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Abstract 

 Ohio has experienced at least 200 earthquakes of magnitude 2.0 or greater since 1776. (Hansen, 

2009) The objective of this study was to determine if the wave phase velocities of local or regional events 

vary as the waves travel across Ohio and if a revision of the currently used Anna velocity model for 

epicenter location is necessary. It is suspected that the deep bedrock structures such as the Grenville 

Front Tectonic Zone, as well as differences in basement lithology might affect the velocity of seismic 

waves. To investigate this possibility, seismograms were acquired from the archives of the OhioSeis 

Network. The arrival times of Pn, Pg, Sn and Sg of well-recorded regional and local earthquakes were 

then determined. An inversion program was used to evaluate the accuracy of these arrival times. The 

input was adjusted when high residuals indicated such a necessity. Resulting wave-phase velocities were 

then assigned to specific geographic scenarios, which allowed the calculation of average velocities for a 

large number of earthquakes. The data suggest a possible increase of velocity in all wave phases from 

the west to the east as seismic waves travel through Ohio.  
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Introduction 

Seismicity is generally associated with significant geological features such as faults, shear zones 

and mountain ranges. Considering the relatively flat and apparent homogeneity of the Ohio surface one 

might be surprised to learn that more than 200 felt earthquakes have occurred in this state since 1776. 

The stations of the Ohio Seismic Network, record events not only within Ohio but regional events, and 

significant events from other parts of the world as well. The 25 stations are mostly located at educational 

institutions and are operated by volunteers. The Ohio Seismic Network main office is located at Alum 

Creek in Delaware, OH and is operated by Dr. Michael C. Hansen, the OhioSeis Network Coordinator 

who brought the system online in January 1999 and has been supervising and locating events there ever 

since. (Hansen, 2009) 

 

The Ohio Seismic Network uses the Anna model to locate epicenter of Ohio earthquakes. The 

Anna model was developed by Dr. Larry J. Ruff of the University of Michigan from data collected by the 

Anna network between 1977 and 1992. The model uses the following values: Pn - 8.05 km/s, Pg - 6.12 

km/s, Sn - 4.5 km/s and Sg - 3.5 km/s. The Pg and Sg phases are visible in all well recorded events, 

whereas Pn and Sn phases can only be observed when the recording station is located at a distance of at 

least 200 km from the event. This distance is referred to as the crossover distance and results from the 

refraction of the first arrival wave off the Moho which increases the velocity. This amplified velocity 

enables the Pn waves to surpass the Pg waves below the surface and arrive at the recording station 

before the initial first arrival wave. (Ruff et al, 1994) 

 

Divided by a north-south trending line slightly west of central Ohio, rocks show significant 

differences from the west to the east. In the west are unmetamorphosed igneous rocks, whereas rocks on 

the east of the Grenville Front are metamorphic of the amphibolites facies. The calculated placement of 

the COCORP line which  was run through Ohio in 1987, revealed this dividing line to be related to the 

Grenville orogeny which took place ~1,000 million years ago. (Pratt et al, 1989) It has been suggested 

that this variation of bedrock in Ohio might have an influence on the velocity of seismic wave phases as 



5 

 

they travel across the state. It is important to establish if this hypothesis is correct. In case of velocity 

variations the model currently used to calculate epicenters might require revision for the most accurate 

location of events. Further investigation might also be the first step to being able to model previously 

unknown structures beneath Ohio. 

 

Seismicity in Ohio 

The magnitude and therefore the destructive potential of an earthquake is determined via 

seismographs which record the seismic waves generated by these events. Seismographs transform 

seismic wave energy into electrical voltage. This electrical voltage is analyzed on seismograms on paper 

or a computer program for the various phases and the magnitude of the earthquake. Two primary types of 

seismic wave phases can be encountered, the P and the S waves while further subdivision into Pn and 

Sn might be necessary to account for refraction below the surface. 

 

  P waves are primary waves and are the fastest body waves that move with a compression or 

push-pull motion at ~6.12 km/s. S waves are the secondary waves or shear waves. They displace 

material perpendicular to their direction of travel at a speed of ~3.5 km/s. It has been observed, however, 

that velocities of these phases tend to differ slightly with the density and elastic properties of the material 

through which the waves pass. When an earthquake occurs at a distance greater than ~200 km from the 

recording station, the crossover distance is exceeded and a refracted P (Pn) wave can be observed 

before Pg as depicted in Figure 1. (Hansen, 2009)  
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Figure 1. Crossover distance on a diagram and a graph 

Dr. Ruff, University of Michigan 
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Figure 2. Earthquakes in Ohio 

Division of Geological Survey, Ohio Department of Natural Resources 
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The epicenter map (Figure 2) shows two regions within Ohio that seem to be particularly prone to 

seismicity: Western and Northeastern Ohio. With more than 40 felt earthquakes since 1875, the most 

damaging earthquakes in Ohio have occurred in Shelby County and surrounding counties. This area is 

often referred to as the Anna Seismogenic Zone. Some of these earthquakes have caused minor to 

moderate damage, such as toppled chimneys, broken windows and structural damage to buildings. 

(Hansen, 2009) 

 

Ohio Seismic Network 

During the time period that Ohio was without seismic monitoring - between 1992-1998 - Ohio had 

to rely on a station at the University of Toledo as well as stations in Kentucky and Michigan. (Hansen, 

2009) This made accurate determination of earthquake locations and magnitudes nearly impossible. 

Some earthquakes most likely occurred without being recorded or, when detected were located 

inaccurately due to the lack of stations to triangulate the epicenter. 

 

Although Ohio has comparatively low seismicity, earthquakes in the state have the potential to 

produce damaging events. Especially due to the infrequency of damaging earthquakes, it is necessary to 

record all noticeable seismicity to establish areas within Ohio that are prone to seismic activity. This could 

result in a better understanding of seismic risk across Ohio. To accomplish this as many seismic stations 

as possible have to be close to the epicenter of the events. Realizing the importance of a seismic network 

in Ohio, the Division of Geological Survey, with funding from the Ohio Emergency Management Agency, 

organized a consortium of predominantly educational institutions to become part of Ohio Seismic Network 

(OhioSeis) in 1999. Each participating station installed a broadband vertical seismometer to detect and 

record seismic events. These interconnected stations allow for state-wide detection and subsequent 

determination of location and magnitude of local and regional earthquakes. (Hansen, 2009) 

 

The Ohio Seismic Network consists of 25 stations (Figure 3, 4), distributed across the state of 

Ohio. Each station uses an Engineering Acoustics, Inc. S102 vertical broadband seismometer recording 
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at 10 samples/second in AH ASCII format. The stations are run by volunteers and are coordinated by the 

Division of Geological Resources of the Ohio Department of Natural Resources (ODNR). 

                        

Figure 3. Location of OhioSeis stations 

http://www.ohiodnr.com/geosurvey/imap/osnmap/tabid/8278/Default.aspx 

 

http://www.ohiodnr.com/geosurvey/imap/osnmap/tabid/8278/Default.aspx
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Figure 4. Ohio Seismic Network Station Book 

http://www.dnr.state.oh.us/geosurvey/network/stnbook/tabid/8195/Default.aspx 

 

Precambrian Basement of Ohio 

It was initially perceived that that Ohio had a relatively simple Precambrian basement without 

complex structures and features. This is not surprising, considering that the first sample of Precambrian 

http://www.dnr.state.oh.us/geosurvey/network/stnbook/tabid/8195/Default.aspx
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crystalline rock was retrieved in 1912 and that by 1962 only 38 wells had reached Precambrian rocks. 

(Hansen, 1996) In time, drill samples revealed confusing variety of crystalline rocks below the Late 

Cambrian Mount Simon Sandstone. The seismic profile resulting from the COCORP east-west seismic 

line allowed for a clearer picture of Ohio's Precambrian. Dr. Michael C. Hansen made the calculated 

decision of placing the COCORP seismic line across the Anna Seismic Zone in western Ohio and the 

Grenville Front. The COCORP data changed the perception of the Precambrian of Ohio. (Hansen, 1996) 

 

General Overview 

The Precambrian is the most poorly known geologic subdivision in Ohio as no Precambrian rocks 

are exposed anywhere in the state. The first information about rocks below the Mount Simon Sandstone 

came when deep oil and gas wells penetrated rocks that proved the existence of a crystalline 

Precambrian basement. Ohio's Precambrian rocks formed in the late Precambrian between about 1,500 

to 800 million years ago. (Hansen, 1996) An uprising of the Earth's mantle known as superswell caused 

an emplacement of a vast, horizontal, seven-mile thick layered sheet of granite and rhyolite beneath 

western Ohio and states to the west. The age of the Granite-Rhyolite Province is 1,400 to 1,500, million 

years, determined by radioisotopic dating. Due to prolonged continental doming of the superswell, the 

crust beneath western Ohio, Indiana and Kentucky began to extend and rift. This led to major faulting, 

followed by downdropping which formed a complex rift basin, the East Continental Rift Basin. The basin 

began to fill with up to 20,000 feet of clastic sediments and basalt, forming a sequence known as the 

Middle Run Formation. The doming ceased about 1,000 million years ago and the rift became a failed or 

aborted rift. (Hansen, 1996) 

 

Between 990 and 880 million years ago a continent to the east collided with North America which 

resulting in extensive crustal compression and the development of the Grenville Mountains. The zone of 

this collision is located in eastern Ohio and was first seen on the COCORP profile across Coshocton 

County, which gave the suture zone its name, Coshocton Zone. During the collision, the rocks became 

folded, metamorphosed and thrust westward across part of the rift zone in western Ohio. This north-south 
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oriented, 30-mile wide zone of east-dipping imbricated thrust slices, first identified by Bass (1960), is 

called the Grenville Front Tectonic Zone. (Hansen, 1996) 

 

After the formation of the Grenville Mountains, a 300 million-year-long period of erosion followed 

during the Late Precambrian, which reduced the mountainous area to a gently rolling surface leaving only 

the high grade metamorphic rocks of the Grenville Mountain roots. During this time extensive strike-slip 

faulting took place. The Precambrian ended with erosion and eventual transgression of Cambrian seas 

across Ohio. (Hansen, 1996) 

 

The structure of Ohio's bedrock is important not only to have a more complete picture of its 

geological history but also to explain seismic activity recorded in parts of the state. Many of the complex 

faults below Ohio have periodically been reactivated by stresses within the North American plate (Figure 

6). It is now known that seismicity in the Shelby and Auglaize counties in western Ohio is associated with 

a segment of the East Continent Rift Basin, also referred to as the Fort Wayne or Anna-Champaign Rift 

(Figures 5, 6). The north-south oriented Bowling Green Fault, a reverse fault, is also connected with a 

Precambrian structure: the Grenville Front Tectonic Zone. The Akron Magnetic Lineament, identified as 

the source zone of the 1986 5.0 – magnitude earthquake in southern Lake County, appears to be part of 

poorly defined faulting in north eastern Ohio (Figure 6) (Hansen, 1996) To understand seismic risk 

resulting from active faulting in Ohio, a completely mapped basement would be ideal. This would allow for 

appropriate zoning regulations, building codes, placements of public buildings and insurance for homes 

and businesses. 
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Figure 5. Geologic Map and Cross Section of Ohio 
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Division of Geological Survey, Ohio Department of Natural Resources 

 

 

 

 

Figure 6. Map of Deep Structures in Ohio 

Modified from Division of Geological Survey Digital Chart and Map Series No. 7, 1991 
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The Middle Run Formation 

The Middle Run Formation was discovered beneath the Cincinnati Arch (the Ohio-Indiana 

Platform) in Warren County, OH, as a result of a continuously cored hole (DGS 2627) to depth exceeding 

1,600 m. (Shrake, 1991) The 12.8 km east-west seismic profile ODNR-1-88 shows the Middle Run 

Formation as a homogeneous wedge-shaped unit with eastward dipping reflectors. The formation is 

similar to a unit 48 km north east of DGS 2627, as well as to the Jacobsville Sandstone of northern 

Michigan which is located 160 km north of DGS 2627. (Shrake, 1991) Due to these similarities, the 

structures present on the seismic profile and the possibility that the Middle Run Formation is related to the 

Grenville Orogeny, the relative age of the rocks of the Middle Run Formation is assumed to be of Late 

Precambrian (Keweenawan), though it could also be as young as earliest Late Cambrian considering its 

position beneath the Late Cambrian age Mt. Simon Sandstone. (Shrake, 1991) 

 

Western Ohio 

Divided by a north-south trending line slightly west of central Ohio, rocks show significant 

lithologic and structural differences from the west to the east. In the west, unmetamorphosed igneous 

rocks can be found, similar to those from basement wells in Illinois and Indiana. They are ~1,350 to 1,450 

million years of age. (Bass, 1960)  The rocks west of the Grenville province were not strongly 

metamorphosed or deformed during the orogeny and show no evidence for foliation or structure trends of 

any sort. The seismic line OH-1 shows an east-dipping zone of ~50 km width, 25 km depth and 25-30 

degree dip at the western limit of the gneiss and marble that was recovered in drill holes. (Culotta, 1990) 

 

Eastern Ohio 

Rocks east of the Grenville Front boundary are metamorphic of the amphibolites facies, 

dominated by mica and hornblende schists and gneisses which are all frequently garnet-bearing. The age 

of these rocks is estimated to be ~870-980 million years. This was determined by comparison rocks of the 

Grenville orogenic belt which is exposed in Canada. (Hansen, 1996) In eastern Ohio the COCORP 
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seismic line OH-2 showed a west-dipping zone which is at least 100 km wide and 30 km deep within the 

heart of the Grenville province. (Hansen, 1996) 

 

Grenville Province 

The Grenville province has generally been accepted to represent the root of a mountain belt that 

flanked eastern North America ~1,000 million years ago. This mountain belt resulted from extensive 

crustal compression due to the collision of a continent to the east with northern America. (Hansen, 1996) 

 

The Grenville orogen contains the south-eastern Central Gneiss belt with polycyclic metamorphic 

rocks older than 1,350 million years as well as the structurally overlying Central Metasedimentary belt of 

metasupracrustal and plutonic rocks younger than 1,300 million years. The western limit of these 

mountains is the Grenville Front Tectonic Zone which consists of east dipping imbricated thrust slices. 

However it is difficult to determine the edge of the Grenville province south of Ohio since only few 

basement samples are available. (Hansen, 1996) 

 

  By the Middle Proterozoic the Grenville orogen extended from Labrador to Mexico. A 300 million 

year long period of erosion followed during the Late Precambrian and the Grenville Mountains were 

carved away leaving only their roots. (Hansen, 1996) 

 

COCORP Profile 

The Consortium for Continental Reflection Profiling recorded the seismic profile of Ohio in 1987 

through the use of five vibrators and a 120-channel geophone array with 100 m spacing. The data were 

obtained over two widespread basement terranes, the eastern granite-rhyolite terrane and the Grenville 

province.  

 

Beneath the west-central COCORP line OH-1, the Grenville front tectonic zone is visible; a 50-km 

wide zone with an east dipping reflection sequence. This line may mark a tectonic 
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gneiss/metasedimentary belt boundary. (Pratt, 1989) 

 

In some locations, layering is clearly visible beneath the Phanerozoic sedimentary rocks to travel 

times of 4.0 to 5.0 s, which indicates that layered basement rocks are locally as much as 11 km thick. 

Differences in dip between the overlying Phanerozoic section and the basement reflectors rule out 

multiples as an explanation for most of the deeper reflections. (Pratt, 1989) 

 

The COCORP profile across the Grenville front tectonic zone is quite similar to the profile 

produced by the Great Lakes International Multidisciplinary Program on Crustal Evolution (GLIMPCE) in 

showing a broad zone of east-dipping reflectors at angles of 25 to 30 degrees. Given that the same 

features are imaged on both profiles, the dipping and mid-crustal reflectors have a north-south extent of 

more than 500 km. (Culotta, 1990) The COCORP profile revealed a better understanding of the deeper 

structures below Ohio and should be considered in any future research regarding basement structures of 

this state. 

 

Methodology 

To calculate the location of an earthquake epicenter, a forward velocity model is required. The 

Ohio Seismic Network uses the Anna Model that assumes that wave phases travel through the crust at 

certain, consistent velocities: Pn – 8.05, Pg – 6.12, Sn – 4.5 and Sg – 3.8. The focus of this thesis is to 

determine the accuracy of this model with the data acquired by seismic stations throughout Ohio. An 

inverse model is used to determine a possible modification of the forward model with the help of field 

data.  

 

Local and regional earthquakes have been recorded by the Ohio Seismic Network since 1999. Of 

these events, only some could be used for this study. There were difficulties with time-lock, the accurate 

timing in accordance with Universal Coordinated Time (UTC) at several stations during the recording of 

the earthquakes. Noise presented another problem that limited the number of usable seismograms. 
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Machinery or even footsteps in close proximity to the seismograph can translate as vibrations onto a 

seismogram, interfering with the readability of incoming events. 

 

Therefore a seismogram that was recorded with time-lock and minimal noise is most useful. 

Only 12 notable regional events met these criteria, along with 6 local earthquakes.  Using Dr. Larry Ruff's 

Seismoview program, the seismograms of these 18 seismic events were analyzed and the arrival times of 

the four phases – Pn, Pg, Sn and Sg – were determined where possible. 

 

Figure 7. Small Earthquake in Northeastern Ohio, June 30, 2003, recorded by station BHSO at Bowling 

Green State University, illustrating phase picks for Pn and Sn, and amplitude determinations on the Lg 

wave for magnitude calculation. BGSO is 209 km from the epicenter. 

 

After acquiring a large enough data base, an inversion program created by Dr. Larry J. Ruff was 

used. The software, which is documented in Appendix A, enables the user to perform several calculations 

with minimal effort. After entering the data for at least two earthquakes with at least two observations 

each, the program inverts all observations and solves for the best-fit velocity of these earthquakes. 

Output times are the input times entered into the inversion program minus the event origin time shifts. 

Other additional outputs such as the error parameter, the best-fit value for slowness and particularly the 

reduced data enable a better understanding of the accuracy of the data used. Reduced data that exceed 
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+/- 3 seconds indicates that a revision or exclusion of an observation might be required to improve the 

accuracy of the velocity. To make faulty observations more easily visible through increased reduced data 

values, all observations available are used. After removing the spurious data from the data pool, the 

inversion process is repeated, resulting in an adjusted best-fit velocity, closer to the true value. It might be 

necessary to repeat this step again to remove observations resulting in high reduced data.   

(Mackey et al 1997)       

            

Figure 8. Diagram of cross-over distance and variables taken into account by the inversion program 

 

Figure 8. depicts variables considered by the inversion program. The seismic waves radiating out 

from the epicenter travel both on direct ray paths and at the crust-mantle boundary. The waves travelling 

at the Moho are refracted, increase in velocity, and are refracted back to the surface where they can be 

recorded by a seismic station. To determine the travel time for the head wave, the following equation is 

used: 

  T(X) = 2ΔT + L/Vm = (2ΔT – 2ΔX/Vm)+X/Vm  (Equation 1) 

where    

ΔX = H p / η      (Equation 2) 

  ΔT = H / (α^2 η)      (Equation 3) 

   η = (1 /  α^2 – p^2)^0.5     (Equation 4) 
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After all best-fit travel times have been determined, the phases can be differentiated into several 

groupings according to origin of the earthquakes and the location of the seismic stations as observed in 

Appendix B. It is necessary to note that Tables 1 – 6 in Appendix B do not include all scenarios taken into 

account. As indicated by Table 7 and Table 8, additional combinations of observations were used for the 

final data. A differentiation was made between events occurring to the East or North-East of Ohio and 

earthquakes with epicenters to the West or South-West of Ohio. These scenarios were further subdivided 

to distinguish between stations east and west of the Grenville Front recording particular earthquakes. The 

events used for this study are listed and displayed in Figure 9. 
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Figure 9. Regional and Local Earthquakes used in the thesis 
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Results 

Tables 7 and 8 illustrate that the wave-phase velocities of the 12 regional 6 local events differ 

slightly from the expected values.  

 

The actual Pn value for all stations and all regional events, not considering local earthquakes, is 

0.18 km/s faster than the Anna model would suggest. Considering the subdivided data it becomes 

obvious that Pn velocities of single events deviate even further from the expected 8.05 km/s value: Pn 

Eastern events: 8.78 km/s, Pn Western events: 7.45 km/s.  

 

Most Ohio events are recorded without a Pn phase as the distance between the earthquake and 

the seismic station is not greater than the crossover distance required to be able to observe a Pn wave. P 

values for local events are therefore combined with Pg values for regional events to obtain an average 

velocity. The expected value for Pg is 6.12 km/s whereas the average best-fit velocity for all events and all 

stations is 6.66 km/s. This deviation is actually smaller when considering eastern events, western events 

and local events separately. The amount of data available for eastern events was obviously insufficient, 

when considering the best-fit velocity for Pg Eastern events 8.96 km/s. The Pg phase velocity for western 

events is 6.34 km/s, and for local events 6.3 km/s, which is much closer to the Anna model value of 6.12 

km/s. 

 

The best-fit velocity for Sn all is 4.42 km/s; an acceptable value very close to the Anna model's 

4.5 km/s. The eastern Sn is closer to this value than the western Sn with 4.62 km/s and 4.2 km/s 

respectively. Omitting the specific events, concentrating only on all the Sn observations recorded for all 

the earthquakes, the resulting Sn phase velocity value is even closer to the expected value: 4.49 km/s. 

 

The Anna model assumes the Sg value of an earthquake to lie between 3.5-3.8 km/s. The actual 

value for the average best-fit velocity of all Sg phase velocities, including the S phase of local Ohio events 

is 3.8 km/s, perfectly within expected parameters. The eastern events have an average Sg velocity of 



23 

 

3.81 km/s and the value for the average Sg of western events is 3.85 km/s. The average Sg phase 

velocity for local events is 3.67 km/s. 

 

Discussion 

Wave-phase velocities for local earthquakes suggest that there is no significant change in either P 

or S phases as they travel across Ohio. It is possible that a larger distance between the epicenter and the 

recording seismic station is necessary for the basement structure or rocks to have a notable influence on 

the phase velocities. Additional local events might be helpful to increase the amount of observations and 

earthquakes used to calculate velocities. A larger data base might refine the results. 

  

The average phase velocities indicate an increase from the west to the east across Ohio for Pn, 

Pg and Sn phases for all regional events. Table 8 shows that the value of Sg recorded at western 

stations, for western events, increases the average western phase velocity. The remaining Sg western 

events data are consistent with a velocity increase from the west to the east. It is therefore possible that a 

larger number of observations might be required to achieve the most accurate wave-phase velocity. 

Another reason for this discrepancy might be the fact that many of the observations for Sg at western 

stations, western events have reduced times between +/- 1 to 1.5. Although this is only a slight deviation 

from the expected value, it is notable due to its consistency. 
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Conclusions 

The results of this study are an indication of a pattern of phase-velocity increase as waves cross 

Ohio from west to east. It can therefore be speculated that wave phases increase in velocity as they 

move across the Grenville Front Tectonic Zone. However, further research is necessary as the amount of 

observations used in this study is not enough to be certain about this change in velocity. Additional 

notable regional or local events might yield a better chance of analyzing the influence basement 

structures and rocks have on phase velocities as they cross Ohio.  

 

The observed pattern is only one possible interpretation of the data and does not warrant a 

change in the Anna model as of now. More earthquakes have to be analyzed to be able to make a firm 

statement about the possible influence of Ohio geology on phase velocities.  
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Appendix A 

Inversion Program 
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Appendix B 
 
 

Data 

Pn, P, Pg, Sn, S, Sg, combined 
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Table 1. Pn all stations, all events 
 
 best-fit Velocity (km/sec) = 8.111 
 
 

 Indiana 06/18/02 17:37.13 Magnitude 4.6 38.069 N, 87.68 W 

 distance km time reduced 

ACSO 471 58.03 -0.04 

OUAO 504 63.13 0.99 

LECO 681 83.43 -0.53 

ACEO 716 87.73 -0.55 

       

 Indiana 09/12/04 13:05:18.3 Magnitude 3.9  39.6118 N, 85.7536W 

 distance km time reduced 

WSDO 144 15.47 -2.28 

WSCO 147 15.27 -2.85 

OSLO 192 22.49 -1.18 

OGSO 241 28.97 -0.74 

ACSO 245 29.47 -0.73 

BGSO 264 32.59 0.04 

OSMO 298 38.37 1.63 

COWO 349 43.37 0.34 

MUCO 418 54.97 3.44 

LECO 444 57.07 2.33 

    

 Alabama 04/29/03 08:59:39 Magnitude 4.6 34.494 N, 85.629 W 

 distance km time reduced 

OUAO 621 76.29 -0.27 

OGSO 661 81.39 -0.1 

ACSO 679 84 0.29 

WSCO 680 84.49 0.65 

CLEO 855 104.79 -0.62 

    

 Arkansas 05/01/05 12:37:32 Magnitude 4.1 35.83 N, 90.15W 

 distance km time reduced 

ACSO 795 96.96 -1.06 

BGSO 836 104.26 1.19 

    

 Illinois 06/28/04 06:10:51 Magnitude 4.2 41.443 N, 88.927 W 

 distance km time reduced 

WSCO 384 46.39 -0.95 
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BGSO 441 56.89 2.52 

ACSO 517 63.29 -0.45 

OGSO 525 63.59 -1.13 

    

 Illinois 04/18/08 09:37:00 Magnitude 5.4 38.45 N 87.89W 

 distance km time reduced 

WSDO 362 45.47 0.84 

ACSO 466 57.57 0.12 

CLEO 633 78.37 0.33 

LECO 671 82.97 0.24 

ACEO 707 86.17 -1 

    

 Illinois 02/10/10 09:59:35 Magnitude 3.8 41.969 N, 88.498 W 

 distance km time reduced 

BGSO 408 48.72 -1.59 

ECCO 412 51.22 0.42 

UOCO 461 58.02 1.18 

OGSO 510 61.02 -1.86 

MOSO 532 65.32 -0.27 

COWO 562 68.92 -0.37 

CLEO 573 73.02 2.37 

ACEO 640 78.82 -0.09 

       

 Virginia 12/09/03 08:59:14 Magnitude 4.5 37.599 N, 77.932 W 

 distance km time reduced 

KSUO 492 62.08 1.43 

ACSO 525 64.18 -0.54 

OSMO 535 65.08 -0.88 

    

 Quebec 03/06/05 06:17:49 Magnitude 4.9 47.75 N, 69.73 W 

 distance km time reduced 

BGSO 1306 161.05 0.03 

ACSO 1346 165.75 -0.2 

OGSO 1358 167.45 0.02 

    

 New York 04/20/02 10:50:47 Magnitude 5.1 44.51 N, 73.51W 

 distance km time reduced 

LECO 700 87.83 1.53 

LCCO 713 89.53 1.63 
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CLEO 737 92.13 1.27 

MUCO 738 91.83 0.85 

ACSO 911 111.23 -1.08 

OGSO 921 112.83 -0.72 

OSLO 956 117.13 -0.73 

BHSO 982 120.33 -0.74 

WSCO 1001 122.43 -0.98 

SSUO 1015 124.13 -1.01 

 
 
Table 2. Pg all stations, all events 
 
 best-fit Velocity (km/sec) = 6.5565 
 
 

 Indiana 06/18/02 17:37.13 Magnitude 4.6 38.069 N, 87.68 W 

 distance km time reduced 

ACSO 471 73.1 1.27 

OUAO 504 75.2 -1.67 

ACEO 716 109.6 0.4 

       

 Indiana 09/12/04 13:05:18.3 Magnitude 3.9  39.6118 N, 85.7536W 

 distance km time reduced 

WSDO 144 21.76 -0.2 

WSCO 147 22.46 0.04 

OSLO 192 30.86 1.58 

OGSO 241 36.76 0 

ACSO 245 38.76 1.39 

OSMO 298 44.86 -0.59 

COWO 349 52.06 -1.17 

LECO 444 66.66 -1.06 

    

 Alabama 04/29/03 08:59:39 Magnitude 4.6 34.494 N, 85.629 W 

 distance km time reduced 

OUAO 621 93.26 -1.45 

OGSO 661 101.06 0.25 

WSCO 680 105.86 2.15 

CLEO 855 129.46 -0.94 
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 Arkansas 05/01/05 12:37:32 Magnitude 4.1 35.83 N, 90.15W 

 distance km time reduced 

ACSO 795 121.07 -0.19 

BGSO 836 127.67 0.16 

       

 Illinois  06/28/04 06:10:51 Magnitude 4.2 41.443 N, 88.927 W 

 distance km time reduced 

WSCO 384 57.01 -1.56 

BGSO 441 67.61 0.35 

ACSO 517 81.01 2.16 

OGSO 525 79.11 -0.96 

    

 Illinois 04/18/08 09:37:00 Magnitude 5.4 38.45 N 87.89W 

 distance km time reduced 

WSDO 362 56.36 1.15 

ACSO 466 69.36 -1.71 

CLEO 633 97.06 0.52 

LECO 671 103.06 0.72 

ACEO 707 107.16 -0.67 

    

 Illinois 02/10/10 09:59:35 Magnitude 3.8 41.969 N, 88.498 W 

 distance km time reduced 

BGSO 408 60.44 -1.79 

ECCO 412 63.84 1 

WSDO 445 66.94 -0.93 

UOCO 461 69.14 -1.17 

MOSO 532 80.94 -0.2 

CLEO 573 89.34 1.95 

ACEO 640 98.74 1.13 

    

 Virginia 12/09/03 08:59:14 Magnitude 4.5 37.599 N, 77.932 W 

 distance km time reduced 

KSUO 492 76.1 1.06 

ACSO 525 81.8 1.72 

OSMO 535 78.9 -2.7 

    

 New York 04/20/02 10:50:47 Magnitude 5.1 44.51 N, 73.51W 

 distance km time reduced 

OSLO 956 146.94 1.13 
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BHSO 982 149.84 0.06 

WSCO 1001 152.04 -0.63 

SSUO 1015 154.24 -0.57 

 
 
 
 
Table 3. P Ohio, all stations, all events 
 
 best-fit Velocity (km/sec) = 6.3036 
 
 

 Mentor 10/17/07   

 distance km time reduced 

LECO 14.32 2.27 0 

CLEO 31.02 4.57 -0.35 

BGSO 189.45 30.87 0.82 

OGSO 228.84 37.17 0.87 

OSLO 245.61 38.17 -0.79 

BHSO 271.79 42.57 -0.54 

       

 Mentor 03/11/06   

 distance km time reduced 

LCCO 13.85 1.86 -0.34 

CLEO 33.31 4.66 -0.63 

ACEO 51.47 8.16 -0.01 

YSUO 95.72 16.16 0.97 

COWO 115.22 17.87 -0.41 

ACSO 216.37 35.56 1.23 

OUAO 277.85 43.26 -0.82 

    

 Lake County 06/30/03   

 distance km time reduced 

ACEO 26.1 4.97 0.83 

CLEO 53.51 8.07 -0.42 

COWO 129.6 20.67 0.11 

ACSO 234.98 36.77 -0.51 

    

 Lake Erie 01/09/08   

 distance km time reduced 

LCCO 10.31 0.7 -0.93 

LECO 13.88 2.2 0 
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CLEO 28.23 4.7 0.22 

KSUO 63.6 10.6 0.51 

BGSO 188.79 30 0.05 

ACSO 211.34 33.5 -0.03 

OGSO 226.11 36.04 0.17 

    

 Lake Erie 06/20/06   

 distance km time reduced 

LECO 13.62 2.11 -0.05 

CLEO 47.96 7.81 0.2 

OSMO 161.28 25.51 -0.08 

BGSO 206.23 33.11 0.39 

ACSO 231.15 36.21 -0.46 

 Twinsburg 03/12/07   

 distance km time reduced 

CLEO 32.38 5.08 -0.06 

LCCO 39.76 5.68 -0.63 

COWO 70.17 11.88 0.74 

ACSO 178.48 28.48 0.16 

OUAO 226.26 35.68 -0.22 

 
 
Table 4. Sn all stations, all events 
 
 best-fit Velocity (km/sec) = 4.5229 
 
 

 Indiana 06/18/02 17:37.13 Magnitude 4.6 38.069 N, 87.68 W 

 distance km time reduced 

OUAO 504 111.12 -0.31 

ACEO 716 158.62 0.32 

       

 Indiana 09/12/04 13:05:18.3 Magnitude 3.9  39.6118 N, 85.7536W 

 distance km time reduced 

WSDO 144 29.97 -1.86 

WSCO 147 31.97 -0.53 

CSCO 169 36.67 -0.69 

OGSO 241 53.27 -0.01 

ACSO 245 54.87 0.71 

OSMO 298 68.27 2.39 
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 Alabama 04/29/03 08:59:39 Magnitude 4.6 34.494 N, 85.629 W 

 distance km time reduced 

OUAO 621 139.14 1.84 

OGSO 661 144.74 -1.4 

WSCO 680 149.54 -0.8 

CLEO 855 189.44 0.4 

    

 Kentucky 06/20/05 12:21:42 Magnitude 3.5 36.95N, 88.96 W 

 distance km time reduced 

OGSO 625 138.89 0.7 

ACSO 634 139.99 -0.19 

BGSO 672 147.89 -0.69 

    

 Illinois 06/28/04 06:10:51 Magnitude 4.2 41.443 N, 88.927 W 

 distance km time reduced 

WSCO 384 85.96 1.06 

ACSO 517 113.26 -1.05 

    

 Illinois 04/18/08 09:37:00 Magnitude 5.4 38.45 N 87.89W 

 distance km time reduced 

WSDO 362 80.35 0.31 

CLEO 633 138.55 -1.41 

LECO 671 146.25 -2.11 

ACEO 707 159.55 3.23 

    

 Illinois 02/10/10 09:59:35 Magnitude 3.8 41.969 N, 88.498 W 

 distance km time reduced 

BHSO 398 88.17 0.17 

BGSO 408 88.17 -2.04 

ECCO 412 92.57 1.48 

CLEO 573 127.27 0.58 

       

 Virginia 12/09/03 08:59:14 Magnitude 4.5 37.599 N, 77.932 W 

 distance km time reduced 

OUAO 410 89.82 -0.83 

KSUO 492 109.42 0.64 
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 Quebec 03/06/05 06:17:49 Magnitude 4.9 47.75 N, 69.73 W 

 distance km time reduced 

BGSO 1306 290.79 2.04 

ACSO 1346 295.09 -2.51 

OGSO 1358 300.69 0.44 

    

 New York 04/20/02 10:50:47 Magnitude 5.1 44.51 N, 73.51W 

 distance km time reduced 

LECO 700 156.2 1.43 

LCCO 713 157 -0.64 

CLEO 737 163 0.05 

MUCO 738 164.3 1.13 

ACSO 911 201.4 -0.02 

OGSO 921 203.1 -0.53 

BHSO 982 217.7 0.58 

WSCO 1001 221.5 0.18 

 
 
Table 5. Sg all stations, all events 
 
 best-fit Velocity (km/sec) = 3.7751 
 
 

 Indiana 06/18/02 17:37.13 Magnitude 4.6 38.069 N, 87.68 W 

 distance km time reduced 

ACSO 471 126.47 1.7 

BGSO 504 133.87 0.36 

LECO 681 179.67 -0.73 

ACEO 716 190.67 1 

       

 Indiana 09/12/04 13:05:18.3 Magnitude 3.9  39.6118 N, 85.7536W 

 distance km time reduced 

WSDO 144 40.04 1.9 

WSCO 147 40.64 1.7 

CSCO 169 45.54 0.77 

OSLO 192 49.14 -1.72 

OGSO 241 62.74 -1.1 

ACSO 245 63.94 -0.96 

BGSO 264 68.24 -1.69 

OSMO 298 78.84 -0.1 

CLEO 407 109.04 1.23 
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KSUO 409 108.44 0.1 

MUCO 418 112.34 1.62 

LECO 444 115.04 -2.57 

    

 Alabama 04/29/03 08:59:39 Magnitude 4.6 34.494 N, 85.629 W 

 distance km time reduced 

OUAO 621 162.7 -1.8 

CLEO 855 227.9 1.42 

    

 Arkansas 02/10/05 02:04:54 Magnitude 4.1 35.76 N, 90.25W 

 distance km time reduced 

OGSO 797 209.79 -1.33 

ACSO 807 216.19 2.42 

BGSO 848 223.49 -1.14 

       

 Kentucky 06/20/05 12:21:42 Magnitude 3.5 36.95N, 88.96 W 

 distance km time reduced 

OGSO 625 166.46 0.91 

ACSO 634 166.26 -1.68 

BGSO 672 179.76 1.76 

 Arkansas 05/01/05 12:37:32 Magnitude 4.1 35.83 N, 90.15W 

 distance km time reduced 

ACSO 795 208.26 -2.33 

BGSO 836 222.26 0.8 

    

 Illinois 06/28/04 06:10:51 Magnitude 4.2 41.443 N, 88.927 W 

 distance km time reduced 

WSCO 384 100.67 -1.05 

BGSO 441 117.07 0.25 

    

 Illinois 04/18/08 09:37:00 Magnitude 5.4 38.45 N 87.89W 

 distance km time reduced 

WSDO 362 96.99 1.1 

CLEO 633 170.39 2.71 

LECO 671 177.29 -0.45 

ACEO 707 189.49 2.21 
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 Illinois 02/10/10 09:59:35 Magnitude 3.8 41.969 N, 88.498 W 

 distance km time reduced 

BHSO 398 104.33 -1.1 

ECCO 412 110.23 1.09 

WSDO 445 117.23 -0.65 

UOCO 461 122.63 0.51 

OGSO 510 137.53 2.43 

MOSO 532 140.43 -0.5 

COWO 562 148.93 0.06 

CLEO 573 150.83 -0.96 

ACEO 640 171.03 1.49 

    

 Virginia 12/09/03 09:59:35 Magnitude 3.8 41.969 N, 88.498 W 

 distance km time reduced 

OUAO 410 106.86 -1.75 

ACSO 525 139.36 0.29 

OSMO 535 138.16 -3.56 

CLEO 537 140.66 -1.59 

       

 Quebec 03/06/05 06:17:49 Magnitude 4.9 47.75 N, 69.73 W 

 distance km time reduced 

ACSO 1346 355.91 -0.64 

OGSO 1358 360.31 0.58 

    

 New York 04/20/02 10:50:47 Magnitude 5.1 44.51 N, 73.51W 

 distance km time reduced 

WSCO 1001 265.97 0.81 

SSUO 1015 266.87 -2 

 
 
Table 6. S Ohio, all stations, all events 
 
 best-fit Velocity (km/sec) = 3.6607 
 
 

 Mentor 10/17/07   

 distance km time reduced 

LECO 14.32 3.45 -0.47 

CLEO 31.02 8.55 0.07 

BGSO 189.45 52.15 0.39 
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 Mentor 03/11/06     

 distance km time reduced 

LCCO 13.85 3.38 -0.4 

CLEO 33.31 8.38 -0.72 

ACEO 51.47 13.18 -0.88 

YSUO 95.72 26.88 0.73 

COWO 115.22 31.28 -0.2 

ACSO 216.37 60.58 1.47 

    

 Lake County 06/30/03   

 distance km time reduced 

ACEO 26.1 8.86 1.73 

CLEO 53.51 13.46 -1.16 

COWO 129.6 36.16 0.76 

ACSO 234.98 62.86 -1.33 

    

 Lake Erie 01/09/08   

 distance km time reduced 

LCCO 10.31 2.17 -0.65 

LECO 13.88 3.47 -0.33 

CLEO 28.23 8.67 0.95 

KSUO 63.6 17.97 0.59 

BGSO 188.79 50.87 -0.71 

ACSO 211.34 58.77 1.03 

OGSO 226.11 60.87 -0.9 

    

 Lake Erie 06/20/06   

 distance km time reduced 

CLEO 47.96 13.53 0.43 

OSMO 161.28 44.43 0.38 

BGSO 206.23 56.83 0.5 

ACSO 231.15 61.83 -1.31 

    

 Twinsburg 03/12/07   

 distance km time reduced 

CLEO 32.38 8.19 -0.66 

LCCO 39.76 11.19 0.33 

ACSO 178.48 48.89 0.13 

BGSO 189.23 51.89 0.2 
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Table 7. Combined data Pn all, Pg all  

 e st, w st – eastern stations, western stations, respectively 

 E ev, W ev – eastern events, western events, respectively 
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Table 8. Combined data Sn all, Sg all 

 e st, w st – eastern stations, western stations, respectively 

 E ev, W ev – eastern events, western events, respectively 

 


