS IS AN OPEN CHANNEL * 
CH.#56 : * THIS IS AN OPEN CHANNEL * 
CH.#57 : * THIS IS AN OPEN CHANNEL * 
CH.#58 : * THIS IS AN OPEN CHANNEL * 
CH.#59 : * THIS IS AN OPEN CHANNEL * 
CH.#60 : * THIS IS AN OPEN CHANNEL * 
Trigger Hold off 30.00s.   
Trigger Sensitivity 20.   
Auto Arm is ON. 
Self-Trigger is OFF. 
Restarting Survey at Line Number 1 
Correlation is OFF. 
Auto Stack, Stack Limit 1. 
Sample Interval 0.250 msec, Record Len 1.000 Sec, Delay 0.000 Sec, 
Filters: FILTER OUT, FILTER OUT 
Diversity Stack is OFF. 
Spike Filter on Pilot is OFF. 
Preamp Gain Style is set to ALL 0 db 
Shot Location 300.00 
1st Phone Location 10.00, Last Phone (CH 60) Location 600.00 
Auto Save is OFF. 
Saving to disk – Next File Number is 5 – Data Dir is E:\SPE – SEG-Y Format 
Trigger Hold off 30.00s.   
Trigger Sensitivity 20.   
Auto Arm is ON. 
Self-Trigger is OFF. 
Replace Only. 
Auto Save is ON. 
Saving to disk – Next File Number is 5 – Data Dir is E:\SPE – SEG-Y Format 
Shot Location 300.00 
1st Phone Location 10.00, Last Phone (CH 60) Location 600.00 
 
Client name  : SPE Consortia at Phelps Dodge Morenci 
Job Number  : 1 
Line Number  : 1 
Project Title  : Garfield Test Line 
 
Preamp Gain Style is set to ALL 24 db 
Replace Only. 
Trigger Hold off 30.00s.   
Trigger Sensitivity 20.   
Auto Arm is OFF. 
Self-Trigger is OFF. 
REPORT FOR LINE TEST: (removed during edit) 
… 
REPORT FOR LINE TEST: 
 
(MATCH,DEV MATCH) AND (NOISE,DEV NOISE) ARE: 
CH.#1 : ( 0.33, 0.16 ), ( 0.37, 0.06 ) 
CH.#2 : ( 0.90, 0.19 ), ( 0.51, 0.09 ) 
CH.#3 : ( 0.19, 0.05 ), ( 0.38, 0.07 ) 
CH.#4 : ( 0.33, 0.16 ), ( 0.36, 0.07 ) 
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CH.#5 : ( 0.22, 0.16 ), ( 0.38, 0.08 ) 
CH.#6 : ( 0.17, 0.06 ), ( 0.36, 0.05 ) 
CH.#7 : ( 0.23, 0.11 ), ( 0.35, 0.06 ) 
CH.#8 : ( 0.40, 0.17 ), ( 0.39, 0.05 ) 
CH.#9 : ( 0.26, 0.09 ), ( 0.37, 0.03 ) 
CH.#10 : ( 0.17, 0.11 ), ( 0.38, 0.04 ) 
CH.#11 : ( 0.44, 0.12 ), ( 0.36, 0.07 ) 
CH.#12 : ( 0.19, 0.04 ), ( 0.31, 0.03 ) 
CH.#13 : ( 0.10, 0.03 ), ( 0.07, 0.19 ) 
CH.#14 : ( 0.15, 0.01 ), ( 0.09, 0.18 ) 
CH.#15 : ( 0.20, 0.19 ), ( 0.06, 0.21 ) 
CH.#16 : ( 0.25, 0.20 ), ( 0.06, 0.20 ) 
CH.#17 : ( 0.09, 0.00 ), ( 0.05, 0.19 ) 
CH.#18 : ( 0.03, 0.04 ), ( 0.07, 0.18 ) 
CH.#19 : ( 0.41, 0.27 ), ( 0.08, 0.20 ) 
CH.#20 : ( 0.07, 0.01 ), ( 0.07, 0.18 ) 
CH.#21 : ( 0.33, 0.10 ), ( 0.13, 0.22 ) 
CH.#22 : * THIS IS AN OPEN CHANNEL * 
CH.#23 : ( 0.06, 0.01 ), ( 0.05, 0.19 ) 
CH.#24 : ( 0.41, 0.06 ), ( 0.07, 0.21 ) 
CH.#25 : ( 0.36, 0.04 ), ( 0.37, 0.14 ) 
CH.#26 : ( 0.10, 0.00 ), ( 0.27, 0.00 ) 
CH.#27 : ( 0.29, 0.00 ), ( 0.38, 0.00 ) 
CH.#28 : ( 0.14, 0.00 ), ( 0.38, 0.00 ) 
CH.#29 : ( 1.20, 0.00 ), ( 0.57, 0.00 ) 
CH.#30 : ( 0.25, 0.00 ), ( 0.35, 0.00 ) 
CH.#31 : ( 0.30, 0.00 ), ( 0.35, 0.00 ) 
CH.#32 : ( 0.16, 0.00 ), ( 0.32, 0.00 ) 
CH.#33 : ( 0.45, 0.00 ), ( 0.39, 0.00 ) 
CH.#34 : ( 0.07, 0.00 ), ( 0.35, 0.00 ) 
CH.#35 : ( 0.18, 0.00 ), ( 0.43, 0.00 ) 
CH.#36 : ( 0.04, 0.00 ), ( 0.36, 0.00 ) 
CH.#37 : ( 0.40, 0.00 ), ( 0.92, 0.00 ) 
CH.#38 : ( 0.44, 0.00 ), ( 0.98, 0.00 ) 
CH.#39 : ( 0.70, 0.00 ), ( 0.98, 0.00 ) 
CH.#40 : ( 0.35, 0.00 ), ( 0.96, 0.00 ) 
CH.#41 : ( 0.16, 0.00 ), ( 0.95, 0.00 ) 
CH.#42 : ( 0.21, 0.00 ), ( 0.96, 0.00 ) 
CH.#43 : ( 0.09, 0.00 ), ( 0.99, 0.00 ) 
CH.#44 : ( 0.56, 0.00 ), ( 0.97, 0.00 ) 
CH.#45 : ( 0.44, 0.00 ), ( 1.12, 0.00 ) 
CH.#46 : ( 0.10, 0.00 ), ( 0.93, 0.00 ) 
CH.#47 : ( 0.39, 0.00 ), ( 0.96, 0.00 ) 
CH.#48 : ( 0.16, 0.00 ), ( 0.97, 0.00 ) 
CH.#49 : ( 0.35, 0.00 ), ( 2.50, 0.00 ) 
CH.#50 : ( 0.56, 0.00 ), ( 2.69, 0.00 ) 
CH.#51 : ( 0.11, 0.00 ), ( 2.54, 0.00 ) 
CH.#52 : ( 0.88, 0.00 ), ( 2.59, 0.00 ) 
CH.#53 : ( 0.13, 0.00 ), ( 2.69, 0.00 ) 
CH.#54 : ( 0.10, 0.00 ), ( 2.69, 0.00 ) 
CH.#55 : ( 0.21, 0.00 ), ( 2.61, 0.00 ) 
CH.#56 : ( 0.80, 0.00 ), ( 2.91, 0.00 ) 
CH.#57 : ( 1.09, 0.00 ), ( 2.64, 0.00 ) 
CH.#58 : ( 0.20, 0.00 ), ( 2.72, 0.00 ) 
CH.#59 : ( 0.34, 0.00 ), ( 3.06, 0.00 ) 
CH.#60 : ( 1.38, 0.00 ), ( 2.81, 0.00 ) 
FFID       5 (Stack  1) 17:55:41.40 01/20/2004  978 Kbytes SAVED IN 5.SGY 
FFID       6 (Stack  1) 18:01:49.81 01/20/2004  978 Kbytes SAVED IN 6.SGY 
Restarting Survey at Line Number 1 
Correlation is OFF. 
Replace Only. 
Sample Interval 0.250 msec, Record Len 1.000 Sec, Delay 0.000 Sec, 
Filters: FILTER OUT, FILTER OUT 
Diversity Stack is OFF. 
Spike Filter on Pilot is OFF. 
Preamp Gain Style is set to ALL 0 db 
Shot Location 300.00 
1st Phone Location 10.00, Last Phone (CH 60) Location 600.00 
Auto Save is ON. 
Saving to disk – Next File Number is 11 – Data Dir is E:\SPE – SEG-Y Format 
Trigger Hold off 30.00s.   
Trigger Sensitivity 20.   
Auto Arm is OFF. 
Self-Trigger is OFF. 
Restarting Survey at Line Number 1 
Correlation is OFF. 
Replace Only. 
Sample Interval 0.250 msec, Record Len 1.000 Sec, Delay 0.000 Sec, 
Filters: FILTER OUT, FILTER OUT 
Diversity Stack is OFF. 

Spike Filter on Pilot is OFF. 
Preamp Gain Style is set to ALL 0 db 
Shot Location 300.00 
1st Phone Location 10.00, Last Phone (CH 60) Location 600.00 
Auto Save is ON. 
Saving to disk – Next File Number is 11 – Data Dir is E:\SPE – SEG-Y Format 
Trigger Hold off 30.00s.   
Trigger Sensitivity 20.   
Auto Arm is OFF. 
Self-Trigger is OFF. 
FFID      11 (Stack  1) 19:20:50.52 01/20/2004  978 Kbytes SAVED IN 11.SGY 
FFID      12 (Stack  1) 19:24:15.09 01/20/2004  975 Kbytes SAVED IN 11.SGY 
Auto Save is ON. 
Saving to disk – Next File Number is 13 – Data Dir is E:\SPE – SEG-Y Format 
FFID       6 (Stack  1) 18:01:49.00 01/20/2004 READ 
FFID       7 (Stack  1) 18:16:22.00 01/20/2004 READ 
Restarting Survey at Line Number 1 
Correlation is OFF. 
Replace Only. 
Sample Interval 0.250 msec, Record Len 1.000 Sec, Delay 0.000 Sec, 
Filters: FILTER OUT, FILTER OUT 
Diversity Stack is OFF. 
Spike Filter on Pilot is OFF. 
Preamp Gain Style is set to ALL 0 db 
Shot Location 300.00 
1st Phone Location 10.00, Last Phone (CH 60) Location 600.00 
Auto Save is ON. 
Saving to disk – Next File Number is 13 – Data Dir is E:\SPE – SEG-Y Format 
Trigger Hold off 30.00s.   
Trigger Sensitivity 20.   
Auto Arm is OFF. 
Self-Trigger is OFF. 
Auto Save is OFF. 
Saving to disk – Next File Number is 13 – Data Dir is E:\SPE – SEG-Y Format 
FFID      13 (Stack  1) 19:54:43.71 01/20/2004  
Auto Save is ON. 
Saving to disk – Next File Number is 13 – Data Dir is E:\SPE – SEG-Y Format 
FFID       5 (Stack  1) 17:55:41.00 01/20/2004 READ 
*** ERROR WHILE READING E:\SPE\5.sgy    ffffffff FROM DISK 
FFID       5 (Stack  0) 17:55:41.00 01/20/2004 READ 
FFID      11 (Stack  1) 19:20:50.00 01/20/2004 READ 
Auto Save is ON. 
Saving to disk – Next File Number is 13 – Data Dir is E:\SPE – SEG-Y Format 
Trigger Hold off 30.00s.   
Trigger Sensitivity 20.   
Auto Arm is OFF. 
Self-Trigger is OFF. 
Preamp Gain Style is set to ALL 0 db 
Auto Save is OFF. 
Saving to disk – Next File Number is 13 – Data Dir is E:\SPE – SEG-Y Format 
Trigger Hold off 30.00s.   
Trigger Sensitivity 20.   
Auto Arm is OFF. 
Self-Trigger is ON.  Monitoring AND: 1-60.  Minimum # of channels: 30. 
Time window 1 = 2000.000 ms, Time window 2 = 100.000 ms, ratio = 6.000 
Using Manual Trigger when event is set 
Sample Interval 1.000 msec, Record Len 16.000 Sec, Delay 0.000 Sec, 
Preamp Gain Style is set to ALL 24 db 
Trigger Hold off 30.00s.   
Trigger Sensitivity 20.   
Auto Arm is OFF. 
Self-Trigger is OFF. 
Sample Interval 0.250 msec, Record Len 4.000 Sec, Delay 0.000 Sec, 
Auto Save is ON. 
Saving to disk – Next File Number is 13 – Data Dir is E:\SPE – SEG-Y Format 
Trigger Hold off 5.00s.   
Trigger Sensitivity 20.   
Auto Arm is OFF. 
Self-Trigger is OFF. 
Sample Interval 0.250 msec, Record Len 4.000 Sec, Delay -0.100 Sec, 
Preamp Gain Style is set to ALL 0 db 
FFID      13 (Stack  1) 22:34:41.59 01/20/2004 3858 Kbytes SAVED IN 13.SGY 
FFID      14 (Stack  1) 22:49:13.80 01/20/2004 3855 Kbytes SAVED IN 13.SGY 
FFID      15 (Stack  1) 22:57:32.56 01/20/2004 3855 Kbytes SAVED IN 13.SGY 
FFID      16 (Stack  1) 23:06:31.58 01/20/2004 3855 Kbytes SAVED IN 13.SGY 
ALARM: Overdriven channels! See red traces.  23:06:47 
 
Nightly Data Review 
 
Restarting Survey at Line Number 1 
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Correlation is OFF. 
Replace Only. 
Sample Interval 0.250 msec, Record Len 4.000 Sec, Delay -0.100 Sec, 
Filters: FILTER OUT, FILTER OUT 
Diversity Stack is OFF. 
Spike Filter on Pilot is OFF. 
Preamp Gain Style is set to ALL 0 db 
Shot Location 300.00 
1st Phone Location 10.00, Last Phone (CH 60) Location 600.00 
Auto Save is ON. 
Saving to disk – Next File Number is 17 – Data Dir is E:\SPE – SEG-Y Format 
Trigger Hold off 5.00s.   
Trigger Sensitivity 20.   
Auto Arm is OFF. 
Self-Trigger is OFF. 
FFID       1 (Stack  1) 16:24:06.00 01/20/2004 READ 
Restarting Survey at Line Number 1 
Correlation is OFF. 
Replace Only. 
Sample Interval 0.250 msec, Record Len 4.000 Sec, Delay -0.100 Sec, 
Filters: FILTER OUT, FILTER OUT 
Diversity Stack is OFF. 
Spike Filter on Pilot is OFF. 
Preamp Gain Style is set to ALL 0 db 
Shot Location 300.00 
1st Phone Location 10.00, Last Phone (CH 60) Location 600.00 
Auto Save is ON. 
Saving to disk – Next File Number is 17 – Data Dir is E:\SPE – SEG-Y Format 
Trigger Hold off 5.00s.   
Trigger Sensitivity 20.   
Auto Arm is OFF. 
Self-Trigger is OFF. 
FFID       1 (Stack  1) 16:24:06.00 01/20/2004 READ 
*** ERROR WHILE READING E:\SPE\1.sgy    ffffffff FROM DISK 
FFID       1 (Stack  0) 16:24:06.00 01/20/2004 READ 
FFID       2 (Stack  1) 16:38:20.00 01/20/2004 READ 
FFID      13 (Stack  1) 22:34:41.00 01/20/2004 READ 
FFID      11 (Stack  1) 19:20:50.00 01/20/2004 READ 
FFID      12 (Stack  1) 19:24:15.00 01/20/2004 READ 
*** ERROR WHILE READING E:\SPE\11.sgy    ffffffff FROM DISK 
FFID      12 (Stack  0) 19:24:15.00 01/20/2004 READ 
FFID      13 (Stack  0) 22:34:41.00 01/20/2004 READ 
FFID      14 (Stack  1) 22:49:13.00 01/20/2004 READ 
FFID      15 (Stack  1) 22:57:32.00 01/20/2004 READ 
FFID      11 (Stack  0) 19:20:50.00 01/20/2004 READ 
FFID      12 (Stack  1) 19:24:15.00 01/20/2004 READ 
*** ERROR WHILE READING E:\SPE\11.sgy    ffffffff FROM DISK 
FFID      12 (Stack  0) 19:24:15.00 01/20/2004 READ 
FFID      13 (Stack  0) 22:34:41.00 01/20/2004 READ 
FFID      14 (Stack  1) 22:49:13.00 01/20/2004 READ 
FFID      15 (Stack  1) 22:57:32.00 01/20/2004 READ 
FFID      11 (Stack  0) 19:20:50.00 01/20/2004 READ 
FFID      11 (Stack  1) 19:20:50.00 01/20/2004 READ 
FFID      12 (Stack  1) 19:24:15.00 01/20/2004 READ 
*** ERROR WHILE READING E:\SPE\11.sgy    ffffffff FROM DISK 
FFID      12 (Stack  0) 19:24:15.00 01/20/2004 READ 
E:\SPE\11.sgy already exists!!! – make new file name E:\SPE\a11.sgy 
FFID      17 (Stack  0) 19:24:15.00 01/20/2004  978 Kbytes SAVED IN 11.SGY 
READ 
*** ERROR WHILE READING E:\SPE\a11.sgy    ffffffff FROM DISK 
FFID      17 (Stack  0) 19:24:15.00 01/20/2004 READ 
FFID       6 (Stack  1) 18:01:49.00 01/20/2004 READ 
FFID      11 (Stack  1) 19:20:50.00 01/20/2004 READ 
FFID      12 (Stack  1) 19:24:15.00 01/20/2004 READ 
*** ERROR WHILE READING E:\SPE\11.sgy    ffffffff FROM DISK 
FFID      12 (Stack  0) 19:24:15.00 01/20/2004 READ 
FFID      13 (Stack  1) 22:34:41.00 01/20/2004 READ 
FFID      14 (Stack  1) 22:49:13.00 01/20/2004 READ 
FFID      13 (Stack  1) 22:34:41.00 01/20/2004 READ 
FFID      10 (Stack  1) 14:27:30.00 01/20/2004 READ 
FFID       2 (Stack  1) 16:38:20.00 01/20/2004 READ 
FFID       3 (Stack  1) 16:46:08.00 01/20/2004 READ 
FFID       4 (Stack  1) 16:52:00.00 01/20/2004 READ 
*** ERROR WHILE READING E:\SPE\2.sgy    ffffffff FROM DISK 
FFID       4 (Stack  0) 16:52:00.00 01/20/2004 READ 
FFID       5 (Stack  1) 17:55:41.00 01/20/2004 READ 
FFID       6 (Stack  1) 18:01:49.00 01/20/2004 READ 
FFID       7 (Stack  1) 18:16:22.00 01/20/2004 READ 
FFID       8 (Stack  1) 18:26:37.00 01/20/2004 READ 
FFID       2 (Stack  1) 10:06:46.00 01/20/2004 READ 

FFID       3 (Stack  1) 10:21:19.00 01/20/2004 READ 
FFID       4 (Stack  1) 10:31:34.00 01/20/2004 READ 
FFID       5 (Stack  1) 10:37:20.00 01/20/2004 READ 
FFID       6 (Stack  1) 10:43:40.00 01/20/2004 READ 
FFID       7 (Stack  1) 10:48:50.00 01/20/2004 READ 
*** ERROR WHILE READING E:\Spe_system2\2.sgy    ffffffff FROM DISK 
FFID       7 (Stack  0) 10:48:50.00 01/20/2004 READ 
FFID      10 (Stack  1) 14:27:30.00 01/20/2004 READ 
FFID      11 (Stack  1) 14:54:10.00 01/20/2004 READ 
Sample Interval 0.250 msec, Record Len 2.000 Sec, Delay -0.100 Sec, 
Auto Save is ON. 
Saving to disk – Next File Number is 18 – Data Dir is E:\SPE – SEG-Y Format 
FFID      18 (Stack  1) 04:17:13.05 01/21/2004 1938 Kbytes SAVED IN 18.SGY 
E:\SPE\18.sgy already exists!!! – make new file name E:\SPE\a18.sgy 
FFID      19 (Stack  1) 04:17:13.05 01/21/2004 1938 Kbytes SAVED IN 18.SGY 
FFID      18 (Stack  1) 04:17:13.00 01/21/2004 READ 
*** ERROR WHILE READING E:\SPE\18.sgy    ffffffff FROM DISK 
FFID      18 (Stack  0) 04:17:13.00 01/21/2004 READ 
Sample Interval 0.250 msec, Record Len 1.000 Sec, Delay -0.100 Sec, 
FFID      20 (Stack  1) 04:18:59.57 01/21/2004  978 Kbytes SAVED IN 20.SGY 
FFID      20 (Stack  1) 04:18:59.00 01/21/2004 READ 
Sample Interval 0.250 msec, Record Len 1.000 Sec, Delay 0.000 Sec, 
FFID      21 (Stack  1) 04:20:00.13 01/21/2004  975 Kbytes SAVED IN 20.SGY 
FFID      20 (Stack  1) 04:18:59.00 01/21/2004 READ 
FFID      21 (Stack  1) 04:20:00.00 01/21/2004 READ 
Sample Interval 0.250 msec, Record Len 4.000 Sec, Delay 0.000 Sec, 
FFID      22 (Stack  1) 04:21:33.96 01/21/2004 3858 Kbytes SAVED IN 22.SGY 
FFID      22 (Stack  1) 04:21:33.00 01/21/2004 READ 
 
21-Jan-2004 South Coronado Cross Pattern 
Restarting Survey at Line Number 1 
Correlation is OFF. 
Replace Only. 
Sample Interval 0.250 msec, Record Len 4.000 Sec, Delay 0.000 Sec, 
Filters: FILTER OUT, FILTER OUT 
Diversity Stack is OFF. 
Spike Filter on Pilot is OFF. 
Preamp Gain Style is set to ALL 0 db 
Shot Location 300.00 
1st Phone Location 10.00, Last Phone (CH 60) Location 600.00 
Auto Save is ON. 
Saving to disk – Next File Number is 23 – Data Dir is E:\SPE – SEG-Y Format 
Trigger Hold off 5.00s.   
Trigger Sensitivity 20.   
Auto Arm is OFF. 
Self-Trigger is OFF. 
Preamp Gain Style is set to ALL 24 db 
 
Client name  : SPE Consortia at Phelps Dodge Morenci 
Job Number  : 1 
Line Number  : 2 
Project Title  : South Coronado 
 
Sample Interval 0.250 msec, Record Len 2.000 Sec, Delay 0.000 Sec, 
Sample Interval 0.250 msec, Record Len 2.000 Sec, Delay 0.000 Sec, 
Auto Save is ON. 
Saving to disk – Next File Number is 30 – Data Dir is E:\SPE – SEG-Y Format 
REPORT FOR LINE TEST: 
Duplicate Line test removed 
 
(MATCH,DEV MATCH) AND (NOISE,DEV NOISE) ARE: 
CH.#1 : ( 0.30, 0.01 ), ( 0.77, 0.02 ) 
CH.#2 : ( 0.19, 0.01 ), ( 0.73, 0.02 ) 
CH.#3 : ( 0.41, 0.01 ), ( 0.71, 0.03 ) 
CH.#4 : ( 0.30, 0.01 ), ( 0.69, 0.03 ) 
CH.#5 : ( 0.44, 0.01 ), ( 0.77, 0.02 ) 
CH.#6 : ( 0.56, 0.00 ), ( 0.72, 0.03 ) 
CH.#7 : ( 0.16, 0.01 ), ( 0.70, 0.02 ) 
CH.#8 : ( 0.18, 0.01 ), ( 0.71, 0.02 ) 
CH.#9 : ( 0.79, 0.01 ), ( 0.76, 0.02 ) 
CH.#10 : ( 0.61, 0.01 ), ( 0.72, 0.02 ) 
CH.#11 : ( 0.74, 0.02 ), ( 0.72, 0.03 ) 
CH.#12 : ( 0.52, 0.02 ), ( 0.71, 0.02 ) 
CH.#13 : ( 0.31, 0.00 ), ( 0.06, 0.00 ) 
CH.#14 : ( 0.06, 0.00 ), ( 0.03, 0.00 ) 
CH.#15 : ( 0.09, 0.00 ), ( 0.04, 0.00 ) 
CH.#16 : ( 0.13, 0.00 ), ( 0.03, 0.00 ) 
CH.#17 : ( 0.65, 0.01 ), ( 0.03, 0.00 ) 
CH.#18 : ( 0.34, 0.00 ), ( 0.03, 0.00 ) 
CH.#19 : ( 0.10, 0.00 ), ( 0.07, 0.01 ) 
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CH.#20 : ( 0.29, 0.01 ), ( 0.03, 0.00 ) 
CH.#21 : ( 0.27, 0.00 ), ( 0.03, 0.00 ) 
CH.#22 : ( 0.01, 0.00 ), ( 0.02, 0.00 ) 
CH.#23 : ( 0.13, 0.00 ), ( 0.06, 0.00 ) 
CH.#24 : ( 0.56, 0.00 ), ( 0.10, 0.00 ) 
CH.#25 : ( 0.48, 0.00 ), ( 0.23, 0.00 ) 
CH.#26 : ( 0.15, 0.00 ), ( 0.22, 0.00 ) 
CH.#27 : ( 0.26, 0.00 ), ( 0.25, 0.00 ) 
CH.#28 : ( 0.08, 0.00 ), ( 0.24, 0.00 ) 
CH.#29 : ( 0.76, 0.00 ), ( 0.27, 0.00 ) 
CH.#30 : ( 0.24, 0.00 ), ( 0.25, 0.00 ) 
CH.#31 : ( 0.07, 0.00 ), ( 0.23, 0.00 ) 
CH.#32 : ( 0.45, 0.00 ), ( 0.25, 0.00 ) 
CH.#33 : ( 0.12, 0.00 ), ( 0.23, 0.00 ) 
CH.#34 : ( 0.21, 0.00 ), ( 0.24, 0.00 ) 
CH.#35 : ( 0.31, 0.00 ), ( 0.25, 0.00 ) 
CH.#36 : ( 0.43, 0.00 ), ( 0.25, 0.00 ) 
CH.#37 : ( 0.22, 0.00 ), ( 0.68, 0.00 ) 
CH.#38 : ( 0.49, 0.00 ), ( 0.70, 0.00 ) 
CH.#39 : * THIS IS AN OPEN CHANNEL * 
CH.#40 : ( 0.61, 0.00 ), ( 0.74, 0.00 ) 
CH.#41 : ( 0.10, 0.00 ), ( 0.67, 0.00 ) 
CH.#42 : ( 0.45, 0.00 ), ( 0.72, 0.00 ) 
CH.#43 : ( 0.25, 0.00 ), ( 0.65, 0.00 ) 
CH.#44 : ( 0.46, 0.00 ), ( 0.64, 0.00 ) 
CH.#45 : ( 0.56, 0.00 ), ( 0.71, 0.00 ) 
CH.#46 : ( 0.58, 0.00 ), ( 0.66, 0.00 ) 
CH.#47 : ( 0.17, 0.00 ), ( 0.68, 0.00 ) 
CH.#48 : ( 2.77, 0.00 ), ( 1.04, 0.00 ) 
CH.#49 : ( 0.55, 0.00 ), ( 1.79, 0.00 ) 
CH.#50 : ( 0.41, 0.00 ), ( 1.82, 0.00 ) 
CH.#51 : ( 0.65, 0.00 ), ( 1.80, 0.00 ) 
CH.#52 : ( 0.15, 0.00 ), ( 1.87, 0.00 ) 
CH.#53 : ( 0.78, 0.00 ), ( 1.90, 0.00 ) 
CH.#54 : ( 0.21, 0.00 ), ( 1.80, 0.00 ) 
CH.#55 : ( 0.24, 0.00 ), ( 1.74, 0.00 ) 
CH.#56 : ( 1.14, 0.00 ), ( 1.90, 0.00 ) 
CH.#57 : ( 0.84, 0.00 ), ( 1.89, 0.00 ) 
CH.#58 : ( 0.14, 0.00 ), ( 1.76, 0.00 ) 
CH.#59 : ( 0.60, 0.00 ), ( 1.81, 0.00 ) 
CH.#60 : ( 0.19, 0.00 ), ( 1.69, 0.00 ) 
FFID      30 (Stack  1) 15:43:15.79 01/21/2004 1938 Kbytes SAVED IN 30.SGY 
FFID      31 (Stack  1) 15:47:26.05 01/21/2004 1938 Kbytes SAVED IN 31.SGY 
FFID      32 (Stack  1) 15:51:58.62 01/21/2004 1935 Kbytes SAVED IN 31.SGY 
FFID      33 (Stack  1) 15:57:07.84 01/21/2004 1935 Kbytes SAVED IN 31.SGY 
FFID      34 (Stack  1) 15:57:58.67 01/21/2004 1935 Kbytes SAVED IN 31.SGY 
FFID      35 (Stack  1) 15:59:55.51 01/21/2004 1935 Kbytes SAVED IN 31.SGY 
FFID      36 (Stack  1) 16:00:33.29 01/21/2004 1935 Kbytes SAVED IN 31.SGY 
FFID      37 (Stack  1) 16:01:10.92 01/21/2004 1935 Kbytes SAVED IN 31.SGY 
FFID      38 (Stack  1) 16:07:12.45 01/21/2004 1935 Kbytes SAVED IN 31.SGY 
Trigger Hold off 15.00s.   
Trigger Sensitivity 20.   
Auto Arm is ON. 
Self-Trigger is OFF. 
FFID      39 (Stack  1) 16:08:29.85 01/21/2004 1935 Kbytes SAVED IN 31.SGY 
FFID      40 (Stack  1) 16:09:15.73 01/21/2004 1935 Kbytes SAVED IN 31.SGY 
FFID      41 (Stack  1) 16:09:46.76 01/21/2004 1935 Kbytes SAVED IN 31.SGY 
FFID      42 (Stack  1) 16:10:17.99 01/21/2004 1935 Kbytes SAVED IN 31.SGY 
FFID      43 (Stack  1) 16:12:34.28 01/21/2004 1935 Kbytes SAVED IN 31.SGY 
FFID      44 (Stack  1) 16:13:12.63 01/21/2004 1935 Kbytes SAVED IN 31.SGY 
FFID      45 (Stack  1) 16:13:45.11 01/21/2004 1935 Kbytes SAVED IN 31.SGY 
Restarting Survey at Line Number 1 
Correlation is OFF. 
Replace Only. 
Sample Interval 0.250 msec, Record Len 2.000 Sec, Delay 0.000 Sec, 
Filters: FILTER OUT, FILTER OUT 
Diversity Stack is OFF. 
Spike Filter on Pilot is OFF. 
Preamp Gain Style is set to ALL 0 db 
Shot Location 300.00 
1st Phone Location 10.00, Last Phone (CH 60) Location 600.00 
Auto Save is ON. 
Saving to disk – Next File Number is 46 – Data Dir is E:\SPE – SEG-Y Format 
Trigger Hold off 15.00s.   
Trigger Sensitivity 20.   
Auto Arm is ON. 
Self-Trigger is OFF. 
FFID      31 (Stack  1) 15:47:26.00 01/21/2004 READ 
Trigger Hold off 15.00s.   
Trigger Sensitivity 20.   

Auto Arm is OFF. 
Self-Trigger is OFF. 
Auto Save is ON. 
Saving to disk – Next File Number is 50 – Data Dir is E:\SPE – SEG-Y Format 
Sample Interval 0.250 msec, Record Len 4.000 Sec, Delay 0.000 Sec, 
FFID      50 (Stack  1) 16:47:43.69 01/21/2004 3858 Kbytes SAVED IN 50.SGY 
FFID      50 (Stack  1) 16:47:43.00 01/21/2004 READ 
FFID      51 (Stack  1) 17:22:12.94 01/21/2004 3855 Kbytes SAVED IN 50.SGY 
ALARM: Overdriven channels! See red traces.  17:22:34 
FFID      52 (Stack  1) 17:23:37.11 01/21/2004 3855 Kbytes SAVED IN 50.SGY 
FFID      53 (Stack  1) 17:31:13.16 01/21/2004 3855 Kbytes SAVED IN 50.SGY 
ALARM: Overdriven channels! See red traces.  17:31:33 
FFID      54 (Stack  1) 17:32:28.14 01/21/2004 3855 Kbytes SAVED IN 50.SGY 
Auto Save is OFF. 
Saving to disk – Next File Number is 55 – Data Dir is E:\SPE – SEG-Y Format 
FFID      55 (Stack  1) 17:43:27.66 01/21/2004  
FFID      55 (Stack  1) 17:43:46.31 01/21/2004  
Auto Save is ON. 
Saving to disk – Next File Number is 55 – Data Dir is E:\SPE – SEG-Y Format 
FFID      55 (Stack  1) 17:45:10.73 01/21/2004 3855 Kbytes SAVED IN 50.SGY 
FFID      56 (Stack  1) 17:49:35.29 01/21/2004 3855 Kbytes SAVED IN 50.SGY 
 
21-Jan-2004 North Coronado Cross Pattern 
Restarting Survey at Line Number 1 
Correlation is OFF. 
Replace Only. 
Sample Interval 0.250 msec, Record Len 4.000 Sec, Delay 0.000 Sec, 
Filters: FILTER OUT, FILTER OUT 
Diversity Stack is OFF. 
Spike Filter on Pilot is OFF. 
Preamp Gain Style is set to ALL 0 db 
Shot Location 300.00 
1st Phone Location 10.00, Last Phone (CH 60) Location 600.00 
Auto Save is ON. 
Saving to disk – Next File Number is 57 – Data Dir is E:\SPE – SEG-Y Format 
Trigger Hold off 15.00s.   
Trigger Sensitivity 20.   
Auto Arm is OFF. 
Self-Trigger is OFF. 
Sample Interval 0.250 msec, Record Len 2.000 Sec, Delay 0.000 Sec, 
Preamp Gain Style is set to ALL 24 db 
Preamp Gain Style is set to ALL 48 db 
Preamp Gain Style is set to ALL 24 db 
Preamp Gain Style is set to ALL 0 db 
Preamp Gain Style is set to ALL 48 db 
Preamp Gain Style is set to ALL 0 db 
Preamp Gain Style is set to ALL 48 db 
Preamp Gain Style is set to ALL 0 db 
Preamp Gain Style is set to ALL 0 db 
 
Client name  : SPE Consortia at Phelps Dodge Morenci 
Job Number  : 1 
Line Number  : 3 
Project Title  : South Coronado 
 
 
Client name  : SPE Consortia at Phelps Dodge Morenci 
Job Number  : 1 
Line Number  : 3 
Project Title  : North Coronado 
 
Auto Save is ON. 
Saving to disk – Next File Number is 60 – Data Dir is E:\SPE – SEG-Y Format 
Trigger Hold off 5.00s.   
Trigger Sensitivity 73.   
Auto Arm is OFF. 
Self-Trigger is OFF. 
REPORT FOR LINE TEST: 
 
(MATCH,DEV MATCH) AND (NOISE,DEV NOISE) ARE: 
CH.#1 : ( 0.32, 0.04 ), ( 0.34, 0.16 ) 
CH.#2 : ( 0.62, 0.22 ), ( 0.33, 0.15 ) 
CH.#3 : ( 0.55, 0.41 ), ( 0.33, 0.14 ) 
CH.#4 : ( 0.33, 0.12 ), ( 0.33, 0.16 ) 
CH.#5 : ( 0.53, 0.21 ), ( 0.33, 0.15 ) 
CH.#6 : ( 0.12, 0.14 ), ( 0.33, 0.16 ) 
CH.#7 : ( 0.17, 0.24 ), ( 0.33, 0.15 ) 
CH.#8 : ( 0.07, 0.19 ), ( 0.33, 0.14 ) 
CH.#9 : ( 0.40, 0.15 ), ( 0.32, 0.15 ) 
CH.#10 : ( 0.92, 0.30 ), ( 0.34, 0.15 ) 
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CH.#11 : ( 0.22, 0.07 ), ( 0.31, 0.15 ) 
CH.#12 : ( 0.30, 0.12 ), ( 0.33, 0.15 ) 
CH.#13 : ( 0.11, 0.06 ), ( 0.04, 0.02 ) 
CH.#14 : ( 0.30, 0.13 ), ( 0.03, 0.02 ) 
CH.#15 : ( 0.06, 0.06 ), ( 0.05, 0.03 ) 
CH.#16 : ( 0.34, 0.19 ), ( 0.05, 0.04 ) 
CH.#17 : ( 0.16, 0.00 ), ( 0.03, 0.00 ) 
CH.#18 : ( 0.13, 0.00 ), ( 0.04, 0.00 ) 
CH.#19 : ( 0.20, 0.00 ), ( 0.06, 0.00 ) 
CH.#20 : ( 0.02, 0.00 ), ( 0.04, 0.00 ) 
CH.#21 : ( 300.21, 0.00 ), ( 29.52, 0.00 ) * 
CH.#22 : * THIS IS AN OPEN CHANNEL * 
CH.#23 : * THIS IS AN OPEN CHANNEL * 
CH.#24 : * THIS IS AN OPEN CHANNEL * 
CH.#25 : * THIS IS AN OPEN CHANNEL * 
CH.#26 : ( 0.24, 0.00 ), ( 0.29, 0.00 ) 
CH.#27 : * THIS IS AN OPEN CHANNEL * 
CH.#28 : * THIS IS AN OPEN CHANNEL * 
CH.#29 : * THIS IS AN OPEN CHANNEL * 
CH.#30 : * THIS IS AN OPEN CHANNEL * 
CH.#31 : ( 0.48, 0.00 ), ( 0.29, 0.00 ) 
CH.#32 : ( 0.33, 0.00 ), ( 0.31, 0.00 ) 
CH.#33 : ( 0.07, 0.00 ), ( 0.28, 0.00 ) 
CH.#34 : ( 0.23, 0.00 ), ( 0.28, 0.00 ) 
CH.#35 : ( 0.41, 0.00 ), ( 0.31, 0.00 ) 
CH.#36 : ( 0.15, 0.00 ), ( 0.27, 0.00 ) 
CH.#37 : ( 0.14, 0.00 ), ( 0.53, 0.00 ) 
CH.#38 : ( 0.10, 0.00 ), ( 0.53, 0.00 ) 
CH.#39 : ( 0.03, 0.00 ), ( 0.45, 0.00 ) 
CH.#40 : ( 0.20, 0.00 ), ( 0.50, 0.00 ) 
CH.#41 : ( 0.02, 0.00 ), ( 0.46, 0.00 ) 
CH.#42 : ( 0.53, 0.00 ), ( 0.51, 0.00 ) 
CH.#43 : ( 0.20, 0.00 ), ( 0.50, 0.00 ) 
CH.#44 : ( 2.19, 0.00 ), ( 0.67, 0.00 ) 
CH.#45 : ( 0.46, 0.00 ), ( 0.46, 0.00 ) 
CH.#46 : ( 0.25, 0.00 ), ( 0.51, 0.00 ) 
CH.#47 : ( 0.32, 0.00 ), ( 0.44, 0.00 ) 
CH.#48 : ( 0.18, 0.00 ), ( 0.51, 0.00 ) 
CH.#49 : ( 0.71, 0.00 ), ( 0.57, 0.00 ) 
CH.#50 : ( 0.09, 0.00 ), ( 0.56, 0.00 ) 
CH.#51 : ( 0.09, 0.00 ), ( 0.51, 0.00 ) 
CH.#52 : ( 0.51, 0.00 ), ( 0.55, 0.00 ) 
CH.#53 : ( 0.29, 0.00 ), ( 0.54, 0.00 ) 
CH.#54 : ( 0.13, 0.00 ), ( 0.49, 0.00 ) 
CH.#55 : ( 0.45, 0.00 ), ( 0.54, 0.00 ) 
CH.#56 : ( 0.59, 0.00 ), ( 0.52, 0.00 ) 
CH.#57 : ( 0.29, 0.00 ), ( 0.48, 0.00 ) 
CH.#58 : ( 0.54, 0.00 ), ( 0.52, 0.00 ) 
CH.#59 : ( 0.48, 0.00 ), ( 0.52, 0.00 ) 
CH.#60 : ( 0.21, 0.00 ), ( 0.50, 0.00 ) 
Auto Save is OFF. 
Saving to disk – Next File Number is 60 – Data Dir is E:\SPE – SEG-Y Format 
Auto Save is ON. 
Saving to disk – Next File Number is 60 – Data Dir is E:\SPE – SEG-Y Format 
FFID      60 (Stack  1) 20:19:21.69 01/21/2004 1938 Kbytes SAVED IN 60.SGY 
FFID      61 (Stack  1) 20:22:21.12 01/21/2004 1935 Kbytes SAVED IN 60.SGY 
Trigger Hold off 5.00s.   
Trigger Sensitivity 73.   
Auto Arm is ON. 
Self-Trigger is OFF. 
FFID      62 (Stack  1) 20:23:05.87 01/21/2004 1935 Kbytes SAVED IN 60.SGY 
FFID      63 (Stack  1) 20:23:20.70 01/21/2004 1935 Kbytes SAVED IN 60.SGY 
FFID      64 (Stack  1) 20:24:11.06 01/21/2004 1935 Kbytes SAVED IN 60.SGY 
FFID      65 (Stack  1) 20:25:45.70 01/21/2004 1935 Kbytes SAVED IN 60.SGY 
Trigger Hold off 5.00s.   
Trigger Sensitivity 73.   
Auto Arm is OFF. 
Self-Trigger is OFF. 
FFID      66 (Stack  1) 20:26:44.34 01/21/2004 1935 Kbytes SAVED IN 60.SGY 
FFID      67 (Stack  1) 20:26:44.34 01/21/2004 1935 Kbytes SAVED IN 60.SGY 
Sample Interval 0.250 msec, Record Len 2.000 Sec, Delay 0.000 Sec, 
Preamp Gain Style is set to ALL 24 db 
FFID      68 (Stack  1) 20:29:10.11 01/21/2004 1935 Kbytes SAVED IN 60.SGY 
ALARM: Overdriven channels! See red traces.  20:29:19 
FFID      69 (Stack  1) 20:29:36.71 01/21/2004 1935 Kbytes SAVED IN 60.SGY 
ALARM: Overdriven channels! See red traces.  20:29:45 
FFID      70 (Stack  1) 20:30:02.29 01/21/2004 1935 Kbytes SAVED IN 60.SGY 
ALARM: Overdriven channels! See red traces.  20:30:11 
FFID      71 (Stack  1) 20:30:22.37 01/21/2004 1935 Kbytes SAVED IN 60.SGY 
ALARM: Overdriven channels! See red traces.  20:30:31 

FFID      72 (Stack  1) 20:34:24.03 01/21/2004 1935 Kbytes SAVED IN 60.SGY 
ALARM: Overdriven channels! See red traces.  20:34:37 
FFID      73 (Stack  1) 20:34:52.00 01/21/2004 1935 Kbytes SAVED IN 60.SGY 
ALARM: Overdriven channels! See red traces.  20:35:01 
FFID      74 (Stack  1) 20:35:11.87 01/21/2004 1935 Kbytes SAVED IN 60.SGY 
ALARM: Overdriven channels! See red traces.  20:35:21 
FFID      75 (Stack  1) 20:35:31.72 01/21/2004 1935 Kbytes SAVED IN 60.SGY 
ALARM: Overdriven channels! See red traces.  20:35:40 
FFID      76 (Stack  1) 20:35:51.18 01/21/2004 1935 Kbytes SAVED IN 60.SGY 
FFID      77 (Stack  1) 20:36:11.01 01/21/2004 1935 Kbytes SAVED IN 60.SGY 
ALARM: Overdriven channels! See red traces.  20:36:20 
FFID      78 (Stack  1) 20:38:36.13 01/21/2004 1935 Kbytes SAVED IN 60.SGY 
ALARM: Overdriven channels! See red traces.  20:38:46 
FFID      79 (Stack  1) 20:38:52.74 01/21/2004 1935 Kbytes SAVED IN 60.SGY 
FFID      80 (Stack  1) 20:39:17.72 01/21/2004 1935 Kbytes SAVED IN 60.SGY 
ALARM: Overdriven channels! See red traces.  20:39:26 
FFID      81 (Stack  1) 20:39:39.47 01/21/2004 1935 Kbytes SAVED IN 60.SGY 
FFID      82 (Stack  1) 20:39:56.24 01/21/2004 1935 Kbytes SAVED IN 60.SGY 
ALARM: Overdriven channels! See red traces.  20:40:05 
FFID      83 (Stack  1) 20:40:12.24 01/21/2004 1935 Kbytes SAVED IN 60.SGY 
ALARM: Overdriven channels! See red traces.  20:40:21 
REPORT FOR LINE TEST: 
 
(MATCH,DEV MATCH) AND (NOISE,DEV NOISE) ARE: 
CH.#1 : ( 0.26, 0.06 ), ( 0.49, 0.09 ) 
CH.#2 : ( 0.18, 0.02 ), ( 0.45, 0.10 ) 
CH.#3 : ( 0.30, 0.02 ), ( 0.45, 0.10 ) 
CH.#4 : ( 0.30, 0.02 ), ( 0.47, 0.10 ) 
CH.#5 : ( 0.07, 0.01 ), ( 0.41, 0.11 ) 
CH.#6 : ( 0.45, 0.04 ), ( 0.46, 0.11 ) 
CH.#7 : ( 0.61, 0.04 ), ( 0.44, 0.12 ) 
CH.#8 : ( 0.85, 0.10 ), ( 0.32, 0.16 ) 
CH.#9 : ( 0.09, 0.03 ), ( 0.43, 0.10 ) 
CH.#10 : ( 0.45, 0.07 ), ( 0.45, 0.12 ) 
CH.#11 : ( 0.09, 0.01 ), ( 0.38, 0.13 ) 
CH.#12 : ( 0.32, 0.08 ), ( 0.44, 0.11 ) 
CH.#13 : ( 0.16, 0.00 ), ( 0.05, 0.01 ) 
CH.#14 : ( 0.06, 0.01 ), ( 0.03, 0.01 ) 
CH.#15 : ( 0.37, 0.01 ), ( 0.06, 0.01 ) 
CH.#16 : ( 0.44, 0.04 ), ( 0.08, 0.01 ) 
CH.#17 : ( 0.09, 0.02 ), ( 0.03, 0.01 ) 
CH.#18 : ( 0.35, 0.02 ), ( 0.06, 0.01 ) 
CH.#19 : ( 0.27, 0.01 ), ( 0.08, 0.02 ) 
CH.#20 : ( 0.22, 0.04 ), ( 0.04, 0.01 ) 
CH.#21 : ( 0.54, 0.10 ), ( 0.08, 0.01 ) 
CH.#22 : * THIS IS AN OPEN CHANNEL * 
CH.#23 : ( 0.52, 0.03 ), ( 0.10, 0.02 ) 
CH.#24 : ( 0.13, 0.04 ), ( 0.04, 0.01 ) 
CH.#25 : ( 0.38, 0.04 ), ( 0.32, 0.03 ) 
CH.#26 : ( 0.27, 0.01 ), ( 0.31, 0.03 ) 
CH.#27 : ( 0.11, 0.02 ), ( 0.34, 0.03 ) 
CH.#28 : ( 0.08, 0.01 ), ( 0.33, 0.03 ) 
CH.#29 : ( 0.12, 0.01 ), ( 0.35, 0.03 ) 
CH.#30 : * THIS IS AN OPEN CHANNEL * 
CH.#31 : ( 0.12, 0.02 ), ( 0.34, 0.03 ) 
CH.#32 : ( 0.10, 0.00 ), ( 0.36, 0.03 ) 
CH.#33 : ( 0.40, 0.02 ), ( 0.31, 0.03 ) 
CH.#34 : ( 0.01, 0.00 ), ( 0.33, 0.03 ) 
CH.#35 : ( 0.54, 0.03 ), ( 0.40, 0.04 ) 
CH.#36 : ( 0.13, 0.01 ), ( 0.30, 0.03 ) 
CH.#37 : ( 0.22, 0.05 ), ( 0.74, 0.10 ) 
CH.#38 : ( 0.27, 0.01 ), ( 0.81, 0.10 ) 
CH.#39 : ( 0.37, 0.03 ), ( 0.69, 0.09 ) 
CH.#40 : ( 0.29, 0.02 ), ( 0.76, 0.10 ) 
CH.#41 : ( 0.29, 0.02 ), ( 0.73, 0.10 ) 
CH.#42 : ( 0.31, 0.01 ), ( 0.73, 0.09 ) 
CH.#43 : ( 0.56, 0.07 ), ( 0.74, 0.09 ) 
CH.#44 : ( 1.47, 0.11 ), ( 0.95, 0.11 ) 
CH.#45 : ( 0.21, 0.03 ), ( 0.72, 0.10 ) 
CH.#46 : ( 0.04, 0.00 ), ( 0.75, 0.09 ) 
CH.#47 : ( 0.08, 0.01 ), ( 0.68, 0.09 ) 
CH.#48 : ( 0.21, 0.01 ), ( 0.72, 0.09 ) 
CH.#49 : ( 0.73, 0.05 ), ( 1.76, 0.38 ) 
CH.#50 : ( 0.36, 0.01 ), ( 1.73, 0.38 ) 
CH.#51 : ( 0.17, 0.02 ), ( 1.62, 0.36 ) 
CH.#52 : ( 0.42, 0.04 ), ( 1.76, 0.38 ) 
CH.#53 : ( 0.87, 0.03 ), ( 1.74, 0.38 ) 
CH.#54 : ( 0.33, 0.03 ), ( 1.66, 0.38 ) 
CH.#55 : ( 0.20, 0.01 ), ( 1.64, 0.36 ) 
CH.#56 : ( 0.22, 0.01 ), ( 1.57, 0.35 ) 
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CH.#57 : ( 0.35, 0.01 ), ( 1.59, 0.36 ) 
CH.#58 : ( 0.29, 0.02 ), ( 1.61, 0.36 ) 
CH.#59 : ( 0.13, 0.01 ), ( 1.59, 0.36 ) 
CH.#60 : ( 0.10, 0.01 ), ( 1.58, 0.36 ) 
FFID      84 (Stack  1) 20:49:32.07 01/21/2004  261 Kbytes SAVED IN 60.SGY 
 
North Coronado Noise Tests 
Trigger Hold off 5.00s.   
Trigger Sensitivity 73.   
Auto Arm is ON. 
Self-Trigger is OFF. 
FFID      85 (Stack  1) 20:51:50.91 01/21/2004 1938 Kbytes SAVED IN 85.SGY 
FFID      86 (Stack  1) 20:52:10.81 01/21/2004 1935 Kbytes SAVED IN 85.SGY 
FFID      87 (Stack  1) 20:52:24.12 01/21/2004 1935 Kbytes SAVED IN 85.SGY 
FFID      88 (Stack  1) 20:52:35.45 01/21/2004 1935 Kbytes SAVED IN 85.SGY 
FFID      89 (Stack  1) 20:52:44.71 01/21/2004 1935 Kbytes SAVED IN 85.SGY 
Auto Save is ON. 
Saving to disk – Next File Number is 100 – Data Dir is E:\SPE – SEG-Y Format 
Sample Interval 2.000 msec, Record Len 32.000 Sec, Delay 0.000 Sec, 
FFID     100 (Stack  1) 20:54:01.93 01/21/2004 3858 Kbytes SAVED IN 
100.SGY 
Sample Interval 0.250 msec, Record Len 2.000 Sec, Delay 0.000 Sec, 
Sample Interval 2.000 msec, Record Len 2.000 Sec, Delay 0.000 Sec, 
Correlation is ON, Sweep Len 15.000 Sec, Listen Len 2.000 Sec. 
Pilot Channel is 31. 
FFID     101 (Stack  1) 20:57:28.26 01/21/2004  258 Kbytes SAVED IN 101.SGY 
FFID     102 (Stack  1) 20:57:52.13 01/21/2004  255 Kbytes SAVED IN 101.SGY 
FFID     103 (Stack  1) 20:58:33.84 01/21/2004  255 Kbytes SAVED IN 101.SGY 
FFID     104 (Stack  1) 20:59:26.36 01/21/2004  255 Kbytes SAVED IN 101.SGY 
FFID     105 (Stack  1) 20:59:54.28 01/21/2004  255 Kbytes SAVED IN 101.SGY 
Correlation is OFF. 
Sample Interval 2.000 msec, Record Len 32.000 Sec, Delay 0.000 Sec, 
FFID     106 (Stack  1) 21:00:58.34 01/21/2004 3858 Kbytes SAVED IN 
106.SGY 
FFID     107 (Stack  1) 21:02:10.02 01/21/2004 3855 Kbytes SAVED IN 
106.SGY 
FFID     108 (Stack  1) 21:02:53.22 01/21/2004 3855 Kbytes SAVED IN 
106.SGY 
FFID     109 (Stack  1) 21:03:29.16 01/21/2004 3855 Kbytes SAVED IN 
106.SGY 
 
North Coronado Explosion Sources 
Sample Interval 0.250 msec, Record Len 2.000 Sec, Delay 0.000 Sec, 
Trigger Hold off 5.00s.   
Trigger Sensitivity 73.   
Auto Arm is OFF. 
Self-Trigger is OFF. 
FFID     110 (Stack  1) 21:18:20.04 01/21/2004 1938 Kbytes SAVED IN 
110.SGY 
FFID     111 (Stack  1) 21:26:08.39 01/21/2004 1935 Kbytes SAVED IN 
110.SGY 
ALARM: Overdriven channels! See red traces.  21:26:22 
FFID     112 (Stack  1) 21:30:56.62 01/21/2004 1935 Kbytes SAVED IN 
110.SGY 
ALARM: Overdriven channels! See red traces.  21:31:10 
FFID     113 (Stack  1) 21:39:45.33 01/21/2004 1935 Kbytes SAVED IN 
110.SGY 
ALARM: Overdriven channels! See red traces.  21:39:57 
FFID     114 (Stack  1) 21:40:32.43 01/21/2004 1935 Kbytes SAVED IN 
110.SGY 
FFID     110 (Stack  1) 21:18:20.00 01/21/2004 READ 
 
21-Jan-2004 Nightly QC Data Read 
Restarting Survey at Line Number 1 
Correlation is OFF. 
Auto Stack, Stack Limit 1. 
Sample Interval 0.250 msec, Record Len 2.000 Sec, Delay 0.000 Sec, 
Filters: FILTER OUT, FILTER OUT 
Diversity Stack is OFF. 
Spike Filter on Pilot is OFF. 
Preamp Gain Style is set to ALL 0 db 
Shot Location 300.00 
1st Phone Location 10.00, Last Phone (CH 60) Location 600.00 
Pilot channel is 31 with preamp gain 0Db 
Auto Save is ON. 
Saving to disk – Next File Number is 115 – Data Dir is E:\SPE – SEG-Y Format 
Trigger Hold off 5.00s.   
Trigger Sensitivity 73.   
Auto Arm is OFF. 
Self-Trigger is OFF. 

FFID      31 (Stack  1) 15:47:26.00 01/21/2004 READ 
Restarting Survey at Line Number 1 
Correlation is OFF. 
Auto Stack, Stack Limit 1. 
Sample Interval 0.250 msec, Record Len 2.000 Sec, Delay 0.000 Sec, 
Filters: FILTER OUT, FILTER OUT 
Diversity Stack is OFF. 
Spike Filter on Pilot is OFF. 
Preamp Gain Style is set to ALL 0 db 
Shot Location 300.00 
1st Phone Location 10.00, Last Phone (CH 60) Location 600.00 
Pilot channel is 31 with preamp gain 0Db 
Auto Save is ON. 
Saving to disk – Next File Number is 115 – Data Dir is E:\SPE – SEG-Y Format 
Trigger Hold off 5.00s.   
Trigger Sensitivity 73.   
Auto Arm is OFF. 
Self-Trigger is OFF. 
FFID      31 (Stack  1) 15:47:26.00 01/21/2004 READ 
FFID      32 (Stack  0) 15:51:58.00 01/21/2004 READ 
FFID      33 (Stack  0) 15:57:07.00 01/21/2004 READ 
FFID      31 (Stack  1) 15:47:26.00 01/21/2004 READ 
FFID      32 (Stack  1) 15:51:58.00 01/21/2004 READ 
FFID      30 (Stack  1) 15:43:15.00 01/21/2004 READ 
FFID      31 (Stack  1) 15:47:26.00 01/21/2004 READ 
FFID      32 (Stack  1) 15:51:58.00 01/21/2004 READ 
FFID      33 (Stack  1) 15:57:07.00 01/21/2004 READ 
FFID      34 (Stack  1) 15:57:58.00 01/21/2004 READ 
FFID      35 (Stack  1) 15:59:55.00 01/21/2004 READ 
FFID      36 (Stack  1) 16:00:33.00 01/21/2004 READ 
FFID      37 (Stack  1) 16:01:10.00 01/21/2004 READ 
FFID      38 (Stack  1) 16:07:12.00 01/21/2004 READ 
FFID      39 (Stack  1) 16:08:29.00 01/21/2004 READ 
FFID      40 (Stack  1) 16:09:15.00 01/21/2004 READ 
FFID      41 (Stack  1) 16:09:46.00 01/21/2004 READ 
FFID      42 (Stack  1) 16:10:17.00 01/21/2004 READ 
FFID      43 (Stack  1) 16:12:34.00 01/21/2004 READ 
FFID      60 (Stack  1) 20:19:21.00 01/21/2004 READ 
FFID      61 (Stack  1) 20:22:21.00 01/21/2004 READ 
FFID      62 (Stack  1) 20:23:05.00 01/21/2004 READ 
FFID      63 (Stack  1) 20:23:20.00 01/21/2004 READ 
FFID      64 (Stack  1) 20:24:11.00 01/21/2004 READ 
FFID      65 (Stack  1) 20:25:45.00 01/21/2004 READ 
FFID      66 (Stack  1) 20:26:44.00 01/21/2004 READ 
FFID      67 (Stack  1) 20:26:44.00 01/21/2004 READ 
FFID      68 (Stack  1) 20:29:10.00 01/21/2004 READ 
FFID      69 (Stack  1) 20:29:36.00 01/21/2004 READ 
FFID      70 (Stack  1) 20:30:02.00 01/21/2004 READ 
FFID      71 (Stack  1) 20:30:22.00 01/21/2004 READ 
FFID      72 (Stack  1) 20:34:24.00 01/21/2004 READ 
FFID      73 (Stack  1) 20:34:52.00 01/21/2004 READ 
FFID      74 (Stack  1) 20:35:11.00 01/21/2004 READ 
FFID      75 (Stack  1) 20:35:31.00 01/21/2004 READ 
FFID      76 (Stack  1) 20:35:51.00 01/21/2004 READ 
FFID      77 (Stack  1) 20:36:11.00 01/21/2004 READ 
FFID      78 (Stack  1) 20:38:36.00 01/21/2004 READ 
FFID      50 (Stack  1) 16:47:43.00 01/21/2004 READ 
FFID      51 (Stack  1) 17:22:12.00 01/21/2004 READ 
FFID      52 (Stack  1) 17:23:37.00 01/21/2004 READ 
FFID      53 (Stack  1) 17:31:13.00 01/21/2004 READ 
FFID      54 (Stack  1) 17:32:28.00 01/21/2004 READ 
FFID      55 (Stack  1) 17:45:10.00 01/21/2004 READ 
FFID      56 (Stack  1) 17:49:35.00 01/21/2004 READ 
FFID     101 (Stack  1) 20:57:28.00 01/21/2004 READ 
FFID     110 (Stack  1) 21:18:20.00 01/21/2004 READ 
FFID     111 (Stack  1) 21:26:08.00 01/21/2004 READ 
FFID     112 (Stack  1) 21:30:56.00 01/21/2004 READ 
FFID     113 (Stack  1) 21:39:45.00 01/21/2004 READ 
FFID     114 (Stack  1) 21:40:32.00 01/21/2004 READ 
 
22-Jan-2004 Hamilton Point 
Restarting Survey at Line Number 1 
Correlation is OFF. 
Auto Stack, Stack Limit 1. 
Sample Interval 0.250 msec, Record Len 2.000 Sec, Delay 0.000 Sec, 
Filters: FILTER OUT, FILTER OUT 
Diversity Stack is OFF. 
Spike Filter on Pilot is OFF. 
Preamp Gain Style is set to ALL 0 db 
Shot Location 300.00 
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1st Phone Location 10.00, Last Phone (CH 60) Location 600.00 
Pilot channel is 31 with preamp gain 0Db 
Auto Save is ON. 
Saving to disk – Next File Number is 115 – Data Dir is E:\SPE – SEG-Y Format 
Trigger Hold off 5.00s.   
Trigger Sensitivity 73.   
Auto Arm is OFF. 
Self-Trigger is OFF. 
REPORT FOR LINE TEST: 
 
(MATCH,DEV MATCH) AND (NOISE,DEV NOISE) ARE: 
CH.#1 : * THIS IS AN OPEN CHANNEL * 
CH.#2 : ( 0.63, 0.05 ), ( 0.17, 0.01 ) 
CH.#3 : ( 0.34, 0.04 ), ( 0.21, 0.01 ) 
CH.#4 : ( 0.10, 0.01 ), ( 0.19, 0.01 ) 
CH.#5 : ( 0.06, 0.01 ), ( 0.10, 0.00 ) 
CH.#6 : ( 0.17, 0.01 ), ( 0.10, 0.00 ) 
CH.#7 : ( 0.25, 0.03 ), ( 0.08, 0.00 ) 
CH.#8 : ( 0.48, 0.04 ), ( 0.15, 0.01 ) 
CH.#9 : ( 0.19, 0.01 ), ( 0.09, 0.00 ) 
CH.#10 : ( 1.49, 0.06 ), ( 0.15, 0.01 ) 
CH.#11 : ( 0.07, 0.01 ), ( 0.11, 0.00 ) 
CH.#12 : ( 0.15, 0.02 ), ( 0.13, 0.01 ) 
CH.#13 : ( 0.18, 0.03 ), ( 0.63, 0.01 ) 
CH.#14 : ( 0.23, 0.03 ), ( 0.76, 0.03 ) 
CH.#15 : ( 0.03, 0.01 ), ( 0.57, 0.01 ) 
CH.#16 : ( 0.97, 0.03 ), ( 0.64, 0.02 ) 
CH.#17 : ( 0.15, 0.01 ), ( 0.74, 0.02 ) 
CH.#18 : ( 0.08, 0.02 ), ( 0.65, 0.02 ) 
CH.#19 : ( 0.16, 0.02 ), ( 0.68, 0.03 ) 
CH.#20 : ( 0.99, 0.04 ), ( 0.75, 0.03 ) 
CH.#21 : ( 0.11, 0.02 ), ( 0.79, 0.03 ) 
CH.#22 : * THIS IS AN OPEN CHANNEL * 
CH.#23 : ( 0.50, 0.03 ), ( 0.81, 0.02 ) 
CH.#24 : ( 0.78, 0.05 ), ( 0.68, 0.01 ) 
CH.#25 : ( 0.63, 0.04 ), ( 2.77, 0.31 ) 
CH.#26 : ( 0.60, 0.07 ), ( 2.74, 0.35 ) 
CH.#27 : ( 0.34, 0.03 ), ( 2.73, 0.36 ) 
CH.#28 : ( 0.50, 0.01 ), ( 2.83, 0.38 ) 
CH.#29 : ( 0.81, 0.02 ), ( 2.86, 0.37 ) 
CH.#30 : ( 0.18, 0.02 ), ( 2.68, 0.36 ) 
CH.#32 : * THIS IS AN OPEN CHANNEL * 
CH.#33 : * THIS IS AN OPEN CHANNEL * 
CH.#34 : * THIS IS AN OPEN CHANNEL * 
CH.#35 : * THIS IS AN OPEN CHANNEL * 
CH.#36 : * THIS IS AN OPEN CHANNEL * 
CH.#37 : * THIS IS AN OPEN CHANNEL * 
CH.#38 : * THIS IS AN OPEN CHANNEL * 
CH.#39 : * THIS IS AN OPEN CHANNEL * 
CH.#40 : * THIS IS AN OPEN CHANNEL * 
CH.#41 : * THIS IS AN OPEN CHANNEL * 
CH.#42 : * THIS IS AN OPEN CHANNEL * 
CH.#43 : * THIS IS AN OPEN CHANNEL * 
CH.#44 : * THIS IS AN OPEN CHANNEL * 
CH.#45 : * THIS IS AN OPEN CHANNEL * 
CH.#46 : * THIS IS AN OPEN CHANNEL * 
CH.#47 : * THIS IS AN OPEN CHANNEL * 
CH.#48 : * THIS IS AN OPEN CHANNEL * 
CH.#49 : * THIS IS AN OPEN CHANNEL * 
CH.#50 : * THIS IS AN OPEN CHANNEL * 
CH.#51 : * THIS IS AN OPEN CHANNEL * 
CH.#52 : * THIS IS AN OPEN CHANNEL * 
CH.#53 : * THIS IS AN OPEN CHANNEL * 
CH.#54 : * THIS IS AN OPEN CHANNEL * 
CH.#55 : * THIS IS AN OPEN CHANNEL * 
CH.#56 : * THIS IS AN OPEN CHANNEL * 
CH.#57 : * THIS IS AN OPEN CHANNEL * 
CH.#58 : * THIS IS AN OPEN CHANNEL * 
CH.#59 : * THIS IS AN OPEN CHANNEL * 
CH.#60 : * THIS IS AN OPEN CHANNEL * 
REPORT FOR LINE TEST: 
 
(MATCH,DEV MATCH) AND (NOISE,DEV NOISE) ARE: 
CH.#1 : ( 0.11, 0.00 ), ( 0.71, 0.04 ) 
CH.#2 : ( 0.40, 0.04 ), ( 0.72, 0.04 ) 
CH.#3 : ( 0.27, 0.02 ), ( 0.77, 0.03 ) 
CH.#4 : ( 0.08, 0.00 ), ( 0.75, 0.04 ) 
CH.#5 : ( 0.04, 0.00 ), ( 0.70, 0.04 ) 
CH.#6 : ( 0.34, 0.01 ), ( 0.69, 0.03 ) 
CH.#7 : ( 0.36, 0.01 ), ( 0.70, 0.04 ) 

CH.#8 : ( 0.60, 0.01 ), ( 0.72, 0.04 ) 
CH.#9 : ( 0.37, 0.01 ), ( 0.70, 0.04 ) 
CH.#10 : ( 1.06, 0.06 ), ( 0.63, 0.11 ) 
CH.#11 : ( 0.05, 0.00 ), ( 0.70, 0.04 ) 
CH.#12 : ( 0.24, 0.00 ), ( 0.70, 0.03 ) 
CH.#13 : ( 0.19, 0.02 ), ( 0.03, 0.00 ) 
CH.#14 : ( 0.17, 0.01 ), ( 0.07, 0.01 ) 
CH.#15 : ( 0.03, 0.00 ), ( 0.02, 0.00 ) 
CH.#16 : ( 0.20, 0.01 ), ( 0.02, 0.00 ) 
CH.#17 : ( 0.07, 0.00 ), ( 0.02, 0.01 ) 
CH.#18 : ( 0.24, 0.01 ), ( 0.02, 0.00 ) 
CH.#19 : ( 0.22, 0.01 ), ( 0.03, 0.01 ) 
CH.#20 : ( 0.16, 0.01 ), ( 0.03, 0.01 ) 
CH.#21 : ( 0.08, 0.00 ), ( 0.05, 0.01 ) 
CH.#22 : * THIS IS AN OPEN CHANNEL * 
CH.#23 : ( 0.36, 0.01 ), ( 0.02, 0.02 ) 
CH.#24 : ( 0.39, 0.03 ), ( 0.02, 0.00 ) 
CH.#25 : ( 0.57, 0.02 ), ( 0.36, 0.02 ) 
CH.#26 : ( 0.22, 0.00 ), ( 0.31, 0.03 ) 
CH.#27 : ( 0.05, 0.01 ), ( 0.32, 0.03 ) 
CH.#28 : ( 0.42, 0.02 ), ( 0.35, 0.03 ) 
CH.#29 : ( 0.69, 0.01 ), ( 0.36, 0.03 ) 
CH.#30 : ( 0.07, 0.00 ), ( 0.31, 0.03 ) 
CH.#32 : ( 0.31, 0.01 ), ( 0.29, 0.03 ) 
CH.#33 : ( 0.12, 0.38 ), ( 0.35, 0.03 ) 
CH.#34 : ( 0.45, 0.02 ), ( 0.25, 0.03 ) 
CH.#35 : ( 0.28, 0.00 ), ( 0.28, 0.03 ) 
CH.#36 : ( 0.19, 0.01 ), ( 0.32, 0.03 ) 
CH.#37 : ( 1.17, 0.06 ), ( 0.89, 0.13 ) 
CH.#38 : ( 0.40, 0.01 ), ( 0.82, 0.14 ) 
CH.#39 : ( 0.56, 0.02 ), ( 0.82, 0.13 ) 
CH.#40 : ( 0.07, 0.00 ), ( 0.80, 0.15 ) 
CH.#41 : ( 0.12, 0.00 ), ( 0.74, 0.13 ) 
CH.#42 : ( 0.14, 0.01 ), ( 0.77, 0.13 ) 
CH.#43 : ( 0.05, 0.00 ), ( 0.83, 0.15 ) 
CH.#44 : ( 0.04, 0.00 ), ( 0.76, 0.13 ) 
CH.#45 : ( 0.13, 0.01 ), ( 0.75, 0.13 ) 
CH.#46 : ( 0.58, 0.01 ), ( 0.81, 0.14 ) 
CH.#47 : ( 0.13, 0.00 ), ( 0.76, 0.12 ) 
CH.#48 : ( 0.27, 0.00 ), ( 0.89, 0.14 ) 
CH.#49 : ( 0.86, 0.01 ), ( 1.13, 0.42 ) 
CH.#50 : ( 1.32, 0.08 ), ( 1.19, 0.41 ) 
CH.#51 : * THIS IS AN OPEN CHANNEL * 
CH.#52 : ( 0.22, 0.01 ), ( 0.95, 0.38 ) 
CH.#53 : ( 0.14, 0.00 ), ( 0.97, 0.41 ) 
CH.#54 : ( 0.50, 0.01 ), ( 0.99, 0.39 ) 
CH.#55 : ( 0.20, 0.01 ), ( 1.01, 0.39 ) 
CH.#56 : ( 0.70, 0.01 ), ( 1.09, 0.41 ) 
CH.#57 : ( 0.16, 0.01 ), ( 0.97, 0.40 ) 
CH.#58 : ( 0.60, 0.02 ), ( 0.99, 0.40 ) 
CH.#59 : ( 0.40, 0.02 ), ( 0.97, 0.39 ) 
CH.#60 : ( 0.94, 0.03 ), ( 1.08, 0.42 ) 
Shot Location 10.00 
1st Phone Location 10.00, Last Phone (CH 60) Location 600.00 
Pilot channel is 31 with preamp gain 0Db 
Shot Location 10.00 
1st Phone Location 0.00, Last Phone (CH 60) Location 590.00 
Pilot channel is 31 with preamp gain 0Db 
Shot Location 0.00 
1st Phone Location 0.00, Last Phone (CH 60) Location 590.00 
Pilot channel is 31 with preamp gain 0Db 
 
Client name  : SPE Consortia at Phelps Dodge Morenci 
Job Number  : 1 
Line Number  : 3 
Project Title  : Hamilton Point 
 
Sample Interval 0.250 msec, Record Len 2.000 Sec, Delay 0.000 Sec, 
Shot Location 0.00 
1st Phone Location 0.00, Last Phone (CH 60) Location 590.00 
Preamp Gain Style is set to ALL 24 db 
Auto Save is ON. 
Saving to disk – Next File Number is 200 – Data Dir is E:\SPE – SEG-Y Format 
REPORT FOR LINE TEST: 
 
(MATCH,DEV MATCH) AND (NOISE,DEV NOISE) ARE: 
CH.#1 : ( 0.93, 0.14 ), ( 0.21, 0.01 ) 
CH.#2 : ( 0.79, 0.11 ), ( 0.14, 0.01 ) 
CH.#3 : ( 0.51, 0.09 ), ( 0.07, 0.01 ) 
CH.#4 : ( 0.07, 0.01 ), ( 0.07, 0.00 ) 
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CH.#5 : ( 0.15, 0.04 ), ( 0.04, 0.00 ) 
CH.#6 : ( 0.23, 0.03 ), ( 0.07, 0.00 ) 
CH.#7 : ( 0.32, 0.15 ), ( 0.07, 0.00 ) 
CH.#8 : ( 0.65, 0.02 ), ( 0.13, 0.01 ) 
CH.#9 : ( 0.22, 0.04 ), ( 0.06, 0.00 ) 
CH.#10 : ( 0.22, 0.03 ), ( 0.09, 0.01 ) 
CH.#11 : ( 0.10, 0.01 ), ( 0.10, 0.01 ) 
CH.#12 : ( 0.16, 0.00 ), ( 0.10, 0.01 ) 
CH.#13 : ( 0.20, 0.02 ), ( 1.10, 0.01 ) 
CH.#14 : ( 0.31, 0.00 ), ( 1.17, 0.00 ) 
CH.#15 : ( 0.05, 0.00 ), ( 1.02, 0.00 ) 
CH.#16 : ( 1.21, 0.00 ), ( 1.14, 0.00 ) 
CH.#17 : ( 0.21, 0.00 ), ( 1.23, 0.00 ) 
CH.#18 : ( 0.09, 0.00 ), ( 1.10, 0.00 ) 
CH.#19 : ( 0.20, 0.00 ), ( 1.18, 0.00 ) 
CH.#20 : ( 1.45, 0.00 ), ( 1.24, 0.00 ) 
CH.#21 : ( 0.14, 0.00 ), ( 1.25, 0.00 ) 
CH.#22 : * THIS IS AN OPEN CHANNEL * 
CH.#23 : ( 0.74, 0.00 ), ( 1.35, 0.00 ) 
CH.#24 : ( 1.04, 0.00 ), ( 1.16, 0.00 ) 
CH.#25 : ( 0.72, 0.00 ), ( 3.58, 0.00 ) 
CH.#26 : ( 0.61, 0.00 ), ( 3.59, 0.00 ) 
CH.#27 : ( 0.09, 0.00 ), ( 3.59, 0.00 ) 
CH.#28 : ( 0.87, 0.00 ), ( 3.78, 0.00 ) 
CH.#29 : ( 1.29, 0.00 ), ( 3.77, 0.00 ) 
CH.#30 : ( 0.34, 0.00 ), ( 3.60, 0.00 ) 
Auto Save is ON. 
Saving to disk – Next File Number is 200 – Data Dir is E:\SPE – SEG-D Rev 1 
8058 Format 
File     200 (Stack  1) 15:27:17.04 01/22/2004  961 Kbytes SAVED  
File     201 (Stack  1) 15:33:08.00 01/22/2004  961 Kbytes SAVED  
File     202 (Stack  1) 15:33:31.70 01/22/2004  961 Kbytes SAVED  
Shot Location 0.00 
1st Phone Location 0.00, Last Phone (CH 60) Location 590.00 
Auto Save is ON. 
Saving to disk – Next File Number is 203 – Data Dir is E:\SPE – SEG-D Rev 1 
8058 Format 
Auto Save is ON. 
Saving to disk – Next File Number is 203 – Data Dir is E:\SPE – SEG-Y Format 
FFID     203 (Stack  1) 15:38:11.54 01/22/2004 1938 Kbytes SAVED IN 
203.SGY 
FFID     204 (Stack  1) 15:38:46.74 01/22/2004 1935 Kbytes SAVED IN 
203.SGY 
FFID     205 (Stack  1) 15:39:03.68 01/22/2004 1935 Kbytes SAVED IN 
203.SGY 
FFID     206 (Stack  1) 15:39:25.41 01/22/2004 1935 Kbytes SAVED IN 
203.SGY 
FFID     207 (Stack  1) 15:43:38.60 01/22/2004 1935 Kbytes SAVED IN 
203.SGY 
FFID     208 (Stack  1) 15:44:04.87 01/22/2004 1935 Kbytes SAVED IN 
203.SGY 
FFID     209 (Stack  1) 15:44:27.65 01/22/2004 1935 Kbytes SAVED IN 
203.SGY 
FFID     210 (Stack  1) 15:44:42.88 01/22/2004 1935 Kbytes SAVED IN 
203.SGY 
FFID     211 (Stack  1) 15:47:34.31 01/22/2004 1935 Kbytes SAVED IN 
203.SGY 
FFID     212 (Stack  1) 15:48:02.44 01/22/2004 1935 Kbytes SAVED IN 
203.SGY 
FFID     213 (Stack  1) 15:48:16.68 01/22/2004 1935 Kbytes SAVED IN 
203.SGY 
FFID     214 (Stack  1) 15:48:35.17 01/22/2004 1935 Kbytes SAVED IN 
203.SGY 
FFID     215 (Stack  1) 15:48:49.51 01/22/2004 1935 Kbytes SAVED IN 
203.SGY 
 
Hamilton Point Drill Noise Tests 
Sample Interval 1.000 msec, Record Len 16.000 Sec, Delay 0.000 Sec, 
FFID     216 (Stack  1) 15:52:55.28 01/22/2004 3858 Kbytes SAVED IN 
216.SGY 
FFID     217 (Stack  1) 15:55:56.57 01/22/2004 3855 Kbytes SAVED IN 
216.SGY 
FFID     218 (Stack  1) 15:56:37.43 01/22/2004 3855 Kbytes SAVED IN 
216.SGY 
FFID     219 (Stack  1) 15:57:06.72 01/22/2004 3855 Kbytes SAVED IN 
216.SGY 
FFID     220 (Stack  1) 15:57:32.50 01/22/2004 3855 Kbytes SAVED IN 
216.SGY 
FFID     221 (Stack  1) 15:57:57.45 01/22/2004 3855 Kbytes SAVED IN 
216.SGY 

FFID     222 (Stack  1) 15:58:30.55 01/22/2004 3855 Kbytes SAVED IN 
216.SGY 
FFID     223 (Stack  1) 15:58:55.54 01/22/2004 3855 Kbytes SAVED IN 
216.SGY 
FFID     224 (Stack  1) 15:59:39.31 01/22/2004 3855 Kbytes SAVED IN 
216.SGY 
Correlation is ON, Sweep Len 10.000 Sec, Listen Len 2.000 Sec. 
Pilot Channel is 1. 
FFID     225 (Stack  1) 16:01:08.28 01/22/2004  498 Kbytes SAVED IN 225.SGY 
FFID     226 (Stack  1) 16:01:45.60 01/22/2004  495 Kbytes SAVED IN 225.SGY 
Correlation is OFF. 
Sample Interval 0.250 msec, Record Len 2.000 Sec, Delay 0.000 Sec, 
FFID     227 (Stack  1) 16:05:37.57 01/22/2004 1938 Kbytes SAVED IN 
227.SGY 
FFID     228 (Stack  1) 16:08:47.09 01/22/2004 1935 Kbytes SAVED IN 
227.SGY 
FFID     229 (Stack  1) 16:09:09.53 01/22/2004 1935 Kbytes SAVED IN 
227.SGY 
FFID     230 (Stack  1) 16:09:26.49 01/22/2004 1935 Kbytes SAVED IN 
227.SGY 
FFID     231 (Stack  1) 16:09:39.23 01/22/2004 1935 Kbytes SAVED IN 
227.SGY 
FFID     232 (Stack  1) 16:09:54.88 01/22/2004 1935 Kbytes SAVED IN 
227.SGY 
FFID     233 (Stack  1) 16:12:50.19 01/22/2004 1935 Kbytes SAVED IN 
227.SGY 
FFID     234 (Stack  1) 16:13:08.94 01/22/2004 1935 Kbytes SAVED IN 
227.SGY 
FFID     235 (Stack  1) 16:13:24.69 01/22/2004 1935 Kbytes SAVED IN 
227.SGY 
FFID     236 (Stack  1) 16:13:39.90 01/22/2004 1935 Kbytes SAVED IN 
227.SGY 
FFID     237 (Stack  1) 16:13:51.71 01/22/2004 1935 Kbytes SAVED IN 
227.SGY 
REPORT FOR LINE TEST: 
 
(MATCH,DEV MATCH) AND (NOISE,DEV NOISE) ARE: 
CH.#2 : ( 0.47, 0.01 ), ( 0.86, 0.02 ) 
CH.#3 : ( 1.02, 0.00 ), ( 0.86, 0.00 ) 
CH.#4 : ( 0.08, 0.00 ), ( 0.85, 0.00 ) 
CH.#5 : ( 0.04, 0.00 ), ( 0.81, 0.00 ) 
CH.#6 : ( 0.51, 0.00 ), ( 0.85, 0.00 ) 
CH.#7 : ( 0.44, 0.00 ), ( 0.85, 0.00 ) 
CH.#8 : ( 0.74, 0.00 ), ( 0.89, 0.00 ) 
CH.#9 : ( 0.45, 0.00 ), ( 0.84, 0.00 ) 
CH.#10 : ( 0.11, 0.00 ), ( 0.82, 0.00 ) 
CH.#11 : ( 0.08, 0.00 ), ( 0.86, 0.00 ) 
CH.#12 : ( 0.29, 0.00 ), ( 0.85, 0.00 ) 
CH.#13 : ( 0.23, 0.00 ), ( 0.04, 0.00 ) 
CH.#14 : ( 0.19, 0.00 ), ( 0.08, 0.00 ) 
CH.#15 : ( 0.03, 0.00 ), ( 0.04, 0.00 ) 
CH.#16 : ( 0.32, 0.00 ), ( 0.04, 0.00 ) 
CH.#17 : ( 0.10, 0.00 ), ( 0.04, 0.00 ) 
CH.#18 : ( 0.32, 0.00 ), ( 0.04, 0.00 ) 
CH.#19 : ( 0.29, 0.00 ), ( 0.05, 0.00 ) 
CH.#20 : ( 0.19, 0.00 ), ( 0.05, 0.00 ) 
CH.#21 : ( 0.10, 0.00 ), ( 0.08, 0.00 ) 
CH.#22 : * THIS IS AN OPEN CHANNEL * 
CH.#23 : ( 0.48, 0.00 ), ( 0.04, 0.00 ) 
CH.#24 : ( 0.44, 0.00 ), ( 0.03, 0.00 ) 
CH.#25 : ( 0.68, 0.00 ), ( 0.34, 0.00 ) 
CH.#26 : ( 0.27, 0.00 ), ( 0.28, 0.00 ) 
CH.#27 : ( 0.05, 0.00 ), ( 0.28, 0.00 ) 
CH.#28 : ( 0.55, 0.00 ), ( 0.34, 0.00 ) 
CH.#29 : ( 0.95, 0.00 ), ( 0.35, 0.00 ) 
CH.#30 : ( 0.11, 0.00 ), ( 0.29, 0.00 ) 
CH.#31 : ( 0.31, 0.00 ), ( 0.27, 0.00 ) 
CH.#32 : ( 0.38, 0.00 ), ( 0.27, 0.00 ) 
CH.#33 : ( 0.16, 0.00 ), ( 0.34, 0.00 ) 
CH.#34 : ( 0.38, 0.00 ), ( 0.25, 0.00 ) 
CH.#35 : ( 0.43, 0.00 ), ( 0.25, 0.00 ) 
CH.#36 : ( 0.21, 0.00 ), ( 0.30, 0.00 ) 
CH.#37 : ( 1.29, 0.00 ), ( 1.03, 0.00 ) 
CH.#38 : ( 0.52, 0.00 ), ( 0.94, 0.00 ) 
CH.#39 : ( 0.57, 0.00 ), ( 0.91, 0.00 ) 
CH.#40 : ( 0.05, 0.00 ), ( 0.95, 0.00 ) 
CH.#41 : ( 0.18, 0.00 ), ( 0.84, 0.00 ) 
CH.#42 : ( 0.25, 0.00 ), ( 0.90, 0.00 ) 
CH.#43 : ( 0.04, 0.00 ), ( 0.96, 0.00 ) 
CH.#44 : ( 0.07, 0.00 ), ( 0.86, 0.00 ) 
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CH.#45 : ( 0.09, 0.00 ), ( 0.84, 0.00 ) 
CH.#46 : ( 0.80, 0.00 ), ( 0.92, 0.00 ) 
CH.#47 : ( 0.10, 0.00 ), ( 0.84, 0.00 ) 
CH.#48 : ( 0.35, 0.00 ), ( 1.01, 0.00 ) 
CH.#49 : ( 1.05, 0.00 ), ( 1.30, 0.00 ) 
CH.#50 : ( 1.68, 0.00 ), ( 1.40, 0.00 ) 
CH.#51 : * THIS IS AN OPEN CHANNEL * 
CH.#52 : ( 0.27, 0.00 ), ( 1.11, 0.00 ) 
CH.#53 : ( 0.14, 0.00 ), ( 1.16, 0.00 ) 
CH.#54 : ( 0.57, 0.00 ), ( 1.16, 0.00 ) 
CH.#55 : ( 0.20, 0.00 ), ( 1.17, 0.00 ) 
CH.#56 : ( 0.79, 0.00 ), ( 1.27, 0.00 ) 
CH.#57 : ( 0.17, 0.00 ), ( 1.14, 0.00 ) 
CH.#58 : ( 0.64, 0.00 ), ( 1.17, 0.00 ) 
CH.#59 : ( 0.41, 0.00 ), ( 1.12, 0.00 ) 
CH.#60 : ( 1.13, 0.00 ), ( 1.26, 0.00 ) 
FFID     238 (Stack  1) 16:14:28.60 01/22/2004 1935 Kbytes SAVED IN 
227.SGY 
FFID     239 (Stack  1) 16:15:48.04 01/22/2004 1938 Kbytes SAVED IN 
239.SGY 
Sample Interval 4.000 msec, Record Len 64.000 Sec, Delay 0.000 Sec, 
FFID     240 (Stack  1) 16:16:37.57 01/22/2004 3858 Kbytes SAVED IN 
240.SGY 
FFID     241 (Stack  1) 16:18:01.57 01/22/2004 3855 Kbytes SAVED IN 
240.SGY 
Sample Interval 0.250 msec, Record Len 2.000 Sec, Delay 0.000 Sec, 
Sample Interval 1.000 msec, Record Len 2.000 Sec, Delay 0.000 Sec, 
Correlation is ON, Sweep Len 10.000 Sec, Listen Len 2.000 Sec. 
Pilot Channel is 1. 
FFID     242 (Stack  1) 16:24:21.12 01/22/2004  498 Kbytes SAVED IN 242.SGY 
FFID     243 (Stack  1) 16:24:57.25 01/22/2004  495 Kbytes SAVED IN 242.SGY 
FFID     244 (Stack  1) 16:25:34.22 01/22/2004  495 Kbytes SAVED IN 242.SGY 
FFID     245 (Stack  1) 16:26:04.88 01/22/2004  495 Kbytes SAVED IN 242.SGY 
Correlation is OFF. 
Sample Interval 2.000 msec, Record Len 32.000 Sec, Delay 0.000 Sec, 
FFID     246 (Stack  1) 16:27:20.15 01/22/2004 3858 Kbytes SAVED IN 
246.SGY 
FFID     247 (Stack  1) 16:28:09.74 01/22/2004 3855 Kbytes SAVED IN 
246.SGY 
FFID     248 (Stack  1) 16:29:03.02 01/22/2004 3855 Kbytes SAVED IN 
246.SGY 
FFID     249 (Stack  1) 16:30:09.68 01/22/2004 3855 Kbytes SAVED IN 
246.SGY 
FFID     250 (Stack  1) 16:30:56.34 01/22/2004 3855 Kbytes SAVED IN 
246.SGY 
 
Hamilton Point Explosive Sources 
Sample Interval 0.250 msec, Record Len 2.000 Sec, Delay 0.000 Sec, 
Auto Save is ON. 
Saving to disk – Next File Number is 270 – Data Dir is E:\SPE – SEG-Y Format 
FFID     270 (Stack  1) 16:37:11.27 01/22/2004 1938 Kbytes SAVED IN 
270.SGY 
FFID     271 (Stack  1) 16:44:05.99 01/22/2004 1935 Kbytes SAVED IN 
270.SGY 
ALARM: Overdriven channels! See red traces.  16:44:15 
FFID     272 (Stack  1) 16:50:20.97 01/22/2004 1935 Kbytes SAVED IN 
270.SGY 
FFID     273 (Stack  1) 17:03:59.63 01/22/2004 1935 Kbytes SAVED IN 
270.SGY 
FFID     274 (Stack  1) 17:04:45.67 01/22/2004 1935 Kbytes SAVED IN 
270.SGY 
File     202 (Stack  1) 15:33:31.00 01/22/2004 READ 
 
22-Jan-2004 Little Metcalf Pit 
Restarting Survey at Line Number 1 
Correlation is OFF. 
Auto Stack, Stack Limit 1. 
Sample Interval 0.250 msec, Record Len 2.000 Sec, Delay 0.000 Sec, 
Filters: FILTER OUT, FILTER OUT 
Diversity Stack is OFF. 
Spike Filter on Pilot is OFF. 
Preamp Gain Style is set to ALL 0 db 
Shot Location 0.00 
1st Phone Location 0.00, Last Phone (CH 60) Location 590.00 
Pilot channel is 1 with preamp gain 0Db 
Auto Save is ON. 
Saving to disk – Next File Number is 275 – Data Dir is E:\SPE – SEG-Y Format 
Trigger Hold off 5.00s.   
Trigger Sensitivity 73.   
Auto Arm is OFF. 

Self-Trigger is OFF. 
 
Client name  : SPE Consortia at Phelps Dodge Morenci 
Job Number  : 1 
Line Number  : 4 
Project Title  : Metcalf Pit 
 
Preamp Gain Style is set to ALL 24 db 
Auto Save is ON. 
Saving to disk – Next File Number is 300 – Data Dir is E:\SPE – SEG-Y Format 
REPORT FOR LINE TEST: 
 
(MATCH,DEV MATCH) AND (NOISE,DEV NOISE) ARE: 
CH.#2 : ( 0.21, 0.02 ), ( 0.80, 0.12 ) 
CH.#3 : ( 0.13, 0.03 ), ( 0.79, 0.12 ) 
CH.#4 : ( 0.73, 0.17 ), ( 0.87, 0.12 ) 
CH.#5 : ( 0.14, 0.01 ), ( 0.80, 0.12 ) 
CH.#6 : ( 0.14, 0.05 ), ( 0.82, 0.11 ) 
CH.#7 : ( 0.11, 0.03 ), ( 0.79, 0.13 ) 
CH.#8 : ( 0.12, 0.02 ), ( 0.81, 0.12 ) 
CH.#9 : ( 0.76, 0.13 ), ( 0.84, 0.13 ) 
CH.#10 : ( 0.45, 0.16 ), ( 0.89, 0.11 ) 
CH.#11 : ( 0.29, 0.03 ), ( 0.87, 0.13 ) 
CH.#12 : ( 0.12, 0.01 ), ( 0.84, 0.12 ) 
CH.#13 : ( 0.24, 0.10 ), ( 0.04, 0.02 ) 
CH.#14 : ( 0.11, 0.01 ), ( 0.03, 0.02 ) 
CH.#15 : ( 0.20, 0.05 ), ( 0.05, 0.02 ) 
CH.#16 : ( 0.91, 0.15 ), ( 0.06, 0.02 ) 
CH.#17 : ( 0.11, 0.03 ), ( 0.03, 0.02 ) 
CH.#18 : ( 0.13, 0.02 ), ( 0.03, 0.02 ) 
CH.#19 : ( 0.07, 0.04 ), ( 0.03, 0.01 ) 
CH.#20 : ( 0.30, 0.01 ), ( 0.05, 0.02 ) 
CH.#21 : ( 0.20, 0.04 ), ( 0.04, 0.02 ) 
CH.#22 : ( 0.09, 0.01 ), ( 0.04, 0.02 ) 
CH.#23 : ( 0.13, 0.05 ), ( 0.06, 0.02 ) 
CH.#24 : ( 0.39, 0.13 ), ( 0.07, 0.02 ) 
CH.#25 : ( 0.47, 0.11 ), ( 0.23, 0.03 ) 
CH.#26 : ( 0.50, 0.07 ), ( 0.22, 0.03 ) 
CH.#27 : ( 0.11, 0.02 ), ( 0.22, 0.02 ) 
CH.#28 : ( 0.01, 0.01 ), ( 0.22, 0.03 ) 
CH.#29 : ( 0.74, 0.12 ), ( 0.27, 0.03 ) 
CH.#30 : ( 0.31, 0.04 ), ( 0.22, 0.03 ) 
CH.#31 : ( 0.07, 0.04 ), ( 0.25, 0.03 ) 
CH.#32 : ( 0.52, 0.05 ), ( 0.22, 0.02 ) 
CH.#33 : ( 0.28, 0.04 ), ( 0.26, 0.03 ) 
CH.#34 : ( 0.27, 0.02 ), ( 0.21, 0.03 ) 
CH.#35 : ( 0.03, 0.02 ), ( 0.21, 0.03 ) 
CH.#36 : ( 0.17, 0.03 ), ( 0.26, 0.03 ) 
CH.#37 : ( 0.27, 0.09 ), ( 0.62, 0.35 ) 
CH.#38 : ( 0.28, 0.11 ), ( 0.63, 0.32 ) 
CH.#39 : ( 0.51, 0.16 ), ( 0.60, 0.31 ) 
CH.#40 : ( 1.10, 0.26 ), ( 0.63, 0.32 ) 
CH.#41 : ( 0.15, 0.04 ), ( 0.61, 0.34 ) 
CH.#42 : ( 0.30, 0.04 ), ( 0.59, 0.33 ) 
CH.#43 : ( 0.26, 0.09 ), ( 0.58, 0.31 ) 
CH.#44 : ( 0.13, 0.05 ), ( 0.54, 0.30 ) 
CH.#45 : ( 0.38, 0.09 ), ( 0.58, 0.31 ) 
CH.#46 : ( 0.33, 0.10 ), ( 0.58, 0.31 ) 
CH.#47 : ( 0.06, 0.00 ), ( 0.55, 0.30 ) 
CH.#48 : ( 2.45, 0.46 ), ( 1.11, 0.58 ) 
CH.#49 : ( 0.67, 0.17 ), ( 0.93, 0.61 ) 
CH.#50 : ( 0.13, 0.02 ), ( 0.84, 0.54 ) 
CH.#51 : ( 0.63, 0.19 ), ( 0.94, 0.57 ) 
CH.#52 : ( 0.23, 0.08 ), ( 0.85, 0.59 ) 
CH.#53 : ( 0.23, 0.09 ), ( 0.85, 0.56 ) 
CH.#54 : ( 0.25, 0.04 ), ( 0.89, 0.56 ) 
CH.#55 : ( 1.07, 0.25 ), ( 0.82, 0.53 ) 
CH.#56 : ( 1.04, 0.20 ), ( 0.89, 0.56 ) 
CH.#57 : ( 1.26, 0.29 ), ( 0.94, 0.57 ) 
CH.#58 : ( 0.49, 0.14 ), ( 0.81, 0.51 ) 
CH.#59 : ( 1.89, 0.74 ), ( 0.97, 0.58 ) 
CH.#60 : ( 0.14, 0.01 ), ( 0.84, 0.55 ) 
FFID     300 (Stack  1) 18:41:59.02 01/22/2004 1938 Kbytes SAVED IN 
300.SGY 
Preamp Gain Style is set to ALL 24 db 
FFID     301 (Stack  1) 18:53:07.06 01/22/2004 1938 Kbytes SAVED IN 
301.SGY 
FFID     302 (Stack  1) 18:53:45.42 01/22/2004 1935 Kbytes SAVED IN 
301.SGY 
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FFID     303 (Stack  1) 18:53:58.88 01/22/2004 1935 Kbytes SAVED IN 
301.SGY 
FFID     304 (Stack  1) 18:54:45.80 01/22/2004 1935 Kbytes SAVED IN 
301.SGY 
FFID     305 (Stack  1) 18:55:02.01 01/22/2004 1935 Kbytes SAVED IN 
301.SGY 
FFID     306 (Stack  1) 18:58:08.35 01/22/2004 1935 Kbytes SAVED IN 
301.SGY 
ALARM: Overdriven channels! See red traces.  18:58:18 
FFID     307 (Stack  1) 18:58:23.54 01/22/2004 1935 Kbytes SAVED IN 
301.SGY 
FFID     308 (Stack  1) 18:58:36.89 01/22/2004 1935 Kbytes SAVED IN 
301.SGY 
FFID     309 (Stack  1) 18:58:49.72 01/22/2004 1935 Kbytes SAVED IN 
301.SGY 
FFID     310 (Stack  1) 18:59:02.74 01/22/2004 1935 Kbytes SAVED IN 
301.SGY 
FFID     311 (Stack  1) 19:01:37.73 01/22/2004 1935 Kbytes SAVED IN 
301.SGY 
ALARM: Overdriven channels! See red traces.  19:01:49 
FFID     312 (Stack  1) 19:01:55.32 01/22/2004 1935 Kbytes SAVED IN 
301.SGY 
ALARM: Overdriven channels! See red traces.  19:02:07 
FFID     313 (Stack  1) 19:02:07.32 01/22/2004 1935 Kbytes SAVED IN 
301.SGY 
ALARM: Overdriven channels! See red traces.  19:02:20 
FFID     314 (Stack  1) 19:02:22.69 01/22/2004 1935 Kbytes SAVED IN 
301.SGY 
ALARM: Overdriven channels! See red traces.  19:02:34 
FFID     315 (Stack  1) 19:02:34.83 01/22/2004 1935 Kbytes SAVED IN 
301.SGY 
ALARM: Overdriven channels! See red traces.  19:02:46 
FFID     316 (Stack  1) 19:04:28.79 01/22/2004 1935 Kbytes SAVED IN 
301.SGY 
FFID     317 (Stack  1) 19:04:51.13 01/22/2004 1935 Kbytes SAVED IN 
301.SGY 
FFID     318 (Stack  1) 19:05:07.53 01/22/2004 1935 Kbytes SAVED IN 
301.SGY 
FFID     319 (Stack  1) 19:05:21.03 01/22/2004 1935 Kbytes SAVED IN 
301.SGY 
FFID     320 (Stack  1) 19:05:36.54 01/22/2004 1935 Kbytes SAVED IN 
301.SGY 
Trigger Hold off 5.00s.   
Trigger Sensitivity 73.   
Auto Arm is ON. 
Self-Trigger is OFF. 

FFID     321 (Stack  1) 19:08:26.58 01/22/2004 1935 Kbytes SAVED IN 
301.SGY 
ALARM: Overdriven channels! See red traces.  19:08:38 
FFID     322 (Stack  1) 19:08:40.69 01/22/2004 1935 Kbytes SAVED IN 
301.SGY 
FFID     323 (Stack  1) 19:08:51.77 01/22/2004 1935 Kbytes SAVED IN 
301.SGY 
ALARM: Overdriven channels! See red traces.  19:09:01 
FFID     324 (Stack  1) 19:09:02.60 01/22/2004 1935 Kbytes SAVED IN 
301.SGY 
FFID     325 (Stack  1) 19:09:20.11 01/22/2004 1935 Kbytes SAVED IN 
301.SGY 
 
Little Metcalf Pit – Noise Sources 
Sample Interval 4.000 msec, Record Len 64.000 Sec, Delay 0.000 Sec, 
Trigger Hold off 5.00s.   
Trigger Sensitivity 73.   
Auto Arm is OFF. 
Self-Trigger is OFF. 
Preamp Gain Style is set to ALL 48 db 
FFID     326 (Stack  1) 19:26:21.41 01/22/2004 3858 Kbytes SAVED IN 
326.SGY 
Sample Interval 8.000 msec, Record Len 128.000 Sec, Delay 0.000 Sec, 
FFID     327 (Stack  1) 19:28:18.66 01/22/2004 3858 Kbytes SAVED IN 
327.SGY 
 
Little Metcalf Pit – Explosion Sources 
Sample Interval 0.250 msec, Record Len 2.000 Sec, Delay 0.000 Sec, 
Preamp Gain Style is set to ALL 0 db 
Trigger Hold off 5.00s.   
Trigger Sensitivity 86.   
Auto Arm is OFF. 
Self-Trigger is OFF. 
FFID     328 (Stack  1) 19:52:07.48 01/22/2004 1938 Kbytes SAVED IN 
328.SGY 
ALARM: Overdriven channels! See red traces.  19:52:17 
FFID     329 (Stack  1) 19:59:20.67 01/22/2004 1935 Kbytes SAVED IN 
328.SGY 
FFID     330 (Stack  1) 20:03:05.85 01/22/2004 1935 Kbytes SAVED IN 
328.SGY 
ALARM: Overdriven channels! See red traces.  20:03:15 
FFID     331 (Stack  1) 20:10:07.63 01/22/2004 1935 Kbytes SAVED IN 
328.SGY 
ALARM: Overdriven channels! See red traces.  20:10:16 
FFID     332 (Stack  1) 20:15:33.24 01/22/2004 1935 Kbytes SAVED IN 
328.SGY 

 
 

References 
 

Burger, H. R., (1992). Exploration Geophysics of the Shallow Subsurface. Prentice Hall, New 
Jersey. 481 p. 

 
 



 

204 
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rzhou@smu.edu, bstump@smu.edu, xyang@lanl.gov 

 

ABSTRACT 
 
The Source Phenomenology Experiments (SPE) conducted ten explosions at a copper mine in 
Arizona with different yields, depths of burial, and confinement conditions.  We used a 
frequency-domain linear inversion technique to obtain time-dependent source moment tensors 
for these explosions.  
 
A detailed velocity model for inversion was compiled from the analysis of a refraction survey 
conducted at the test bed, first arrivals of P-waves recorded at the stations around the mine, and 
the inversion of Rg waves generated by these explosions.  The Green’s functions were calculated 
using a reflectivity code.  The model was tested against observed data through forward 
waveform modeling prior to completing the inversions.  
 
The resulting moment tensors for all sources produce horizontal force couples, Mxx and Myy, that 
are similar in amplitude and shape, and an enhanced vertical force couple, Mzz.  This source 
asymmetry is related to the free surface, and is particularly enhanced for the shallowest shots, 
some of which cratered the free surface.  For the three fully contained explosions (B4, B6, and 
B10) that resulted in no cratering, the maximal amplitudes of the moment tensors increase with 
the yield, reflecting the coupling effect.  Strong off-diagonal elements of the moment tensor are 
present for all the shots, with the Mxz component often the largest.  This deviatoric component 
may reflect the fracturing of the granite in the source region.  The three twice-normal burden 
shots (B3, B5, and B8) all cratered, resulting in large volumes of fractured granite and enhanced 
Mxz components that were bigger than the horizontal force couples, Mxx and Myy. 

OBJECTIVES 
 
One of the goals of the Source Phenomenology Experiments (SPE) (Bonner et al., 2005) is to 
understand the differences in seismic source phenomenology from various types of explosions 
that affect local and regional seismograms, and to use this understanding to improve the 
discrimination of earthquakes and chemical and nuclear explosions.  The purpose of this report is 
to present the moment tensor inversion results for nine of the explosions conducted at the copper 
mine in Arizona.  This source representation will provide a mechanism for assessing the 
similarities and differences of the chemical explosions under different confinements and yields, 
and will provide an opportunity for comparison to similar seismic source characterizations of 
nuclear explosions. 
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EXPERIMENT SUMMARY 

SPE Explosions and Near-Source Instruments 
In the summer of 2003, groups from Southern Methodist University and Weston Geophysical 
Corporation conducted part of the Source Phenomenology Experiments (SPE) at a copper mine 
in southeast Arizona with help from IRIS (the Incorporated Research Institutions for 
Seismology), the University of Texas at El Paso, and LANL (Los Alamos National Laboratory).  
The purpose of these experiments was to characterize and understand the seismic waves 
generated by single-fired explosions and to contrast these waveforms with those generated by 
normal production mining explosions that are detonated in sequence, in a process known as 
delay firing.  
 
The SPE at the copper mine included ten single-fired explosions with total explosive weight 
ranging from less than 200 lbs. to 13,600 lbs. (Figure 7-1, Table 7-1).  The locations of the initial 
set of near-source instruments deployed around the single-fired test bed are also given in Figure 
7-1.  The closest stations (8, 9, and 10) were equipped with Endevco high-g accelerometers, with 
sensitivities from 4 to 25 mv/g.  Stations 2, 3, 4, and 5 were deployed at greater ranges, and 
consisted of lower-g Terra Technology accelerometers with typical sensitivities of 0.7 v/g.  
Finally, stations 1, 6, 7, and 11 were placed in the near-source range, and consisted of co-located 
low-g accelerometers and velocity transducers, Mark Products L43Ds, with sensitivities of 171 
v/m/s.  This suite of instruments was deployed in order to document the wavefield from within 
the region of tensile failure out to the region of linear elastic propagation.   

Example Seismograms 
The distance-sequenced vertical- , radial-, and transverse-component waveforms from Shot B1 
(single hole with free-face confinement) are shown in Figure 7-2.  For comparison purposes, all 
accelerograms have been integrated to velocity.  The distances between the shot and stations for 
this event range from about 45 m (Site 10B) to 670 m (Site 6).  The north component of the Site 
7 L43D failed; however, its radial- and transverse-components are still plotted in gray.  All three 
components at Site 9B (Endevco) are problematic and plotted in gray.  We eliminated these 
problematic data in all subsequent data processing.  All Site 9B waveforms for other shots have 
good signal-to-noise ratios.  Site 2 has no data for Shots B3 to B10 due to a digitizer failure.  
Figure 7-2 illustrates the phase development and propagation effects even at close distances.  

Velocity Model 
Detailed refraction surveys were conducted at the copper mine in order to determine the P-wave 
velocities (Vp) of the test bed.  The refraction survey was located at the 5200-ft level, while the 
SPE was conducted at the 5300-ft level.  Two benches of material have been removed since the 
SPE.  The depth of the deepest blast conducted during the SPE was 120 ft, close to the level of 
the refraction survey.  The structure consisted of a shallow (4-5.5 m) fractured and weathered 
layer (0.58 < Vp < 0.67 km/s), a second intermediate layer (~18 m with 2.44 < Vp < 3.05 km/s), 
followed by a half space with faster velocities (Vp > 4.57 km/s).  The refraction studies are 
described in detail in Stump et al. (2005) and in Chapter 6. 
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Table 7-1.  Summary of shot details.** 

Shot 
Description Date Time* 

(UTC) 

Yield 
Estimate

(lbs.) 

Centroid
Depth 

(ft) 

Scaled Depth 
m/kt1/3 

B1 - Single Hole 
Free-Face 18-Aug-03 20:18:15.1 1,700 40 102 

B2 - Four Holes 
Free-Face 18-Aug-03 20:28:40.3 6,800 40 64 

B3 - Single Hole 
2x Normal Burden 18-Aug-03 21:35:10.0 1,700 40 102 

B4 - Four Holes 
2x Depth 19-Aug-03 18:46:51.8 6,800 100 161 

B5 - Four Holes 
2x Normal Burden 19-Aug-03 19:04:35.4 6,800 40 64 

B6 - Single Hole 
2x Depth 19-Aug-03 19:26:02.7 1,700 100 255 

B7 - Eight Holes 
Free-Face 19-Aug-03 19:51:00.3 13,600 40 51 

B8 - Two Holes 
2x Normal Burden 19-Aug-03 20:10:39.1 3,400 40 81 

B10 - Eight Holes 
2x Depth 19-Aug-03 21:06:22.0 13,600 100 127 

*Shot time based on the first arrival at the closest site. 
**Shot B9 is not listed in this table. See Table 1-2. 

 
The deeper compressional-wave velocity was further constrained using the first arrivals of P- 
waves recorded on a north-south line of Texans north of the copper mine to a distance beyond 30 
km.  A P-wave velocity structure of two-layers over a half-space, with velocities estimated to be 
4.55, 5.21, and 6.07 km/s, respectively was inferred from the travel time curves.  The 
corresponding layer thicknesses were calculated to be 0.15 and 3.38 km, using the relationship 
between velocity, critical distance, and intercept time (Dobrin, 1960).    

Dispersion curves from the Rg phase recorded on the N-S broadband station profile, shown in 
Figure 1-1, were used to provide shear wave velocity (Vs) constraints for our model.  The 
dispersion curves show a systematic variation with distance, implying the existence of a strong 
lateral variation in the velocity structure north of the mine (Kim and Stump, 2005).  Since the 
moment tensor inversions utilize data only from within the mine, a one-dimensional model 
consistent with the closer observations was developed.  The compiled structure model including 
Vp, Vs, ρ (density), and attenuation Qα and Qβ is presented in Figure 7-3.  
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Figure 7-1.  (Upper left) Photo of test bed where the single-fired explosions were detonated; 
(Upper right) Photo including locations of the near-source instruments around the 
test bed (black rectangle) and near-source sites.  White arrow points to North.  
(Lower) Map of shot locations and instrument sites for the SPE at a copper mine in 
Arizona. 

 
The velocity model was tested against observed data with the computation of synthetic 
seismograms prior to completing the inversions.  The seismograms were computed by 
convolving a Mueller-Murphy (1971) isotropic source model developed from the source-scaling 
study (Zhou and Stump, 2005) with the reflectivity Green’s functions calculated using the 
compiled velocity and Q model (Figure 7-3).  The comparison between observations and 
synthetics in Figure 7-3 shows that the velocity model does a reasonably good job of matching 
the arrival times, wave shapes, and frequency content of the P and surface waves in the near-
source region.  
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Figure 7-2.  Record sections of velocity waveforms for the vertical, radial, and transverse 

component seismograms generated by Shot B1.  All accelerograms have been 
integrated to velocity and distances between source and receivers are marked next 
to each trace.  

MOMENT TENSOR INVERSION 
 
The seismic moment tensor is a general description of seismic sources, and describes the 
equivalent forces of general seismic point sources, establishing a linear relationship between 
observed ground motion and a set of Green’s functions in the frequency domain (Stump and 
Johnson, 1977): 
 
 )(ˆ)';,(ˆ),(ˆ

, fMrfrGfrU jkkiji ⋅=    (7-1) 
 
Where, f is frequency, ),(ˆ frU i  is the ground motion at distance r, )(ˆ fM jk is the spectrum of 

the seismic moment tensor, and )';,(ˆ
, rfrG kij  is the spectrum of the spatial derivative of the 

Green’s function.  
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Figure 7-3.  Morenci structure model used for Green’s function calculation (top) and the 
comparison between the observed data (blue) and synthetic seismograms (red). 

 
Knowing the propagation path effects ( kijG , ), one can determine the source ( jkM ) from a set 

of observational data ( iU ) by solving this set of linear equations. 
 
For purposes of this study a Cartesian coordinate system is chosen such that the x direction is 
north, perpendicular to the bench face, the y direction is east, parallel to the bench face, and the z 
direction is vertical. 
 
Observations gathered for this experiment were all converted to velocity.  Motivated by stability 
arguments for the inversions, the derivative of the moment tensor or moment-rate tensor was 
determined by inversion. 

Sensitivity Test (Twice-Depth, B10) 
Shot B10, the largest twice-depth explosion with 13,600 lbs. of explosives, generated strong 
signals with good signal to noise ratios at all stations.  The data from this explosion have been 
used to test the sensitivity of the moment-rate tensor inversion to the distribution of the 
observational data.  We conducted inversions with different subsets of the complete data set to 
determine the effects of station distribution with respect to range and azimuth.  The results of 
these tests were compared to one another as well as to an inversion utilizing the complete data 
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set.  No inversions were conducted with data from Sites 8 and 9, because they are too close (<57 
m) to the explosion and are located in the nonlinear region (about 100 m), thus violating the 
assumptions of the moment tensor representation.  According to the source-scaling relation based 
on the Mueller-Murphy (1971) modeling, the elastic radius of these shots was about 100 m 
(Zhou and Stump, 2005).  
 
Figure 7-4 displays the moment tensor resulting from the inversion using all available near-
source data.  The map illustrating the plan view of the Shot B10 borehole (black star) and the 
stations (triangles) is presented in the upper-left panel.  The red triangles are sites not included 
for inversion because they are estimated to be within the nonlinear zone surrounding the source.  
The upper-right panel is a plot of condition number versus frequency, with condition number 
defined as the ratio of maximum to minimum eigenvalue (Stump and Johnson, 1977).  Condition 
numbers provide a measure of the adequacy of the station distribution for unique recovery of all 
elements of the moment tensor as a function of frequency.  Typically, condition numbers below 
100 are satisfactory.  The broadband moment-rate tensor and moment tensor are presented in the 
two lower panels.  This figure format is utilized for all the inversions. 
 
Eight three-component stations are utilized in this initial inversion.  As the map indicates, the 
azimuthal coverage of the source is about 180°.  Operational constraints within the mine 
precluded full 360° coverage of the source.  As documented by the condition numbers, the 
spread in eigenvalues is small so all components of the moment tensor are well resolved across 
the entire frequency band. 
 
Figures 7-5 and 7-6 document the moment tensors for Shot B10 using 4 and 6 stations, 
respectively.  Summary comparisons of the peak value for each component of moment-rate 
tensor and moment tensor for each of the three inversions are tabulated in Tables 7-2a and 7-2b 
and plotted in Figure 7-7.  Comparison of the condition numbers for the three different 
inversions shows no systematic increase in condition number as the number of stations is 
reduced from 8 to 6 and finally to 4.  Even using the four farthest stations with 12 components of 
motion the azimuthal coverage around the explosion is good.  Based on the analysis, we 
conclude that moment tensor resolution is relatively insensitive to station distribution and that 
adequate observational data exists. 
 
The adequacy of the Green’s functions in accounting for propagation path effects can be assessed 
by comparing the observed seismograms to predicted seismograms by convolving the moment 
tensor from the inversion with the Green’s functions.  Figure 7-8 is such a comparison for the 
Shot B10 inversion.  In general, the wave shapes and amplitude decay as a function of range are 
replicated.  Another way of assessing the adequacy of the inversions is by comparing the 
absolute moment values for the different inversions.  The four station inversion utilized only the 
farthest range data while the other inversions utilized data from shorter distances.  As 
documented in Figure 7-7, there are no systematic differences in absolute moment values for the 
different inversions. 
 
The stability tests for Shot B10 all produced nearly the same moment-rate and moment tensors.  
The horizontal force couples, Mxx and Myy, are identical in size and time function.  The vertical 
force couple represented by Mzz is about twice the size of the two horizontal couples and slightly 
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longer in period and duration.  Despite the fact that Shot B10 was fully contained, the wavefield 
generated by the explosion interacted nonlinearly with the free surface above the shot.  There are 
substantial off-diagonal components of the moment tensor, Mxz and Myz, which are about 20% of 
the Mzz component, and the Mxy component is about half of the Mxz and Myz components.  The 
off-diagonal components (Mxy, Mxz, and Myz) decrease slightly with increasing number of 
stations used for the inversion, suggesting that there is a second order effect of station 
distribution on these components of the moment tensor.  
 

    
 

    
 
Figure 7-4.  (Upper left) Map of Shot B10 location (black star) and the stations used for 

inversion (blue triangles).  Red triangles are stations not included in the inversion.  
(Upper right) Plot of condition number versus frequency.  (Lower left) Moment-
rate tensor.  (Lower right) Moment tensor. 
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Figure 7-5.  (Upper left) Map of Shot B10 location (black star) and the stations used for 
inversion (blue triangles).  Red triangles are stations not included in the inversion.  
(Upper right) Plot of condition number versus frequency.  (Lower left) Moment-
rate tensor.  (Lower right) Moment tensor. 
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Figure 7-6.  (Upper left) Map of Shot B10 location (black star) and the stations used for 

inversion (blue triangles).  Red triangles are stations not included in the inversion.  
(Upper right) Plot of condition number versus frequency.  (Lower left) Moment-
rate tensor.  (Lower right) Moment tensor. 

Table 7-2a.  Moment-rate tensors (Units: 1015 N⋅m/s). 
Number of Stations Mxx Mxy Mxz Myy Myz Mzz 

4 0.6646 0.1577 0.3472 0.7991 0.4542 1.5667 
6 0.7409 0.0977 0.2786 0.7078 0.3656 1.4145 
8 0.8956 0.0941 0.2308 0.7868 0.2845 1.3687 

Table 7-2b.  Moment tensors (Units: 1013 N⋅m). 
Number of Stations Mxx Mxy Mxz Myy Myz Mzz 

4 1.1004 0.3085 1.0833 1.0600 0.9239 2.8716 
6 1.3398 0.1452 0.7434 1.2393 0.7413 2.6430 
8 1.6164 0.1102 0.5389 1.3915 0.6615 2.6958 
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Figure 7-7.  Peak moment-rate values (left) and moment values (right) for Shot B10 versus 
number of stations used in the inversion. 

 

     

Figure 7-8.  Comparison of selected observed (blue) and predicted (red) vertical (left), 
radial (middle), and transverse (right) velocities from Shot B10. 

Twice-Depth Shots (B4 and B6) 
All the explosions with twice-depth were fully contained.  Comparisons between B10 (13,600 
lbs.), B4 (6,800 lbs.), and B6 (1,700 lbs.) provide an opportunity to explore the effect of charge 
size on the resulting moment tensor.  Inversion results for shots B4 and B6 are presented in 
Figures 7-9 and 7-10.  
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Figure 7-9.  (Upper left) Map of Shot B4 location (black star) and the stations used for 

inversion (blue triangles).  Red triangles are stations not included in the inversion.  
(Upper right) Plot of condition number versus frequency.  (Lower left) Moment-
rate tensor.  (Lower right) Moment tensor. 
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Figure 7-10.  (Upper left) Map of Shot B6 location (black star) and the stations used for 

inversion (blue triangles).  Red triangles are stations not included in the inversion.  
(Upper right) Plot of condition number versus frequency.  (Lower left) Moment-
rate tensor.  (Lower right) Moment tensor. 
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Free-Face Shots (B1, B2, and B7) 
Moment tensor inversions of the three free-face shots, B1 (1,700 lbs.), B2 (6,800 lbs.), and B7 
(13,600 lbs.) are presented in Figures 7-11 to 7-13.  The inversion results for these shots indicate 
that Mzz is 3 to 5 times larger than the two other diagonal components, Mxx and Myy, which are of 
about the same amplitude, and has a longer period.  The off-diagonal components, dominated by 
Mxz, are as big as the Mxx and Myy components.  These three shots at the free-face cast materials 
into the pit, which might be responsible for the stronger off-diagonal components. 

 

    
 

    
 
Figure 7-11.  (Upper left) Map of Shot B1 location (black star) and the stations used for 

inversion (blue triangles).  Red triangles are stations not included in the inversion.  
(Upper right) Plot of condition number versus frequency.  (Lower left) Moment-
rate tensor.  (Lower right) Moment tensor. 
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Figure 7-12.  (Upper left) Map of Shot B2 location (black star) and the stations used for 

inversion (blue triangles).  Red triangles are stations not included in the inversion.  
(Upper right) Plot of condition number versus frequency.  (Lower left) Moment-
rate tensor.  (Lower right) Moment tensor. 
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Figure 7-13.  (Upper left) Map of Shot B7 location (black star) and the stations used for 

inversion (blue triangles).  Red triangles are stations not included in the inversion.  
(Upper right) Plot of condition number versus frequency.  (Lower left) Moment-
rate tensor.  (Lower right) Moment tensor. 

 

Twice-Burden Shots (B3, B5, and B8) 
Moment tensor inversions of three shots with twice-normal burden, B3 (1,700 lbs.), B5 (6,800 
lbs.), and B8 (3,400 lbs.) are presented in Figures 7-14 to 7-16.  The inversion results for these 
three shots indicate that Mzz is about 3 times larger than the two other diagonal components, Mxx 
and Myy, which are of about the same amplitude.  The off-diagonal component Mxz is bigger than 
the diagonal components Mxx and Myy.  The possible explanation for these results is that these 
three shots cratered, and this cratering acted as a second source in the vertical direction.  
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Figure 7-14.  (Upper left) Map of Shot B3 location (black star) and the stations used for 

inversion (blue triangles).  Red triangles are stations not included in the inversion.  
(Upper right) Plot of condition number versus frequency.  (Lower left) Moment-
rate tensor.  (Lower right) Moment tensor. 
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Figure 7-15.  (Upper left) Map of Shot B5 location (black star) and the stations used for 

inversion (blue triangles).  Red triangles are stations not included in the inversion.  
(Upper right) Plot of condition number versus frequency.  (Lower left) Moment-
rate tensor.  (Lower right) Moment tensor. 
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Figure 7-16.  (Upper left) Map of Shot B8 location (black star) and the stations used for 

inversion (blue triangles).  Red triangles are stations not included in the inversion.  
(Upper right) Plot of condition number versus frequency.  (Lower left) Moment-
rate tensor.  (Lower right) Moment tensor. 

 
Quantification of the Effects of Confinement and Yield 
Table 7-3 summarizes the inversion results of all shots by tabulating the maximum moment-rate 
values estimated for each shot.  The absolute size of moment-rate values for each inversion is 
plotted versus yield in Figure 7-17.  Table 7-4 and Figure 7-18 are similar results for the moment 
tensors. 
 
In general, each moment element increases with yield, reflecting the effect of increased charge 
size.  This increase in moment with yield includes the deviatoric components as well as the 
isotropic moment-rate.  The twice-depth moments are characteristically larger than the moments 
for the same size explosions either at normal burden or at twice-normal burden.  The shallower 
depth of the normal and twice-normal burden shots results in decreased coupling relative to the 
twice-depth shots.  The increased coupling of the deeper explosions is further enhanced for the 
larger yield explosions.   
 
The size of the Mzz component relative to the horizontal force couples, Mxx and Myy, documents 
the effect of free surface interactions.  For the twice-depth shots, the smallest events B6 (1,700 
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lbs. - scaled depth 255 m/kt0.33) and B4 (6,800 lbs. - scaled depth 161 m/kt0.33) produce vertical 
force couples that are comparable in size to the horizontal force couples, indicating a nearly 
spherical source.  The largest twice-depth shot, B10 (13,600 lbs. - scaled depth 127 m/kt0.33), 
resulted in more nonlinear interaction at the free surface (shallower scaled depth of burial) and 
an accompanying 50% enhancement in the size of the vertical force couple Mzz relative to the 
horizontal couples.   
 
In the cases of the twice-normal burden and the free-face shots, the Mzz components are more 
enhanced relative to the Mxx and Myy components, reflecting the much shallower scaled depths 
of these shots and the resulting failure of the free surface and free-face accompanying the 
explosion.  As documented in Table 7-2b, for the twice-burden shots the ratio of Mzz to the 
average of the horizontal couples is 2.6 (B3 - 102 m/kt0.33), 3.7 (B5 - 81 m/kt0.33), and 2.9 (B8 - 
64 m/kt0.33).  Similarly, the free-face shots have enhanced Mzz values with ratios to the horizontal 
force couples of 4.5 (B1 - 102 m/kt0.33), 5.8 (B2 - 64 m/kt0.33), and 3.7 (B5 - 51 m/kt0.33).   
 

The twice-depth shots produced moment tensors with the smallest off-diagonal components, 
typically a factor of 3 to 4 smaller than the diagonal elements of the moment tensor.  Both the 
free-face and twice-burden shots showed increased deviatoric components.  The Mxz component 
was the largest off-diagonal component, comparable in size to the horizontal force couples. 
 

Table 7-3.  Moment-rate tensor (Unit: 1015 N⋅m/s).* 
Shot Number Mxx Mxy Mxz Myy Myz Mzz 

B1 0.0242 0.0069 0.0192 0.0193 0.0157 0.0983 
B2 0.0886 0.0176 0.1279 0.0908 0.0336 0.5233 
B3 0.0497 0.0114 0.0536 0.0362 0.0222 0.1333 
B4 0.4208 0.0431 0.1122 0.3709 0.0678 0.4026 
B5 0.0727 0.0218 0.1254 0.0810 0.0489 0.2847 
B6 0.1951 0.0292 0.0479 0.1962 0.0632 0.2288 
B7 0.0894 0.0559 0.0837 0.1125 0.0828 0.3345 
B8 0.0733 0.0226 0.0693 0.0765 0.0419 0.2189 
B10 0.9453 0.092 0.2317 0.8552 0.2845 1.3404 
*Red: Free-face; Blue: Twice-Normal Burden; Green: Twice-Depth. 

 
Table 7-4.  Moment tensor (Unit: 1013 N⋅m).* 

Shot Number Mxx Mxy Mxz Myy Myz Mzz 
B1 0.0497 0.0148 0.0550 0.0340 0.0425 0.1973 
B2 0.1864 0.0473 0.3112 0.2490 0.0738 0.9794 
B3 0.1020 0.0155 0.0974 0.0614 0.0431 0.2618 
B4 0.5036 0.1119 0.2504 0.4313 0.1435 0.6751 
B5 0.1694 0.0419 0.2488 0.1234 0.1130 0.5210 
B6 0.2802 0.0343 0.1025 0.2441 0.1111 0.4748 
B7 0.1528 0.0637 0.1096 0.1397 0.1666 0.5378 
B8 0.1001 0.0301 0.1352 0.0821 0.0693 0.3948 
B10 1.6164 0.1102 0.5389 1.3915 0.6615 2.6958 
*Red: Free-face; Blue: Twice-Normal Burden; Green: Twice-Depth. 
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Figure 7-17.  Moment-rate versus yield for all shots (Red: Free-face; Blue: Twice-Normal 

Burden; Green: Twice-Depth). 

Isotropic and Deviatoric Component Decomposition 
The moment tensor can be decomposed into isotropic (MI) and deviatoric (MD) components as 
follows: 
 
 Mij = MI δij + MD

ij    (7-2) 
 
Where, δij is a diagonal unity matrix and  
 
 MI = (M11 + M22 + M33) / 3   (7-3) 
 
The isotropic component can be associated with the symmetrical parts of the source in which 
there is only a change in volume, and this is the type of source expected for a simple explosion.  
The deviatoric component can be associated with asymmetrical effects of the source, such as 
those expected for dislocation models of faulting.  The deviatoric component can be decomposed 
into a major and minor double couple (Kanamori and Given, 1981) or a double couple and 
compensated linear vector dipole (CLVD) (Knopoff and Randall, 1970).  
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Figure 7-18.  Moment versus yield for all shots (Red: Free-face; Blue: Twice-Normal 

Burden; Green: Twice-Depth). 
 
The inversion results of the moment tensors of all shots are decomposed into isotropic and 
deviatoric components and presented in Figure 7-19 (Free-Face Shots B1, B2, and B7), Figure 7-
20 (Twice-Normal Burden Shots B3, B5, and B8) and Figure 7-21 (Twice-Depth Shots B4, B6, 
and B10).  The moment tensor of an ideal explosion would have only an isotropic part with all 
deviatoric parts equal to zero.  This is not the case for any of the shots in our study. 
 
Figure 7-22 presents plots of isotropic component versus yield for free-face shots (left), twice-
normal burden shots (middle), and twice-depth shots (right).  For the shots with twice-normal 
burden and twice-depth, the isotropic components, which quantify the volume changes in the 
source, increase with yield.  For the free-face shots, the isotropic component of shot B7, with a 
yield of 13,600 lbs., is about 60% of that for shot B2, with a yield of 6,800 lbs.  The reason for 
this decrease of the volume change could be caused by the material cast at the free-face, which is 
characterized by deviatoric components of the source.  
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Figure 7-19.  Isotropic and deviatoric moment tensor decomposition of the free-face shots 
B1 (upper), B2 (middle), and B7 (lower).  
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Figure 7-20.  Isotropic and deviatoric component decomposition for twice-normal burden 
shots B3 (upper), B5 (middle), and B8 (lower).  
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Figure 7-21.  Isotropic and deviatoric component decomposition for twice-depth shots B4 
(upper), B6 (middle), and B10 (lower).  

 



Chapter 7:  Moment Tensor Inversions of Single-Fired Mining Explosions at a Copper Mine in Arizona 
 

 229

 

 
 
Figure 7-22.  Plots of isotropic component versus yield for free-face shots (left), twice-

normal burden shots (middle), and twice-depth shots (right). 
 
CONCLUSIONS 
 
Moment tensors for a series of nine single-fired explosions with different confinements (free-
face, twice-normal burden, and twice-depth) have been determined using the data from the near-
source region around the explosions.  A refined velocity model was obtained from a refraction 
survey at the test site, arrival time data from the explosions, and inversion of Rg waves for shear 
structure.  Green’s functions were calculated using a reflectivity code.  
 
Station sensitivity tests were conducted to assess the adequacy of station distribution and number 
for assessing the moment tensor.  A series of inversions utilizing different combinations of data 
indicated little change in the moment tensors with groups of 4 to 8 three-component stations.  In 
all cases, the azimuthal coverage was 180° or better. 
 
The moment tensors document source asymmetries.  Mzz is enhanced relative to the other 
diagonal elements, and captures effects from the free surface (Figure 7-23 for all twice-depth 
shots and Figure 7-24 for all 6,800 lbs. shots with different confinements).  The degree of 
enhancement of the vertical force couple was found to depend on the proximity of the source to 
the free surface and in particular on the scaled depth of the shot.  The twice-depth shots all had 
relatively large scaled depths and resulted in little permanent deformation of the free surface.  
The moment tensor for the shot with the deepest scaled depth (255 m/kt0.33) was nearly isotropic, 
with the horizontal and vertical force couples nearly equal.  Enhanced Mzz components resulted 
for events with shallower scaled depths.  The twice-depth and free-face shots all resulted in 
significant free surface and free-face deformation.  For these shots, the Mzz components are a 
factor of 2.6 to 5.8 larger than the horizontal force couples (Figure 7-24).  As illustrated in 
Figures 7-23 and 7-24, the enhanced Mzz component expresses itself as a relatively narrow-band 
peak between 4 and 12 Hz that is absent from the horizontal force couples.   
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Figure 7-23.  Spectra of Mxx (upper), Myy (middle), and Mzz (lower) component for three 
twice-depth shots. 
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Figure 7-24.  Spectra of three different confinement shots with 6,800 lbs. of explosive for 

Mxx (upper), Myy (middle), and Mzz (lower). 
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Relatively large off-diagonal components are observed for the twice-depth and free-face shots.  
The Mxz component approaches the size of the horizontal force couples for shots that caused 
failure of the granite at the test site.  For the three fully contained explosions (B4, B6, and B10), 
the maximum isotropic moments increase with the yield, reflecting enhanced coupling.   
 
The effect of coupling on yield is more complex for the free-face shots.  For example, shot B7 
(13,600 lbs.) gives a smaller isotropic moment than shot B2 (6,800 lbs.).  One possible reason for 
this is that the casting of material from the free-face reduces the coupling of the seismic energy 
into the isotropic moment.  These free-face explosions have enhanced deviatoric moment 
components.   
 
The three twice-normal burden shots (B3, B5, and B8) all caused failure at the free surface, 
producing craters made up of fractured granite.  The increased Mxz components for these shots 
and enhanced Mzz may reflect this cratering process. 
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ABSTRACT 
 
The focus of this investigation is the quantification of the relationship between mining explosion 
characteristics, including the spatial and temporal detonation patterns, and the amplitude and 
frequency content of regional signals.  Two mining areas are the focus of this study.  The first is 
the Powder River Basin in Wyoming where cast blasts and coal blasts are conducted for the 
purposes of fracturing and moving near-surface materials.  Source dimensions of hundreds of 
meters and temporal durations of several seconds are common.  A series of contained, single-
fired explosions in this mining region allow comparison of single-fired and delay-fired 
explosions.  The second area of study is the Morenci mine in eastern Arizona, where copper is 
recovered.  The explosions at this mine are smaller in spatial dimension and shorter in temporal 
duration, and are designed to fracture rock.  Ground truth information in both mining regions 
consists of design blasting patterns, near-source seismic signals, and video documentation of the 
blasts.  Regional seismic data becomes the central component of the data analysis.  The western 
U.S. has a large number of seismic stations that document the regional phases and their 
development as distance increases.  Some of the explosions are observed on one of three regional 
seismic arrays, TXAR, NVAR, or PDAR.  The in-mine seismic data is used to quantify the 
energy directly coupled at the source.  Impulse time series based upon designed shot times are 
compared to close-in acceleration records of the explosions.  A number of different types of 
blasts are used in this comparison, some using short delays between individual explosions and 
short total duration, and others using long delays between individual explosions and long total 
duration.  The results of these comparisons suggest that in the 1-20 Hz band the seismic 
amplitudes are strongly dependent on source duration and intershot timing.  The close-in data 
and models indicate that the short delay, smaller explosions can produce larger amplitudes than 
the long-delay, larger explosions in this frequency band.  Regional seismograms in the 100-700 
km range for the same shots are used to document the effects of source duration at these greater 
distances and more complex paths.  Peak amplitude measurements of regional phases in different 
frequency bands are used in this comparison.  The short delay, smaller yield explosions are 
found to produce some of the larger regional amplitudes, consistent with the close-in data and 
models.  Explosions from Morenci, like many other mines, produce no easily interpreted 
relationship between peak amplitude and total explosive weight unless the shot delay times are 
known and included in the interpretation.  Extending the analysis of the regional seismograms to 
the longest periods reduces the effect of total source duration on regional amplitudes.  
Investigation of regional surface waves from the Morenci explosions supports this conclusion. 
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INTRODUCTION 
 
Quantification of the coupling of explosion energy into seismic waves from mining explosions 
provides the first step in understanding and controlling the phenomenon so that acceptable 
ground motion levels are experienced in the mine and surrounding area (Borg et al., 1987; 
Dowding, 1985).  The development of mathematical and physical models that capture these 
scaling relations provides a basis for modifying shot designs in cases where the ground motion 
accompanying a blast is unacceptable.  The ground motion from mining explosions results from 
the effect of the individual boreholes as well as the spatial and temporal effects of multiple 
boreholes.  It is sometimes useful to separate the effect of the individual borehole from that of 
the spatial-temporal array of explosions in quantifying these different effects. 
 
The ground motions generated in and around the mine property are of primary concern to the 
mining community.  These near-source waves continue to propagate and are observed at quite 
large distances from the mine, despite the fact that the amplitudes of the waves are greatly 
decreased by attenuation and geometrical spreading.  Typically, mining explosions can be well 
observed at regional distances (100-1,000 km) providing additional data for studying and 
constraining the source coupling and characterization of delay-fired explosions (Stump et al., 
2002). 
 
We will relate local, in-mine, and regional seismic recordings of mining explosions to the 
coupling of energy from a single explosion and the modifications introduced by multiple 
boreholes detonated in space and time typical of delay firing (Frantti, 1963; Pollack, 1963).  The 
single-fired explosions provide constraints on the frequency-dependent scaling introduced by the 
individual explosion.  These results are used to interpret observations from delay-fired 
explosions in order to quantify the effects of multiple boreholes. 
 
Unique to this work is the comparison of empirical data from in-mine stations (100-10,000 m) 
with data observed at regional distance (100-700 km).  The scaling relations are found to be 
consistent between the two data types, although the bandwidth of the regional data is more 
restrictive. 
 
The goals of this study are to: (1) relate charge yield and regional amplitudes, (2) quantify the 
effect of the temporal and spatial patterns in mining sources on the amplitudes of regional 
seismograms including Pg, Pn, Lg and mid-frequency surface waves, (3) document variations in 
regional waveforms associated with blasts in a single mine, and (4) determine the relationship 
between near-source and regional observations. 
 
A number of investigators have reported the lack of correlation between regional seismic 
amplitudes and total amount of explosives in a mining explosion.  This effect is demonstrated in 
three mining operations: coal overburden casting (Black Thunder, WY) where explosions are 
designed to remove overburden to expose coal (Martin and King, 1995), rock fragmentation for 
copper recovery (Morenci, AZ) where moderate sized explosions are designed to break the rock 
for further processing (Hayward et al., 2002), and rock fragmentation in hard rock for iron 
recovery (Minntac, MN) where large scale explosions are used to break the taconite (Hetzer, 
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2000).  Each mine has distinctive blasting practices that are reflected in regional seismic 
observations. 
 
In all three types of mining operations, peak amplitude of regional seismic signals is independent 
of the total explosive weight (Figure 8-1 coal cast blasts, Figure 8-2 taconite (iron) 
fragmentation, and Figure 8-3, right, copper fragmentation blasts).  In-mine peak amplitudes are 
also independent of total explosive weight (Figure 8-3, left).   

A series of contained, single-fired explosion experiments with total explosive weights from 
5,000 to 50,000 lbs. were conducted in the coal mine to further investigate coupling (Stump et 
al., 2003).  Regional phase amplitudes of Pn, Pg, and Lg increase with a power law relation to 
total explosive weight (~Wb, Figure 8-1).  

 

Figure 8-1.  Peak Pg amplitudes observed at array element 03 of PDAR (360 km distance) 
from contained single-fired explosions, delay-fired cast blasts, and delay-fired coal 
shots at the Black Thunder mine, WY. 

The scaling parameters (the b in Wb) determined for these chemical explosions were 0.84 (±0.14) 
for Pn, 0.84 (±0.09) for Pg, and 0.91 (±0.08) for Lg.  These b values are in close agreement with 
the scaling relations of Vergino and Mensing (1983) for Pn waves from nuclear explosions in 
Nevada.  This comparison of contained, single-fired explosions with standard mining explosions 
suggests that delay firing, casting, and fragmentation are responsible for the independence of 
peak regional and close-in amplitudes from the total amount of explosives. 

High and low frequency body wave amplitudes from the taconite mine explosions show no trend 
with total explosive yield (Figure 8-2).  The total amount of explosives in each blast range from 
over 100,000 lbs. to 1,000,000 lbs.  High frequency surface waves also show no relationship 
between peak amplitude and total explosive yield. 

Peak amplitudes measured in the Morenci mine (Figure 8-3) also show little relationship 
between the amount of explosives and the peak amplitudes.  Peak amplitudes of regional signals 
generated from the same explosions show no correlation between amplitude and total amount of 
explosives.  These two results illustrate the correlation of in-mine and regional amplitudes, 
neither of which is related to the total amount of explosives detonated in a single mining shot. 
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Figure 8-2.  Peak P (left) and Rg (right) amplitudes observed at EYMN (Ely, Minnesota) 
from taconite fragmentation explosions approximately 110 km to the southwest of 
the station, at the Minntac mine, MN. 

 

Figure 8-3.  (Left) Peak amplitudes of in-mine recordings at the Morenci mine, AZ, are 
compared to total amount of explosives used in copper fragmentation blasts.  
(Right) Peak Pg, Lg, and Rg amplitudes observed at the regional station TUC plotted 
against total amount of explosives used in the Morenci copper fragmentation 
explosions. 

Delay-fired mining explosions in soft rock (coal overburden removal at Black Thunder) and hard 
rock (Minntac and Morenci) all produce peak regional amplitudes that are insensitive to total 
charge yield for delay-fired explosions.  In-mine and regional observations from the same blasts 
both demonstrate a lack of sensitivity of peak amplitude to total explosives.  Yet the single-fired, 
contained explosions detonated in one of the mines (Black Thunder) show a power law 
relationship between peak amplitudes and total explosive yield that is similar to the relation 
observed for contained nuclear explosions.   

The purpose of this paper is to investigate the physical reason for the insensitivity of peak in-
mine and regional amplitudes to total charge weight.  The focus will be on delay-fired explosions 
detonated in the Morenci mine.  This location is chosen for analysis because of the robust 
regional stations surrounding the mine, in-mine instrumentation, and ground truth documenting 



Chapter 8:  Documentation and Assessment of Reduced Seismic Coupling from Delay-Fired Mining Explosions 
 

 238

the details of the explosions.  A physical understanding of regional coupling is necessary in order 
to understand the use of regional waves for discrimination studies (Stump et al., 2002). 

REGIONAL SETTING 
 
The Morenci copper mine is in southeastern Arizona along the Arizona-New Mexico border.  It 
is in the Central Highlands of Arizona, a transitional zone between the Colorado Plateau to the 
north and the Basin and Range to the south and west.  Phelps Dodge, the second largest copper 
company in the world, operates Morenci.  This mine is the largest copper mine in North America 
(Figure 8-4) producing over 1 billion pounds of copper in 1998.  
 

 
 
Figure 8-4.  The open pit operation at Morenci, illustrating the vast size of the operation. 

The ore body at Morenci is a large granite/granodiorite complex that underwent hypogene 
alteration during the Laramide orogeny.  The intrusion of the pluton into overlying limestones 
and shales resulted in hydrothermal alteration and the formation of copper minerals.  The 
resulting low-grade porphyry copper deposits have been mined since 1937 using open pit 
extraction methods and, most recently, leaching to concentrate the copper.  Extensive blasting 
used to rubblize the rock for this leaching process often generates regional seismic signals. 
 
The mine is surrounded by numerous regional seismic stations that provide a rich data source for 
characterizing the relationship between delay-fired blasting practices and the regional seismic 
signals, including three regional arrays: TXAR to the southeast, PDAR to the north, and NVAR 
to the northwest.  Numerous three-component broadband stations fill in around the arrays.  The 
closest regional station is TUC (Tucson) at just over 100 km.  Signals from the blasts at Morenci 
are observed out to at least 700 km and provide documentation of the regional phases Pg, Pn, Lg, 
and mid-period surface waves.  These regional stations and seismic phases will be analyzed in 
this investigation. 
 
The USGS produces a daily catalog of the largest mining events in the U.S.  A subset of these 
events is included in Figure 8-5, outlining Morenci in southeast Arizona and the Powder River 
Basin with the Black Thunder mine (Figure 8-1) in northeast Wyoming.   
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Figure 8-5.  Location of seismic (blue) and seismic/infrasound (green) stations and arrays 

across the Western U.S.  The Morenci mine, where ground truth data have been 
gathered, is highlighted by a red box.  USGS mining events in the region are shown 
as red stars (neic.usgs.gov/neis/mineblast/index.html). 

BLASTING PRACTICES 
 
The Morenci mine was chosen for this set of investigations because it offered a unique set of 
blasting practices and resulting implications for regional seismograms.  The Phelps-Dodge 
Mining Company provided the details of the blasting practices employed.  A database consisting 
of well over 200 events was developed during this experiment.  This paper focuses on 21 of these 
events for analysis purposes (Table 8-1). 
 
The geometry of the mine is detailed in Figure 8-6.  It extends over 3 km from west to east and 
over 5 km from south to north.  The mine is divided into four primary blasting areas also labeled 
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in the figure, with NWX in the northwest corner of the mine, GAR to the north, COR in the 
central portion of the mine, and MET in the west central portion of the mine.  The photograph in 
Figure 8-4 documents the COR portion of the mine.  There are no blasting activities in the 
southern portion of the mine.  COR and MET are relatively close to one another, less than a 
kilometer apart.  NWX and GAR are 2-3 km to the northwest and north, respectively.  Mining 
explosions are detonated in all four areas and provide an opportunity to explore the effect of 
source location as well as blasting practice on the regional seismograms. 
 

Table 8-1.  Mining shots in coupling database. 

Shot 
Number 

Shot 
Date 

Shot Time 
(GMT) 

Shot 
Type Location

Total 
Explosive 

Weight (lbs.) 

USGS 
mbLg 

2738 8/1/01 18:10 Cord GAR 18,420 -- 
2740 8/1/01 20:22 Cord NWX 63,280 2.7 
2739 8/1/01 20:22 Cord NWX 176,160 2.7 
2741 8/1/01 23:53 Downhole COR 214,880 2.5 
2742 8/1/01 23:53 Cord COR 232,430 2.5 
2745 8/2/01 22:31 Downhole MET 506,940 -- 

2743,2744, 
2746 8/2/01 22:31 Cord MET 116,460 -- 

2747 8/3/01 18:12 Cord GAR 175,600 -- 
2748,2749 8/3/01 21:09 Cord MET 71,130 -- 

2751 8/3/01 21:54 Cord COR 59,280 -- 
2750 8/3/01 23:35 Cord COR 107,300 2.5 
2755 8/6/01 21:22 Downhole MET 348,070 -- 
2754 8/6/01 21:22 Cord MET 59,340 -- 
2753 8/6/01 22:21 Cord NWX 98,100 2.7 
2752 8/6/01 23:05 Cord COR 89,900 -- 
2757 8/7/01 18:27 Cord NWX 22,990 -- 
2756 8/7/01 18:27 Cord NWX 74,770 -- 
2758 8/7/01 22:20 Downhole MET 386,230 -- 
2759 8/7/01 22:20 Cord MET 196,320 -- 
2760 8/8/01 18:42 Cord GAR 202,510 2.5 

2761,2762 8/8/01 21:10 Cord MET 256,100 2.6 
 
Blasting information provided by the mine included the location, approximate time, number of 
boreholes, amount of explosive per borehole, and timing pattern.  Six events were chosen for 
detailed study and are documented in Table 8-2.  The two blasts on 8/06/01 were detonated 
together, as were the two shots on 8/08/01.  The locations of the four events are illustrated in 
Figure 8-6. 
 
The mining explosions are designed to fracture the near-surface material so that it can be 
excavated for copper recovery.  Some blasts, such as shots 2747, 2754, and 2761, were 
conducted on a bench and include interaction of the blast wave with a free-face at the bench.  
Other shots, such as 2755 and 2758, were conducted on the floor of the mine and involved no 
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bench.  In all cases, the explosions are designed to fracture the rock with a minimum of rock 
mass movement.  The casting that has been documented in overburden removal in Wyoming is 
not a process that accompanies these explosions. 

 
 
Figure 8-6.  The location of the near-mine instrumentation and the four primary explosions 

for which detailed ground truth information was obtained.  The four major 
divisions of the mine: NWX, GAR, COR, and MET.  Small dots indicate corner 
borehole of the charge layout. 

Individual blasts can range from as small as 10,000 lbs. to as large as 506,940 lbs. (Table 8-1).  
This range of source sizes provides the opportunity to explore the relationship between total 
charge size and peak amplitudes of the regional seismic arrivals. 
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Two types of blast timing patterns were used in the mine at the time of these observations.  The 
first is employed for smaller yield sources, in many cases less than approximately 250,000 lbs.  
These explosions use relatively short, (17 or 25 ms) surface delays.  Events 1, 3, 5, and 6 in 
Table 8-2 use short delays. 
 

Table 8-2.  Detailed source ground truth. 

Event 
Number 
and Date 

Shot 
Number 

Total 
Charge 
Weight 
(lbs.) 

Shot 
Initiation 

Time 

Corner 
Latitude

Corner 
Longitude

Shot 
Duration 
(seconds) 

Delay 
Times 
(ms) 

1 
8/03/01 2747 177,140 11:12:00 

AM 

33.12660
33.12659
33.12468
33.12468

109.35658 
109.35642 
109.35644 
109.35673

0.442 17 

2 
8/06/01 2755 348,070 2:22:00 PM

33.10915
33.10977
33.11007
33.10953

109.36183 
109.36153 
109.36300 
109.36343

1.170 67 & 
100 

3 
8/06/01 2754 59,340 2:22:00 PM   0.697 17 

4 
8/07/01 2758 386,230 3:20:52 PM

33.10693
33.10666
33.10692
33.10733

109.35970 
109.35951 
109.35702 
109.35691

1.505 67 & 
100 

5 
8/08/01 2761 246,820 2:10:00 PM

33.11346
33.11400
33.11325
33.11297

109.36347 
109.36390 
109.36533 
109.36517

0.323 17 

6 
8/08/01 2762 9,280 2:10:00 PM

33.11288
33.11280
33.11237
33.11255

109.36511 
109.36523 
109.36494 
109.36492

0.170 
(combined 
with shot 

2761) 

17 

 
The spatial and temporal design for Event 3 is detailed in Figure 8-7.  This explosion was 
detonated along the front of a bench.  Events 5 & 6 were detonated as a single blast as illustrated 
in Figure 8-8, also along the free-face of the bench.  The detonation pattern starts at one end of 
the free-face and propagates along the free-face and back into the pattern. 
 
The second type of blast design employs longer delay times between individual boreholes, 
typically 67 and 100 ms.  These longer delays deployed downhole are designed to spread the 
explosion over a longer time period and are typically used in blasts with larger total charge 
weights.  Events 2 and 4 are characteristic of this event type and were detonated in the mine floor 
involving no free-face.  Figure 8-9 illustrates Event 2.  The shot sequence is initiated in the 
center of the pattern and moves outward from the center.  The large number of boreholes and 
longer delay times produce the longer duration sources. 
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Figure 8-7.  Charge layout and timing information for Event 3.  Short delays between holes 

in a row and across rows of 17 ms produced a total source duration of  ~700 ms.  
The total charge weight was 59,340 lbs. 

 
Figure 8-8.  Charge layout and timing information for Event 5 & 6.  Short delays of 17 ms 

between individual boreholes produce a total shot duration of less than 0.5 seconds.  
All delays were deployed on the surface.  The total charge was 256,100 lbs.   
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Figure 8-9.  Charge layout and timing information for Event 2.  Long delays of 100 ms 

between rows and 67 ms between holes in a row produce a total shot duration in 
excess of 1 second.  Downhole delays were used.  The total charge was 348,070 lbs. 

The design shot time information provides the opportunity to investigate the constructive and 
destructive interference and interaction of the individual explosions in each blast (Devine, 1962; 
Devine and Duvall, 1963; Pollack, 1963).  This interaction comes about both from the 
waveforms generated by each blast and the time differences between individual blasts (Frantti, 
1963; Baumgardt and Ziegler, 1988; Chapman et al., 1992).  Although we do not have a 
characterization of the waveforms generated by each individual blast, the design timing 
information is available.  It is common to assume that the source functions for each borehole in 
the explosive array are identical.  The combined blast effect can be modeled as a convolution 
between the individual source function and an impulse series representative of the design-timing 
pattern.  Since convolution in the time domain is multiplication in the frequency domain, the 
timing effects can best be viewed in the frequency domain, especially with the dominance of 
certain frequency bands being associated with particular regional phases. 
 
Impulse time series were calculated for three shots and are compared in the time and frequency 
domain (Figure 8-10).  The largest shot is a long-duration, downhole delay shot (Event 2), which 
is diagrammed in Figure 8-9.  The second event is a short-duration, surface delay shot (Event 3), 
which is diagrammed in Figure 8-7.  The final event is also a short-duration, surface delay shot 
of slightly larger total charge size (Event 5 & 6), which is diagrammed in Figure 8-8.  Total 
source duration varies from less than 0.5 seconds to over 1.0 seconds, with the downhole delay 
shot (Event 2) having the longest duration and the largest charge size.  The impulse series for the 
three shots clearly illustrate the long time delays between individual charges for the downhole 
delay shot (Event 2) and the very short delays between charges for the surface delay shots 
(Events 3 and 5 & 6). 
 
The spectra of the three impulse time series document the complex interactions from the 
individual explosions and the total duration of the blast.  Each spectrum is characterized by an 
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equivalent corner frequency controlled by the source duration and constructive/destructive 
interference resulting from the intershot delays and total charge size.   
 
Two frequency bands are emphasized in Figure 8-10.  The first, from 1 to 8 Hz, is characteristic 
of regional body wave phases such as Pg, Pn, and Lg.  The second frequency band, from 0.1 to 
0.6 Hz, is characteristic of regional surface waves.  In this lower frequency band, spectral levels 
are characteristic of the total charge size as one moves to frequencies below the corner 
frequency.   
 

 
Figure 8-10.  Time series for three blasts at Morenci are documented to the left.  The 

accompanying spectra are compared to the right.  Event 2 is shown in blue, Event 3 
is shown in red, and Event 5 & 6 are shown in green. 

The largest shot produces the smallest amplitudes in the 1-8 Hz band because of destructive 
interference resulting from the large inter-shot times and long total shot duration.  High 
frequency peaks for the downhole shot (Event 2, 348,070 lbs.) show the largest amplitudes.  
These peaks, all above 20 Hz, are not observed at regional distances, and are of reduced concern 
even within the mine since buildings are relatively insensitive to damage from these higher 
frequencies.  The spectral amplitudes in the 1-8 Hz band for the largest surface shot (Events 
5&6, 256,100 lbs.) are as much as a factor of 10 greater than the amplitudes predicted for the 
downhole shot (Event 2, 348,070 lbs.).  These results suggest that because of the complex effects 
of blast timing, peak amplitudes of regional body wave phases may not show a simple relation to 
total amount of explosives in a blast.  Estimation of peak amplitudes for frequencies below the 
source corner frequency may show a functional relation to the total charge size.  In these 
examples, the necessary frequencies may be characteristic of regional surface waves. 
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INSTRUMENTATION 
 
A set of in-mine observations were made in order to further constrain the source mechanism and 
the blast performance.  The in-mine measurements were divided into two separate components: 
(1) near-source measurements with instrumentation in the direct vicinity of the blast, which are 
typically deployed shortly before the blast, and (2) close-in measurements with a set of semi-
permanent seismic and infrasound stations distributed around the mine (Figure 8-6).  The near-
source measurements are intended to provide confirmation of the blast designs and document the 
precise timing and directly coupled energy from the explosion.  The close-in instruments provide 
a basis for relative comparison of all shots and provide some azimuthal coverage of the radiated 
seismic energy. 
 
Near-Source Measurements 
A representative diagram of a near-source deployment is shown in Figure 8-11 (Stump et al., 
1996).  Ground motion was recorded by 25 and 100 g accelerometers within meters of the shot 
pattern and 2 g accelerometers at ranges of 100 to 200 m.  The accelerometers were deployed 
around the shot so that the progression of the detonation process could be documented. 

 

 
 
Figure 8-11.  Typical near-source instrumentation deployed around the mining explosions.  

The instruments are designed to capture the directly coupled seismic and acoustic 
signals.  GPS locked video cameras provide documentation of precise shot time and 
detonation sequence. 

High-pressure acoustic gauges were also deployed with some of the accelerometers for the 
purposes of documenting the acoustic coupling at the source.  Although the acoustic 
measurements have not been used in this analysis, they are critical to a companion study of 
infrasound signals from these blasts.  The locations of the near-source accelerometers and 
acoustic gauges for the shots in Table 8-2 are documented in Figure 8-6. 
 
A video documentation system was also deployed (Figure 8-11).  The video cameras were 
equipped with a GPS system so that the individual time frames of the video could be assigned a 
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precise time stamp.  This time stamp provides direct linkage of the video images to the ground 
motion and acoustic data, which are also GPS time tagged.  The video images can be used to 
estimate shot time.  They also document near-surface physical phenomena such as material 
casting or bulking that accompany the blast.  One frame from a video is displayed in Figure 8-12.  
 

 
 
Figure 8-12.  GPS time locked video image of Event 4, a downhole delay shot with a total 

delay of 1.505 seconds and a total charge of 386,230 lbs.  UTC time of this image is 
superimposed on the image in the lower left corner.  The elapsed time of the 
explosion is superimposed in the lower right corner.  At this point in the blast, all 
the individual boreholes have detonated and the material bulking can be seen. 

Close-In Measurements 
The close-in sites that surround the mine are included in the mine map in Figure 8-6.  The five 
sites all include a 2 Hz, 3-component S-6000 seismometer, an acoustic gauge connected to an 8-
element porous hose noise reducer, a solar panel, and an instrument enclosure.  These 
instruments surround the MET and COR test areas. 
 
These installations were at different elevations surrounding the active mining activities.  Each 
was deployed in hard rock.  No vaults were constructed for the seismometers since the ground 
motion levels were expected to be high and thus noise reduction was not necessary. 
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Figure 8-13.  The 35Sub close-in instrumentation (see Figure 8-6 for location).  The site 

consists of the equipment enclosure that houses the digitizer and battery and 
provides a mount for the solar panel at left, the seismometer just to the right of the 
equipment enclosure, and the acoustic sensor and 8-element porous hose array to 
the right of the seismometer. 

OBSERVATIONS 

Near-Source 
Typical near-source accelerograms from two shots are displayed in Figure 8-14.  The first is 
from Event 2, one of the long-duration downhole shots.  The timing pattern for this event extends 
beyond 1.07 seconds and is reflected in the duration of the accelerogram from the front edge of 
the explosive pattern.  The increase in amplitude with time in the record is reflective of the fact 
that the blast initiated in the center of the array and propagated towards the near-source station 
(Reamer et al,. 1993).  The raw accelerogram was integrated to displacement and then compared 
in the frequency domain to the Fourier transform of the predicted impulse time series for this 
shot (Figure 8-14).  The comparison between the data and the impulse time series is very good 
from the lowest frequencies out to 30 Hz.  Above 30 Hz, the impulse time series spectrum rises 
above the data.  The impulse time series assumes that the source function of each explosion is a 
delta function; however this assumption is violated, especially at the higher frequencies where 
the source corner frequency of each individual explosion is important.  Single-source explosion 
scaling relations are consistent with a corner frequency in the 30-40 Hz band.  This effect can 
explain the difference between the simple impulse model and the near-source observations. 
 
The corner frequency (~1 Hz) introduced by the source duration is also observed in the near-
source data.  This corner frequency, in combination with the interference from the intershot 
timing, produces a depletion of seismic energy in the 1-20 Hz band.  The depletion of energy is a 
factor of 10-100 relative to a single-fired explosion of similar total yield.   
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Figure 8-14.  (Left) Close-in acceleration record from Event 2, a long duration (downhole 

delay) shot extending over 1 second.  The accompanying displacement spectrum is 
below.  The Fourier transform of an impulse series representative of the shot design 
delay time is superimposed in blue.  This event had a total explosive weight of 
348,070 lbs.  (Right) Close-in acceleration record from Event 5 & 6, a short duration 
shot lasting under 0.5 seconds.  The accompanying displacement spectrum is below.  
The Fourier transform of an impulse series representative of the shot design delay is 
superimposed in green.  This event had a total explosive yield of 256,100 lbs. 

A near-source accelerogram from Event 5 & 6 is displayed on the right hand side of Figure 8-14.  
This blast used the short-delay surface detonators, and that fact is reflected in the short duration 
of the accelerogram and the accompanying impulse time series.  This shorter duration shot 
results in a higher corner frequency (2-3 Hz) and thus higher spectral energy in the 1-3 Hz band.  
Again, the comparison of the double integrated accelerogram and the impulse time series in the 
frequency domain illustrates that the near-source data reflects the effects of source duration and 
intershot delays.  Above 20 to 30 Hz, the model again diverges from the observations, reflecting 
the source contribution from the individual explosions.  This short duration shot data and model 
comparison also suggests a factor of 10 to 100 reduction in spectral levels resulting from the 
source duration and intershot timing. 

Close-In 
The five stations surrounding the mine (Figure 8-6) provide a characterization of the explosions 
in the range of 1 to 5 km.  Where the near-source observations were deployed for each blast, the 
close-in stations were installed as semi-permanent stations with continuous recording.  These 
stations provided data from all blasts within the mine.  As noted in Figure 8-13, these stations 
consist of a three-component seismometer and an acoustic gauge.  This investigation focuses 
upon the seismic data. 
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The near-source data is dominated by the timing effects of the blast, as demonstrated by the 
simple timing models that were compared to the data in Figure 8-14.  The close-in observations 
provide additional documentation of the source duration and timing effects.  These observations 
also provide the opportunity to assess the relative generation of P and S energy that is ultimately 
linked to the common regional phases (Myers et al., 1999).  As Figure 8-6 illustrates, the in-mine 
stations provide a good azimuthal as well as range characterization of the explosions.  This 
characterization is illustrated in Figure 8-15, which displays all in-mine data from Event 5 & 6, a 
surface delay shot in MET.  

 
Figure 8-15.  The in-mine data for Event 5 & 6.  The vertical velocity records are displayed 

in record section format documenting the generation and propagation of P and 
significant S energy. 

Even at these relatively close distances, the seismograms are dominated by the shear arrivals.  
This observation is important, as it provides a constraint for the generation of regional shear 
phases such as Lg.  This data illustrates that the shear energy is generated quite close to the 
explosions. 
 
The frequency content of these in-mine observations is illustrated in Figure 8-16, in which the 
vertical seismogram from the Boneyard was bandpass filtered in a number of frequency bands.  
The high frequencies, 4-8 Hz, are dominated by the P-waves, while the shear energy dominates 
the lower frequencies.  Even at these ranges, the seismograms are rich in shear energy in the 
0.25-2 Hz band.  
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Figure 8-16.  Spectral composition of Event 5 & 6 observed at the Boneyard.  The high 

frequencies are dominated by P energy and the lower frequencies are dominated by 
shear energy. 

The strong effect of source duration and intershot delays on the near-source observations was 
illustrated in Figure 8-14.  Source timing effects are also reflected in the seismograms from the 
close-in array.  The data from four of the close-in stations for three blasts are displayed in Figure 
8-17.  The first is Event 2, with downhole delays and a long duration of 1.07 seconds.  The 
second is a surface delay shot, Event 3 (Table 8-2) with smaller yield.  The final example is 
Event 5 & 6 which utilized short delays with accompanying short total duration.  Comparison of 
the in-mine seismograms documents the increased high frequency composition of the downhole 
delay shot.  This shot is also apparently devoid of the intermediate period shear energy.  This 
missing energy for the downhole shot is consistent with the lower corner frequency for this event 
as observed in the near-source region (Figure 8-14).  The shorter duration of the surface delay 
shots provides energy in the frequency band of the shear arrivals documented in the close-in 
record section (Figure 8-15). 
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Figure 8-17.  Close-in seismograms from three blasts.  Event 2 is shown in blue, and was 

detonated with downhole delays (long delays) and a total explosive weight of 348,070 
lbs.  Event 3 is shown in red (it followed Event 2 by 35 s), and was detonated with 
surface delays (short delays) and a total explosive weight of 59,340 lbs.  Event 5 & 6 
is shown in green, and was detonated with surface delays (short delays) and a total 
explosive weight of 256,100 lbs. 

Figure 8-18 illustrates the effect of source duration on the close-in seismograms by comparing 
the spectra from the three shots in Figure 8-17.  The largest size shot (total charge of 348,070 
lbs.) is the downhole delay (Event 2), and it has the highest amplitudes at high frequency.  The 
smaller and shorter duration surface delay shots (Event 3 and Event 5&6) actually have higher 
amplitudes at intermediate frequencies of 1-10 Hz.  These higher amplitudes are reflective of the 
lower source corner frequency introduced by the longer source duration for the downhole shots.  
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The spectra in Figure 8-18 support this argument and are consistent with the near-source 
accelerograms discussed earlier.  These intermediate frequencies are dominated by shear arrivals 
in the 1-4 km range and illustrate how the source time function can affect the relative generation 
of P and S energy within the mine. 
 

 
Figure 8-18.  Spectra from the vertical seismograms at the close-in station (402Tower).  The 

three sources described in Figures 8-7 to 8-9 produced the three spectra.  Event 2 is 
shown in blue, Event 3 is shown in red, and Event 5&6 is shown in green. 

Regional 
Sources at Morenci mine generate regional seismic signals that are observed from 1.4° (TUC) to 
beyond 6° on single stations (Figure 8-5).  These explosions are well observed, as illustrated with 
the record section from Event 5 & 6 displayed in Figure 8-19.  Many of the blasts at Morenci are 
large enough to appear in the USGS U.S. Mining Events list (Table 8-1).  Events that appear in 
this list are between magnitude (mbLg) 2.5 and 2.7.  Not all events from the mine appear in the 
database.  Table 8-1 documents one week of blasting, and less than half of those events appear in 
the USGS list.  The largest event in terms of total explosives does not appear in the list, nor is 
there a direct linkage between the regional magnitude and the total explosive charge. 
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Figure 8-19.  Data from the regional stations surrounding the Morenci mine and 

documented in Figure 8-5.  The record section is from Event 5 & 6, a short duration 
surface delay shot. 

The frequency content and wave types observed at the regional stations are illustrated with the 
vertical seismogram observed at TUC for the combined Event 5 & 6, with a total explosive 
charge of 256,100 lbs. and a source duration of less than 0.5 seconds (Figure 8-20).  The 
seismograms at TUC are just beyond the Pn/Pg crossover at 1.4° as documented by the emergent 
Pn first arrival.  Both Pg and Lg are the dominant regional phases out to nearly 10 Hz, and are 
well above background noise.  The Lg phase is larger than Pg at intermediate frequencies (1-4 
Hz) with Pg slightly larger than Lg at the highest frequencies.  Significant shear and surface 
energy is observed in the 0.25-1 Hz band, with signals dropping below background noise levels 
at longer periods.  Regional Pn, Pg, Lg, and surface wave arrivals are the seismic phases available 
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for quantifying coupling and source effects from the Morenci explosions, with the goal of 
relating the near-source and close-in observations of compressional and shear energy. 

 
Figure 8-20.  Spectral composition of Event 5 & 6 as observed at TUC.  P and Lg are easily 

visible at the high frequencies, and there is evidence of intermediate-frequency 
surface waves. 

REGIONAL COUPLING CONSTRAINTS 
 
The USGS Mining Event list (neic.usgs.gov/neis/mineblast/index.html), combined with the 
ground truth information from the mine, illustrates that there are strong explosion-to-explosion 
variations from blasts at Morenci.  The question we address is whether this variation is a result of 
location in the mine or whether it is related to the source function, in particular to the total 
amount of explosives and the way in which the blast is detonated in space and time.  The near-
source and in-mine seismic data have already illustrated the strong effect of source time function 
on radiated energy within the mine. 
 
We focus our assessment on regional records at both TUC and ANMO (Figure 8-5).  The three 
events analyzed within the mine (Event 2, Event 3, and Event 5 & 6 from Table 8-2) are 
analyzed in detail.  Figure 8-21 provides a relative comparison of seismograms from these three 
shots as observed at the two regional stations.   Events 2 and 3 were detonated within 35 seconds 
of one another in MET and were spatially within a few hundred meters of each other.  Event 2 
was 348,070 lbs. and used long duration (67 and 100 ms) delays, while Shot 3 was 59,340 lbs. 
and used short delays (17 ms).  Despite the large difference in charge size, the regional signals 
for the two blasts are nearly identical.  The impulse response for these two shots (Figure 8-10) 
predicts comparable amplitudes in the 1-2 Hz band.  The third shot in Figure 8-21, Event 5 & 6, 
has a larger yield, 256,100 lbs., and employs short delays (17 ms).  Its impulse response is also 
included in Figure 8-10, where the predicted amplitudes in the 1-2 Hz band are a factor of 4 to 5 
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larger that Events 2 and 3.  The regional seismograms for this shot as observed at both TUC and 
ANMO (Figure 8-21) are a factor 3 to 5 larger than the seismograms for the other two shots. 
 
This regional data comparison illustrates that the peak amplitudes observed are not directly 
related to the total charge of mining explosions.  The inclusion of ground truth data for these 
events provides an explanation for the insensitivity of regional amplitudes to total charge size.  
The timing pattern of the individual explosions, including both the intershot timing and the total 
duration of the blast, prevent any direct relation between charge size and amplitude in the narrow 
frequency bands common to regional seismograms. 

 
Figure 8-21.  Comparison of the regional signals at TUC (Tucson) and ANMO 

(Albuquerque) from the three sources: Blue = Event 2, downhole delays (long 
duration), 348,070 lbs.; Red = Event 3, uphole delays (short delay), 59,340 lbs.; 
Green = Event 5 & 6, uphole delays (short delay), 256,100 lbs.  All plots are 
normalized to the same amplitude. 
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These observations and the ground truth information discussed earlier suggest that the mining 
explosion source function and its scaling relation must be understood in order to interpret 
regional amplitude data.  In the case of the Morenci mine, these scaling relations can be 
complicated by the use of more than one blasting practice in the mine.  A source scaling relation 
that quantifies the relation between blasting practice and source spectral characterization is 
needed to quantify these effects.  At Morenci, there would be two separate scaling relations for 
the time period of this study, one for the shots with the short duration between boreholes in the 
explosive array, and one for the shots with the long duration between boreholes.  A collection of 
regional signals that consists of a mixture of blasting practices can produce surprises such as that 
seen in Figure 8-21, where the signal with the largest amplitudes is not the event with the most 
explosives.  This result also suggests that when a mine changes blasting practices, the resulting 
regional signals may be strongly affected depending on the details of the new timing patterns 
employed. 
 
Regional waveforms at TUC were recovered for all of the available events listed in Table 8-1.  
Peak P and Lg amplitudes were measured from high pass filtered seismograms (>1 Hz) and peak 
surface wave amplitudes were determined in the 2-4 seconds band.  These amplitudes are plotted 
against the ground truth explosive yields in Figure 8-22.   
 

 
 
Figure 8-22.  (Left) Peak P and Lg amplitudes (1 Hz high pass filtered) at TUC (Tucson) for 

all the events summarized in Table 8-1.  Red outlined circles and triangles indicate 
that the event was listed in the USGS mine event list.  The small red dots indicate 
the P and Lg waves for Event 3.  The green dots indicate the P and Lg waves for 
Event 5 & 6.  The blue dot indicates the P and Lg waves for Event 2.  (Right) Peak 
near-regional surface wave amplitudes at TUC in the 0.25-0.5 Hz band.  Red 
outlined stars indicate that the event was listed in the USGS mine event list.  The 
small red dot indicates the arrival for Event 3.  The green dot indicates the arrival 
for Event 5 & 6.  The blue dot indicates the arrival for Event 2. 
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As expected, there is no apparent relation between total charge size and peak P or Lg amplitudes, 
because of the source scaling relations discussed earlier.  Some of the largest yield shots have the 
smallest peak amplitudes because of the long duration timing patterns for these events.  As the 
figure illustrates, the events with the largest regional P and Lg phases are those that appear in the 
USGS Mining database.  This plot also illustrates that these events are not necessarily the blasts 
with the most explosives, but possibly the blasts with the shorter blast duration. 
 
Intermediate period surface wave comparisons show an increase in peak amplitude with yield for 
all but the two largest shots.  This result suggests that intermediate period observations may be 
quite useful in characterizing source size, especially for long duration explosions.  The two 
largest shots may be long enough in time duration that the source corner frequency results in 
reduced amplitudes for the regional surface waves. 

VARIATIONS IN REGIONAL WAVEFORMS FROM SOURCES ACROSS MINE 
 
It has been suggested that waveform coherence can be used to identify common source locations.  
A number of authors have proposed methodologies for cataloging events according to the 
similarity of waveforms (Harris, 1991; Riviere-Barbier and Grant, 1993).  Some have proposed 
that such a characterization can be used to define a mine or mining district.  Typically, these 
tools have been applied to regional data with little or no ground truth.  What ground truth has 
been used has been associated with the physical locations of the mine.  Little attention has been 
paid to the effect of different locations within the mine or source induced variations such as 
changes in blasting practice. 
 
We have demonstrated the strong effects of blasting practice on the peak amplitudes and 
frequency content of the observed waveforms.  Now we extend this analysis to the observed 
waveforms from closely spaced events with different source functions.  Three pairs of events 
listed in Table 8-1 provide an opportunity to compare closely spaced events with different source 
timing effects.  It is a common practice at Morenci to detonate two closely spaced shots (within a 
few hundred meters) with a 35 second delay between the two.  The three pairs of events (2741 & 
2742 on 1 Aug in COR, 2745 & 2743 on 2 August in MET, and 2755 & 2754 on 6 Aug in MET) 
each consist of a long delay shot followed by a short delay shot.  Typically, the short delay shot 
is much smaller in total yield than the long delay shot, but it is not necessarily smaller in 
amplitude.  The two shots detonated on 6 August are typical of the other two pairs.  
Seismograms from these shots at TUC are reproduced in Figure 8-23. 
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Figure 8-23.  Comparison of two mining blasts detonated within 35 seconds of one another 

and displaced by only a few hundred meters.  The first shot was a long duration shot 
and the second a much smaller short delay shot. 

 
Figure 8-24.  Comparison of a long delay and a short delay explosion detonated within 

several hundred meters of one another. 



Chapter 8:  Documentation and Assessment of Reduced Seismic Coupling from Delay-Fired Mining Explosions 
 

 260

Bandpass filtered seismograms for the two MET events on 08/06/01 are included in Figure 8-24, 
further illustrating the differences between these two closely spaced events.  Additional 
comparisons between the two other pairs of closely spaced events are included in Appendix 8-A.  
These results all illustrate that closely spaced mining explosions (within hundreds of meters of 
one another) can produce distinctly different waveforms because of source timing duration and 
intershot spacing. 
 
As noted in the introduction to the Morenci mine, there are four primary regions where blasting 
is underway (Figure 8-6).  The distances separating these regions range from a kilometer to 
several kilometers.  A collection of short delay events from each of these regions as observed at 
TUC is compared in Figure 8-25 (detailed comparisons included in Appendix 8-B).  This 
comparison supports the great similarity of closely spaced events with similar source time 
functions, and is the basis of the proposed use of correlation analysis to find clusters of events.  
These results illustrate that similar waveforms from a small mine that utilizes a single blasting 
practice can be expected.  Differences in signal correlation can be a result of displaced source 
locations or, as previously illustrated, a change in source timing. 

CONCLUSIONS 
 
The utility of near-source (10-100’s m), close-in (1-5 km), and regional seismic data in 
constraining the effects of mining explosion source functions has been investigated.  Data 
gathered from this instrumentation is supplemented with design blast information including 
borehole array design, charge size, and detonation pattern.  GPS time tagged video images 
provide exact timing information. 
 
The data gathered in the Morenci mine demonstrate the size and complexity of blasting activities 
in a large, modern mining operation.  The mine itself covers over 15 km2 with four primary 
blasting areas each separated by 1-3 km.  Blasting practices within the mine vary because of 
different material properties within the region and the desire to minimize in-mine ground 
motions.  During the time period of these experiments, two primary blasting practices were 
employed.  The first involved short delay times between individual boreholes (17, 25 ms) and 
total charge sizes generally less than 250,000 lbs.  The second blast type involved larger total 
charge weight and used much longer delays between individual blasts (typically 67 and 100 ms).  
Each blast type generates distinctive waveforms at all ranges. 
 
Accelerometers deployed at 10 – 200 m provided the highest frequency characterization of the 
explosions.  These records are dominated by the energy coupled from each of the boreholes and 
are primarily affected by the duration of the explosion.  Ground truth provided by the mine on 
design shot times was used to create an impulse time series representative of the source duration.  
The spectra of these impulse series were successfully compared to the double integrated near-
source accelerograms.  Investigation of short delay and long delay shots documents the strong 
effect of source time function on the spectral levels of seismic energy.  The short delay shots are 
typically short in total duration, resulting in a high equivalent corner frequency.  Variations in 
source corner frequency between short and long delay shots at Morenci results in significant 
variations in energy levels in the 0.5 to 3 Hz band.  The smaller yield, short duration shots have 
larger amplitudes in the 1-3 Hz band than larger total yield, long duration shots. 
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Figure 8-25.  Shots as observed at TUC from the four major blasting regions of the mine. 
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Seismic stations deployed at close-in distances of 1-5 km surrounding the mine provide 
seismograms that document the development of both compressional and shear energy.  
Significant shear energy is observed at these ranges.  This data also supports the effect of source 
timing on coupling established with the near-source data. 
 
Regional seismograms from Morenci are observed to at least 700 km.  Many of the explosions at 
the mine typically appear in the USGS U.S. Mining Event list, illustrating that mines of this size 
must be assessed during regional monitoring.  Peak amplitudes for the high frequency regional P 
and Lg

 were determined for the events.  These amplitudes were plotted against the total explosive 
yield from the ground truth database.  The resulting plots showed no relationship with yield and 
were characterized by scatter as large as a factor of ten for a given range of yields.  Examination 
of the data for which near-source and in-mine observations were made supported the conclusion 
that this scatter in regional amplitudes was controlled by the source timing effects, with some of 
the largest, long-duration shots producing the smallest high frequency amplitudes.  Lower 
frequency peak amplitude measurements for 0.25-0.5 Hz surface waves produce a consistent 
magnitude yield relation, except for the very largest shots.  This observation is consistent with 
the source corner frequency scaling produced by the long and short duration shots.  
Measurements made at periods below the source corner frequencies provide a stable 
measurement of total source size.  The near-source, close-in, and regional seismograms have all 
been shown to reflect the effect of explosion source timing effects. 
 
Variations in waveforms produced were explored in this study as well.  This investigation was 
intended to assess proposed methods of waveform correlation for identifying source regions.  
Strong source timing function effects on regional waveforms are experimentally determined.  
Three pairs of closely spaced (~100 m) long-duration and short-duration shots illustrate that two 
closely spaced shots can produce significantly different waveforms.  These differences suggest 
that correlation studies must be interpreted in terms of both source time function and location in 
a mining operation.  Changes in blasting practices with time will also have to be considered in 
the interpretation.  Mining explosions with similar time functions produce remarkably similar 
waveforms for shots detonated in each of the four major mining regions at Morenci, which are 
separated by 1-3 km.   

IMPLICATIONS 
 
Magnitude-yield curves from explosions in mines may be difficult to interpret without ground 
truth information.  We have found little or no relationship between total charge size and peak 
short period regional amplitudes at three mining operations in the U.S.  This contrasts with a 
distinct magnitude yield relation for a series of simultaneous detonated explosions in one of the 
mines.  The peak amplitude scatter, as large as a factor of ten for typical mining explosions, is 
explained at Morenci as source timing effects that have significant variation in the 1-3 Hz band.  
Peak amplitude measurements at the longest periods (0.25-0.5 Hz) observed from Morenci 
suggest that for all but the largest shots, these amplitudes increase with increasing total charge 
size.  This observation supports a need to record broadband regional data in order to characterize 
these sources. 
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The strong effect of delay firing on the regional data illustrates that these explosions are not good 
replacements for single-fired explosions.  Where ground truth information is available, these 
source-timing effects might be taken into account.  It is suggested that if the source time effects 
are known or quantified with near-source observations, then an inverse filter might be 
constructed to collapse the effects of the delayed sources into a single concentrated source or a 
single-fired explosion.  We intend to explore this possibility. 
 
The close-in data from these explosions have documented that shear energy is generated very 
close to these sources.  The close-in data needs to be explored to understand the mechanism that 
leads to the generation of both the compressional and shear energy.  It would be preferable to 
have close-in waveforms from a single-fired concentrated charge as well as the extended sources 
documented in this study.  Careful consideration of P-SV and SH waves as well as 
documentation of azimuthal effects is necessary to address this problem.  If close-in propagation 
path effects can be characterized, then moment tensor inversions might improve the source 
interpretation. 
 
The usefulness of correlation analysis in identifying multiple operations in a single mine is 
suggested.  The interpretation of such data will be dependent on a consistent blasting practice, in 
particular similar explosion timing.  If multiple source timing patterns or a change in timing 
patterns occurs in the mine, then our results suggest that these changes might be identified by the 
correlation analysis.  The interpretation of this change in correlation in terms of either a new 
source location or source time function will be difficult without ground truth information. 
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APPENDIX 8-A – TIMING EFFECTS ON WAVEFORM CORRELATION 
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ABSTRACT 
 
A series of single-fired (simultaneously detonated) explosions were conducted in an Arizona 
copper mine.  The explosions spanned yields from 90 to 6,181 kg and were all detonated in an 
approximate 100 m by 100 m area.  In order to quantify the effect of the mine free-face, the 
individual explosions were also detonated under three different emplacement conditions, 
including at the free-face of the mine under normal burden (distance from the free-face), under 
twice-normal burden, and fully contained (twice-depth).  The purpose of these experiments was 
to investigate: (1) generation of in-mine and regional phases such as Pg, Pn, and Lg from mining 
explosions, (2) quantification of the relationship between yield and seismic amplitudes, (3) 
quantification of the effect of confinement, and (4) similarities and differences between 
waveforms from single-fired explosions and waveforms from delay-fired explosions.  
Instrumentation was deployed at the near-source (100-500 m), in-mine (1-3 km), local (1-33 
km), and regional distances.  Empirical scaling relations for the different shots in this test series 
were developed in order to quantify the effects of yield and confinement. 

 
Empirical source scaling relations using the near-source, in-mine, local, and regional data are 
compared for the three confinements.  In all cases, data at each range document similar scaling.  
The fully contained scaling (twice-depth) quantifies the change in individual source corner 
frequency as well as absolute source size. 

 
The Mueller-Murphy (1971) source model has been used to quantify the effects of explosion 
depth and material in which the explosion is detonated.  Material properties were measured for 
the porphyry granite at the mine and used in forward models of the yield scaling for fully 
contained explosions.  The forward model of the source scaling is compared to the empirical 
scaling, illustrating its ability to appropriately account for source corner and relative amplitudes 
of the absolute energy coupled into the ground. 

 
Typically, mining explosions are detonated at a free-face or boundary of the pit in order to fail 
the rock and possibly cast material.  Explosions were conducted at the free-face in order to 
quantify energy lost relative to a fully contained explosion.  The empirical scaling relations 
suggest that the free-face explosions resulted in a factor of 2-4 reduction in amplitude compared 
to the fully contained explosions. 
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OBJECTIVES  
 
The goal of the Source Phenomenology Experiments (SPE) (Bonner et al., 2005) is the 
quantification of phenomenology differences that affect the regional seismograms generated by 
various types of explosions.  The resulting improvements in source characterization are intended 
to improve seismic discrimination of earthquakes and chemical and nuclear explosions observed 
at regional distances. 
   
The purpose of this report is to demonstrate the effects of yield and confinement on the 
explosions conducted during the SPE.  Our approach will be based on the formation of spectral 
ratios between different explosions observed along the same paths and at the same receivers, thus 
eliminating unknown path effects.  

SUMMARY OF EXPERIMENTS 

Experiment Purpose 
In the summer of 2003, groups from Weston Geophysical, Southern Methodist University, and 
the University of Texas, El Paso conducted part of the SPE at a copper mine in southeastern 
Arizona with the help of IRIS (the Incorporated Research Institutions for Seismology) and 
LANL (Los Alamos National Laboratory).  The purpose of the experiment was to characterize 
and understand the seismic waves generated by single-fired explosions, and to contrast these 
waveforms with those generated by normal production mining explosions, which are detonated 
in time sequence in a process known as delay firing.  

Blast Design 
The SPE at the copper mine included ten single-fired explosions with total explosive weights 
ranging from less than 200 lbs. to 13,600 lbs. (Figure 9-1, Table 9-1).  The effects of source 
yield, depth, and confinement were all important to quantify in the experiments.  The sources 
were designed to take advantage of drilling and blasting capabilities available in the mine.  The 
drills at the mine typically produce 12.25 inch boreholes up to 60 ft deep.  The in-mine capability 
exists to drill these boreholes to twice that depth, and these capabilities were taken into account 
when designing the single-fired explosions.  The typical 60 ft borehole is loaded with 40 ft of 
explosives and 20 ft of stemming.  Such a borehole can accommodate about 1,700 lbs. of 
explosives.  In order to quantify the effects of yield, simultaneous detonations of 1, 4, and 8 
boreholes provided nominal yields of 1700, 6800, and 13600 lbs. Initial planning had proposed 
larger yields for the largest explosion, but ground motion concerns both within the mine and in 
the surrounding area limited the size of the largest single-fired explosion.  The effect of depth 
was addressed using the onsite drilling capabilities.  Three shots of 1, 4, and 8 boreholes drilled 
to 120 ft were planned.  Each of these boreholes was loaded with 1,700 lbs. of explosives so that 
they could be compared directly with the shallower explosions. 
 
The final effect to be investigated in the experiments was the contribution of explosion 
confinement on the radiated waveforms.  Typically, explosions detonated on a bench in the mine 
have as little as 30 ft or less of burden between the borehole and the vertical free-face of the 
bench.  This burden allows relief of the explosion-generated stresses along the free-face, 
resulting in the fracture and sometimes casting of the material into the pit.  In order to quantify 
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this effect, one set of explosions (1, 4, and 8 boreholes) were detonated under normal burden, 
and a second set of explosions with the same depth and explosive load were detonated with 
twice-normal burden (approximately 60 ft).  This second set allowed no relief along the free-
face, but the shallow depth of the explosions resulted in failure of the free surface and the 
formation of significant craters.  Figure 9-2 illustrates the different explosive configurations 
utilized in these experiments.  The yields and characteristics of the different explosions 
conducted in the single-fired component of the experiment are summarized in Table 9-1.  The 
centroid depth is the total depth of stemming material plus half the depth of the explosives.  
Several of the 8 boreholes drilled for the test at twice-normal burden collapsed before they could 
be loaded with explosives.  These boreholes could not be re-drilled.  As a result, the explosions 
detonated for the twice-normal burden consisted of 1, 2, and 4 boreholes or 1700, 3400, and 
6800 lbs., respectively.  
 

Table 9-1.  Summary of shot details.** 

Shot 
Description Date Time* 

(UTC) 

Yield 
Estimate

(lbs.) 

Centroid
Depth 

(ft) 

Scaled Depth 
m/kt1/3 

B1 - Single Hole 
Free-Face 18-Aug-0320:18:15.1 1,700 40 102 

B2 - Four Holes 
Free-Face 18-Aug-0320:28:40.3 6,800 40 64 

B3 - Single Hole 
2x normal burden 18-Aug-0321:35:10.0 1,700 40 102 

B4 - Four Holes 
2x depth 19-Aug-0318:46:51.8 6,800 100 161 

B5 - Four Holes 
2x normal burden 19-Aug-0319:04:35.4 6,800 40 64 

B6 - Single Hole 
2x depth 19-Aug-0319:26:02.7 1,700 100 255 

B7 - Eight Holes 
Free-Face 19-Aug-0319:51:00.3 13,600 40 51 

B8 - Two Holes 
2x normal burden 19-Aug-0320:10:39.1 3,400 40 81 

B10 - Eight Holes 
2x depth 19-Aug-0321:06:22.0 13,600 100 127 

*Shot time based on the first arrival at the closest station. 
**Shot B9 is not listed in this table. See Table 1-2. 
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Figure 9-1.  (Left) Photo of the test bed where the single-fired explosions were detonated; 

(Right) Photo of locations of the near-source instruments around the test bed (black 
rectangle).  White arrow points North. 

 
 

 
Figure 9-2.  Characteristics of the boreholes used in the single-fired explosions.  The 

normal and twice-normal burden boreholes are 60 ft deep, including 40 ft of 
explosives (black) and 20 ft of stemming (gray).  The twice-depth borehole is 120 ft 
deep, including 40 ft of explosives (black) and 80 ft of stemming (gray).  The normal 
burden shots are approximately 30 ft from the free-face, the twice-normal burden 
shots are about 60 ft from the free-face. 
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Instrumentation Overview 
Instrumentation deployed in and around the mine consisted of several different types and is 
summarized in this section.  The ground motion instruments are divided into three primary 
groups: (1) near-source acceleration and velocity, (2) vertical component high frequency velocity 
instruments known as Texans, and (3) in-mine seismic and acoustic installations.  Numerous 
additional regional seismic instruments were deployed for the purpose of quantifying the 
transition of the wavefield with distance.  The design of this instrumentation plan was intended 
to document the generation and propagation from near-source to regional distances of both the 
compressional and shear energy from single-fired and delay-fired production shots.  Each of the 
in-mine stations and explosions was surveyed using the mine’s differential GPS system.  
 
Near-Source Instrumentation.  The locations of the initial set of near-source instruments 
deployed around the single-fired test bed are diagrammed in Figures 9-1 and 9-3.  The closest 
stations (8, 9, and 10) were equipped with high g accelerometers with sensitivities from 4 to 25 
mv/g.  Lower g accelerometers with typical sensitivities of 0.7 v/g were deployed at greater 
ranges (stations 2, 3, 4 and 5).  Finally, in the near-source range, stations 1, 6, 7, and 11 were 
deployed with co-located low-g accelerometers and velocity transducers with sensitivities of 171 
v/m/s.  This suite of instruments was deployed in order to document the wavefield from within 
the region of tensile failure out to the region of linear elastic propagation.  The near-source 
instrumentation also includes fifty-one Refraction Technology 125 Texans with 4.5 Hz 
geophones deployed in (Figure 9-3, ‘+’ symbols) and around the mine (Figure 9-4).  The 
deployment of the Texans within the mine was designed primarily to characterize the ground 
motion in and around the Metcalf portion of the mine.  The second criterion for the deployment 
was to assess the variation of ground motion across several benches in the mine and the variation 
of ground motion with bench height. 
 
In-Mine Network.  Five seismo-acoustic stations have been operated around the mine for over 
two years (green circles in Figures 9-3 and 9-4) and each station consists of both a seismometer 
and an acoustic gauge (Stump et al., 2001).  These instruments have been used to quantify 
ground motions from numerous production mining explosions and provide a resource for 
comparison with the single-fired explosions in this experiment.  The acoustic gauges are each 
connected to eight porous hoses for noise reduction.  The seismometers are three-component, 
Sprengnether S-2000’s with a 2 Hz corner frequency. 
 
Near-Regional Instrumentation.  109 additional Texans were deployed to the north of the mine 
in order to document the transition of the wavefield from the near-source to regional distances.  
The locations of these stations are illustrated in Figure 9-4.  
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Figure 9-3.  Plot of in-mine instrumentation and locations of single-fired and delay-fired 

explosions during the experiment.  These instruments include high-g accelerometers 
(triangles), low-g accelerometers and velocity gauges (stars), in-mine velocity and 
acoustic gauges (circles), and the Texans (plusses).  Rectangles represent the test 
beds in which the single-fired and delay-fired explosions took place. 

 

 
Figure 9-4.  The distribution of Texans.  The dashed rectangle represents the area in which 

the shots and in-mine instrumentation were located.  The North and South lines are 
represented by red and blue pluses, respectively, and the East and West lines are 
represented by black pluses.  
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Broadband Regional Stations.  Between August 1, 2003 and September 28, 2003, twenty-five 
regional seismic stations were deployed for the SPE.  The deployment consisted of a 15 station 
close-in array with 3 km spacing close to the copper mine, and a 10 station regional profile with 
30 km spacing that extends from this close-in array to the coal mine to the north (Figure 9-5).  
The stations were comprised of Guralp 40T seismometers with a Reftek recording unit that was 
powered by two 60 amp-hour car batteries.  The recording unit and batteries were placed in large 
Tupperware bins, and insulation was placed on the top of the bin.  Each station included two 
solar panels for recharging the batteries, which were placed on constructed wooden frames and 
placed on the ground.  Each sensor required the building of a small vault.  The vaults were 
constructed by digging a 2 to 3 ft hole and pouring a cement pad with a tile at the bottom of the 
hole.  The sensors were placed on the cement/tile pad and covered by plastic bins.  They were 
then buried with dirt.  In several cases, the holes had to be shallower due to rock outcrops.  
Barbed wire fences were built around some stations to prevent damage from range animals. 
 

 
Figure 9-5.  The map of regional broadband seismic stations (triangles) for the SPE in 

2003.  Yellow diamonds are the copper mine (south) and the coal mine (north). 
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DATA EXAMPLES 

Seismograms of Shot B1 at Near-Source Sites 
The distance-sequenced vertical, radial, and transverse component waveforms from Shot B1 
(single hole with free-face confinement) are shown in Figure 9-6.  For purposes of comparison, 
all accelerograms have been integrated to velocity.  The range of distances between the shot and 
receivers for this event is from 45 m (Site 10B) to 670 m (Site 6).  The north component of the 
L43D sensor at Site 7 failed; however, the radial and transverse components are still plotted here 
(in gray).  All three components at site 9B are problematic and plotted in gray.  We eliminated 
these problematic data in our data processing.  All waveforms for other shots have good signal-
to-noise ratio.  Site 2 has no data for Shots B3 to B10.  Figure 9-6 illustrates the phase 
development and propagation effects, which are present even at close distances. 

 

 
 
Figure 9-6.  Record section of the velocity response waveforms of the vertical, radial, and 

transverse component seismograms for Shot B1 at all sites.  All accelerograms have 
been integrated to velocity, and distances between source and receivers are marked 
to the left of each trace in meters.  
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Seismograms of Shot 10 at Different Distance Ranges 
As the largest (13,600 lbs.) fully contained explosion, Shot B10 has good signal-to-noise ratios at 
all distance ranges, from near-source (20 m) to regional distances (over 200 km).  Figure 9-7 
documents the vertical component seismograms of shot B10 from different instruments at 
different distance ranges, including: (a) near-source acceleration and velocity gauges, (b) in-mine 
Texans, (c) North-South Texans, and (d) regional broadband vertical components.  These 
seismograms are used in a separate study (Kim and Stump, in preparation; Chapter 10 of this 
report) to quantify the effects of crustal wave propagation.  
 

 
 

  
Figure 9-7.  Seismograms from Shot B10 recorded with different instrumentation at 

different distance ranges.  (a) Near-source acceleration (20~700 m); (b) In-mine 
Texan with 4.5 Hz geophone (0.6~4.5 km); (c) North- and South-line Texan (0.9 ~33 
km); and (d) Broadband CMG-40T (2.3~211 km). 

 
Seismograms at 5 km and 25 km for All Shots 
Figure 9-8 compares seismograms at distances of 5 km (Figure 9-8a) and 25 km (Figure 9-8b) 
for all shots with different confinements (red: free-face, blue: twice-normal burden, and green: 
twice-depth).  All traces have been normalized by the maximal amplitude for all shots and the 
absolute amplitudes of each trace are listed in red.  This figure shows the quantification of the 
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effects of source confinement and explosive size.  Characterization of these scaling effects is the 
focus of our analysis. 
 

   
Figure 9-8.  Seismograms of all shots on the S28 Texan (5 km) and MR08 broadband (25 
km).  Shots with different types of confinement are represented in color (red: free-face, 
blue: twice-normal burden, and green: twice-depth).  All traces are normalized by the 
maximal amplitude of all shots and the red numbers are the absolute amplitudes of each 
trace.  

ANALYSIS METHODOLOGY 
 
A number of researchers (Muller, 1985; Chael, 1987; Reamer and Stump, 1992; Stump et al., 
2003; and Goldstein et al., 1994) have made relative source comparisons between chemical 
explosions, nuclear explosions, and earthquakes of different sizes, in some cases including both 
the phase and modulus of the Fourier representation of the source, and in other, more restrictive 
cases including only the modulus.  Due to the stochastic character of the observations used in 
this study and in an attempt to quantify the sources in a broadband manner as much as possible, 
the focus here is on the modulus of the Fourier transform and more specifically the power 
spectrum.  
 
The spectrum from an individual explosion is represented as: 

 
)()()()( fSfPfRfU jkijkikij ⋅⋅=      (9-1) 

 
where )( fUkij is the spectrum of the kth component (1- vertical, 2- radial, 3- transverse) at the ith 
receiver from the jth source; )( fRki is the receiver function for the ith receiver and is assumed to 
be the same for each source; )( fPkij is the regional propagation path effect; and )( fjS is the 
source function for the jth explosion. 
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)( fRki and )( fkijP are assumed to be identical for each source, and thus taking the ratio of 

)( fUkij for two different sources eliminates the local receiver effect and regional propagation 
path contributions, retaining only the ratio of the two source functions. 
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The ratio of the spectra removes both the local/regional wave propagation path effect and the 
strong local receiver effects.  What remains is the frequency-dependent source scaling relation 
for the explosion source function.  Equation 9-2 can be extended to multiple components as well 
as to array data.  Averaging over individual components for near-source estimates and over all 
receivers produces average source estimates.  Stump et al. (1999) gave a detailed discussion of 
this approach and we are using similar procedures to process the SPE.  As Stump et al. (1999) 
pointed out, the equations involve a spectral division that can lead to theoretical difficulties in 
variance estimation and practical problems in stability when the denominator approaches zero.  
To minimize these difficulties, careful consideration was given to smoothing windows applied to 
both the numerator and denominator in these equations.  In the process, we first identify the 
bandwidth with acceptable signal-to-noise ratio by comparing the signal spectra to pre-event 
noise estimates.  Once the bandwidth has been determined, various frequency-domain smoothing 
windows were tested and an appropriate window was selected to reduce variances in the 
individual spectral estimates and ultimately improve source difference.  A single window was 
chosen with a maximum width of 3.66 Hz.  The bandwidth time product for any one spectral 
estimate is smaller than the recommended value of 100 or more (Harris, 1991) although 
smoothing over multiple ratios stabilizes the estimate.  At a given frequency, the smoothing 
involves frequencies that are within ± half the window width.  The lowest frequency included in 
the smoothing is identified as the frequency where the signal is above the noise (1 to 3 Hz for our 
data).  The uniform and symmetric window is not allowed to extend below this frequency, and so 
low frequency values are smoothed with windows that are smaller in width than the maximum 
windows.  

DATA PROCESSING 

Example Spectral Ratios for Twice-Depth Shots (13,600 lbs. / 1,700 lbs.) 
Example spectral ratios of the twice-depth shots B10 (13,600 lbs.) and B6 (1,700 lbs.) at 
different distance ranges are presented in Figure 9-9 using a 2.97 Hz smoothing window.  The 
left sub-panel of each figure displays the individual spectral ratio colored in gray scale according 
to the distance between each element and the source as well as the mean spectrum (thick red) and 
± one standard deviation (dashed red) characterizing the scatter in the individual estimates.  The 
middle sub-panel is the distance color bar and the right sub-panel is the plot of elements and 
source-to-receiver distances.  The individual spectral ratios have much greater scatter for the 
near-source data than any of the other data sets.  The shape and the scale of the mean spectral 
ratios estimated from the data at different distance ranges are consistent.  The mean ratios are 
between 8 and 15 at long periods and then begin to decay between 3 and 6 Hz, indicative of the 
corner frequencies of the two shots.  All spectral ratios have a second peak at 11 Hz, which is 
possibly a result of secondary source effects.  
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Figure 9-9.  Example spectral ratios for twice-depth Shots B10 / B6 (13,600 lbs. /1,700 lbs.) 

at different distance ranges.  
 
The long period level, source corner frequencies, and high frequency peak in the spectral ratios is 
the same for all the data sets collected during the SPE.  This result indicates that the relative 
source contributions at near-source (100’s m), in-mine (1-5 km), transition to regional (5-25 km), 
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and near-regional (5-40 km) distances are all the same, and that there is no range-dependent 
change in source scaling.  These results also incorporate a wide range of different types of 
instruments.   
 
There are systematic changes in the scatter of spectral ratios as a function of range.  The largest 
scatter in spectral ratios occurs within the mine and near-source distances, and then decreases 
with increasing range.  The largest variation in ratios is within the mine, where the 
instrumentation samples a wide range of distances as well as azimuths, which might contribute to 
this variation.  It is interesting to note that the near-source instrumentation has more scatter than 
the in-mine Texan data despite the fact that the Texan data is deployed over a wide range of 
topography, while the near-source data is in general on the same level as the shot.  This 
observation might indicate that the variation in amplitudes is dominated by azimuthal effects.  
Moment tensor inversions were conducted with the near-source data in order to quantify this 
affect (Zhou and Stump, 2005; Chapter 7 of this report). 

Effects of Yield 
The effects of yield are quantified by comparing the spectral ratios for shots with the same 
confinement (Figure 9-10: Twice-Depth, Figure 9-11: Twice-normal burden, and Figure 9-12: 
Free-Face) and different explosive sizes.  For both free-face and twice-depth confinements, the 
yield ratios are 8:1, 4:1, and 2:1.  For twice-normal burden, the yield ratios are 4:1 and 2:1.  All 
spectral ratios at different distance ranges are similar and consistent for a particular source pair, 
indicating a common source scaling with range. 
 
Mean spectral ratios for the different yields of each type of confinement from each of the 
different data sets are compared in Figures 9-10, 9-11, and 9-12.  These comparisons all illustrate 
the similarity of estimates already noted for the different types of observations. 
 
Confinement 1: Twice-Depth.  Shots B4, B6, and B10 are three twice-depth (100 ft) shots with 
total explosive weight of 6800, 1700, and 13600 lbs., respectively.  All of these explosions were 
fully contained, resulting in maximum coupling into ground motion, as illustrated in Figure 9-10.  
The scaling at the long periods is consistent with the total yield of the explosion, with the 
B10/B6 (13,600/1,700 lbs.) ratio a factor of 9 – 14, the B4/B6 (6,800/1,700 lbs.) ratio a factor of 
4-7, and the B10/B4 (13,600/6,800 lbs.) ratio a factor of 2-3.  These ratios are flat at long periods 
and then decay beyond a corner frequency that increases with decreasing explosion yield.  The 
ratios then reach an average level around 2 at high frequency.  This high frequency level peaks 
again between 10-12 Hz before decaying again.  This second peak is observed in all the spectral 
ratios and appears to be independent of yield.  Yield effects are reflected in both the long period 
spectral levels and the lower frequency corners. 
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Figure 9-10.  Mean spectral ratios of near-source instruments (blue), in-mine Texans (red), 

South-line Texans (green), North-line Texans (cyan), East-West Texans (magenta), 
and regional (black) for the twice-depth confinement Shots B4 (6,800 lbs.), B6 (1,700 
lbs.), and B10 (13,600 lbs.).   

 
Confinement 2: Twice-Normal Burden.  Shots B3, B5, and B8 are three shots with twice-
normal burden.  The total explosive weights were 1700, 6800, and 3400 lbs., respectively.  The 
empirical spectral ratios for these shots are given in Figure 9-11.  Because of the shallower 
depth, all these shots resulted in surface cratering and so they were not fully contained, which 
reduced the coupling.  The effect of yield is again apparent at the long periods with the ratio of 
B5(6,800 lbs.)/B3(1,700 lbs.) between 3 and 4, B5(6,800 lbs.)/B8(3,400 lbs.) between 2 and 3, 
and B8(3,400 lbs.)/B3(1,700 lbs.) between 1 and 2.  The effect of source size on corner 
frequency is more complex than in the fully contained case, reflecting the nonlinear cratering 
processes.  The B5/B3 ratio shows a general decrease in ratio with increasing frequency.  B5/B8 
peaks between 4 and 5 Hz, while B8/B3 displays a minimum at 4 Hz. 
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Figure 9-11.  Mean spectral ratios of near-source instruments (blue), in-mine Texans (red), 

South-line Texans (green), North-line Texans (cyan), East-West Texans (magenta), 
and regional (black) for the twice-normal burden confinement Shots B3 (1,700 lbs.), 
B5 (6,800 lbs.) and B8 (3,400 lbs.).   

 
Confinement 3: Free-Face.  Shot B1, B2, and B7 are three shots with free-face confinement and 
total explosive weights of 1700, 6800, and 13600 lbs., respectively.  These explosions resulted in 
failure of the free-face as well as the free surface.  Much like the twice-normal burden shots, the 
effect of yield on the source ratio is somewhat more complex (Figure 9-12).  Some of the 
spectral ratios for these explosions showed enhanced coupling estimates using the close-in data.  
Again, the long period ratios reflect source scaling with B7(13,600 lbs.)/B1(1,700 lbs.) between 
4 and 6, B2(6,800 lbs.)/B1(1,700 lbs.) between 4 and 5, and B7/B2 between 1 and 2.  It is 
difficult to identify clear corner frequency effects in these empirical scaling estimates. 
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Figure 9-12.  Mean spectral ratios of near-source instruments (blue), in-mine Texans (red), 

South-line Texans (green), North-line Texans (cyan), East-West Texans (magenta), 
and regional (black) for the free-face confinement Shots B1 (1,700 lbs.), B2 (6,800 
lbs.) and B7 (13,600 lbs.).   

Effects of Confinement 
Video Images of Shots B2, B4, and B5.  Video images of three explosions (Shot B2: free-face, 
Shot B4: twice-depth, and Shot B5: twice-normal burden) with different confinements, but the 
same amount of explosive (6,800 lbs.) are reproduced in Figure 9-13, and illustrate some of the 
physical characteristics of the explosions.  The images from Shot 2 document the strong effect of 
the free-face next to the boreholes, including significant venting and material cast into the pit.  
The shot 4 images document very small surface deformation and no venting, consistent with a 
well-contained explosion.  Shot 5 produces significant cratering, as shown in the final set of 
images.  These differences have also been reflected in the seismic waveforms and their maximal 
amplitudes (Figure 9-14). 
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Figure 9-13.  The four boreholes were simultaneously detonated at the free-face (Shot B2, 

left), twice-depth (Shot B4, middle), and twice-normal burden (Shot B5, right) as 
documented in four snapshot video images.  Each set of images were taken at time 
0.0, 0.333, 0.667, and 1.0 seconds.  The four yellow arrows in each image identify the 
individual boreholes containing the explosives. 

 

 
 
Figure 9-14.  Example seismic waveforms from Shots B2 (free-face), B4 (twice-depth), and 

B5 (twice-normal burden) at Site 1 recorded by the same L43D velocity 
seismometer.  The waveforms were normalized by the maximal amplitude of each 
component for the three shots.  The maximal velocity in cm/s is denoted next to each 
waveform.   

 
The effects of different confinements have also been studied by comparing the spectral ratios for 
shots with the same yield in Figure 9-15 (Top: Twice-Depth and Free-Face with 13,600 lbs. 
explosives; and Bottom: Twice-normal burden and Free-Face with 1,700 lbs. explosives).  For 
the two 13,600 lbs. shots at twice-depth and free-face, the spectral ratios are almost flat and 
indicate a factor of 2 ~ 4 coupling reduction for the shots at the free-face.  Similar reduced 
coupling is also found by comparing the data from the twice-normal burden and free-face shots.  
These results suggest that the failure of the free-face results in a reduction in seismic energy at 
all distance ranges. 
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Figure 9-15.  Spectral ratio of twice-depth / free-face (13,600 lbs.) explosive (left) and twice-

normal burden / free-face (1,700 lbs.) (right). 

Source Modeling 
For the spectral ratios of the fully contained explosions (twice-depth), the Mueller-Murphy 
(1971) source function is appropriate for testing.  Some model modification has been applied for 
these cylindrical sources.  Mueller-Murphy (1971) gives the source medium dependent 
parameter, k, for tuff, rhyolite, shale, and salt.  The material at our study area is granite and we 
use the averaged k value of rhyolite and salt to represent the granite medium.  Since the Mueller-
Murphy model was based on nuclear explosions, considering the difference between mining 
explosions and nuclear explosions, we use the twice depth explosions to model the spectra of 
these chemical explosions.  In order to interpret the yield effects quantified by the empirical data, 
the Mueller-Murphy source functions for a granite medium were calculated using the following 
material properties for the medium at the source region: 
 

Table 9-2.  Summary of material properties. 
Parameter Value 
P velocity 3.048 km/s 

Poisson’s ratio 0.25 
Density 2.2 g/cm3 

Centroid depth 30.48 m 
Cavity radius 3 ~ 6 m 
Elastic radius 112.8 ~ 225.6 m 

 
The Mueller-Murphy theoretical spectral ratios are compared to the mean empirical spectral 
ratios for all the fully contained shots in Figure 9-16.  The Mueller-Murphy spherical explosion 
models are in agreement with the coupling differences and corner frequency scaling for the long 
periods up to 6-8 Hz.  The second peak in the observed spectral ratio at 11 Hz is not modeled.  
This secondary peak may be a secondary source effect not taken into account by the model.  
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Figure 9-16.  Comparison of Muller-Murphy model (dashed lines) with the averaged 

empirical spectral ratios for fully contained shots (red lines). 

CONCLUSIONS 
 
Source scaling estimates at near-source, near-regional, and regional distances give consistent 
results.  This result suggests that the source scaling effects are similar at all ranges.  Greater 
spectral variances are observed at near-source distances and may reflect small propagation path 
differences between the sources or source effects that result in an azimuthal variation in radiated 
energy.  
 
Both long-period scaling and corner frequency changes are identified for the fully contained 
explosions.  The effects of total explosive weight for the free-face and twice-normal burden shots 
were also identified in the empirical data.  Consistent corner frequency effects for these shots 
were harder to identify.  This observation might reflect the nonlinear effects of failure of the 
free-face and free surface or the spatial separation of the individual charges in each source. 
 
Fully confined shots generate a factor of 2 to 4 more coupled seismic energy than free-face shots 
that fail the free-face and twice-normal burden shots that crater.  This decreased coupling is what 
might be expected for the individual charges in a typical delay-fired mining explosion in 
comparison to a fully coupled explosion.  The decreased coupling for a delay-fired explosion 
would be further complicated by the timing of the individual charges. 
 
The Mueller-Murphy spherical explosion model for granite matches empirical scaling from long 
periods to 6-8 Hz for the fully contained explosions.  This model used material properties 
determined at the test site.  Slight modifications to the cavity and elastic radii were applied to 
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take into account the cylindrical geometry of the boreholes used in these tests.  With this 
modification, the model replicates not only the long-period scaling but also corner frequency 
variations from shot to shot.  A secondary high frequency peak in the empirical scaling relations 
at 11 Hz is not modeled.  It is speculated that this secondary peak is a secondary source effect 
that needs resolution. 
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ABSTRACT 
 
The purpose of this work is to constrain upper crust P and S velocity structure around a copper 
mine in SE Arizona in order to separate the propagation path effects from explosion signals.  
This separation provides the opportunity to quantify the explosion source mechanism of Rg and 
the relationship between Rg and S phases at near-source and regional distances.  Pg, Sg, and Rg 
phases were recorded from the SPE (Source Phenomenology Experiments) in a copper mine at 
near-source distances (< 41 km).  The SPE at the mine consisted of a series of explosions ranging 
in yield from 90 to 6,181 kg under a variety of different confinement conditions.  This analysis 
focuses on Pg and Rg phases and the resulting P- and S-wave velocity structure in the area.  A 
two-layer over a half-space P-wave velocity structure is inferred from the travel-time data of the 
P-waves.  The velocity of each layer and half-space are estimated as 4.55, 5.21, and 6.07 km/s, 
respectively.  The corresponding layer thicknesses are 0.15 and 3.38 km. Rg dispersion curves 
along the same path show a systematic variation with range extending from the source to the 
north, implying the existence of lateral variations in the very shallow velocity structure along the 
path that is not characterized by first arrival times of P-waves.  Differences in group velocity 
dispersion of Rg in ten-pairs of stations along the path are estimated and inverted to construct an 
initial two-dimensional shear-wave velocity structure.  This two-dimensional model is coincident 
with mapped variations in surface geology along the same path.  Co-location of broadband 
CMG-40Ts seismometers and high frequency Texans provides the opportunity for comparative 
studies of these two types of instrumentation.  High frequency data recorded by the Texans is 
shown to produce dispersion results that are consistent with the analysis of broadband CMG-40T 
illustrating the utility of such instrumentation in shallow crustal structure studies.  The more 
closely spaced Texan data (every 1 km as compared to every 3 km) provides the opportunity to 
assess the spatial resolution of the 2D shear model resulting from the inversion of the observed 
Rg dispersion. 

INTRODUCTION AND MOTIVATION 
 
At local and regional distance ranges, the short-period seismogram consists of different arrivals 
including Pn, Pg, Sg, Lg, and Rg.  These regional phases are critical to the identification of the 
source type (earthquake, explosion, or man-induced event).  The Pg phase arrives directly or is 
associated with near-surface reverberations.  Pg coda is superposed with the crust-mantle 
reflection (PmP) near the cross-over distance with Pn. Beyond the cross-over distance, the Pn 
phase arrives first with small amplitude and lower frequency compared to that of Pg.  The Sg 
phase is analogous to Pg at the near-source distance range.  Interesting features of the Lg phase 
are the clear amplitude maximum, long duration coda, and efficient propagation to long 
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distances.  The Lg amplitude on the horizontal component is commonly larger than the vertical 
component.  Rg is a short-period, fundamental mode Rayleigh wave clearly seen on radial and 
vertical components, rather than transverse components, with periods from 0.2 to 2 seconds 
(Bath, 1975; Kafka and Reiter, 1987; Kafka, 1990; Kulhanek, 1990; Saikia, 1992).  It is observed 
from shallow events at near-source distances.  If there are lateral variations in the shallow 
velocity structure, the Rg phase is often highly attenuated and thus not observed even though the 
depth of source is shallow.  Rg is usually not observed beyond 200 km due to lateral variations in 
the wave guide (Kafka and Dollin, 1985; Kafka and Reiter, 1987; Woods et al., 1989; Bonner et 
al., 1996; Stump et al., 2002).   
 
A unique set of observational data from a set of experiments provides an opportunity to explore 
the generation and propagation of some of these regional phases from explosions.  It has 
implications for discriminating seismic signals generated by earthquakes and explosions as well 
as constraining crustal structure.  Pn, Pg, Sg, Lg, and Rg phases were recorded from the SPE 
(Source Phenomenology Experiments) in the Morenci copper mine of southeast Arizona at near-
source (< 41 km) and regional distances.  
 
This paper focuses on the analysis of near-source Pg and Rg phases observed around the 
Morenci copper mine in order to constrain the P- and S-wave velocity structure.  Quantification 
of these propagation path effects is the first step in separating and deciphering the source 
mechanism from these explosions. An initial layered P velocity structure is constructed by fitting 
the travel times of the first P arrivals as a function of distance, with the known source depth and 
origin time from the explosion.  The dispersion of Rg is utilized to constrain the shear wave 
velocity structure of the shallow layers.  The velocity of the dispersed Rg phase is frequency 
dependent: for normal dispersion, the shear wave velocity increases with increasing wave period 
since the longer wavelengths of the Rayleigh wave sample deeper in the Earth.  
 
The source mechanism of Rg is important in order to assess the proposed relationship between 
the Rg phase and the frequency dependent Lg generation from explosions.  A physical 
understanding of Lg is important, as empirical studies find that regional P/Lg amplitude ratios 
can not distinguish earthquakes from explosions at low frequencies (1~2 Hz), but can reliably 
separate earthquake and explosion populations at frequencies above 5 Hz (Bottone et al., 2002; 
Fisk et al., 1996; Myers et al., 1999) for many regions of the world.  Several groups have 
proposed a linkage between Rg generation and low frequency Lg from explosions (Gupta et al., 
1992; Patton and Taylor, 1995; Gupta et al., 1997; Myers et al., 1999).  It is proposed that Rg 
scatters into S phases near the source and propagates as a trapped Lg phase to regional distances.  
The low frequency content of the explosively generated Rg is thus imprinted on the Lg phase 
through scattering.  Even though there is a proposed relationship between Rg and Lg, there is still 
a lack of understanding of the source mechanism for Rg waves (Hooper et al., 2004).  
Additionally, few data sets document this transfer of energy from Rg to Lg in the near-source 
region. 
 
Alternate mechanisms have been proposed for the generation of Lg, including the effect of 
topography on free-surface P-to-S scattering (Stevens et al., 2004).  Three-dimensional 
numerical models suggest that a combination of topography and complex explosion source 
function can result in low frequency Sg and Lg.  These models indicate that the irregular free 
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surface can randomize the incident pS phase, and trap shear energy in the crust, contributing to 
the Lg phase. 
 
Data from the SPE performed at Morenci copper mine (Leidig et al., 2004) will be used to 
quantify the source mechanism for Rg generation and testing of Rg scattering to Lg.  High 
quality ground truth and systematic recordings around the source area and transition to regional 
distances provide the data for this assessment in addition to detailed topography and crustal 
structure. 
 
During the experiment, ten single-fired explosions generating Rg were detonated with different 
depths of burial, yields, and confinement at Morenci.  These different source configurations give 
us an opportunity to determine the effects of these settings on the source function.  These 
explosions were recorded by systematically deployed short-period, vertical component sensors 
(Texans) and broadband seismometers (Guralp CMG-40T), which are used to construct the 
seismic velocity and attenuation models.  
 
With the ultimate goal of characterizing the source mechanism of Rg and relationship between 
Rg and Lg from the explosion, the first step reported in this paper is the constraint of the velocity 
structure using Pg arrivals and Rg dispersions to separate the propagation path effect from the 
signal. 

EXPERIMENT CONFIGURATION 
 
The Morenci copper mine is located in southeastern Arizona (Figure 10-1).  One hundred and 
twelve, short-period vertical component sensors, Texans, were deployed in a cross-shaped array 
to the north of the mine (Figure 10-1, right).  Seventeen, Guralp CMG-40T broadband 
seismometers were also installed.  Ten, single-fired explosions were detonated in the source area 
with yields from 90 kg to 6,181 kg (Figure 10-2).  Explosion B10 is chosen for this path study, 
because it has the largest yield and best confinement resulting in the highest signal to noise ratio 
in the seismic data. 

DATA 
 
The first step in the study is to assess the two types of instrumentation.  The broadband sensor 
has a 30 seconds natural period and 800 V/m/s sensitivity, while the short period Texan has a 4.5 
Hz corner and 91 V/m/s sensitivity.  
 
The Texan data along the line to the north of the mine was instrument corrected and a record 
section formed (Figure 10-3).  Strong P, S, and Rg phases are traceable back to the source.  Pg 
amplitudes are much larger than shear amplitudes in the frequency band of 0.7-20 Hz.  The Rg 
energy is strongest at the lowest frequencies (0.5 to 3 Hz).  These data are used to estimate 
average Pg, Sg, and Rg velocities of 5.4, 3.0, and 1.9 km/s, respectively.  Inspection of Figure 
10-3 reveals a break in the travel-time curve for Pg around 20 km, indicative of upper crustal 
structure. 
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Figure 10-1.  Location of Morenci copper mine, Arizona and seismic stations.  Red 

triangles represent broadband seismometers (Guralp CMG-40T).  Green triangles 
are the short period, vertical component sensors (Texans).  Blue hexagon is the 
source region.  The topography along A-B is illustrated in the upper right corner. 

 

 
Figure 10-2.  The ten, single-fired explosions with different yields, confinement, and depths 

from the SPE (Leidig et al., 2004).  FF stands for free-face. 
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Figure 10-3.  Texan record section from the fully confined single shot B10 (6,181 kg).  a) 

Source (red circle) and station (blue triangles) locations.  b) Record section filtered 
from 0.7 to 20 Hz. c) Record section filtered from 0.5 to 3 Hz. 

 
The broadband CMG-40T data is stable in the low frequency range (0.5-2 Hz) and is employed 
to constrain the shear wave velocity structure around the source area.  The record section of 
filtered broadband data (0.5-1 Hz) (Figure 10-4c) confirms the existence of the Rg phase.  Since 
the corner frequency of the Texan seismometer, 4.5 Hz, falls above the frequency band of Rg, an 
important research question is whether the instrument corrected Texan data could be used for Rg 
dispersion analysis after instrument correction.  Comparisons between the two data sets will be 
used to assess this issue. 

P- AND S- WAVE STRUCTURE 
 
The steps to construct a velocity structure are diagramed in Figure 10-5.  The P-wave velocity 
model is constructed using the first arrival time of P-waves recorded by in-mine stations and the 
north-south section of the Texan array.  For the surface wave study, the dispersion curves of the 
Rg phase recorded on broadband and Texan data are extracted using the MFA (Multiple Filter 
Analysis; Dziewonski et al., 1969) and refined by PMF (Phase-Matched Filter Analysis; Herrin 
and Goforth, 1977).  The dispersion curves are inverted to constrain the shear wave velocity 
structure between two stations by the differential inversion method.  
 



Chapter 10:  Generation and Propagation of Near-Source Seismic Phases from Mining Explosions at a Copper Mine, 
Arizona 

 

 295

 
Figure 10-4.  Broadband CMG-40T record section from the fully confined single shot B10.  

a) The source (red dot) and station (blue triangles) locations.  B) The record section 
is filtered from 1 to 4 Hz. c) The filtered record section (0.5 - 1 Hz) is compared with 
envelope function (red) illustrating the Rg arrival.  

 
P-wave velocity structure 

constrained from the first arrival of P-waves 
P-wave velocity structure 

[Texan Data] 
  

MFA (Multiple Filter Analysis) 

↓ 

PMA (Phase-Matched Filter Analysis) 

↓ 

Dispersion Curves 

↓ 

Differential Inversion 

S-wave velocity structure 
 

[CMG-40T Broadband Data] 
& 

[Texan Data] 

 
Figure 10-5.  Procedure to construct P- and S-wave velocity structures. 

P-Wave Velocity Structure 
The P velocity model is constrained by the first arrival times of P-waves.  One method in 
resolving the layered velocity structure is to fit the travel times of these partitioned seismic 
phases as a function of distance under the assumptions that velocity increases with depth and 
there is no lateral variation of velocity in each layer (Equation 10-1).  
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                                                Tn      : travel time at the nth layer 
                  tn-1     : T-axis intercept for refraction from layer n 
                  X     : horizontal source to station distance 
                  Vn   : velocity in layer n                
 
A two layer P-wave velocity structure is inferred from the travel time curve of refracted P phases 
on the north-south section of the Texan data set (Figure 10-6).  The velocities in each layer and 
the half space are estimated as 4.55, 5.21, and 6.07 km/s, respectively.  The corresponding layer 
thicknesses are calculated as 0.15 and 3.38 km using the relationship between velocity, critical 
distance, and intercept time (Dobrin, 1960).  Poisson’s ratio is assumed to be 0.25 in order to 
estimate the initial S-wave velocity in each layer.  Nafe-Drake empirical relationship (1957) is 
adopted for the calculation of density.  These parameters are used as the initial model for the S-
wave velocity model inversion (Table 10-1). 

 
Figure 10-6.  P-wave velocity travel time curve and resulting two layer over a half-space 

velocity structure. 
 

Table 10-1.  Constrained P structure and parameters for the initial S model. 
Layer H (km) P (km/s) S (km/s) ρ  (g/cm3) 

1 0.154 4.55 2.62 1.97 
2 3.38 5.21 3.01 2.22 
3 Half space 6.07 3.51 2.55 
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Surface Waves 
MFA (Dziewonski et al., 1969) is applied to estimate the group velocity dispersion curves at 
single stations.  MFA is a moving-window technique applied in the frequency domain.  It plots 
the signal’s amplitude in the frequency (period) and group velocity domain (Figure 10-7).  

 
Figure 10-7.  An example of Multiple Filter Analysis (bb03) applied to SPE data.  Spectral 

amplitude (left) is shown with the group velocity dispersion of Rg phase (right). 
 
After applying MFA to extract the dispersion curves, PMF (Herrin and Goforth, 1977) is used to 
remove multipathing or higher mode surface waves that distort group velocity estimation (Figure 
10-8). 
 

 
Figure 10-8.  a) An example of PMF (bb09).  Top left figure is the raw data, middle left is 

the filtered data 0.5-2 Hz, and bottom left is the extracted Rg using PMF.  b) Record 
section of the Rg phases extracted using PMF processing.  
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Group velocity dispersion curves from the SPE data document strong variations in the 3-41 km 
range (Figure 10-9).  Group velocities along the southern section are higher than those along the 
northern section.  These results imply that strong lateral variations exist in the shallow velocity 
structure along the path.  
 

 
 
Figure 10-9.  Variation of group velocity dispersion curves estimated from the broadband 

array.  The southern section (red) (< 15 km) shows relatively higher velocity 
compared to the northern section (green) (> 15 km). 

 
To quantify the lateral variation of shear wave velocity structure documented, differential 
inversion of the dispersion estimates (Jin and Herrin, 1980; Bonner and Herrin, 1999; Zhou and 
Stump, 2004) is applied.  Two-dimensional variations of the velocity structures in the Bering Sea 
and Alaska and the Sierra Madre Occidental of Northern Mexico were quantified using this 
method (Jin and Herrin, 1980; Bonner and Herrin, 1999).  The method calculates the group 
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velocity difference between two stations and then inverts these curves for shear wave velocity 
structure between the two stations.  These previous studies focused on surface waves in the 
period range from 10 to 100 seconds.  In this study, we apply their methodology to the Rg phase 
with period range from 0.5 to 2 seconds. 
 
Ten pairs of broadband stations were chosen for differential inversion (Figure 10-10).  The 
distance separating each pair of stations was chosen to be 10 km in order to include the 
maximum wavelength of Rg. Shear velocities determined from these inversions were then 
assigned to the mid-point of the two stations.  The collection of these velocity models is used to 
interpret the lateral variations in velocity along the path. 

 
 
Figure 10-10.  Schematic representation of the geometry used in the differential dispersion 

inversion using ten pairs of broadband stations, where the distance in km of each 
station from the source is shown in parenthesis. 

 
The P-wave velocity, shear-wave velocity, layer thickness, and density all affect Rayleigh wave 
dispersion.  However, the shear-wave velocity has the most influence on the Rayleigh wave 
dispersion curve (Mooney and Bolt,1966; Xia et al., 1999), and it will be the value determined 
from the initial inversion for each layer.  The inversion code used for this study is from 
Herrmann (2002).   
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COMPARISON OF INVERSION RESULTS USING BROADBAND CMG-40T AND 
HIGH FREQUENCY TEXAN DATA 
 
As illustrated in Figures 10-1, 10-3, and 10-4 both high frequency (Texan, 4.5 Hz corner) and 
broadband (CMG-40T) instruments were deployed.  The station spacing of the Texans was 
approximately 1 km, while the spacing for the broadband data was approximately 3 km.  Thus, 
the Texan data, if it could be used to assess the low frequency data, could provide a more 
detailed assessment of the lateral variation of shear velocities.  The problem lies in the correction 
of the Texan data for the instrument response since the dispersion analysis requires that both the 
phase and modulus correction be properly taken into account.  The broadband nature of the 
CMG-40T does not suffer from an instrument corner close to the frequency band of interest.  We 
used nominal manufacturer specifications for the Texan instrument corrections that were applied 
to the data (Figure 10-3).  In order to assess the efficacy of these corrections, differential Rg 
inversions from the broadband data will be compared to inversions using the Texan data along 
common paths. 

Broadband CMG-40T Data 
Differential dispersion curves for the broadband data are documented in Figure 10-11.  The data 
illustrate the strong decrease in differential dispersion (blue) with high velocities near 2.5 km/s at 
the shortest offset and decreasing below 1.5 km/s at the farthest offsets.  

 
 
Figure 10-11.  The differential 
group velocity dispersion curves 
(blue) estimated from broadband 
CMG-40T data at the closest 
distance (red) and the farthest 
distance (green) for each pair of 
observations.  The ten pairs of 
stations from the closest (3.06 km) 
to the farthest range (36.46 km) are 
included.  
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A four-layer initial model is used in the inversion.  The corresponding layer thicknesses were set 
at 0.15 km, 0.4 km, 0.4 km, and 0.8 km based on the best resolution kernel output (Figure 10-
12).  The iterative inversion was performed until the fit between observed and calculated 
dispersions reaches 99.9 %.  Observed (red) and calculated (green) dispersion curves are 
displayed in Figure 10-13 and again document the decrease in shallow shear wave velocity with 
range.  
 
We obtained a differential plane-layered model that can be interpreted in terms of a two-
dimensional shear wave velocity structure (Figure 10-14).  The velocity variation in the first 
layer and the half space are not as well resolved as the intermediate layers, as documented by the 
resolution kernels (Figure 10-12).  Shear velocity decreases with distance for the second, third, 
and fourth layers (Figure 10-14).  The shear-wave velocity in the source area is around 2.8 km/s 
and transitions to 1.8 km/s at 27 km. Strong lateral variations in velocity structure are 
documented with a strong transition from high velocity to low velocity beginning between 5 and 
15 km from the source.  The largest change in velocity occurs in the top 2 km of the structure.  
The lateral velocity change is reduced below 2 km in the models, although as the resolution 
kernels indicate, this may not be as well determined. 
 

             
Figure 10-12.  Resolution kernels for 4 layers over half-space inversions using the 

broadband CMG-40T data. 



Chapter 10:  Generation and Propagation of Near-Source Seismic Phases from Mining Explosions at a Copper Mine, 
Arizona 

 

 302

 
Figure 10-13.  Comparison of observed (red) and predicted (green) dispersion curves from 

the differential analysis. 

 
Figure 10-14.  2D shear wave velocity structure determined from the differential dispersion 

analysis of the broadband data. 
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To illustrate the velocity variation in each layer systematically, the normalized layer velocities 
are compared in Figure 10-15.  The shear velocities at short distances (< 15 km) are higher than 
at longer distances (> 15 km) in the depth range 0.15 to 1.75 km.  The strong transition in 
velocity between 5 and 15 km occurs in all the layers followed by a decrease in shear wave 
velocities with range. 

 
Figure 10-15.  Shear wave velocity variation normalized in each layer (broadband). 

High Frequency Texan Data 
Differential inversion was applied to the Texan data with the hope of validating the quality of 
Texan data for studying the Rg phase, after the instrument correction, and utilizing the denser 
spatial sampling of the Texan data.  
 
The inversion using Texan data was performed in two different schemes.  The first scheme is a 
comparison of inversion results from broadband and Texan data.  For the purpose of comparison, 
a model is produced using Texan data with the same station spacing as used in the broadband 
data.  Second, a model from the dense spatial sampling of the Texan data (1 km spacing between 
mid-points) is attained to assess whether this provides a better resolution of the lateral variation 
in the velocity model.  
 
In the first case, differences in group velocity dispersion curves between two Texan stations are 
shown in Figure 10-16.  A five-layer initial model is used in the inversion.  The layer thickness is 
fixed as 0.15 km, 0.4 km, 0.4 km, 0.4 km, and 0.4 km.  We obtained a second two-dimensional 
shear wave velocity structure from this inversion study (Figure 10-17).  The velocity variation in 
the first layer and the half space are not as well resolved as the intermediate layers, which is 
similar to the result from the broadband data.  Shear velocity generally decreases with distance 
for the second, third, fourth, and fifth layers.  The shear-wave velocity in the source area is 
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around 3 km/s and transitions to 1.8 km/s at 27 km, which is consistent with the inversion result 
from the broadband data.  To illustrate the velocity variation in each layer systematically, the 
normalized layer velocities are compared (Figure 10-18).  The strong transition in velocity 
between 5 and 15 km occurs in all the layers with a decrease in shear wave velocities in further 
distance ranges, which is also consistent with the trend from the broadband data set. 
 
Based on these results, there are only minimal differences in shear wave velocity structures 
inferred from the interpretation of observations from the two different types of instruments.  The 
instrument corrected Texan data provides observations for constraining the shallow shear 
structure using the Rg arrival.  

 
 
Figure 10-16.  The differential group velocity dispersion curves (blue) determined from 

Texan data using dispersion curves from the closest station (red) and farthest 
station (green).  The seven pairs of stations from the closest (3.27 km) to the farthest 
range (27.25 km) are included.  The same spacing as used in the broadband data is 
applied. 
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Figure 10-17.  2D shear wave velocity structure determined from the differential inversion 

method using the Texan array.  The same spacing as used in the broadband data is 
chosen.   

 
Figure 10-18.  Shear wave velocity variation normalized in each layer using the Texan data. 
 



Chapter 10:  Generation and Propagation of Near-Source Seismic Phases from Mining Explosions at a Copper Mine, 
Arizona 

 

 306

In the second analysis of the Texan data, dense station spacing between mid-points (1 km) is 
used.  Differences in group velocity dispersion curves between two Texan stations are shown in 
Figure 10-19.  The same initial model was used as in the first scheme.  A third, two-dimensional 
shear wave velocity structure is obtained (Figure 10-20).  The general trend of the velocity model 
is quite similar to the previous two models.  Shear velocity decreases with distance for the 
second, third, fourth, and fifth layers.  

 
Figure 10-19.  The differential group velocity dispersion curves (blue) determined from 

Texan data using dispersion curves from the closest station (red) and farthest 
station (green).  The twenty pairs of stations from the closest (3.27 km) to the 
farthest range (27.7 km) are included.  
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However, the more densely sampled data documents an increase in velocity from 25 to 27 km for 
all (Figures 10-20 and 10-21).  This high velocity anomaly at the end of Texan array seems to be 
related to the surface geology, which is not recovered from the previous models and implies the 
dense Texan array reveals more detailed local variations in structure.  The transition from high 
velocities to the south and low velocities to the north are also more finely resolved.  The high 
density Texan data suggests that this transition occurs rather abruptly between 6 and 9 km along 
the line. 

 
Figure 10-20.  2D shear wave velocity structure determined from the differential inversion 

method using the Texan array.  The 1 km dense spacing between mid-points is 
chosen.  

  
INTERPRETATION 
 
Variations in surface geology in the study area are coincident with the velocity variations 
aforementioned (Figure 10-22).  Precambrian granite as well as Cretaceous and Tertiary granite 
bodies intrude around the source area, where the higher shear wave velocity extends from the 
source to 6-8 km.  It is from this rock that the mine recovers copper.  With increasing distance 
from the source, relatively unconsolidated Tertiary and Quaternary pyroclastic and sedimentary 
rocks are deposited at the surface, which correlate with the low shear velocity between 8 and 27 
km.  
 
The higher resolution velocity structure, determined using the Texan data set, revealed an 
increase in velocity near the surface from 25 to 27 km, which corresponds to the Tertiary 
volcanic rocks at the surface.  
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Figure 10-21.  Shear wave velocity variation normalized in each layer using the Texan data 

(dense spacing). 

CONCLUSIONS 
 
1. A one-dimensional P-wave velocity structure is constructed using the first arrival of P-waves.  
The P-wave velocity structure consists of two layers.  The velocities in each layer and the half 
space are 4.55, 5.21, and 6.07 km/s, respectively.  The corresponding layer thicknesses are 0.15 
and 3.38 km. 
 
2. The dispersion curves of the Rg phase are extracted through MFA and refined by PMF.  The 
dispersion curves along the north-south section of the broadband CMG-40T array show a 
systematic variation implying the existence of lateral variation in the velocity structure around 
the study area.  To quantify the lateral variation of shear-wave velocity structure, the differential 
inversion method is applied.  
 
3. A two-dimensional shear-wave velocity model constrains the shear velocity to a depth of 1.75 
km, using the differential inversion method.  In general, it is found that the shear velocity at short 
distances is higher than at farther distances in this depth range.  This two-dimensional model is 
coincident with lateral variations in geology.  Precambrian, Cretaceous, and Tertiary granitic 
bodies seem to be responsible for the high velocity at near distances.  Tertiary pyroclastic rock 
and Quaternary sedimentary rocks can be correlated with the low velocity from 8 to 27 km.   
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4. The inverted structure from the Texan data, using the 3 km broadband data inversion spacing, 
indicates that there is little difference in the inferred structure, and confirms that we can employ 
the Texan instrument for the short period surface wave study. 
 
5. The inversions using the 1 km Texan data produce lateral transitions in velocity that were 
more rapid than those determined by the 3 km broadband data.  This result supports the 
improved spatial resolution of the Texan data.   
 

 
 
Figure 10-22.  Geologic map in the study area (after Wilson et al., 1969) Green triangles 

represent Texans.  Red triangles represent CMG-40T broadband stations.  White 
star represents seismic source. 

IMPLICATIONS AND FUTURE WORK 
 
As a result of this study, a 1-D P-wave velocity model and 2-D S-wave velocity model have been 
estimated.  Before going to the next step, these two velocity models need to be validated and 
compared.  For validating the P-wave velocity model, a 2-D ray tracing for the Pg phase will be 
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performed.  The observed P-wave travel time will be compared with the predicted time from 2-D 
ray tracing based on Poisson’s ratio and the 2-D shear model to assess possible 2-D effects on P-
wave first arrival times.  In addition, the predicted travel time of SV waves will be compared 
with the observed Sg first arrival times. 
 
Waveform modeling will be performed as another validation process for the shear wave velocity 
model.  By calculating the synthetic seismograms with pre-assigned source models and 
comparing them with the observed waveforms, we can gain insights into propagation path effect 
on the seismograms.  The basic relationship between source, propagation path, and ground 
displacement can be described by the representation theorem in which the observed ground 
displacement can be expressed by the temporal convolution between source and propagation path 
effect.  If we can fix the source term, we can vary and check the effect of the propagation term 
on the waveform.  As an initial step, we will choose Mueller and Murphy’s source time function 
(1971) or moment tensor source time function, and then compare the observed Rg waveforms 
with synthetic Rg waveforms with the variation of the propagation effect: 1-D without 
topography, 2-D without topography, 1-D with topography, and 2-D with topography.  The 
Generalized Fourier Method (GFM) developed by Orrey and Robinson (2002) will be used to 
generate Green’s functions. 
 
Synthetic seismograms will be also used to investigate the spectral null frequency of the Rg 
phase.  It is proposed that the null frequency variation of the Rg phase strongly depends upon the 
shot depth and the characteristics of the Rg spectrum is imprinted onto the scattered the S phase 
(Gupta et al, 1997, Patton and Taylor, 1995).  Comparison of the spectrum from the broadband 
dataset with that from the synthetics will allow us to assess Rg scattering into S, and the 
relationship between shot depth and spectral null frequency.  This investigation will include 
assessment of the variation of Sg/Rg ratio with range documented in Figures 10-3 and 10-4, but 
as yet unexplored in our study.  Moment tensor inversions based upon near-source data will be 
used to assess the explosion source function in this analysis. 
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ABSTRACT 
 
The purpose of the Source Phenomenology Experiments was to quantify the effects of coupling 
and yield from single-fired chemical explosions and compare these results to typical delay-fired 
explosions conducted by mines.  The excitation of the individual seismic phases both at local and 
regional distances was of additional interest.  With this goal in mind, a set of single-fired 
explosions to be conducted in mines where delay-fired explosions are regularly conducted were 
designed.  In order to meet the experimental goals, the single-fired explosions had to be big 
enough to be observed at both local (100 m - 5 km) and regional (50 - 1,000 km) distance.  The 
need for regional observations motivated large yields while safety and environmental concerns 
within and near the mine limited the size of the largest single-fired experiments.  In order to 
assess the effects of yield in the local distance range, ground motion predictions were undertaken 
prior to the experiment and then used to limit the size of the largest explosions.  A number of 
different ground motion scaling relations exist in the literature.  We attempted to test a large 
number of these relations in order to place upper and lower bounds on the expected ground 
motion for the tests.  These models and their predictions comprise the first half of this paper.  
Following the tests in the Arizona copper mine, all the observational data in the 100 m to 5 km 
range were analyzed.  The second portion of this paper documents the results of this analysis and 
compares predictions with observations.  These results can provide an assessment for the utility 
of ground motion prediction for mining activities. 

MOTIVATION AND OBJECTIVES 
 
This note documents amplitude scaling predictions for a series of contained, single-fired 
explosions planned for the Morenci and Black Mesa mines in Arizona.  The source sizes range 
from 100 to 56,000 lbs. of explosives emplaced in single and multiple vertical boreholes.  The 
larger shots will include the simultaneous detonation of multiple boreholes.  The predictions in 
this analysis are focused on the Morenci explosions as the models are constrained by near-source 
observations of delay-fired production explosions at Morenci. 
 
The purpose of the planned experiments is to quantify the relationship between source 
characteristics such as yield, geology, emplacement depth, and proximity to a free-face and 
local/regional seismic waveforms.  Both the effectiveness of coupling as a function of yield and 
frequency and the relative excitation of regional phases such as Pg, Pn, and Lg will be 
investigated.  
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In order to meet these objectives, a multiple institution team was formed to record the 
explosions.  Velocity of detonation measurements were made in the explosive column, high g (< 
100 g) acceleration measurements were made in the near-field (10-1,000 m), strong motion 
velocity measurements were made in-mine (1-5 km), and broadband regional seismic 
measurements were made to beyond 300 km for the explosions detonated in both mines (Figure 
11-1). 

 
Figure 11-1.  Seismic stations deployed for the single-fired explosions. 
 
This particular document investigates published ground motion scaling relationships for ground 
velocity in order to make gauge placement and range estimates for the high-g accelerometers and 
strong motion velocity measurements within the mine. 

SCALING RELATIONS 

Perret and Bass (1974) 
This study is based upon free-field ground motions generated by 60 contained underground 
nuclear explosions.  The geologic materials in which these explosions were detonated included 
dry alluvium, dry tuff, wet tuff, hard rock, granite, salt, and dolomite.  The effect of water 
saturation was found to have a dominant effect on the predicted motion field and so wet and dry 
tuff were used as two bounding models for the purposes of our investigation.  Both models 
assume that the spherical charge geometry produces cube root of yield range scaling. 
 
Dry Tuff 
 V = 1.85 x 106 (R/W1/3)-1.98±0.11 
  Range – 40 to 500 m/kt1/3 

Wet Tuff 
 V = 6.61 x 105 (R/W1/3)-1.56±0.09 
  Range – 30 to 600 m/kt1/3 
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Although the yields of the sources that were used in this study are many times greater than that 
of our experiments, the different types of emplacement materials and yield scaling included in 
the representation provides the ability to scale to smaller yields for comparison with other 
models. 

Medearis (1979) 
Ground motion records from over 74 commercial blasts in the eastern US were used in 
developing these relationships.  The explosions and free surface ground motions came from 
quarrying, strip mining, and construction operations.  The velocity instruments used to record the 
data had a flat response from 2 to 100 Hz.  The observing distances ranged from 8 to 12,500 feet.  
The charges ranged from 0.3 to 8,265 lbs., similar to the distances and yields proposed for our 
study. 
 
Two scaling models were fit to the data.  The first allowing both the scaling value for yield and 
range to be freely determined.  The second assumed that distance scaled as the square root of 
yield because of the cylindrical charge configuration.  We focus on the first in the comparisons 
that follow in this paper. 
 

V = 1.75 x 102 R-1.37 W0.59 
 
V = 46.7 (R/W1/2)-1.39 

 
Our source geometry, ranges, and yields are similar to those of this study.  Unfortunately, the 
analysis included no assessment of shot point geology which was found to be significant in the 
Perret and Bass study.  Since all the sources were detonated in the eastern U.S., one might 
speculate that the material represented was competent and would produce well-coupled 
explosions. 

Kohler and Fuis (1992) 
Ground velocity measurements from chemical explosions designed for regional refraction 
experiments provided the data for this scaling study.  159 shots were fired and recorded in 
Alaska and Arizona.  Shot size ranged from 27 to 2,722 kg.  Vertical velocity data was recorded 
at ranges of 0.1 to 500 km.  Special attention was applied to the material in which the explosion 
was detonated.  For purposes of this comparison, we focus on wet and dry alluvium.  The peak 
vertical velocity data was fit with the parameterized version of the model. 
 
Dry Alluvium 

Log(V) = -2.3642 Log(R) – 0.3662 (Log(R))2 + 0.5061 Log(W) – 2.9088 
Wet Alluvium 

Log(V) = -2.3642 Log(R) – 0.3662 (Log(R))2 + 0.5061 Log(W) – 2.2934 
 
The yields and closest ranges are applicable to our experiment.  The scaling relations are 
designed for a large range of distances and thus might provide some utility for estimating ground 
motion outside of the mine. 
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Fuis et al. (2001) 
This paper reports on a more recent study of long-range seismic refraction sources.  Shot sizes 
and observing ranges are similar to those of Kohler and Fuis, 1992.  The shot point geology was 
included in the model fits to the data.  Two sets of models were determined by fitting the 
observed peak vertical velocities.  The first fit the data with a 1/x weighting and the second 
included no weighting with range. 
   
Dry Alluvium (1/x weighting) 

Log(V) = -1.9277Log(R) – 0.3411 (Log(R))2 + 0.8119 Log(W) – 3.5600 
Dry Alluvium (no weighting) 

Log(V) = -1.6068 Log(R) + 0.0190 (Log(R))2 + 0.8022 Log(W) – 3.8278 
Wet Alluvium (1/x weighting) 

Log(V) = -1.9277Log(R) – 0.3411 (Log(R))2 + 0.8119 Log(W) – 3.1249 
Wet Alluvium (no weighting) 

Log(V) = -1.6068 Log(R) + 0.0190 (Log(R))2 + 0.8022 Log(W) – 3.3791 

Yang et al. (1999) 
Single-hole cast blasts provided a data set for estimating yield and range effects on peak particle 
velocity.  The charge yields ranged from 59 to 296 kg, smaller than the charges planned for our 
tests.  The source-to-receiver ranges were from 49 to 154 m.  The shot material was a weak 
shale.  This model fit to observational data is the most limited in the study.  The limited yield and 
distance ranges make extrapolation of this model to our yields and ranges difficult. 
 
Shale and Limestone 
 V = 0.73 W0.73 R-1.88 

Stump et al. (2003) 
A series of contained, single-fired explosions with yields between 5,500 to 50,000 lbs. were 
conducted in a coal-mine in NE Wyoming.  All the sources were observed at the PDAR seismic 
array at 360 km.  These data were used to develop yield-scaling relations for each of the regional 
phases.  Since all the observations are at a common distance, the scaling relationships are not 
directly applicable to the near-source scaling of this experiment.  The source-scaling component 
of the study can be compared to the other models for consistency. 
 
Regional Pn at 360 km 

V = 0.62±0.92 W0.84±0.14 
Regional Pg at 360 km 

V = 2.93±2.73 W0.84±0.09 
Regional Lg at 360 km 

V = 0.93±0.64 W0.91±0.08 
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COMPARISON OF SCALING MODELS 

Range Effects 
The different ground motion scaling models encapsulate a variety of: (1) source types ranging 
from chemical to nuclear and spherical to cylindrical geometry, (2) source yields from less than a 
lb. to many tens of kilotons, (3) observation ranges of meters to hundreds of kilometers, and (4) 
geologic materials.  
 
We focus first on the predictions of the various models for a single-fired 2,000 lbs. explosion.  
This charge size is close to the amount of explosives in a single cylindrical borehole for our 
mines.  It is also one of the smaller planned shots in the experiment as described in Table 11-1. 
 

Table 11-1.  Proposed single-fired shots at Morenci. 
Shot Number Shot Size (tons) Hole Depth (ft) Burden 

1 1 60 Normal 
2 3.5 60 Normal 
3 3.5 60 3x Normal 
4 3.5 >120 3x Normal 
5 7 60 Normal 
6 7 60 3x Normal 
7 7 >120 3x Normal 
8 28* 60 3x Normal 

*Could be 14 tons depending on ground motion limitations. 
 
The models were used to make predictions at ranges of 10, 50, 100, 500, 1000, and 5000 ft for 
purposes of estimating ground motion and selecting instrument types and ranges.  The data from 
a number of models and material properties are summarized in Figure 11-2. 
 
Despite the vast differences in the data sets used to produce the models in Figure 11-2, the 
predictions are quite similar.  At any distance range, the variation in predicted peak amplitude is 
slightly greater than a factor of ten with the variation increasing at the closest distances.  Careful 
examination of the figure indicates that the predictions for the dry materials are among the 
lowest and the wet materials the highest in amplitude at a given range.  Distances range over two 
orders of magnitude while peak vertical velocity changes by nearly four orders of magnitude for 
all the models.  The spatial decay of all models is remarkably similar.  The Fuis and Kohler 
models with 1/x weighting show a decrease in attenuation as one approaches the source.  This 
limit in peak velocity may reflect the effect of the free surface that was inherent in their data and 
not in the free-field data of Perret and Bass. 
 
Since the effect of material property is evident in Figure 11-2, a second set of scaling curves 
were created separating the wet and dry materials.  The wet data that produces the highest 
amplitudes is reproduced in Figure 11-3 and the dry data in Figure 11-4. 
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Figure 11-2.  Peak vertical velocity estimates for a 2,000 lbs. charge for nine models. 
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Figure 11-3.  Peak velocity predicted by the different scaling models.  All models except 

Medearis are for wet materials. 
 
The scatter at all ranges for the wet models is greatly reduced except at the closest ranges where 
the Fuis (1/x) model predicts a limited upper bound to peak velocity.  For ranges of 100 ft and 
beyond, the predictions span a factor of 4.  The largest predicted amplitudes at 100 and 1,000 ft 
are 88 and 2.4 cm/s respectively. 
 
Numerous production blasts have been previously monitored at Morenci with an in-mine 
network of velocity gauges.  The distance ranges for these shots are as close as 0.5 km and as far 
as 4.5 km.  Amplitudes at 500 m as high as 2-3 cm/s are observed and at 1,500 m amplitudes as 
high as 0.4-0.5 cm/s are observed.  Individual borehole charges in these delay-fired explosions 
are near 2,000 lbs., and so these peak amplitudes are consistent with the wet material amplitude 
predictions in Figure 11-2. 
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Similar comparisons are made for the predictions for the dry materials that are reproduced in 
Figure 11-4.  The predictions at the larger ranges are more closely spaced with a factor of 2 to 3 
separating all the predictions.  The largest amplitudes at 100 and 1,000 ft are 22 and 0.5 cm/s 
illustrating the factor of 4-5 reduction in peak amplitudes expected for detonations in dry 
materials. 
 
For purposes of gauge placement, the wet models provide a conservative estimate for 
determining the distance range at which to place various accelerometer and velocity packages.  
The remaining analysis in this paper will focus on the wet models. 
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Figure 11-4.  Peak velocity predicted by the different scaling models.  All models are for 

dry materials. 

Yield Effects 
The primary goal of the proposed experiments is to document the effect of yield scaling and 
source configuration on near-source and regional seismic observations.  The scaling models 
previously introduced provide us an opportunity to estimate these effects again for the purposes 
of near-source gauge placement. 
 
The scaling models exhibit a range of yield scaling.  Perret and Bass wet tuff scales as W0.518, 
Medearis scales as W0.46-0.59, Fuis wet alluvium scales as W0.8119, Yang scales as W0.73, Kohler 
scales as W0.5061, and Stump scales as W0.84.  We use the Perret and Bass and Fuis models to 
bound the effects of source scaling that we might expect in our experiment. 
 
The Perret and Bass model has the slowest source scaling with yield and is reproduced in Figure 
11-5.  Equivalent TNT yields of 100, 2000, 7000, 14000, 56000, and 1000000 lbs. are included.  
For purposes of our experiment and the subsequent analysis, we focus on the yields of 100 to 
56,000 lbs.  The amplitude variation between the 100 and 56,000 lbs. sources at a constant range 
is a factor of 27 for this model (factor of 120 for a 1,000,000 lbs. shot). 
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The Fuis wet alluvium model is used to represent a model that scales more rapidly with yield and 
is reproduced in Figure 11-6.  The same yield range is included in the model plots.  In this case, 
the sources scale as W0.8199.  The model predicts a distance independent amplitude scaling 
between the 100 and 56,000 lbs. charges of 170.  This yield effect is 6.3 times greater than the 
effect found for Perret and Bass but similar to that found by Stump et al. (2003) for regional 
observations from single-fired explosions in the Wyoming. 
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Figure 11-5.  Source scaling predicted by the Perret and Bass Wet Tuff model. 
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Figure 11-6.  Source scaling predicted by the Fuis wet alluvium model. 

Observational Data from Delay-Fired Explosions at Morenci 
Near-source accelerometer data was recovered from production mining explosions at Morenci.  
The instruments were placed as close as the separation between boreholes (~10 m) to distances 
beyond 200 m.  Typical charge load for individual boreholes is approximately 1,800 lbs.  There 
can be several hundred holes in an individual shot. 
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Typical near-source accelerograms from two shots are displayed in Figure 11-7.  The first event 
is a long-duration downhole shot.  The timing pattern extends beyond 1.07 seconds and is 
reflected in the duration of the accelerogram from the front edge of the explosive pattern.  The 
increase in amplitude with time in the record is reflective of the fact that the blast initiation was 
started in the center of the array and propagated towards the near-source station.   
 
The raw accelerogram was integrated to displacement and then compared in the frequency 
domain to the Fourier transform of the predicted impulse time series for this shot to document 
shot timing effects.  The comparison between the data and the impulse time series is very good 
from the lowest frequencies out to beyond 30 Hz.  Above 30-40 Hz, the impulse time series 
spectrum rises above the data.  The impulse time series assumes the source function of each 
explosion is a delta function.  This assumption is violated, especially at the higher frequencies 
where the source corner frequency of each individual explosion is important.  Single-source 
explosion scaling relations are consistent with a corner frequency in the 30-40 Hz band for a 
1,800 lbs. detonation.  This effect can explain the difference between the simple impulse model 
and the near-source observations.  A near-source accelerogram from a second mining blast is 
displayed in the right hand side of Figure 11-7.  This blast used the short-delay surface 
detonators and is reflected in the short duration of the accelerogram and the accompanying 
impulse time series.   
 
This shorter duration shot results in a higher corner frequency (2-3 Hz) and thus higher spectral 
energy in the 1-3 Hz band.  Again, the comparison of the double integrated accelerogram and the 
impulse time series in the frequency domain illustrates that the near-source data reflects the 
effects of source duration and intershot delays.  Above 30 Hz, the model again diverges from the 
observations reflecting the source contribution from the individual explosions.  This short 
duration shot data and model comparison also suggests a factor of 10 to 100 reduction in spectral 
levels resulting from the source duration and intershot timing. 
 
Based upon these preliminary results, we assume that the peak amplitude of the near-source 
accelerogram, once integrated to velocity, can be used as an estimate of ground motion from a 
single borehole at high frequency.  As Figure 11-7 demonstrates, the total source strength (all 
boreholes) is only captured at the longest periods (below 1 Hz) of the near-source observations.  
These comparisons also suggest a source corner frequency for the individual boreholes of 30-40 
Hz. 
 
The peak velocity estimates derived from the near-source accelerograms are compared to our 
model predictions for a charge of 2,000 lbs. in Figure 11-8.  Despite the simplifying assumptions 
that we have proposed, the comparison of observed peak velocities with our 2,000 lbs. Morenci 
model of velocity is good.  The data suggests that the peak velocities might not increase quite as 
fast as the models predict inside 100 ft.  This apparent limitation on peak velocity might reflect 
the role material strength near the free surface plays in ground motion amplitudes measured at 
the free surface. 
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Figure 11-7.  (left) Close-in acceleration record from a long duration (downhole delays) 

shot extending over 1 second.  The accompanying displacement spectrum is below.  
The Fourier transform of an impulse series representative of the shot design delay 
time is superimposed in blue.  This is shot 2755 detonated on 6 Aug 01 with a total 
explosive weight of 348,070 lbs. (right) Close-in acceleration record from a short 
duration shot lasting under 0.5 s.  The accompanying displacement spectrum is 
below.  The Fourier transform of an impulse series representative of the shot design 
delay is superimposed in green.  This is shot 2761 & 2762 with a total explosive yield 
of 256,100 lbs. 
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Figure 11-8.  Comparison of Morenci 2,000 lbs. peak velocity predictions and observed 

peak velocities (integrated acceleration) from production mining explosion. 
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Peak Acceleration Predictions 
The number of ground motion models for estimating peak acceleration is far smaller.  Perret and 
Bass (1974) provide an extensive set of models covering a large number of geologic materials.  
The data used for constraining these models were at scaled ranges much shorter than ours, and 
they were all made in the free-field.  The importance of greater ranges and the free surface 
precludes us from using these models in our estimates.  
 
Our peak acceleration estimates are tied to our peak velocity estimates.  We pick a representative 
corner frequency (fc) for each source size and multiply the peak velocity by 2πfc to estimate the 
peak acceleration.  The comparison of the near-source data with the impulse series from the 
design delay-fired blasts suggests that for 1,800 lbs. charges, the corner frequency is 30-40 Hz.  
The acceleration and velocity data from these blasts allows us to test this scaling hypothesis.  
Table 11-2 compares peak acceleration and velocity measurements from the delay-fired shots 
and estimates of fc using these observations. 
 

Table 11-2.  Observed peak acceleration and velocity and corner frequency estimate. 
Range (m) Acceleration (cm/s2) Velocity (cm/s) fc 

8 10440 36.5 45 
12 10930 46 38 
90 3450 21 26 
197 2660 16 26 
25 3200 27.5 19 
43 2960 17.5 27 
185 1580 5 50 
255 1670 6 44 
310 890 3.5 40 

 
The source corner frequency estimates range from 20 to 50, consistent with the impulse 
modeling replicated in Figure 11-7.  The mean from the estimates is 35 ± 11 Hz.  To scale the 
corner frequency for other charge sizes, we use the mean value for the data (1,800 lbs.) and cube 
root scaling.  This procedure produces the values in Table 11-3. 
 

Table 11-3.  Yield and scaled (relative to 1,800 lbs.) corner frequency. 
Yield (lbs.) Source Corner (fc) 2 π fc

100 91 572 
1800 35 220 
7000 22 138 
14000 17 107 
56000 11 69 

1000000 4 25 
 
The scaling factors in Table 11-3 can be used to convert the peak velocities to acceleration.  We 
used these in combination with the Fuis (1/x) wet alluvium model to estimate the peak 
accelerations for the planned charges in the Morenci experiments.  The predictions are 
reproduced in Figure 11-9. 
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Figure 11-9.  Peak acceleration estimates using the source corner frequency estimates 

(Table 11-3) to convert velocity to acceleration. 

EXPERIMENTAL DESIGN BASED ON PREDICTIONS 
 
Based upon scaling models and Morenci observations, we have attempted to develop ground 
motion estimates for station sighting.  We use these estimates to select ranges for acceleration 
observations in the near-source region Table 11-4. 
 

Table 11-4.  Proposed ranges for deployment of accelerometers. 
Gauge Distance Shot Size 
100 g <30 m All 
25 g 20-50 m All 
1 g >150-200 m 2,000-14,000
1 g >300 m 56,000 

 
We can make a number of recommendations concerning the in-mine part of the experiments: 

• If possible, the lower g acceleration sites should remain the same for all shots so that they 
each have the same local receiver structure, 

• 100 g accelerometers will have to be deployed in a new site for each shot, 
• 100 lbs. shot for calibration and scaling purposes, 
• 2,000-7,000 lbs. charges the first day with evening data review and comparison to 

predictions, 
• 14,000 lbs. the second day, and 
• 56,000 lbs. the third day. 

 
A proposed near-source distribution of accelerometers is given in Figure 11-10.  The distance 
scale has been left off with Table 11-4 providing guidance to the ranges at which the 
accelerometers will be deployed.  The exact distances and locations in the mine will have to be 
controlled by the local conditions at the time of the blasts.  If the three-day strategy is undertaken 
for detonating the charges, then the smaller charges can be used to assure that the larger charges 
will not over saturate the close-in gauges. 
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Figure 11-10.  Proposed accelerometer array for near-source measurements.  Typical 

distances from shot to accelerometer given in Table 11-4. 

SPE EXPERIMENTS 

Explosions 
The SPE at the copper mine included ten, single-fired explosions with total explosive weights 
ranging from less than 200 lbs. to 13,600 lbs. (Figure 11-11, Table 11-5).  The effects of source 
yield, depth, and confinement were all important to quantify in the experiments.  The sources 
were designed to take advantage of drilling and blasting capabilities available in the mine.  The 
drills at the mine typically produce 12 1/4” boreholes with many boreholes 60 ft in depth.  The 
in-mine capability exists to drill these boreholes to twice that depth.  In designing the single-fired 
explosions, these capabilities were taken into account.  The typical 60 ft borehole is loaded with 
40 ft of explosives and 20 ft of stemming.  Such a borehole can accommodate about 1,700 lbs. of 
explosives.  In order to quantify the effects of yield, simultaneous detonations of 1, 4, and 8 
boreholes provided nominal yields of 1700, 6800, and 13600 lbs. Initial planning had proposed 
larger yields for the largest explosion, but ground motion concerns both within the mine and in 
the surrounding area limited the size of the largest single-fired explosion.  The effect of depth 
was addressed using the onsite drilling capabilities.  Three shots of 1, 4, and 8 boreholes drilled 
to 120 ft were planned.  Each of these boreholes was loaded with 1,700 lbs. of explosives so that 
they could be compared directly with the shallower explosions. 
 
The final effect to be investigated in the experiments was the contribution of explosion 
confinement on the radiated waveforms.  Typically, explosions detonated on a bench in the mine 
have as little as 30 ft or less of burden between the borehole and the vertical free-face of the 
bench.  This burden allows relief of the explosion generated stresses along the free-face resulting 
in the fracture and sometimes casting of the material in front of the borehole into the pit.  In 
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order to quantify this effect, one set of explosions (1, 4, and 8 boreholes) were detonated under 
normal burden.  A second set of explosions with the same depth and explosive load were 
detonated with twice normal burden (approximately 60 ft).  This second set allowed no relief 
along the free-face but the shallow depth of the explosion resulted in failure of the free surface 
and the formation of a significant crater.  Figure 11-12 illustrates the different explosive 
configurations utilized in these experiments.  The yields and characteristics of the different 
explosions conducted as the single-fired component of the experiment are summarized in Table 
11-5.  The centroid depth is the total depth of stemming material and half depth of explosives.  
Several of the 8 boreholes drilled for the test at twice normal burden collapsed before they could 
be loaded with explosives.  These boreholes could not be re-drilled.  As a result, the explosions 
detonated for the twice normal burden consisted of 1, 2, and 4 boreholes or 1700, 3400, and 6800 
lbs. respectively.  
 

Table 11-5.  Summary of shot details.** 

Shot 
Description Date Time* 

(UTC) 

Yield 
Estimate

(lbs.) 

Centroid
Depth 

(ft) 

Scaled Depth 
m/kt1/3 

B1 - Single Hole 
Free-Face 18-Aug-0320:18:15.1 1700 40  

102 
B2 - Four Holes 

Free-Face 18-Aug-0320:28:40.3 6800 40  
64 

B3 - Single Hole 
2x normal burden 18-Aug-0321:35:10.0 1700 40  

102 
B4 - Four Holes 

2xdepth 19-Aug-0318:46:51.8 6800 100  
161 

B5 - Four Holes 
2x normal burden 19-Aug-0319:04:35.4 6800 40  

64 
B6 - Single Hole 

2x depth 19-Aug-0319:26:02.7 1700 100  
255 

B7 - Eight Holes 
Free-Face 19-Aug-0319:51:00.3 13600 40  

51 
B8 - Two Holes 

2x normal burden 19-Aug-0320:10:39.1 3400 40  
81 

B10 - Eight Holes 
2x depth 19-Aug-0321:06:22.0 13600 100  

127 
*Shot time based on the first arrival at closest site. 
**Shot B9 is not listed in this table. See Table 1-2. 
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Figure 11-11.  (left) The photo of the test bed where the single-fired explosions were 

detonated; (right) Photo of the near-source instruments around the test bed (black 
rectangle).  White arrow points North. 

 

 
 

Figure 11-12.  Characteristics of the boreholes used in the single-fired explosions.  The 
normal and twice normal burden boreholes are 60 ft deep; 40 ft of explosives 
(black) and 20 ft of stemming (gray).  The twice depth borehole is 120 ft deep; 40 ft 
of explosives (black) and 80 ft of stemming (gray).  The normal burden shots are 
approximately 30 ft from the free-face, the twice normal burden about 60 ft from 
the free-face. 
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Instrumentation 
Instrumentation deployed in and around the mine consisted of several different types and is 
summarized in this section.  The ground motion instruments analyzed in this report are divided 
into two primary groups: (1) near-source acceleration and velocity instruments in the 10-700 m 
range and (2) vertical component high frequency velocity instruments, known as Texans, from 1-
5 km.  Numerous additional regional seismic instruments were deployed for the purpose of 
quantifying the transition of the wavefield with range but are not analyzed in this chapter.  Each 
of the in-mine stations and explosions was surveyed using the mine provided differential GPS 
system.  
 
The locations of the initial set of near-source instruments deployed around the single-fired test 
bed are diagrammed in Figure 11-11 and Figure 11-13.  The closest stations (8, 9, and 10) were 
equipped with high g accelerometers with sensitivities from 4 to 25 mv/g. Lower g 
accelerometers with typical sensitivities of 0.7 v/g were deployed at greater ranges (stations 2, 3, 
4, and 5).  Finally, in the near-source range, stations 1, 6, 7, and 11 were deployed with 
collocated low-g accelerometers and velocity transducers with sensitivities of 171 v/m/s.  This 
suite of instruments was deployed in order to document the wavefield from within the region of 
tensile failure out to linear elastic propagation.  The near-source instrumentation also includes 
fifty-one of the Refraction Technology 125 Texans with 4.5 Hz geophones deployed in the mine 
(Figure 11-13, ‘+’ symbols).  The deployment of the Texans within the mine was designed to 
first characterize the ground motion in and around the Metcalf portion of the mine.  The second 
criteria for the deployment was to assess the variation of ground motion across several benches 
in the mine and the variation of ground motion with bench height. 

 
Figure 11-13.  Locations of in-mine instrumentation and single- and delay-fired explosions 

during the SPE.  These instruments include high-g accelerometers (triangles), low-g 
accelerometers and velocity gauge (hexagrams), in-mine velocity and acoustic 
gauges (circles), and the Texans (pluses).  Rectangles represent the test bed of 
single-fired and delay-fired explosions. 
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SPE OBSERVATIONS 
 
Peak velocities were measured for all the observational data gathered from within the mine 
property.  As noted in the instrumentation section, the closest gauges were accelerometers that 
were integrated to velocity so they could be compared to the more distant gauges.  Since the 
purpose of this comparison was validation of the scaling models, peak vertical motions were 
used.  A more complete discussion of the frequency domain scaling of the individual explosions 
can be found in Chapter 9. 

Yield Effects 
The details of the effect of yield on peak amplitudes are summarized in Figures 11-14 to 11-16.  
In each of the three plots, shots with similar types of confinement are compared including: (1) 
twice depth of burial and thus fully contained (Figure 11-14), (2) twice normal burden but 
standard depth and thus cratering shots (Figure 11-15), and (3) free-face shots with normal 
burden and casting into the pit (Figure 11-16).  
 
All data show the strong effect of range on the observational amplitudes.  Amplitudes decrease 
by four orders of magnitude over nearly 2 orders of magnitude in range.  A large cluster of points 
between 1,000 and 10,000 m show significant scatter (as much as an order of magnitude) in 
amplitudes for any given shot.  These data points are from a number of Texans that were 
deployed on different benches in the mine in order to quantify the effects of bench height on 
peak amplitudes.  These data will be treated separately in our discussion, but it is interesting to 
note that these points generally plot along the decay trend of the complete data set or below.   
 
Peak amplitudes are found to track increases in charge size for both the twice-normal depth and 
free-face shots.  The picture is somewhat more complex for the twice-normal burden shots.  
Because of problems encountered in keeping the charge boreholes open after drilling, charge 
yields of 1700, 3400, and 6800 lbs. were conducted with no 13,600 lbs. shot.  As Figure 11-15 
indicates, the peak amplitudes from shot B3 (1,700 lbs.) are slightly larger than the amplitudes 
from shot B8 (3,400 lbs.).  This anomaly may reflect changes in the emplacement material 
around these shots that also accounted for the slumping and closure of some of the holes prior to 
explosive loading. 
 
Although there is significant scatter in the observations, no systematic change in the amplitude 
separation of the various shots as a function of range is observed.  This observation is consistent 
with the empirical result reported by Zhou and Stump (2005), indicating that frequency domain 
source scaling relations for these shots using either near-source, in-mine, or regional only data 
produced similar results. 
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Figure 11-14.  Peak velocities observed from the three twice-depth shots B6 (1,700 lbs.), B4 

(6,800 lbs.), and B10 (13,600 lbs.).  Test bed data spans from below 100 m to nearly 
700 m.  Texans span from less than 1 km to beyond 5 km. 
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Figure 11-15.  Peak velocities observed from the three twice-normal burden shots B3 (1,700 

lbs.), B8 (3,400 lbs.), and B5 (6,800 lbs.).  Test bed data spans from below 100 m to 
nearly 700 m.  Texans span from less than 1 km to beyond 5 km. 
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Free Face Shots
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Figure 11-16.  Peak velocities observed from the three free-face shots B1 (1,700 lbs.), B2 

(6,800 lbs.), and B7 (13,600 lbs.).  Test bed data spans from below 100 m to nearly 
700 m.  Texans span from less than 1 km to beyond 5 km. 

Confinement Effects 
A second way of looking at the data is to compare the peak amplitudes for shots with the same 
yield but different types of confinement (Figures 11-17 to 11-19).  The effects of confinement in 
these plots are less than the effects of yield discussed previously.  Although both the free-face 
and the twice burden shots result in decreased peak amplitudes relative to fully contained twice 
depth shots, the reduction in amplitudes is limited to a factor of 2 to 3.   
 
The shots with the smallest relative peak amplitudes for all yields are the twice burden shots.  
The explosions detonated at the free-face produce peak amplitudes that are surprisingly strong; 
sometimes matching those for the fully contained shots.  The peak amplitude data is dominated 
by the high frequency component of the signal that may not be consistent with longer period 
coupling.  The spatial decays of the amplitudes are independent of the type of confinement for 
the blast. 
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Figure 11-17.  Peak velocities observed from all the shots with yields of 1,700 lbs.: B1 

detonated at the free-face and normal burden, B3 with twice normal burden, and 
B6 at twice normal depth.  Test bed data spans from below 100 m to nearly 700 m.  
Texans span from less than 1 km to beyond 5 km. 
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Figure 11-18.  Peak velocities observed from all the shots with yields of 6,800 lbs.: B2 

detonated at the free-face and normal burden, B5 with twice normal burden, and 
B4 at twice normal depth.  Test bed data spans from below 100 m to nearly 700 m.  
Texans span from less than 1 km to beyond 5 km. 
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Confinement 13,600 lbs. Shots
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Figure 11-19.  Peak velocities observed from the two shots with yields of 13,600 lbs.: B7 

detonated at the free-face and normal burden and B10 at twice normal depth.  Test 
bed data spans from below 100 m to nearly 700 m.   

Effect of Bench Height on Amplitudes 
As indicated in the previous section, significant scatter in the peak amplitude data was observed 
at relatively long ranges from the shots.  This scatter quantified the effects of observations made 
along several different benches within the mine and highlights the importance of mine 
topography.  Figure 11-20 is a map of the portion of the mine where Texans were deployed along 
a number of different benches and in the floor of the mine. 
 

 
Figure 11-20.  (left) Locations of Texans deployed along individual benches in the mine.  

(right) The height of the individual benches is shown with the color key. 
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The peak amplitudes for Shot B10 were determined for all the gauges deployed along the 
benches documented in Figure 11-20.  The peak amplitudes of these observations are plotted 
versus range in Figure 11-21, where the color of the symbol indicates the individual benches in 
Figure 11-20.  Amplitude variations as large as a factor of ten along individual benches are 
observed.  There appears also to be an effect of bench height on the peak amplitudes although 
this data set is too small to assess the effect quantitatively.  Conservatively, the factor of 10 used 
in the initial predictions appears to be the best safety factor based on these limited observations. 

 
Figure 11-21.  Peak velocities from Shot B10 observed along different benches in the mine.  

Bench location and height can be found in Figure 11-20 by matching symbol colors. 

DATA AND PREDICTION COMPARISONS 
 
Finally, the observational data from the explosions are compared to the various models used to 
make ground motion estimates prior to designing and conducting the experiment.  As mentioned 
in the text, the purpose of exploring a range of models including both saturated and unsaturated 
materials was to bound the possible range of expected motions.  We used the model with the 
highest amplitudes as an upper bound in choosing the maximum yields and the locations of the 
instrumentation for the shots.  No data were clipped and the data from within the mine had good 
signal to noise ratios for even the smallest shots. 
 
In order to document the adequacy of both the effects of yield and range in the different models, 
the observational data is compared with the models.  We compare the effect of range and 
absolute amplitude using data from the twice depth shots that were fully contained.  We have 
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chosen to use only the twice depth shots in this comparison for two reasons.  First, many of the 
models were based upon data from fully contained shots.  Second, in comparing the peak 
amplitudes as a function of confinement (Figures 11-17 to 11-19), the twice depth or fully 
contained shots produced the largest amplitudes as a function of range and had spatial decay 
patterns that matched those for the other types of confinement.  Figure 11-22 plots all the peak 
amplitude data from Shot B6, the twice depth shot with a yield of 1,700 lbs.  Superimposed upon 
this data are predictions for this yield using all the different models introduced earlier. 
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Figure 11-22.  Peak velocities observed from shot B6 (twice depth) with yield of 1,700 lbs. 

designated by large black symbols.  These observations are compared to the various 
models discussed in the prediction section of the paper. 

 
The models have a variety of absolute amplitudes and spatial decays.  At the closer ranges, the 
models span a factor of 10 in amplitude for any given range.  This span in the models increases 
slightly at the greater distances.  The observations are bounded by the various models at all 
distances.  It is interesting to note that the scatter in the observations noted between 1,000 and 
10,000 m that is attributable to the effects of different benches in the mine approximately spans 
the range of the predictions. 
 
Careful examination of Figure 11-22 reveals that individual models may do a good job of 
matching the data in limited distance ranges, which may reflect the types of data used to produce 
the model.  For instance, the Medearis model does a good job modeling the data from 100 to 
1,000 m, but then over predicts amplitudes at greater distances.  In a similar manner, the Kohler 
Wet Alluvium does a good job bounding amplitudes at the farthest ranges but over predicts 
amplitudes at the closest distances.  The Fuis Wet Alluvium model with 1/x weighting on the 
observations used to produce the model does the best job in replicating the observations over the 
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entire distance span.  This model neither under nor over predicts the data from 10’s of m to 
nearly 10 km.  Based upon this comparison, it is our model of choice for the mine. 
 
The Fuis model, because of this assessment, was used to investigate the effects of total explosive 
yield on peak amplitudes.  Again, the twice depth shots were used to compare data and 
predictions for the three yields of 1700 lbs., 6800 lbs., and 13600 lbs. (Figure 11-23).  The 
comparison between the model and the data for the three yields is excellent. 
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Figure 11-23.  Peak velocities observed from the twice depth shots B6 (1,700 lbs.), B4 (6,800 

lbs.), and B10 (13,600 lbs.).  These observations are compared to predictions based 
on the Fuis Wet Alluvium model with 1/x weighting.   

IMPLICATIONS 
 
A procedure for predicting peak amplitudes from single-fired mining explosions was developed 
and applied to the design of a series of experiments in a copper mine.  By using a range of 
models with materials that ranged from dry to wet, the predictions spanned an amplitude range of 
10 at any given range.  Observations from the resultant explosions indicated that this span in 
predicted amplitudes covered the observational variation as a function of range.  The largest 
amplitudes were bounded by the wet material models, while topographic effects within the mine 
covered the factor of 10 variation. 
 
Both the models and the data document the strong spatial effect of amplitude decay from 100 m 
to 10 km and illustrate the importance of taking this near-source spatial decay carefully into 
consideration when designing experiments to measure these motions.  
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The Fuis 2001 model for wet material, where the model parameters are determined from fitting 
observations with 1/x, was found to best match our data from the copper mine.  The yield scaling 
effects that are incorporated into this model also do an excellent job of replicating the 
observational data for our explosions that ranged from 1,700 to 13,600 lbs. 
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CHAPTER 12:  REGIONAL SEISMIC SIGNALS FROM CHEMICAL 
EXPLOSIONS, NUCLEAR EXPLOSIONS, AND EARTHQUAKES: RESULTS 

FROM THE ARIZONA SOURCE PHENOMENOLOGY EXPERIMENTS 
 

William R. Walter1, Rengin Gok1, Kevin Mayeda1, Alan Sicherman1,  
Jessie Bonner2, and Mark Leidig2 

Earth and Environmental Sciences Division, Lawrence Livermore National Laboratory1 
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INTRODUCTION 
 
Routine commercial mining explosions play two important roles in seismic nuclear monitoring 
research: (1) they are a source of background events that need to be discriminated from potential 
nuclear explosions and (2) as some of the only explosions occurring in the current de facto global 
moratoria on nuclear testing, their signals should be exploited to improve the calibration of 
seismic monitoring systems.  A common issue arising in both of these roles is our limited 
physical understanding of the causes behind observed differences and similarities in the seismic 
signals produced by routine industrial mining blasts and small underground nuclear tests.  In 
2003, a consortium (Weston, SMU, LLNL, LANL, and UTEP) carried out the Source 
Phenomenology Experiments (SPE), a series of dedicated explosions designed to improve this 
physical understanding, particularly as it relates to seismic methods of discriminating between 
signals from three different source types: earthquakes, industrial blasts, and nuclear tests.  In the 
following paragraphs, we briefly review prior field experimental work that examined the seismic 
relationships between these source types. 

Non-Proliferation Experiment 
The relationship between normally contained (e.g. about 120 m/kt1/3) nuclear explosions and 
single-fired normally contained chemical explosions was studied in the 1993 NPE (Non-
Proliferation Experiment).  The NPE detonated a kiloton of chemical explosives at the Nevada 
Test Site (NTS) in a tunnel adjacent to prior nuclear tests.  The regional seismic records were 
found to be essentially identical, as shown in Figure 12-1, other than an overall chemical/nuclear 
yield amplitude scaling factor (e.g. Walter et al., 1994; Denny et al., 1997).  Regional 
discriminants classified the NPE as a nuclear explosion (Walter et al., 1995).  Stump et al., 
(1999) further demonstrated the equivalence of the two source types in the 0.36 to 100 Hz band 
using an extensive near source, free-surface instrumentation array. 

 
Figure 12-1.  The NPE experiment established the 
seismic similarity of contained chemical and 
nuclear explosions.  For example, here we show the 
P-wave velocity trace at KNB about 300 km distant 
compared with four nearby nuclear explosions that 
have been scaled by their mb values (after Walter et 
al. 1994). 
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Depth of Burial Experiment 
The effect of depth on single-fired chemical explosions was examined in the 1997 Kazakhstan 
Depth of Burial (DOB) experiment.  Shots of 25 tons were detonated at depths of 50 m, 300 m, 
and 550 m.  All three shots (Figure 12-2) were recorded on local and regional distance stations.  
At local distances, the short-period Rayleigh wave Rg is dominant with a spectral peak at 1-3 Hz. 
Local Rg amplitude decreases markedly with increasing event depth.  At regional distance, 1-3 
Hz Rg is not observed, although reflectivity synthetic seismograms predict a large Rg phase.  
However, regional Lg and Sn phases are enhanced for the shallow shots at 1-3 Hz.  These 
observations led Myers et al. (1999) to conclude that the dominant mechanism for enhanced 
regional Lg and Sn excitation for the shallow shot is local Rg scattering.  This strongly frequency 
dependent Rg-to-S scattering mechanism would be expected to play a role in the generation of S-
waves in shallow industrial blasting as well.  
 

 
 
Figure 12-2.  Regional seismograms from the 1997 Kazakhstan Depth of Burial experiment 

show the P/S ratios are a strong function of shot depth at lower frequencies (3-5 Hz) 
but much less so at higher frequencies (6-8 Hz).  After Myers et al., 1999. 

Wyoming Cast Blast Experiments 
Routine mining explosions are typically made up of a number of explosive charges placed in 
drill holes and exploded in a sequence (referred to as ripple- or delay-fired), which is designed to 
reduce the amplitude of the seismic signal while enhancing rock fracture and/or movement.  An 
example would be removing the overburden above a coal seam by using explosives to “cast” the 
rock into a nearby pit.  Another example would be the fracture of rock in place for easier 
removal by mechanized equipment.  Thus compared to an individual nuclear or chemical 
explosion, industrial explosions are distributed in space and time and can involve more rock 
fracture and mass movement.  This fracture and/or movement of rock might be expected to 
enhance the S-waves relative to P-waves when compared to a nuclear test.  Given that high 
frequency P/S is a good discriminator of nuclear tests from earthquakes, quantifying such an 
effect is important.  Underground nuclear explosions often place a premium on containing the 
radioactive explosion products for safety and possibly to minimize detection of the test.  
Industrial explosions are usually not fully contained and thus take place at relatively shallower 
depths and with less vertical and horizontal overburden.  As shown in the Kazakh DOB 
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experiment, this implies that Rg-to-S scattering should also play a large role in the generation of 
S-waves for delay-fired blasting.  However in practice it is difficult to completely separate the 
effects of depth, containment, fracture, media type, and shooting style to really understand the 
nuclear test – industrial mine blast relationship. 

 
For example, the relationship between single shots and large production shots was studied at one 
mine, the Black Thunder coal mine in Wyoming (e.g. Stump et al., 1995; Stump and Pearson 
1997; Yang et al., 1999).  This mine ripple fires up to 4 kilotons of explosives per delay-fired 
production shot.  Figure 12-3 compares two delay-fired shots with a single-fired shot in three 
different frequency bands.  The single-fired shot used a total of 50,000 lbs. of ANFO.  The 
delay-fired shots were cast blasts.  At low frequencies (< 1 Hz) in the multiple shots, the 
amplitudes are enhanced and large surface waves are produced as shown in Figure 12-3.  
Interestingly the cast blast and single shot have some similar characteristics at high frequencies, 
despite the cast blast’s design for fragmentation and rock movement.  This result suggests that 
the enhanced rock fragmentation and mass movement of rock has little effect on relative 
generation of S-waves, especially compared to the strong effect of depth seen in Figure 12-2.  
The Black Thunder experiments included single-fired explosions of different yields but did not 
investigate depth of burial and confinement effects. 
 

8 to 16 Hz

1 to 2 Hz0.125 to 0.250 Hz

Time (s) Time (s)

Single

Multiple

Multiple

Black Thunder Single and Cast Shots 
at Pinedale (~360 km)

60        100        140        180        220 60        100        140        180        220

60        100        140        180        220

 
Figure 12-3.  Comparison of single and two ripple-fired Black Thunder mine shots at a 

regional station.  At long periods (4-8 seconds), the surface waves are enhanced as 
their period is long compared to the inter-shot delay times.  Note the earthquake-
like P/Lg values at 1-2 Hz and the more explosion-like P/Lg behavior at 8-16 Hz.  
Somewhat surprisingly above 1 Hz, the single and multiple shots look very similar.  
After Stump and Pearson, 1997. 
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To fully understand the relationship between nuclear tests and routine mine blasts would require 
doing nearly co-located tests of both source types to compare regional signals at common 
stations, however such a test is quite impractical.  As an alternative, a group of NNSA laboratory 
researchers (Walter et al. 2000) suggested using the chemical-nuclear equivalence demonstrated 
in the NPE to carry out a nearly co-located normally contained single-fired chemical explosion at 
the site of a large routine mining blast so those signals could be compared.  This idea was 
expended in discussions among a broader group in 2001-2002 to carry out a more systematic 
comparison of the effects of depth, containment, rock type, and yield at one or more active 
mines.  A consortium was formed by Weston, SMU, LLNL, LANL, and UTEP to design such a 
set of experiments, carry them out, and analyze the results over the course of 2002-2005. 

 
In this summary report on regional discriminant results from the SPE, we first briefly describe 
the experimental shots.  Then we summarize the analysis done using regional envelope measures 
of seismic coda to obtain source spectra.  Finally, we compare the mine related events to prior 
nuclear tests at NTS and western U.S. earthquakes for regional body wave discrimination 
measures. 

SPE EXPLOSIONS 
 
The western United States was chosen as the best location to carry out the SPE.  It has abundant 
natural seismicity, historic nuclear explosion data, and widespread mining blasts, making it an 
excellent test bed to study the performance of regional seismic source-type discrimination 
techniques.  The SPE experiment was carried out in Arizona at two mines that routinely produce 
ML > 2 blast signals.  The southern Arizona mine extracts copper and can be considered ‘hard-
rock’ geology relative to the northern Arizona mine, which extracts coal from a sedimentary 
basin.  At each mine, a series of dedicated single chemical explosions was carried out at depths 
between 10 and 33 m, with some in proximity to the free-face.  A cartoon of the layout is shown 
in Figure 12-4.   

 
Figure 12-4.  A cartoon view of the layout of the SPE explosions.  A series of dedicated 

small explosions (0.1-16 tons) are carried out at a series of depths from 10-33 m, 
some near the free-face and some well away.  All are done near past or future 
production mining shots, which are sequentially fired drill holes packed with 
explosives. 
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A list of the shots sizes, depths, yields, and scaled yields are given in Tables 12-1 and 12-2.  
More detail about the geology of each mine and the layout and execution of the dedicated shots 
can be found in Chapter 1, 2, and 6 and in Bonner et al. (2005). 
 

Table 12-1.  Shot information for the SPE shots at a Northern Arizona mine.* 

Shot Date Time Yield 
(tons) Depth (m) Scaled Depth 

(m/kt 1/3) Free-Face?

1 9/6/03 21:37:12.4 16.5 10 39 No 
2 9/7/03 15:45:48.1 0.1 12 258 No 
3 9/7/03 15:57:19.5 6.0 30 165 No 
4 9/7/03 16:16:09.5 6.9 20 105 No 
5 9/7/03 16:30:40.9 4.1 20 125 No 
6 9/7/03 16:53:26.6 2.9 12 84 No 
7 9/7/03 17:17:15.3 1.8 12 99 No 
8 9/7/03 17:35:57.6 3.0 12 83 Yes 
9 9/7/03 17:47:06.2 1.6 12 103 Yes 

 
Table 12-2.  Shot information for the SPE shots at a Southern Arizona mine.* 

Shot Date Time Yield 
(tons) Depth (m) Scaled Depth 

(m/kt 1/3) Free-Face?

B1 8/18/03 20:18:15 0.9 13 137 Yes 
B2 8/18/03 20:28:40 3.4 13 86 Yes 
B3 8/18/03 21:35:10 0.9 13 137 No 
B4 8/19/03 18:46:52 3.4 33 219 No 
B5 8/19/03 19:04:35 3.4 13 86 No 
B6 8/19/03 19:26:03 0.9 33 348 No 
B7 8/19/03 19:51:00 6.8 13 69 Yes 
B8 8/19/03 20:10:39 1.7 13 109 No 
B10 8/19/03 21:06:22 6.8 33 174 No 

*Shot parameters adapted from (Bonner et al., 2005).  Yield is weight of ANFO rounded to nearest tenth of a ton.  
Shot B9 was too small to produce a regional signal and is omitted here. 

CODA DERIVED SOURCE SPECTRA 
 
Regional coda envelopes (Figure 12-5) provide very stable single station estimates of source 
spectra (e.g. Mayeda and Walter, 1996).  We use the methodology of Mayeda et al. (2003) to 
calibrate the paths to the regional stations KNB, TUC, and ANMO using some of the few 
Colorado Plateau earthquakes available.  The same path and site corrections are then applied to 
each event.  Relative amplitudes are very well resolved and absolute amplitudes are obtained in 
reference to independently determined regional moments at low frequencies and the empirical 
Green’s function assumption of flat spectra at high frequencies.  The earthquake displacement 
spectra look as expected (e.g. Brune, 1970), flat at long periods and falling off nearly with 
frequency as f -2 (diagonal lines shown in plots).  The dedicated shots have a similar behavior and 
have been shown to approximately match Mueller and Murphy (1971) explosion spectra (e.g. 
Chapter 4 and Hooper et al., 2005).  In contrast, the production shots have much steeper falloff 
with frequency.  We believe this is a combination of enhancement of low frequency amplitude 
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due to constructive interference of the delay-fired explosions, and reduction at higher frequencies 
due to destructive interference and loss of energy to rock fracture.  

 
 
Figure 12-5.  Regional coda envelope derived S-wave spectra of earthquakes (red), 

dedicated single shot chemical explosions (light blue), and normal mine production 
explosions (green).  The coda calibrations were done using the Colorado Plateau 
earthquakes shown.  Left hand side plots show the coal mine region single shots at 
top and ripple-fired production shots below.  Similar plots for the copper mine 
region are shown on the right hand side.  Note that most of the ripple-fired shots 
have much steeper spectral falloff than the single shots.  Map locations are seismic 
and true locations clustered tightly at each mine. 

 
For each station in Figure 12-6, we can examine the differences in the dedicated shot source 
spectra as determined from the coda.  The differences in source spectral shape due to depth and 
confinement are quite subtle.  One slight difference is seen between shots 3 and 4 at the northern 
coal mine, which are of similar size but slightly different true and scale depths.  The deeper shot 
3 has more relative energy at high frequencies (> 1 Hz) as might be expected due to a smaller 
elastic radius and higher corner frequency.  Shot 8 in comparison is about half the yield of shots 
3 and 4 but has a similar level below 1 Hz perhaps related to its even shallower depth and larger 
expected elastic radius.  Shot 8 also has less high frequency energy, which may be partly due to 
its proximity to the free-face in addition to the expected lower corner frequency.  Hooper et al. 
(2005) (Chapter 4) noted a similar phenomenon using the local data for Shot 8 and spectral 
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ratios.  A more detailed analysis is planned for the future to compare these regional results with 
the local much broader bandwidth data, the moment tensor results, and the video data. 
 

 
 
Figure 12-6.  Coda derived source spectra of dedicated shots using the closest regional 

station for each of the two mines. 
 
Another interesting effect is shown in Figure 12-7.  Between the two types of mine, the copper 
mine shows less 6-8 Hz energy than the coal mine.  This is clear in the comparison of similar 
size (6 and 6.8 tons) and depth (30 and 33 m) events.  This may be related to the media 
difference between the hard rock copper and softer rock coal mine.  This difference causes the 
copper mine to have larger low/high spectral ratios than the coal mine when we examine 
discriminants in the next section.  Again, the regional results need to be compared to local data 
for a full analysis. 

REGIONAL PHASE DISCRIMINATION 

Data 
One reason for conducting the SPE in the western U.S. is to be able to compare with the large 
database of underground nuclear tests, earthquakes, and industrial mine explosions that we 
assembled under a prior year BAA (Walter et al. 2003).  The western U.S. nuclear explosion data 
covers a wide range of depths and material properties and has excellent ground truth information 
(Springer et al. 2002).  This is unlike the situation in most of the world where regional 
recordings of nuclear tests are scarce and discrimination optimization needs to be done in their 
absence.  We show in Figure 12-8 the location of regional events and stations that we have 
analyzed for this report. 
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Figure 12-7.  A comparison of two similar yield 
and depth shots at the two different mines.  
Interestingly, the shot in the harder rock copper 
mine has less energy at 6-8 Hz than the softer rock 
coal mine shot. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Effective earthquake-explosion discrimination has been demonstrated in a broad variety of 
studies using ratios of regional amplitudes in high-frequency (primarily 1 to 20 Hz) bands (e.g. 
Walter et al., 1995; Taylor, 1996; Hartse et al. 1997; Rodgers and Walter, 2002; Taylor et al., 
2002; Battone et al. 2002; and many others).  When similar-sized earthquakes and explosions are 
nearly co-located, we can understand the observed seismic contrasts, such as the relative P-to-S-
wave excitation, in terms of depth, material property, focal mechanism, and source time function 
differences.  However, it is well known that path propagation effects (e.g. attenuation, blockage) 
and source scaling effects (e.g. corner frequency scaling with magnitude) can make earthquakes 
look like explosions and vice versa.  We have developed a technique called MDAC (Magnitude 
and Distance Amplitude Corrections, Walter and Taylor, 2002) that can account for these effects 
with proper calibration.  We use the earthquakes alone to determine the MDAC parameters such 
as geometrical spreading, frequency dependent Q, and the average apparent stress. 

MDAC Based Path Corrections 
The MDAC formulation assumes the observed, instrument correct spectra O(f) are given by a 
combination of a source model, S(f), a geometrical spreading factor G(R) depending on the 
distance R and an apparent attenuation factor, A(f, R): 
  
 O(f) = S(f) G(R) A(f, R)   (12-1) 
 
The source model is a generalized Brune type spectrum (see Walter and Taylor, 2002).  The 
geometrical spreading term follows Street et al. (1975) to define a critical distance Ro within 
which the spreading is spherical and beyond which it decays as distance to the power η: 
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Figure 12-8.  Topographic map showing the locations of historic nuclear explosions (red 

stars), earthquakes (blue circles), Arizona SPE mines (orange and yellow 
diamonds), and seismic stations (white diamonds) used in this report. 

 
 G(R ≥ Ro) = 1

Ro

Ro
R( )η

   (12-2) 
 
Here we used Ro of 100 km for the crustal phases Pg and Lg.  For the apparent attenuation, we 
use a standard frequency dependent formulation: 
 
 A( f ,R) = exp(− πfR

Q( f )c )    (12-3) 
 
Where c is the velocity of the phase and Q(f) is the quality factor, which has frequency 
dependence of the form: 
 
 γfQfQ o=)(     (12-4) 
 
Here we fix the source and geometrical spreading terms and perform a grid search for the best 
fitting Qo and gamma parameters as shown in Figure 12-9. 
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Figure 12-9.  Grid search results for the best Qo (x-axis) and gamma (y-axis) attenuation 

parameters for Pg and Lg.  These results are based on minimizing the spectral misfit 
in 8 frequency bands from 0.5-8 Hz simultaneously.  Misfit shown in color from best 
results in red to worst in blue-black.  Lg results are better resolved than Pg but 
there is some tradeoff between the two attenuation parameters for both phases. 

 
After calibration, the MDAC formulation provides expected spectral amplitudes as a function of 
phase, magnitude, and distance.  These can then be subtracted from the actual observations.  For 
earthquakes, the corrected data should exhibit a close zero mean and no significant trends with 
magnitude and distance.  In practice, because we are minimizing misfit to all frequencies 
simultaneously, there can be small residual trends, but the overall scatter or range of residuals is 
greatly reduced, thereby improving discrimination.  Explosions should have significant non-zero 
mean residuals, also leading to improved discrimination.  We show the results of a low to high 
frequency Lg spectral ratio before and after MDAC correction in Figure 12-10. 

Discrimination Results 
After the MDAC correction, we can explore the performance of the different possible ratios of 
amplitudes.  We can also find optimal combinations of particular regional discriminants (e.g. 
Taylor, 1996).  We use the linear discriminant analysis method (LDA) to find the optimal 
coefficients to combine the measurements.  As an example of this, we show in Figure 12-11 a 
combination at KNB of three different regional phase and spectral ratios.  
 
The metric of performance we use is the equiprobable point (EP), which provides a measure of 
the overlap of the earthquake and explosion populations.  It is the point on a receiver operating 
characteristic (ROC) tradeoff curve where the error rates are equal.  For example, an 
equiprobable point of 0.1 implies that 10% of the earthquakes are misclassified as explosions and 
10% of explosions are misclassified as earthquakes.  In practice, one might chose a decision line 
with unequal error rates, such as by picking a low probability of misclassifying an explosion.  
The equiprobable point provides a single numerical measure of performance that is much more 
intuitive than other measures such as Mahalanobis distance, though it can be formally related to 
that measure under particular assumptions. 
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Figure 12-10.  Western U.S earthquakes (blue circles), nuclear explosions (red stars), 

northern Arizona coal mine dedicated shots (orange diamonds), and regular 
production mine blasts (green triangles) for the discriminant ratio of (2-4 Hz Lg) / 
(6-8 Hz Lg) at station KNB.  The left hand side shows raw data as a function of 
distance (top) and magnitude (bottom).  The right hand side shows MDAC 
corrected data.  Note that strong distance and magnitude trends apparent in the raw 
data are removed by MDAC, improving discrimination. 
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Figure 12-11.  We show nuclear explosion discrimination from earthquakes at station KNB 

for 3 different regional phase ratios after MDAC corrections were applied.  In the 
lower right, we combine these 3 ratios using an optimal set of weights determined 
using LDA to get a dramatic increase in performance.  The combination is 0.71 (6-8 
Hz Pg/Lg) + 0.88 (2-4 Hz Pg/Lg) + 0.57 (2-4/6-8 Hz Lg/Lg).  This shows how 
optimally combining even mediocre discriminants can improve performance of very 
good discriminants because new information always helps.  Note, the mine shots 
track the nuclear tests for the P/S ratios but not the low to high Lg ratio.  Using the 
mine shots to obtain LDA weights would degrade the nuclear explosion 
discrimination performance. 
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A very interesting result demonstrated in Figure 12-11 is that by adding together several different 
mediocre discriminant measures using LDA coefficients we can greatly improve performance.  
In fact using LDA, we can always improve performance by adding another discriminant measure 
because it provides new information.  In practice, we have found that after combining about 3 to 
5 different regional amplitude ratios using LDA, further improvement by adding additional 
measures is limited, as the extra measures do not provide much new information.  
 
The P/S ratios in Figure 12-11 show that the dedicated shots have similar values to the nuclear 
explosions at both 2-4 and 6-8 Hz.  We expect this for the shots that are well contained based on 
our NPE and Kazakh DOB experience.  As expected, the scatter at 2-4 Hz is slightly larger than 
at 6-8 Hz, which we expect based on our Kazakh DOB experience to be due to the depth 
variation effect on Rg generation, as this has a larger effect at lower frequencies (see Figure 12-
2).  We can clearly see the same effect when we compare the coal mine shots 1 and 3 in Figure 
12-12.  These shots at 10 and 33 m respectively, have the greatest range of depth in this 
experiment.  The shallower shot clearly has larger Lg amplitudes relative to Pg at 2-4 Hz when 
compared to the deeper shot.  This effect goes away at 6-8 Hz.  The same effect as was observed 
in the Kazakh DOB results (compare with Figure 12-2), although here it is a bit more subtle as 
the depth range is much less.  This implies that depth has a large effect on P/S ratios for 
frequencies below about 5 Hz and little effect at higher frequencies.  This appears to be more 
support for the Rg scattering hypothesis as the major contributor to low frequency explosion S-
waves (e.g. Myers et al., 1999). 
 

 
 
Figure 12-12.  Comparison of shallow and deep coal mine shots in two frequency bands.  

Compare with Figure 12-2.  There is a clear depth effect difference above and below 
about 5 Hz with the shallow shot having more Lg energy relative to Pg at the lower 
frequencies.  
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For the low to high frequency spectral ratio discriminants (2-4 Hz Lg / 6-8 Hz Lg), the 
production shots are systematically higher than the dedicated shots.  This is also clearly apparent 
in the coda spectra where the production shot amplitude drops off more rapidly with frequency 
(see Figure 12-5).  Some of this is due to the change from purely coherent to purely incoherent 
summation of energy as we span the frequency range with respect to the interference of the 
delay-fired explosion.  There may also be an effect due to rock fracture and movement but to 
model this we need to do further comparison with the local and video data. 
 
We performed similar analysis for the southern copper mine shots at station TUC as shown in 
Figure 12-13.  At station TUC we see similar behavior of the copper mine SPE shots as was 
observed at KNB for the coal mine shots except the frequency content difference between shots 
and production blasts as observed in Lg/Lg low high frequency ratio is even larger.  At ANMO, 
we can see shots from both mines, but due to strong attenuation and limited data availability in 
years prior to 1992, we are not able to observe high frequency regional phases from nuclear tests 
at stations TUC and ANMO.  
 

 
Figure 12-13.  MDAC corrected regional phase discrimination ratios compared to historic 

nuclear tests and earthquakes.  Top row shows results at TUC for the copper mine 
and bottom row shows results for both mines at ANMO. 
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Comparison of the Two Mines 
One interesting difference we observe between the southern hard rock copper mine and the 
northern coal mine is a significant difference in relative Pg/Lg content as shown in the 2-4 
Hz ANMO seismograms in Figure 12-14.  One might think this could be the result of 
unmodeled path differences, but we examined these same shots at some of the stations along 
the temporary line of stations deployed by UTEP and observed similar differences.  At 2-4 
Hz for similar depth and yield shots, the hard rock copper mine has less Lg energy relative to 
Pg than the northern coal mine.  It seems possible that the strongly different velocity models 
and fracture behavior of the rock at the two mines may contribute to this difference.  If Rg 
scattering is a significant contributor to Lg at 2-4 Hz at the coal mine, then it does not seem 
to be as strong an effect at the copper mine.  Some possible explanations for this would be 
that in the faster velocity material the Rg peak spectral amplitude is shifted to higher 
frequencies relative to the coal mine case.  The faster material may also have lower 
attenuation so that Rg may propagate to relatively larger distances as a distinct phase.  The 
Rg must scatter relatively early into S-wave energy to be included in the Lg window; late 
scattered energy would appear in the coda.  As a follow-on study, we want to compare the 
coda spectra with the Lg spectra for these two events. 
 

 
Figure 12-14.  A comparison of similar size (6.0 and 6.8 tons) and depth shots (30 and 

33 m) from the two different mines recorded at the same station ANMO.  
Despite being farther away, the northern mine shot shows more clear Pn and Lg 
amplitudes.  The significant difference in Pg energy relative to Lg is also 
observed at some of the temporary stations deployed between the two mines. 
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We note that the copper mine shots do show a similar effect with depth of burial as the coal mine 
shots at 2-4 Hz.  For example, we compare copper mine shot B5 (3.4 tons at 13 m depth) with 
shot B4 (3.4 tons at 33 m depth) at station TUC in Figure 12-15.  At lower frequencies, like 2-4 
Hz, there is a clear difference in relative Pg/Lg values with depth.  However, the copper mine 
seismograms show much less variation in relative Pg/Lg than the coal mine, and as seen in 
Figure 12-15, the 6-8 Hz Pg/Lg values are very similar to the 2-4 Hz values.  This is in stark 
contrast to the coal mine shots observed at KNB and shown in Figure 12-12. 
 

 
 
Figure 12-15.  Comparison of similar size shallow and deep copper mine shots in two 

frequency bands.  Compare with Figures 12-2 and 12-12.  There is a clear depth 
effect difference at 2-4 Hz with the shallow shot having more Lg energy relative to 
Pg.  However compared to the coal shots at KNB, shown in Figure 12-12, there is 
much less change in Pg/Lg values as you move to high frequency.  

 
To summarize the behavior of the relative P/S amplitudes observed from the dedicated shots, we 
show in Figure 12-16 the 6-8 Hz and 2-4 Hz values as a function of depth of burial (DOB) and 
scaled depth of burial (SDOB).  In this plot, we have removed the free-face shots (shots 8, 9, B1, 
B2, and B7) and kept only measurements with a signal-to-pre-event-noise level of 2 or more.  
Here we can see the clear split in P/S depth dependent behavior at about 5 Hz for the coal mine, 
which does not seem to be the case for the copper mine.  These results make an interesting 
dataset for the Rg scattering hypothesis to fit.  If this hypothesis is correct, then the velocity, 
attenuation, and scattering differences between the two mines should be able to explain these 
differences.  In addition, we should see significant differences in frequency content and 
amplitude decay of the direct Rg phase observed in the local data.  This will be an area of future 
work. 
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Figure 12-16.  Comparison of the non-free-face dedicated mine shot Pg/Lg values in two 

frequency bands versus depth of burial (DOB) and scaled depth of burial (SDOB).  
The 2-4 Hz values are shown as squares and the 6-8 Hz values as diamonds.  The 
coal mine points are on top in orange and the copper mine points are at the bottom 
in yellow.  The 2-4 Hz coal mine Pg/Lg values show clear trends with DOB and 
SDOB, while the 6-8 Hz values do not.  For the copper mine, the Pg/Lg values are 
similar for the two frequency bands and both show some scaling with DOB and 
SDOB.  

Effects of the Free-Face 
Finally, we briefly examine the effect of explosions near the free-face, where significant material 
is horizontally displaced into a pit.  In Figure 12-17, we compare two similar size and depth 
shots (3.4 tons at 13 m) recorded at TUC, where one is located close to a free-face and the other 
is not.  The figure shows, somewhat unexpectedly, that the free-face shot has larger Pg relative 
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to Lg at 2-4 Hz and 6-8 Hz.  Again, the Pg/Lg ratio shows only small changes as we move up in 
frequency between 2 and 8 Hz as compared to the coal mine shots.  
 

 
 
Figure 12-17.  Comparison of free-face effect for the same depth and yield shots at the 

copper mine.  The free-face shot has more Pg energy relative to Lg, especially at the 
lower frequencies as recorded at station TUC.  

 
The free-face shots may have significant azimuthal variation with the orientation of the free-face 
relative to the station, so some caution must be used in looking at TUC alone.  We also looked at 
these same shots as recorded at some of the temporary stations deployed along the line between 
the mines.  We see similar behavior; the free-face shot B2 has higher Pg/Lg values than B5.  
However, these northern stations show larger Pg/Lg values (relatively more Pg, less Lg than at 
TUC) consistent with likely azimuthal effects, and therefore these results should be compared 
with the more azimuthally complete local data. 

CONCLUSIONS 
 
• The SPE single-fired normally contained shots have similar P/S values to nuclear tests, as 
expected from our NPE experience. 
 
• The production shots also have similar P/S ratios to the nuclear tests but show a larger scatter 
then the dedicated shots, indicating that the production shot variability is coming from more than 
depth and confinement effects. 
 
• The SPE shots show only very subtle differences in relative spectral content at regional 
distance due to depth and confinement, based on regional S-wave coda envelopes.  Perhaps this 
is because most of the observations are below the source corner frequencies where the main 
effect is an overall moment level change and differences in the Green's function for 1-8 Hz 
regional phases appear small. 
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• The SPE single-fired shots at the soft rock mine have less 2-4 Hz energy relative to 6-8 Hz 
energy than the production shots at the same mine (smaller spectral ratios). 
 
• At frequencies of 2-4 Hz, the regional Pg/Lg ratios appear to be a function of depth and 
consistent with the Rg scattering hypothesis which also fit the Kazakh DOB results (e.g. Myers 
et al., 1999). 
 
• The frequency dependent behavior of the P/S ratios appears to vary with emplacement media, 
as reflected by the different behavior of the soft rock coal mine when compared with the hard 
rock copper mine as one moves up in frequency from 2-4 Hz to 6-8 Hz. 
 
• For regions without nuclear test data, it appears that mine blasts can be used to test P/S 
discriminants, but because the spectral content shows large variation with mine type (hard versus 
soft rock) and shooting style (single versus ripple fired, near free-face or not), that makes it 
harder to use for surrogate nuclear test calibration when the shooting layout is unknown. 
 
• More analysis is needed to better tie these regional results to the results using the local data. 
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