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FOREWORD

The following report was prepared by The Pennsylvania State Univer­

sity under USBM Contract No. G01440l3. The contract was initiated under

the USBM Coal Mine Health and Safety Program. It was administered under

the technical direction of DMRC, with Mr. F. W. Leighton acting as the

technical project officer. Mr. J. A. Herickes was the contract adminis­

trator for the Bureau of Mines.

This report is Volume I of a three volume final report dealing with

the microseismic monitoring of a longwall coal mine. Portions of the

material presented in this volume forms the basis of an M.S. thesis in

Mining Engineering by one of the authors (Mowrey). The research pre­

sented in Volume I includes a detailed description of the primary phase

of the overall project including a brief review of the microseismic

field monitoring techniques utilized, details of the field site and

transducer installation procedures, data collection and analysis tech­

niques, and detailed field results. Volume I also includes a brief

summary of the material presented in Volume II--"Determination of

Seismic Velocity with Application to Microseismic Field Studies," and

Volume III--"Fieid Study of Mine Subsidence, II and concludes \vith a

general discussion of the accomplishments of the overall project.

This project could not have been possible without the continuous

assistance provided by the administrative and technical staff of the

Greenwich Collieries. The authors wish also to express their appreci­

ation to Mineral Engineering Department staff and graduate students for

their assistance in carrying out the field and laboratory aspects of

this study. Detailed acknowledgements are included later in this report.
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NOMENCLATURE

The nomenclature presented here is used in general throughout this

thesis unless otherwise indicated. A number of symbols, not included

here, are used only occasionally and are defined locally in the text

where they occur.

a = acceleration (feet per second per second)

A = post-amplifier

a-c = alternating-current

AID = analog-to-digita1 conversion

BNC = bayonet lock, constant impedance connector

BP = break point

C = electrical capacitance (farads)

CR = cable reel

CRG = oscilloscope

CRT = cathode ray tube

d = distance (feet)

D/A = digital-to-analog conversion

dB = decibel

d-c = direct-current

epm = events per rrlinU!:e

F filter

fps = feet per second

ft = feet

liz = Hertz (cycles per second)
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NOMENCLATURE (Continued)

ID = identification number

I/O = input/output

ips = inches per second

J = electrical connector

JB = j unction box

ms = milliseconds

mV = millivolts

N = total number of microseismic events

PA = preamplifier

PS = power supply

P(x,y,z) = general point in Cartesian- coordinates

R = electrical resistance (ohms)

RA = radio receiver

RC = resistive-capacitive net_.ork

RTL = reference time line

5 = seconds

SiN = signal-to-noise ratio

SRG = source-to-reference geophone

t = time (seconds)

T = transducer

t. = microseismic arrival times (seconds)
J..

t = microseismic origin time (seconds)
o

UV = ultraviolet

v = velocity (feet per second)

v = volts



18

NOMENCLATURE (Continued)

Vac = alternating-current voltage (volts)

Vdc = direct-current voltage (volts)

x,y,z = Cartesian coordinates

x.,y.,z. - microseismic event origin coordinates
~ ~ ~

~ips = micro inches per second
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I. INTRODUCTION

1. General

Visible and sometimes audible indications of excessive underground

rock pressure such as cracks, fracturing, squeezes on chocks, and the

like are familiar to mining engineers. Such indications often precede

rock failure and may be used as a warning; nevertheless, they do not

provide an adequate means of evaluating the existing pressure conditions

in a mine. The need for a better method of determining the areas of

excessive s~ress and potential instability as a means of improving both

the safety and the economic operation of the mine is readily apparent.

Microseismic techniques appear to be one of the most promising methods

for the study of the stability of such structures.

Geomechanical and mining engineers generally agree that during the

process of rock deformation and failure small-scale seismic vibrations

are generated in the rock. These transient vibrations propagate through

the rock structure and may be detected at a considerable distance from

the failed rock by employing suitable electronic monitoring equipment.

Such seismic vibrations are referred to as microseismic activity.

Other terms that researchers use to describe these vibrations are rock

noise, seismo-acoustic activity, subaudible noise, and acoustic emis­

sion. Until recently, few microseismic studies have been conducted in

coal mines, especially in North America; however, open-pits and under­

ground hard rock mines have been monitored microseismically during the

1960's and 1970's with an increasing degree of success.
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Monitoring such activity should prove to be invaluable in the

detection and location of unstable roof conditions and overstressed

pillars caused by both development and production work. According to

Scott (1971), during the years 1969 and 1970, nearly 50 percent of the

fatal accidents in United States bituminous coal mines occurred due

to roof falls; falls of face, rib, or pillar; and coal bumps or rock

bursts. The employment of microseismic techniques should reflect in

increasing the safety for miners and in decreasing the cost for mining

operations and down-time. Using microseismic techniques, it should be

possible to evaluate quantitatively such factors as the effect of mining

rate on the stability of the mine structure; the efficiency of caving

operations; and the quality of the roof, ribs, and floor.

Mine safety has always been a prime concern of the U.S. Bureau of

Mines, and over the years much of their in-house research has been

directed towards reduction of accidents and health hazards associated

with the mining industry. As a consequence of the 1969 Coal Mine Health

and Safety Bill, additional funds became available to the U.S. Bureau

of Mines for support of outside research at industrial and educational

institutions. The studies presented in this report are part of a

comprehensive microseismic investigation undertaken by The Pennsylvania

State University on behalf of the U.S. Bureau of Mines during the period

1970-1978. The research undertaken during this period involved two

specific projects. The earlier one (1970-1974) involved the development

of the necessary monitoring facilities and field techniques, and the

completion of detailed preliminary field trials. The current project

(1974-1978) utilized the facilities and expertise developed in the
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earlier study to investigate in detail the microseismic activity asso-

ciated with an active longwall coal mine.

2. Brief Review of Earlier Project

The general scope of this project (Grant GOI01743) was the inves-

tigation of microseismic techniques relative to coal mine safety.

During the period June 15, 1970 to March 31, 1974, mobile microseismic

monitoring facilities were developed and field studies were undertaken

to investigate the feasibility of using microseismic techniques to

locate potential zones of instability around coal mine workings. Field

studies associated with this project were undertaken at the North Mine

of the Greenwich Colliery in central Pennsylvania. Basically, these

studies involved monitoring the microseismic activity generated by a

working mine using surface transducers located in shallow boreholes

positioned over the active areas of the mine. This study was unique in

the fact that measurements were made from the surface rather than under-

ground. Such an approach provides several advantages, including the

fact that there are no electrical limitations on the monitoring system,

and that the study in no way interferes with normal mine operations.

A detailed final report (Hardy, 1974) covering these studies was

prepared early in 1974, in which the following conclusions were listed:

(1) The feasibility of monitoring underground strata insta­
bility using microseismic transducers installed in surface
locations was positively verified.

(2) The mobile microseismic monitoring facility designed speci­
fically for these studies proved to be most successful.
Field measurements using this iacility were developed into
a relatively simple, routine operation.

(3) Field techniques and in particular those associated with
transducer installation underwent a considerable metamorphism
during the project. Final transducer installation tech­
niques appeared to be optimum.
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(4) Microseismic measurements were made at an active coal mine
site for a period of over one year. During this time
detailed studies were conducted over a previously mined
development area, and two active longwall wall sections
(A-2 and west B-4). Positive microseismic signals were
obtained for both longwall sites, however, few signals of
positive microseismic origin were detected over the devel­
opment area.

(5) In the case of the second of the two longwall studies
(west B-4 site), it was observed that the character of the
microseismic data observed on surface depended on the oper­
ating conditions of the associated longwall. For example,
under poor conditions (unsatisfactory roof failure behind
the support system and resulting bad floor conditions),
microseismic signals were not received at all locations in
the transducer array, and the frequency content of the
signals were relatively high. In contrast, under good
longwall conditions microseismic signals were of lower fre­
quency content and were generally received on all transducers
in the array.

(6) Preliminary studies at a third Greenwich longwall site (east
B-4 site) were a complete success. Detailed studies at this
site were planned to be undertaken during a later USBM
sponsored research project (Grant G0144103).

(7) More sonpisticated computer techniques for signal recognition
and analysis are required to make efficient use of observed
microseismic data. This is due in part to the fact that the
mechanical instabilities associated with normal mining oper­
ations (e.g. longwall) are considerably smaller than those
associated with major instabilities, such as rock or coal
bursts, for which major analysis efforts have been concen­
trated in recent years.

(8) A number of factors were still found to limit the usefulness
of microseismic techniques in efficiently evaluating the
stability of geologic structures such as underground coal
mines, namely:

(i) Difficulty in separating small microseismic signals
from ambient background noise.

(ii) Inability in most geologic structures to obtain an
equivalent unloaded condition in order to evaluate
local background noise.

(iii) Large dimensions of most geologic structures and
resulting attenuation (usually highly frequency
dependent) of microseismic signals with distance
from their source.
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(iv) Electrical and mechanical difficulties in instru­
menting such structures.

(v) Difficulty in source location due to lack of infor­
mation on propagation velocities, and the normally
anisotropic velocity characteristics of geologic
materials.

In general the results of the initial study provided further evi·-

dence of the usefulness of microseismic techniques in strata control

and associated mine safety monitoring, and on the basis of this evidence

a second microseismic research study (current project) was initiated in

late 1973.

3. Brief Review of Current Project

The current USBM project (Grant G0144013) was initiated October 1,

1973 and involved specifically the use of microseismic techniques as a

means of monitoring the structural stability of an active longwall coal

mine. As noted in the previous section, an earlier project, completed

in Septe~ber 1973, involved the development of a mobile microseismic

monitoring facility, the investigation of associated field techniques,

and completion of a number of preliminary field studies. The current

project utilized the equipment and techniques developed in this earlier

project to study longwall stability in detail.

Field studies, development of data processing techniques, data

analysis, and report preparation associated with this project have been

under~ay during the period October 1, 1973 to September 31, 1978.

During the period three different aspects of the problem were investi-

gated, and the final report associated with this project consists

therefore of three volumes, namely:
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Volume 1-- Microseismic Field Studies

Volume II -- Determination of Seismic Velocity

Volume III -- Field Study of Mine Subsidence

Due to the extensive field data involved in this project and the fact

that each of the three different aspects of the study was associated

with graduate student thesis research, completion of the project

involved considerably more time than was originally anticipated. This

is particularly true of the research included in Volume I. Although

the majority of the field data associated with Volume I was collected

following the original project schedule, suitable techniques for

analysis of this data required more than 24 months of additional part

time effort by the associated graduate student then was originally

anticipated. The additional time for this work was agreed to by the

USBM project TPO (Leighton) who felt that such efforts would result in

a much more meaningful final report. The graduate student originally

financially supported by the USBM grant (Mowrey) was willing to under­

take the additional effort at no cost due to his personal interest in

the subject.

It should be noted here that material associated with the primary

aspects of the overall study are contained in Volume I of the final

report. Volumes II and III contain material of somewhat secondary

importance. In order to put the various phases of the overall project

in perspective, a brief review of each will be included here prior to

considering the primary aspects of the study (microseismic field

studies) in depth.
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Microseismic field studies

Volume I of the final report (present volume) deals for the most

part with the detailed aspects of the microseismic field study.

During this investigation, a suitable mobile microseismic monitoring

facility was employed to detect and record microseismic activity above

a longwall panel (east B-4 site) at Greenwich Colleries, Barnesboro,

Pennsylvania. Using the Greenwich field site, various techniques were

investigated to determine the most suitable one for detecting micro­

seismic events embedded in ambient background noise and to locate the

source of the detected microseismic events.

The fundamental objectives of this investigation were (1) to

evaluate the feasibility of detecting microseismic activity originating

from lon~lall mining operations using an approximately planar geophone

array installed from surface above thelongwall and (2) to attempt to

locate the source of the various detected microseismic events.

An array of geophones buried at depths of 10 to 25 ft from surface

was positioned approximately 430 ft above the active area of the long­

wall panel. These geophones were employed to sense any microseismic

activity (rock noises) occurring. A mobile microseismic monitoring

facility was used to amplify, filter, and record the data obtained.

Source locations for the 150 largest microseismic events were computed,

using a least-square travel-time-difference method. Isotropic, aniso­

tropic, and unique wave propagation velocity models were considered

when evaluating the source locations.

This investigation has proven that the monitoring system was cap­

able of detecting microseismic events at depths of more than 400 ft

and at horizontal distances in excess of 800 ft from the source. The
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majority of events, which resembled decaying sinusoidal transient

waveforms, had frequencies on the order of 10 to 100 Hz, and particle

velocities of 50 to 300 ~ips. When the unique velocity model was

utilized, most of the events located were computed to be ±100 ft verti­

cally of the coal seam and ±50 ft horizontally of the longwall face.

Determination of seismic velocity

The research presented in Volume II of the final report is con­

cerned with the evaluation of field techniques for obtaining seismic

velocity data required for computing microseismic source locations.

The report describes the evaluation of a number of different field

techniques and the seismic velocity data obtained at the Greenwich mine

site where the microseismic studies, described in Volume I of the final

report, were carried out. Three different methods were employed to

evaluate seismic velocities, namely; surface refraction, dOTNU-hole, and

transmission. In all cases the seismic sources were either located on

surface (mechanical impact) or near-surface (explosive charges).

It was found that a mechanical energy source could be conveniently

utilized to determine shallow velocities and make bedrock-regolith

interface depth determinations. For deeper velocity determinations,

suitable explosive charge sources were required. In general, refraction

data did not always plot in a linear manner and some subjective inter­

pretation was necessary. The down-hole method was found to be useful

for incremental vertical velocity evaluation, however, the transmission

method prOVided the most consistent average vertical velocity data.

At the Greenwich site, seismic velocities were found to be anisotropic

with values ranging from 9,551 to 10,739 ft per second depending on

direction.
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Field study of mine subsidence

The research presented in Volume III of the final report was

undertaken as part of the overall microseismic project in an effort to

relate, if possible, observed microseismic activity with surface subsi­

dence. Field measurements of subsidence carried out at the Greenwich

mine site are described. Comparative analysis of actual field results

with data obtained using empirical and finite element techniques was

undertaken. Comparison of field results with published National Coal

Board data revealed marked differences. The influence of stronger rock

beds overlying the coal seam in the current study was assumed to be

the main cause. Use of the general Gaussian profile resulted in a

satisfactory fit to the field data provided the value of the maximum

field subsidence was used in the analysis. In general, when low tensile

strengths were ass~~ed for the associated rocks, finite element tech­

niques gave results which compared well with the observed field data.

The study also indicated that at shallow depths there is a marked dif­

ference in subsidence over dip and rise sides of the coal-face, maximum

subsidence being shifted more towards the dip side. Finally, time­

dependent deformations were shown to be insignificant shortly after

mining operations ceased.

4. Outline of Final Report--Volume I

As indicated earlier in this chapter, the purpose of Volume I of

the final report is to provide a brief overall review of the current

project as well as a related earlier project, and to describe in detail

the recent microseismic field studies. The latter is dealt with in

Chapters II to VIII and includes a review of a number of the recent
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microseismic research studies underway at Penn State and elsewhere;

a brief description of the microseismic monitoring system employed in

the present study; details of the field site; a review of the experi­

mental techniques and data analysis methods employed; typical experi­

mental results obtained from the field site; and a discussion as to the

overall success of the study.

A general discussion of the overall accomplishments of the current

project is included in Chapter IV along with suggested future research

in the microseismic area. Finally, a series of Appendices (A to J),

providing detailed information on various aspects of the study, are

included.
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II. REVIEW OF RELATED MICROSEISMIC LABORATORY
~~ FIELD STu~IES

1. Introduction

For workers concerned with the mechanical behavior of geologic

materials (rock mechanics), the phenomenon of microseismic activity

provides a novel method of investigating material deformation and

failure. Numerous disciplines including those of mining engineering,

civil engineering, geophysics, non-destructive testing engineering, and

others have successfully incorporated such microseismic techniques to

predict or detect i~pending failure of rock, to locate instabilities,

and to dete~ine the effectiveness of supporting systems in mines,

highways, rock and soil slopes, and dams.

The origin of microseismic activity is not yet well understood,

but most researchers agree that it appears to be related to defor~ation

and failure processes which are accompanied by a sudden release of

strain energy. For geologic materials, being basically polycrystalline

structures, such activity may originate at a micro level as a result of

dislocations, or at the macrolevel by movement of grains, twinning, or

fractures initiating and propagating through and between grains. As

strain energy is released whenever any of these processes occur, it is

assumed that an elastic stress wave is produced which travels radially

outward from the point of origin within the material to the boundaries

where it may be observed as a rock noise. As an example, Figure 1

shows a simplified method of detectL~g and recording microseismic
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(A) Basic Experimental Arrangement for Detecting
and Recording Microseismic Activity

I t I

(B) Example of Typical Microseismic Data
(Each Division Represents 6 ms)

Figure 1. Basic Laboratory Method for Recording
Microseismic Activity and Typical Data
(After Hardy, 1972).
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activity for a rock specimen subjected to tensile stresses, and typical

microseismic data from such a test.

Laboratory studies have been conducted primarily to confirm results

obtained in field studies, although a few studies have been carried out

to investigate the basic deformation and failure behavior of rocks

loaded in compression, tension, and flexure. Such investigations have

considered frequency spectra, amplitude, energy, and the number of rock

noises produced by such known loading conditions. Since this thesis is

concerned mainly with the field aspects of microseismic activity, the

reader is referred to a recent paper by Hardy (1972) for further details

on laboratory research in this area.

Obert, DuvalJ., Hodgson, and others in North America have investi­

gated field microseismic methods associated with mine design and rock

burst prevention beginning in the late 1930's. European and Asian

research began near the end of the 1940's. A detailed discussion of

the field aspects will be considered in the next section.

2. Field Studies

Field studies involving microseismic techniques were initiated by

Obert (1941) and Obert and Duvall (1942, 1945) during the late 1930's

and early 1940's. They noted that as underground structures became

highly loaded, the rate of microseismic activity increased greatly.

After failure of the structure either by natural or artificial means

and equilibrium was re-established, the rate of microseismic activity

decreased. Such conclusions, i.e., that the microseismic noise rate

was a factor indicative of the degree of a structure's instability,
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formulated the basis of the majority of microseismic field studies con­

ducted thereafter.

2.1 Hard rock mines

United States and Canadian government agencies in the late 1930's

and early 1940's initiated microseismic studies related to underground

hard rock mining. At approximately the same time, European and Asian

researchers also became involved in similar studies. Problems related

to higher stresses at deeper mining depths and the unpredictability of

rock bursts gave scientists reason to conduct such investigations. Not

until the 1960's did the microseismic equipment and techniques become

more sophisticated and more advanced than those originally employed by

Obert and Duvall. For example, Cook (1963) of South Africa refined the

basic microseismic monitoring system by using eight transducers and a

16-channel tape recorder. Each transducer was connected to two chan­

nels, ,.hose sensitivities differed by a factor of 30. His monitoring

system had an essentially flat frequency response of 15 to 300 Hz in

order to cover adequately the frequency bandwidth of the microseismic

events. The major microseismic energy was found to be in the 20 to

50 Hz region. By denotating two to three pounds of explosive at known

locations within the mine and by measuring the arrival times at each

transducer, Cook was able to determine the velocity of propagation to

an accuracy of ±5 percent. He estimated that with such velocity

measurements his source locations could be determined to within ±10 ft.

Microseismic monitoring systems developed by Blake (1971), Blake

and Duvall (1969), and Leighton and Steblay (1977) had a flat frequency

response in the range of 20 to 10,000 Hz, as they noted that there were
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normally many high-frequency components present in a microseismic

event. These systems were much wider in frequency bandwidth than that

of Cook's.

The transducers used by these researchers were commercially avail­

able piezoelectric accelerometers. Holes were drilled in various

undergroIDld locations, and the transducers were cemented in these holes.

Each transducer was connected to a preamplifier which was also cemented

in the same hole. A cable then linked the preamplifier to a post

amplifier, whose output was connected to one input channel of a seven­

channel FM magnetic tape recorder located in a permissible area. Pro­

vided that at least five transducers detected a particular event, a

source location could be determined. Travel time differences were

determined by playing back the data recorded en the tape recorder onto

a multichannel oscillograph (visicorder) and physically measuring the

time differences from the hardcopy output or the oscillograph. Velocity

of propagation data were obtained from blasts which occurred at known

locations. Leighton and Blake (1970) estimated that their location

techniques were accura~e to within ±10 ft. They believed that a wide

frequency bandwidth system would give much more quantitative information

about the behavior of a rock structure than the more typical narrow

band system.

In the block caving mine at Climax, Colorado, researchers

Oudenhoven and Tipton (1973) utilized a planar array of seven acceler­

ometers located above the block of ore being caved to monitor any

microseismic activity during caving. Evaluated source locations were

believed to be accurate to ±20 ft.
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2.2 Coal mines

Few microseismic investigations have been carried out in North

American coal mines because (1) most coal mines are fairly shallow

(less than 700 ft deep) and consequently are not subjected to high­

stresses and (2) strict Federal and State mining laws limit the use of

electrical and electronic equipment in such mines. Nevertheless, two

coal mine microseismic projects are currently being conducted in the

United States. The first is Leighton and Steblay's (1977) microseismic

monitoring of a rock-burst-prone Rocky Mountain coal mine south of

Denver, Colorado. Here, geophones (velocity sensitive transducers) are

employed in various sections of the mine to detect areas of impending

instability and to forecast rock bursts. The basic monitoring system

is located outside the mine. The frequency bandwidth utilized is

narrowband (90 to 180 Hz) to minimize unw&~ted noises of other fre­

quencies and thus increase the sensitivity of the system over the fre­

quencies of interest. The second study is the subject of this thesis.

European coal mines are generally much deeper (2,000 ft) and

therefore are subject to higher stress conditions and to frequent

occurrences of coal bumps if conditions are favorable. Underground

coal mine microseismic studies are underway in Poland (NeYman, Czecowka,

and Zuberek, 1972), Czechoslovakia (Stas, 1971), and Russia (Antsyferov,

1966). In West Germany an extensive investigation of coal bumps in a

coal mine in the southern Ruhr Valley has begun (Cete, 1975) using a

three-station array consisting of 2 Hz, three-dimensional, displacement

transducers located on the surface.
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2.3 Surface-mining applications

Broadbent and Armstrong (1968) discuss the design, installation,

and problems of microseismic monitoring equipment for slope stability

studies in open-pit mining. At Boron, California, Paulsen, Kistler,

and Thomas (1967) employed microseismic equipment to monitor slope

stability and plotted microseismic activity against time to delineate

the stability of the pit. A normal amount of background microseismic

activity occurred at all times and this background noise level was

termed ambient noise. An increase in the microseismic activity indi­

cated the possibility of a potential slope instability. A decrease

suggested that stabilization was occurring. An accelerating rate of

microseismic activity indicated that the slope was approaching imminent

failure.

A recent microseismic study at Kennecott's Kimbley pit near Ruth,

Nevada was undertaken while the pit slope was steepened from 45° to

60° (Wisecarver et al., 1969). The 60° slope was considered stable,

but the micro seismic monitoring was considered to be a beneficial

safety measure and to be a possible correlation tool to relate micro­

seismic activity to slope angle. Transducers were installed in the

pit wall itself and also inside two adits driven into the pit wall.

Monitoring measurements were carried out only between shifts and on

weekends as the normal mining operations generated too much ambient

noise for che microseismic system. The microseismic rate was found to

be erratic as the slope was being steepened, but tended to correlate

with temporary stress concentrations occurring during mining. The

microseismic rate decreased to a low-value after the 60° slope was

completed, which appeared to suggest that the new slope was stable.
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2.4 Other applications

Hydrofracturing, the process of injecting fluids under pressure

into low-permeability strata with the intent of fracturing these strata

and increasing their permeability, is generally used to stimulate poorly

producing oil or gas wells. Apart from standard surface monitoring of

injection pressure, rate, volume, core drilling, formation testing, or

viewing an image of the fractured zone by way of a borehole television,

very little is known regarding the processes, types, and extents of

fractures. Overbey and Pasini (Hardy, 1975) are currently employing

microseismic techniques to locate and to determine the direction of

such hydrofractures.

In the area of natural gas engineering, Hardy and Khair (1973)

have utilized microseismic activity associated with underground natural

gas storage reservoirs to determine possible areas of instability.

Continued studies in this area are presently under~ay at an underground

gas storage site in central Michigan (Hardy, 1976).

In the civil engineering area, tunnels have been monitored micro­

seismically by researchers such as Crandell (1955) and Beard (1962) in

order to evaluate their stability. Furthermore, structures such as

dams, reservoirs, landslide areas, and highway cuts have had the micro­

seismic method applied as a safety tool to measure their stability.

For example, Goodman and Blake (1964, 1966) correlated microseismic

activity rate with slope stability. They found that microseismic

events could be located only if the landslide was comprised of competent

rock. Landslides of less competent rock attenuated high-frequency

microseismic activity beyond 100 ft and also had a wide range of
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propagation velocities, thereby making source location in such cases

extremely inaccurate.
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III. MICROSEISMIC MONITORING SYSTE~

1. General

Figure 2 shows a block diagram illustrating a very basic single­

channel microseismic monitoring system. Any microseismic signals

sensed by the transducer (T) (accelerometer, velocity gage or geophone,

or displacement gage) transforms these mechanical signals into elec­

trical signals which are coupled to a preamplifier (PA). This pre­

amplifier amplifies the weak transducer signals and also provides a

verJ high-input impedance (1,000 }L1) and a low-output impedance for

maximum voltage transfer between the transducer and the main electronic

system. Generally the cable connecting the preamplifier to the trans­

ducer is made as short as practical (typically 5 to 30 ft) to minimize

the susceptibility to external electrical noises and transients being

inductively coupled to the input of the preamplifier. Signals from the

preamplifier are connected to the post-amplifier by a multiconductor

shielded cable which ranges from 100 to 1,000 ft in length. The post­

amplifier amplifies the signals from the preamplifier, and its output

is coupled to an active analog filter (F). The purpose of the filter

is to reject all signals below a given frequency as well as all signals

above another given frequency. All signals lying between these two

frequency limits are passed unaltered through the filter and are finally

recorded on an analog magnetic tape. Signals can also be visually

observed using an oscilloscope. Hard copies (permanent visual records)
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Figure 2. Block Diagram of a Simplified Microseismic Monitoring System.
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of the signals can be obtained using an ultraviolet recorder (visi­

corder or oscillograph).

A mobile multichannel monitoring system for use in a number of

field projects was developed at The Pennsylvania State University. A

block diagram of the system is shown in Figure 3. The basic system

allows for monitoring and recording the outputs of up to seven trans­

ducers although the tape recorder is capable of recording as many as

14-channels of data simultaneously. For flexibility input and ouput

connections for the tape recorder and filters, output connections for

the post-amplifiers and input connections for the driver amplifiers

(used in conj~~ction with the visicorder) are located on a patch panel.

Such an arrangement conveniently allows the user to monitor the system

at various points and also to modify easily the configuration of each

channel as desired.

In 'addition to acquiring data, the monitoring system has the capa­

bility of playing back data either during or after recording. .~

oscilloscope may be used to observe the recorded data. If a hard copy

is desired, the inputs of the visicorder may be connected to the outputs

of the tape recorder through a set of visicorder driver amplifiers.

The monitoring system can be powered from 110 Vac, 60 Hz (supplied by a

motor generator or by commercial power lines) or from a 28 Vdc battery

supply.

The microseismic monitoring system was located within a rack unit

designed to fit inside a Dodge B-300 series van. Vibration isolating

mounts connected the rack unit to an aluminum base which in turn was

bolted directly to the frame of the van. Consequently, the monitoring

system could be easily transported to any site accessible to the van.
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Figure 4 shows the front view of the rack mounted system. The Dodge

van and associated trailer is shown in Figure 5.

Advantages of the mobile microseismic monitoring system developed

at The Pennsylvania State University include:

(1) mobility,

(2) ease in monitoring micro seismic activity at above ground

locations,

(3) broadband frequency response,

(4) high-sensitivity,

(5) high-signal-to-noise ratio,

(6) wide electronic configuration flexibility, and

(7) self-contained power.

Details of the mobile microseismic monitoring system used in this

current study have been described in recent papers by Hardy and Kimble

(1972) ~~d Hardy (1974). For clarity however, certain aspects of the

system will be briefly discussed in the following sections.

2. Transducers

A tr~~sducer is a device which converts a physical quantity into

a proportional electrical signal. Stress waves generated by mechanical

instabilities travel through the associated geologic media and can be

detected by measuring the associated displacement, velocity, or acceler­

ation. All three parameters, displacement, velocity, and acceleration,

are related by the mathematical equation

(Eq. 1)

where a is acceleration, v is velocity, s is displacement, and t is
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time. Hard-wired electronic circuits, digital computation, or manual

computation may be used to convert from one quantity to another.

For transducers located near the origin of the microseismic

activity (e.g., a to 50 ft), typical signal frequencies would be on the

order of 500 Hz to 50 KHz depending upon such parameters as the hard­

ness, density and competency of the geologic media, and upon the dis­

tance the stress waves must transverse. Here, accelerometers would be

the most suitable due to their high frequency response characteristics.

For monitoring activity at distances of 50 to 2,000 ft, a geophone

or seismometer would be ~he appropriate device, provided the major fre­

quencies involved were in the range of 5 to 500 Hz. Transducers

employed to monitor activity at distances of more than 2,000 ft should

probably be either a displacement gage or a very low-resonant frequency

seismometer since very few microseismic signals would contain frequen­

cies greater than 10 Hz at such distances.

Geophones have been utilized as transducers in the majority of the

field studies described in this report. A geophone is a velocity type

gage. Its construction consists of a light movable wire coil suspended

by a spring in a permanent magnetic field. ~fuen the geophone is moved

or jarred, the suspended coil remains in its original stationary posi­

tion for an instant due to its inertia. Magnetic lines of flux are

then cut because of the small relative movement between the magnet and

the coil. The coil then begins to move in response to the geophone

motion but is influenced by its owu weight, freedom of motion, and the

damping characteristic of the spring. Again, magnetic lines of flux

are cut by the coil. As a result, a varying voltage is generated by



46

the coil which is proportional to the relative motion or velocity

between the coil and the magnet.

For the field studies discussed, Geospace model GSC-IID geophones

with marsh waterproof cases were successfully employed as sho~vn in

Figure 6. Typical output response is given as 0.6 to 0.8 V per inch

per second, with a mechanical resonance of 14 Hz. Figure 6 also shows

a typical response curve for the 14 Hz type geophone used in the current

study.

3. Amplifiers

Amplifiers are used to amplify voltage, current, or power, and

they can serve as impedance matchers. The mobile microseisroic monitor­

ing facility utilized two types of amplifiers, namely preamplifiers and

post-amplifiers.

The preamplifier is used to amplify the very-weak voltages origi­

nating from the geophone. To obtain a maximum voltage transfer from the

geophone to the preamplifier, the amplifier's input impedance should be

very high, in this case l~OOO MD. The gain of the amplifier used is

fixed at 40 dB (voltage gain of 100). In particular, the Ithaco model

144L preamplifier is used due to its very low-noise characteristics,

low-distortion, high-stability, and ruggedness.

Ithaco model 454 post-amplifiers are employed to provide a further

stage of amplification. These amplifiers have variable gains of from

-10 dB to 90 dB in 1 dB steps. To achieve a maximum voltage transfer

between the preamplifier, field cable, and post-amplifier, the imped­

ances are purposely mismatched (i.e., preamplifier output of 50 Q and

post-amplifier input of 1 ¥~). Low-noise, low-distortion, and
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(A) Typical Geophone (l--geophone in marsh case, 2--installation
spike, 3--waterproof cable, 4--BNC connector)
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high-stability characteristics are considered vital to successful

microseismic monitoring.

4. Filters

One of the most annoying problems encountered when dealing with

weak signals which have been amplified many thousands of times is that

of noise. Thermal and electrical noises can originate at the geophone,

the preamplifier, and the associated connecting cable and junction box.

These noises are then amplified along with the desired signals as much

as 80 to 90 dB (10,000 to 30,000 gain). The preamplifier and the field

cables connecting the preamplifier to the post-amplifier are also sus­

ceptible to external and internal noises, but such noise would only be

amplified by the post-amplifier, approximately 40 to 50 dB (100 to 300

gain). The post-amplifier is not immune to noise, but there is little

or no amplification of post-amplifier noise, and hence, it is normally

neglected.

Filters attenuate certain frequency bands, while allowing other

frequencies to pass. Undesirable noise exists over the entire frequency

spectrum. Since much of the frequency spectrum is of little use in

terms of extracting meaningful data, provided the frequencies containing

the desired information can be isolated, it is possible to selectively

reject or attenuate all those frequencies lying below or above the

range (or bandwidth) of interest. Filters can be placed between the

geophone and preamplifier, between the preamplifier and the post­

amplifier, or between the post-amplifier and the tape recorder. Fil­

tering can thus remove unwanted noise from the data, provided the noise

does not have the same frequency components as the desired data.
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Generally, additional amplification can then be used because the noise,

which is attenuated, can no longer saturate the amplifiers. For the

microseismic facility used in the current study, a passive resistor­

capacitor (RC) filter circuit was incorporated in a junction box con­

necting the geophone to the preamplifier. This filter was designed to

attenuate frequencies greater than 1,000 Hz. An active operational

amplifier filter circuit (Rockland Model 1100) was also placed between

each post-amplifier and the associated tape recorder input to attenuate

the high frequencies further.

5. Tape Recorder

Since microseismic events are transient in nature, they cannot be

conveniently observed on an oscilloscope if any analysis is to be per­

formed. Some form of temporary or permanent storage is needed such as

a tape recorder, disk, cards, or paper tape. Time and monetary consid­

erations recommended that a frequency modulated (FM) analog multi­

channel instrumentation tape recorder be utilized, since analog storage

is relatively cheap and the associated circuitry simple and straight­

forward. The Sangamo Sabre III recorder was selected for the micro­

seismic monitoring system. It has the capability of recording at seven

speeds (from 1-7/8 ips to 120 ips); however, only three FM playback

speeds (1-7/8, 15, and 60 ips) are currently available, due to fund

limitations.

6. Junction Boxes and Field Cable

In order to couple the geophone to the preamplifier, a special

junction box is required, referred to as JB-A. This junction box

contains a shunt resistor to flatten the geophone frequency response
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which normally peaks around the mechanical resonance and to reduce

electrical noise, and a passive, low-pass, RC filter (3 dB dOwn at

1,000 Hz) to attenuate frequencies above 1,000 Hz. Figure 7 shows a

schematic diagram of the junction box circuit.

A second junction box (JB-B) is used to connect the preamplifier

output to the input of the field cable. There are no conditioning

circuits in JB-B as its sole purpose is to couple the preamplifier to

the field cable.

The field cable used to connect JB-A to the monitoring facility is

composed of three twisted pairs of 22 AWG wire, each pair being indi­

vidually shielded, wi~h the shields being insulated from each other.

Both the use of twisted pairs and the shielding, aids in reducing the

cable's susceptibility to external electrical noise. The basic wiring

arrangement from the transducer to the monitoring facility is illus­

trated in Figure 8.

7. System Sensitivity

The lower amplitude sensing limit of the microseismic monitoring

facility is the front-end thermal noise of the geophone and the pre­

amplifier. This can be measured by shorting the input of the pre­

amplifier and determining the amount of noise present at the output of

the system. Dividing the noise developed at the output by tce total

system gain gives the background electrical noise of the system. The

inherent noise of the geophone itself may also be a limiting factor;

however, this is difficult to obtain since it requires that the geophone

or its movable coil be completely motionless. These noise values are
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considered to constitute the background electrical noise level of the

system.

Mechanical background noise levels must be determined at the field

site under study. Noise generated by wind, rain, frost, traffic, heavy

machinery, earth tremors, and other natural and man-made phenomena all

constitute background mechanical noise which could well overshadow true

microseismic events of smaller amplitude.

In order for microseismic events to be observed without utilizing

special analytical techniques, such events must generally have at least

the same amplitude as the associated combined electrical and mechanical

background noise levels. Furthermore, the frequency sensing limit of

the microseismic system is dependent on the combined frequency response

of the geophone and the monitoring facility. For events to be detected,

their frequency spectrum must lie within the frequency limits of the

overall monitoring system.

The actual intrinsic rms noise of the microseisrnic monitoring

system has been measured to be 8.9 x 10-9 v/IHZ, for a frequency band-

pass of 10 to 250 Hz, a total system gain of 126 dB, and with the pre-

amplifier input shunted with a 910 Q resistor to simulate the geophone

impedance (Hardy, 1974). For the geophones used in this study, the

minimum equivalent rms ground motion that could be detected has been

-8 . ~calculated to be 1.5 x 10 In./s/itlZ. These values have been obtained

under optimum laboratory conditions; in actual field conditions, a

somewhat higher noise value would be anticipated due to the factors

mentioned in the previous paragraphs.
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8. Calculation of Equivalent Ground Motion.
The procedure for relating the voltage generated at the output of

a geophone to ground motion is as follows.

(1) Measure the amplitude (A) of the event (or background noise

level) in inches on the visicorder paper.

(2) Convert the amplitude A to an equivalent voltage by con-

sidering that the visicorder has a sensitivity of 1 in. =

I V at 0 dB gain of the visicorder driver amplifiers. Divide

A by the gain of the monitoring system (preamplifier, post-

amplifier, filter, tape recorder, and visicorder driver

amplifier). Thus the voltage output of the geophone may be

computed by

v = A/(IO exp dB/20) (Eq. 2)

where V is the geophone voltage output, A is the event ampli-

tude in inches, and dB is the total system gain.

(3) Convert V into a particle velocity by utilizing the transducer

sensitivity. For example, the sensitivity for the 14 Hz geo-

phones employed in the current longwall studies is,approxi-

mately 0.58 V = 1 ips particle velocity. Therefore,

PV = V/0.58 (Eq. 3)

where PV is the particle velocity, and 0.58 is the geophone

sensitivity for frequencies above 12 Hz.

9. Signal-to-Noise Improvements

Signal-to-noise ratio (SiN) is the ratio of the amplitude of a

desired signal at any time to the amplitude of the background noise at
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the same time. A number of techniques may be employed to increase the

signal-to-noise ratio for microseismic events. Firstly, geophones may

be placed nearer the source of microseismic activity by burying them

deeper. This means that the stress waves would then travel shorter

distances, and travel in more competent formations rather than in soil

and unconsolidated media. Furthermore, since surface waves are contin­

ually being detected by geophones buried near the surface, more deeply

buried geophones have soil cover to attenuate such waves.

Secondly, frequency bandpass filtering can effectively improve the

SiN by eliminating noises which lie outside the frequency band of the

desired signals. The narrower the bandpass, the greater the SiN.

Filters can be either active or passive. ~lalog filtering may be em­

ployed at the output of the geophone, the input to the preamplifier,

the input to the post-amplifier, andlor the input to the tape recorder.

A filter with low-noise characteristics is essential if the signal,

after passing through the filter, is to be further amplified. Passive

filters have much less internal noise than active. filters, although

active filters have much sharper slopes at the edge of the bandpass

frequencies.

Thirdly, the SiN can be improved, often dramatically, by elimi­

nating periodic noises such as 60 Hz, using notch filters (filters

designed to reject one specific frequency). Such filters can be

employed at any stage in the system, in the same manner as the regular

bandpass filters.

Finally, the use of geophone subarrays (several small arrays

arranged within the main array) can be used to improve the SiN of a
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microseismic monitoring system by summing the signals received from

each geophone in the subarray. Random noises can best be minimized

using this method. This technique is rather sophisticated and was not

utilized in the current study.
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IV. FIELD SITE DETAILS

1. Introduction

Since 1970, the Rock Mechanics Laboratory of The Pennsylvania

State University has been carrying out microseismic studies related to

coal mine safety. To date these studies have been confined to the study

of microseismic activity associated with longwall coal mine operations.

Figure 9 illustrates the basic experimental arrangement employed.

The mine selected for these studies was Greenwich Collieries, at

Barnesboro, Pennsylvania. Greenwich Collieries consists of a North and

a South mine, and during the period 1970 to 1978, four main sites were

investigated at the North mine, as illustrated in Figure la, namely the

A-2 site, the air return shaft site, the I(A,B,C) West B-4 site, and

the I(D) East B-4 longwall site. This current study will be concerned

with the tests conducted at the I(D) East B-4 site. Preliminary data

from the other three sites have already been briefly discussed in a

recent U.S. Bureau of Mines (USBM) report (Hardy, 1974). Subsequent

study of the data from the other three sites indicated that it was not

of sufficient quality to merit additional analysis. In order to put

the studies at the I(D) East B-4 site in proper context, a brief out­

line of the general Greenwich mine site has been included here along

with details of the mining operations and the associated roof control

conditions experienced in the North mine.
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2. Field Site Selection

Early in 1971, project personnel visited several coal mines in

Central Pennsylvania in search of a suitable site for monitoring micro­

seismic activity. The choice of the site was based on a number of

factors, including easy surface access above the coal mine, minimal

interference with mining operations, and the mine management's desire

to cooperate with the project personnel. Greenwich Collieries, located

near Barnesboro, Pennsylvania, was selected for the microseismic field

study. The general location in relation to the University Park campus

of The Pennsylvania State University is shown in Figure 11.

Yonkoske (1972) has described the Greenwich area, and portions of

his description are given below. Greenwich Collieries is located on

the eastern part of the Appalachian Plateau in Central Pennsylvania.

Situated slightly west of Uniontow~, the mine is at an outcrop of the

Freeport "D" seam.

Primary drainage of this area is provided by the west branch of

the Susquehanna River which flows to the north. Structurally, the

relief between anticlines and synclines in this area is approximately

500 to 700 ft. The mine dips at 3-1/2 degrees to the northwest down a

syncline having a slightly plunging axis in the northeast direction.

Stratigraphically, the Appalachian Plateau lies above the Devonian,

Mississippian, Pennsylvanian, and Permian beds. The Pennsylvanian

sedimentations are typically cyclic in nature and are described by

Weller (1930). With the aid of information from boreholes previously

drilled in the South mine of Greenwich Collieries, Jones (1972) found

the strata to consist of "alternating and laterally discontinuous

shales, siltstones, sandstones, and coal. 1I Such strata overlying the
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coal seam would most probably be very heterogeneous, anisotropic, and

geologically complex.

3. Greenwich Mine

3.1 General

Greenwich Collieries, a wholly ovmed subsidiary of Pennsylvania

Power and Light Company, consists of two mines (the North, or No. 1

mine, and the South, or No. 2 mine) in the lower Freeport coal seam

(locally known as the liD" seam). The mines are located north of

Barnesboro, Pennsylvania, in Indiana County. The seam thickness

averages about 42 in. laying under an average of 430 ft of cover.

Both mines are drift mines, having an average coal seam dip of 4 per-

cent.

Room and pillar areas and several longwall panels are being worked

at Greenwich. Typically, the entries are 20 ft in width, the pillars

are 60 ft by 90 ft, and the longwall panels are 450 ft wide by 5,000 it

in length.

Daily production of clean coal approximates 11,000 tons, with

about 23 percent reject (Trevorrow, 1975). Conveyor belts transport

the coal out of the mines to a central screening point, after which it

is transferred to a preparation plant. The resultant clean coal is

transported some 4,400 ft to a stockpile and load-out area by way of

an overland conveyor. Unit trains receive the clean coal and transport

the coal to the Montour generating plant in Montour County.

Twenty-five continuous miners and three longwall production shifts

are in operation daily in each mine. For both development and the

continuously mined sections, the output production of the mines is
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approximately 150 tons per shift. For the longwall production, the

output is projected to average 600 tons per shift.

3.2 Rock conditions

The floor or bottom rock consists generally of 6 in. of soft

fire clay (Trevorrow, 1975), with a harder shale (uniaxial compressive

strength of 8,000 psi), having a thickness of from 12 to 18 in., lying

below the fire clay. Beneath this lies an extremely hard rock which

varies from a sandy shale to sandstone. Compressive tests conducted

at The Pennsylvania State University on this rock indicated that its

strength ranged from 18,000 to 31,000 psi.

The roof or top rock above the coal seam may be classified in two

parts, namely the immediate roof and the upper roof. A moderately

strong shale (uniaxial compressive strength of 8,000 psi) constitutes

the iw~ediate roof, which typically has a thickness of 20 to 30 in.

On top of the immediate roof is the upper roof consisting of a dark

gray slaty shale which is estimated by the mine personnel to be 10 ft

or more in thickness. This shale has a compressive strength of about

15,000 psi. The coal seam itself is comprised of coal ranked as

Class II high-volatile "A" bituminous coal. The BTU rating is about

125,000. Analysis of the coal reveals the following: volatiles =

22.8 percent, fixed carbon = 56.2 percent, ash = 16.3 percent,

moisture = 4.6 percent, and sulfur = 0.9 percent.

3.3 Equipment employed

Development section -- Lee Norse oscillating-head miner LN-26H

and the Lee Norse fixed-head miner LN-265HH are the two types of
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continuous miners used. The mine is slowly converting oscillating-head

miners to fixed-head miners. The shuttle cars are four-ton capacity

National Mine Car flexcars, typically carrying 2-1/2 tons. The belt

feeder is a Stammler, and the belt system is manufactured by Airdox.

A Fletcher LTDO provides roof-bolting capability of from 42 to 84 in.

Generally roof bolts are placed in a 4 ft by 4 ft pattern. Roughly

30 percent of the roof bolts installed are resin bolts (Beck and Khair,

1974).

Longwall section--The shearer used is a single-drum Eickoff

Model No. EW 170, with ranging arm. The Eickoff is distributed by Joy

Manufacturing Company and has a rating of 230 horsepower, consuming 170

kilowatts of electrical power. The roof supporters are four-leg Gullick

Dobson (Wigan) supports, consisting of a 30Q-ton lower stage and a 500­

ton upper stage. These double-telescopic supports are also described

as hinged canopies. w~en the supports are fully extended, a maximum

yield load of 300 tons is available. Once half the available leg travel

is utilized, a maximum load of 500 tons may be obtained. As much as

32 tons can be applied at the tips. The supports are 45 in. wide and

are 173 in. from the tip of the face to the back. Usually the supports

are spaced at 4 to 5 ft intervals (Beck and Khair, 1974).

3.4 Roof control in the longwall area

Hydraulically-powered chocks at the face are utilized to support

the immediate roof for protection of the mining personnel and the

shearer. Once the shocks ad~Tance the immediate roof generally caves

and becomes part of a well-fragmented gob. Much of the caving fragments

range from 2 to 12 in. in length, being of a lenticular and slabby
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geometry. Massive slabs of immediate roof as much as 20 ft in length,

5 it in width, and 20 to 30 in. thick, occasionally fall. Resting on

the gob is the sagging, massive upper roof as show~ in Figure 12.

Whittaker (1974) observed the upper roof is generally unbroken along

the entire lon~vall face, which is quite unusual for normal caving

of longwall mining operations, and that typically the height of caving

ranges from one to three times the extracted seam height. The strength

of the upper roof allows adequate spanning of the face to the gob.

The weight of the upper roof aids in consolidating the fragmented

immediate roof, which in turn acts as an effective abutment behind the

chocks.

Wnen the chocks are fully extended, a maximum of 300 tons of

yielding support is available and is utilized. Unfortunately, this

value generally permits excessive roof convergence. Difficulties are

then encountered in roof control, by the time the SOO-ton load is

applied (fu~ittaker, 1974).

Because the roof convergence is often excessive, several problems

arise, namely the following.

(1) The roof frequently fractures between the face and the

chocks. Sizable blocks of rock then slip slightly downward,

effectively prohibiting or hindering the passage of the

shearer or the advancement of the chocks, as illustrated

in Figure 13.

(2) At times the rear legs of some of the chocks contract fully

("close solidll
). To remove the chocks, blasting is

required.
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(3) Sometimes the shearer becomes stuck due to the roof con­

verging just behind the face. Blasting is generally employed

to free the shearer and/or to make a sufficient clearance

for the shearer to pass.

(4) Excessive scoring of seals and abnormal flexing of hoses

permits hydraulic fluid to lead from the chocks which pre­

vents the supports from obtaining maximum effectiveness.

The fluid wets the mine floor, which is sensitive to water,

thereby magnifying strata control problems.

Whittaker (1974) visited the B-6 longwall at Greenwich Collieries

in August of 1974; on this occasion he heard rumbling sounds, similar

to thunder, originating from the roof. For new longwalls these noises

are typical until proper caving exists, which generally does not occur

until after the longwall advances a distance equal to its width. Such

rock noises are generated by the fracturing of beds in the upper roof

as illustrated in Figure 14.
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V. FIELD PROCEDURES

L General

To investigate the feasibility of using microseismic techniques

to detect and locate potential zones of instability around a 10n~Nall,

a study involving a number of field monitoring sessions are conducted

over a longwall mining operation. An array of 15 transducers (geo­

phones) mo~~ted in shallow boreholes at depths of from 10 to 25 ft was

installed above the active area of the longwall to detect any micro­

seismic activity being generated in the proximity of the array. During

each field session, a monitoring facility (described earlier) amplified,

filtered, and recorded the activity sensed by the transducers. Fol­

lowing each field trip, the recorded microseismic data was played back

on visicorder paper, which was then examined for true microseismic

events. These events were analyzed in more detail as described later

in this report. In this chapter details of the more important field

procedures will be discussed.

2. Geophone Installation

In general there are three techniques used to install the geo­

phones. They include (1) surface-mounted, (2) shallow-burial, and

(3) deep-burial. These are illustrated in Figure 15.

In the initial longwall studies the spiked tip of a geophone was

vertically wedged securely in the ground at the surface. The A-2 lo~g­

wall study utilized this surface-mounted technique exclusively due to
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the ease and simplicity of the installation. Drawbacks for the surface­

mounted technique include poor acoustical coupling between the ground

and the geophone, and high-susceptibility to surface noises such as

wind, rain, and vehicular traffic.

If more isolation from surface noises and an improvement in the

acoustic coupling is desired at a very minimal cost, the shallow-burial

technique is worth considering. Here a post-hole digger (hand-operated)

is employed to dig a hole roughly 6 in. in diameter and 2 to 3 ft in

depth, provided rocks and bedrock are not encountered. Barring prob­

lems such as rocky soil, holes can be dug in 10 to 20 minutes. A digging

bar is useful whenever rocks are encountered and must be broken. Once

the hole is at the desired depth, a geophone is vertically mounted,

spike downward, in the soil at the bottom of the hole. The soil removed

from the hole is then carefully and firmly repacked around the geophone

using the flat end of the digging bar. The remainder of the hole is

similarly repacked. At all times care must be exercised in protecting

the geophone and the associated cable from damage. A steel rod, fence

post, pipe, or wooden stake is inserted about 6 to 12 in. away from the

geophone hole to act as a support for the geophone cable. For ease in

locating the geophone holes on subsequent field trips, a strip of red

surveyor's ribbon is connected to the top of the stake. The geophone

cable is secured to the stake with electrical tape, and a plastic bag

is utilized to protect the BNC connector, at the end of the cable, from

moisture and weather. The end of the BNC connector should be positioned

facing toward the ground to prevent moisture from accumulating inside.

The open end of the plastic bag likewise should face toward the ground
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with the end left slightly open to permit air to circulate and dry any

moisture that might enter.

The most satisfactory method for installing geophones is the deep-

burial technique. This requires a small drilling rig with a 3- or 4-in.

auger. A hole is augered to a depth of 12 in. or so into bedrock which,

for the Greenwich site, is usually 10 to 20 ft below surface. As soon

as the auger is removed from the hole, a geophone, with 6 to 12 in. of

heavy steel washers placed on top to help the geophone to be positioned

vertically, is lowered to the bottom of the hole. Approximately one-

half cubic foot of concrete is then poured down the hole while the

geophone cable is held taut. Stakes or posts are next driven in the

ground 6 to 12 in. from the hole, and the remainder of procedure is the

same as discussed in the previous paragraph. After the concrete has

had time to set (typically several days), fine sand is poured into the

hole, until it is filled, to prevent possible hazards to people in the

area, and to prevent it becoming a drain for surface water. Should the

hole be drilled more than several hours before a geophone is to be in-

stalled, it is advisable to case the hole with plastic sewer pipe or

other available casing to prevent the hole from deteriorating prior to

geophone installation.

Surface-mounted or shallow-burial geophones are subjected to a

variety of mechanical and electrical surface noises. For example,

mechanical noises include wind, rain, vehicular traffic, trees, people,

and animals. Also, the unconsolidated soil having been packed around

the geophones produces noises by shifting and settling with time and

changing weather conditions (e.g., freezing, thawing, rain saturation,

and dehydration). Electrical noises are generated by heavy electrical
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machinery (motors and generators), power lines, radio transmitters,

corrosion control systems (cathodic protectors), electrical storms, and

electrical fences.

The waveforms of events detected by the surface-mounted or shallow­

burial geophones are generally quite distorted. Microseismic events

originating underground are attenuated in amplitude with increasing

distance between the source and geophone in even a simple homogeneous,

isotropic, continuous, elastic formation. The higher frequency compo­

nents present in the waveforms are also more highly attenuated with

distance than the lower frequency components. In actual field condi­

tions most formation are heterogeneous, anisotropic, and discontinuous,

all of which distort the waveforms further. Another factor which

influences the amplitudes of the waveforms is the acoustic impedance of

the formation. The consolidated formations beneath the top soil have

much higher acoustic impedances than soil. Because of this impedance

mismatch, these formations will tend to retain any vibrations coming

from within or beneath them. Consequently, relatively little energy

will be released into the soil. Furthermore, the soil, being an insu­

lating or acoustically poor conductor, rapidly attenuates whatever

energy propagates through it.

During one field trip to the I(D) East B~4 longwall site (May 10,

1975), a study was conducted to investigate the effect of geophone

installation depth on signal characteristics. Three geophones were

previously installed at one location (N-9, see Figure 23) at depths of

20 ft (deep-burial), 3 ft (shallow-burial geophone), and on surface

(surface-mounted geophone).
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The following results were obtained.

(1) Signals from the surface-mounted geophone exhibited the

highest amount of background noise. Much of this noise was

on the order of 1,000 Hz and was moderately large in ampli­

tude, possibly due to the wind blowing during the monitoring

session. Similar frequencies, but smaller amplitudes, were

found for the shallow-burial geophone, which suggests that

the top soil is an effective acoustic filter.

(2) All three geophones were found to respond to large underground

or surface noises.

(3) Generally, if the surface of the ground was impacted with a

steel digging bar, the observed signals were highest in fre­

quency on the surface geophone and lowest on the deep geophone.

Also, the signal amplitudes were greatest on the surface­

mounted geophone and smallest on the deep-burial geophone.

(4) The surface-mounted geophone always appeared to exhibit the

largest amplitude for both surface and underground events.

Reviewing then, the advantages of a deep-burial geophone over a

shallow-burial or surface-mounted geophone include:

(1) higher signal-to-noise ratio, due to the high attenuation

of signals originating from surface;

(2) more accurate arrival times for surface locations, due to

reduced background noise.

On the other hand, the advantages of a shallow-burial or surface­

mounted geophone over a deep-burial geophone include:

(1) much easier and less costly to install;
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(2) greater sensitivity to surface noises, thereby providing

good correlation with events occurring at surface, e.g.,

aircraft, vehicles, animals, and people.

3. Pre-Field-Trip Procedures

Proper preparation for microseismic field trips is extremely

important. When preparing for a field trip, one must first determine

what supplies are to be taken. Items to be procured include reels of

magnetic tape, boxes of visicorder paper, junction boxes, cables

adaptors, preamplifiers, cable reels, tool box, walkie talkies, gaso­

line container, oscilloscope, multimeter, spare parts, and expendable

supplies. Prior co a field trip the tape recorder must be cleaned, the

microseismic monitoring system tested for proper functioning, and the

walkie talkie batteries charged. The instrument van should be emptied

and swept out, then packed with the above items, which are arranged S0

as to minimize damage to the equipment rack in the event of a sudden

emergency stop. The trailer, containing the motor generator, power

cables, and large tools is connected to the van just prior to departure.

Climatic conditions indicate whether items such as rainsuits, heaters,

and the like are needed.

4. Field Site Procedures

Upon arrival at the field site, project personnel first unload the

van and the trailer. The motor generator is started and the electronic

equipment is warmed up while personnel unwind field cables. The geo­

phones (usually permanently installed) are then connected to the field

cables through various junction boxes and amplifiers. Equipment
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settings are selected (post-amplifier gains, filter frequency band­

widths), and each channel is then monitored using an oscilloscope.

A magnetic tape is mounted on the recorder, and a 50 Hz, I V peak-to­

peak triangular waveform, from a signal generator, is connected to one

channel of the tape recorder as a reference signal. Next, to provide a

suitable mechanical signal to insure each geophone channel is operating

satisfactorily, one person walks past each geophone station, while a

second person monitors the response of the associated channel using the

oscilloscope.

At this time, the tape recorder is started to initiate data

recording, the equipment settings are again checked, and the time and

tape footage are noted on the field data log. During the microseismic

monitoring period all observable events (vehicles, aircraft, people,

weather, etc.) are documented in the field log, along with all equipment

setting changes and tape footages.

At the end of the monitoring period, personnel retrieve all junc­

tion boxes and preamplifiers, and rewind the field cables on their

respective wheels. The magnetic tape is then rewound and labeled, after

which time the motor generator is shut dow~. The van is then repacked

in the same manner as described in the previous section.

5. Post-Field-Trip Procedures

Generally on the day following a field trip, the van is unloaded

and cleaned. The field equipment is then set up to playback the

recorded data. In this mode the tape recorder outputs are connected to

the analog filters which in turn are connected through driver amplifiers

to the visicorder. Appropriate filter bandwidths and driver amplifier
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gains are employed. Data is played back on the tape recorder at a

speed of at least four times that of the original recording speed, and

the visicor~er paper drive is set at a slow speed (typically 0.4 ips).

A hard copy of the entire microseismic field monitoring session can

thus be obtained in a condensed form for immediate perusal. Typically

more than three hours of data can be hardcopied on one roll of visi­

corder paper 100 ft long. This provides sufficient resolution to select

potential microseismic events. All potential events are then replayed

at a slow tape speed (usually 1-7/8 ips) and are hardcopied at a medium

or high visicorder paper drive speed (usually 4 to 80 ips) for later

detailed analysis.
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VI. DATA ANALYSIS PROCEDURES

1. General

Two methods have been employed to analyze microseismic data,

namely (1) manual analysis and (2) computer analysis. Manual analysis,

in general, consists of hardcopying the microseismic data from magnetic

tape to visicorder paper and evaluating quantities such as event activ­

ity rate, frequency content, amplitude, duration, and arrival times

by hand, or playing the data back through a number of hardwired analysis

units such as a frequency analyzer or event counter to obtain specific

microseismic parameters. Computer analysis, in contrast, consists of

digitizing selected portions of microseismic data directly from the

magnetic tapes and then mathematically processing these digitized por­

tions using suitable computer programs.

2. Manual Analysis

Manual analysis constitutes the major portion of the data analysis

performed during this study. Figure 16 illustrates the editing and

manual analysis procedures employed. Data reduction through selective

editing is accomplished by playing back the field tapes at an inter­

mediate tape speed and by running the visicorder at a slow speed.

Possible events of interest are noted, and these events are eA~anded by

playing the data on a slow tape speed and a high visicorder speed.

Crude frequency analysis can be made by replaying the event at several

narrow bandwidth filter settings and noting the amplitude of the event
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at each filter setting, or by measuring the time for one complete cycle

of the signal and taking its reciprocal to obtain frequency. Arrival

times, phases, and durations of the events may likewise be obtained

from the oscillograms by visual inspection.

If more than just a hardcopy output of the data is desired, a

second, portable recorder is employed to record selected sections of

the data onto a second tape. This portable recorder may then be trans­

ported to a laboratory or a computer facility for further analysis.

In the laboratory, a transient recorder, a real time frequency analyzer,

and digital counter and printer are available for data analysis. The

transient recorder is an analog-to-digital converter having a digital

memory, with a pretrigger mode which enables one to capture a complete

event and display it on an oscilloscope for perusal or record it using

an associated X-Y plotter. The real-time frequency analyzer may be

used to determine the frequency components present in individual events

and in ambient background data. The digital counter and associated

printer may be used to obtain event activity rate (number of events

above a selected amplitude per unit time). All three instruments men­

tioned have the common disadvantages that only one signal channel may

be analyzed at a time. Multichannel analysis is therefore very time

consuming with such equipment.

3. Computer Analysis

The method best suited for data processing and analysis is a com­

puter based system. One of the authors (Mowrey, 1977) has written

several computer programs utilizing the Hybrid Computer Facility of

The Pennsylvania State University. These are designed to digitize
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rapidly and accurately several channels of analog data, store the

digital data on tape, perform mathematical operations upon the digitized

data, and display the data on a digital display or oscilloscope.

Figure 17 shows a simplified block diagram of the Hybrid Computer

Facility, and a brief description of the associated computer programs

developed by the writer are given in a paper entitled "Computerized

Data Processing Programs for Use with a Multichannel Analog Microseismic

Data Acquisition System" (Mowrey, 1975). The basic format of the digi­

tized data is designed to be compatible with an available set of hybrid

computer data analysis programs called DATNL developed at The Pennsyl­

vania State University by Ke1lme1, Fortune, and Vosenilek (1974).

The hybrid computer programs have not been utilized extensively as

yet due to

(1) the limited availability of the hybrid computer facility,

(2) the problem of timesharing the hybrid computer during

digitization of analog signals,

(3) the time consumed in properly wiring the analog portion of

the hybrid computer, and

(4) the relative difficulty in transferring the microseismic

field data to the hybrid computer facility.

To alleviate these problems, which have thus far limited the amount of

data processed, one of the authors (Mowrey) has been developing a

minicomputer system which would essentially incorporate the above pro­

grams and would also be completely dedicated for the acquisition, data

reduction, processing, and digital storage of microseismic data. With

a suitable telephone interface, the minicomputer system will be
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connected to the IBM 370/168 digital computer of The Pennsylvania State

University to permit additional storage, more complex computerized data

analyses, and utilization of associated line-printers, magnetic tape

drives, disks, and other perifera1 devices linked to the digital com­

puter facility.

In contrast to hybrid computer analysis techniques, which are

still in the development stage, digital computer analysis has been used

extensively in the current study for the computation of microseismic

source locations. Details of the techniques and associated digital

computer programs are presented in the section entitled "Source Loca­

tion" later in this chapter.

4. Recognition of True Microseismic Events

When carrying out microseismic monitoring of a geologic structure

as complex as a mine, a wide variety of signals is often observed.

Only a limited number of these signals are true microseismic events.

4.1 Criteria for a microseismic event

Four basic criteria have been used in this investigation for

delineating true microseismic events, namely the following.

(1) The event must be above a certain amplitude level (above the

ambient background noise).

(2) The event must lie within a certain frequency range.

(3) The event must exist for a certain duration of time.

(4) The event, as detected by a number of geophones, must exhibit

coincidence in the following manner:

(a) at least three geophones in the array must detect the

event within a specific time window and
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(b) not more than three geophones should detect the event

simultaneously.

Although computer techniques have been under investigation by the

authors for automated recognition of true events, they have not as yet

been sufficiently developed. Consequently, only manual techniques have

been used in the current study.

4.2 Typical waveforms observed

During the recent longwall microseismic studies, some 15 general

types of signal waveforms have been observed as illustrated in Figure 18.

In this section the character and probable source of the various types

of signals are discussed.

True microseismic events are nearly always characterized by signals

of type -9 and -10. These resemble rapidly decaying transients in most

instances. Events having high energies and being at large distances

from the transducer often show an increase in amplitude before decaying,

as the P, S, and Rayleigh waves (which have different propagation veloc­

ities) sequentially reach the geophone.

Electrical spikes or transients caused by system noises generally

appear as a type -1 waveform. Two or more such transients occurring

nearly simultaneously would appear as a type -2. Basically these are

high amplitude, high frequency waveforms having a short duration. In

contrast, if a person walks by a geophone site a series of increasing

amplitude transients occur, followed by a series of decreasing ampli­

tude transients, denoted as type -3.

"Rumblings" appear as blossoming and slowly decaying background

noises with duration which may vary from a few seconds to as much as an
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hour or more. The source of these "rumblings" are as yet uncertain,

but they are currently believed to be related to dist~~t noise sources

which have generated surface waves (e.g., mining machinery, such as the

shearer cutting rocks harder than coal, or electrical noises within the

ground or air). The type -4 waveform is characteristic of a typical

"rumbling." Types -12 and -15 are related closely to type -4 except

that the frequency of vibration is lower. Type -15 appears to represent

a series of closely spaced single events. The source of these events

has not been established.

Signals with waveforms of type -5 and -6 are generally observed

only once and cannot be repeated at the same type footage. These are

apparently due to a problem of poor tape tracking caused by dirty

recording or playback tape recorder heads. Cleanliness of the heads

and tape usually minimize the occurrence of this type of signal.

Whenever the ambient background noise level abruptly decreases

(type -7) or abruptly increases (type -8), electrical ground currents

are suspected to be the cause. High-voltage and high-current machinery

being switched on or off can quickly alter electrical grolli~d currents

and may be the cause of such signals.

The Microdot connectors, used between the geophone and the pre­

amplifier, are often a source of trouble. A damaged or intermittant

Microdot connector typically develops a signal having a type -11 wave­

form. Basically this signal is a high-amplitude, low-frequency random

noise.

A signal waveform of the type -13, which exhibits a high-amplitude,

low-frequency, decaying oscillation, is usually observed whenever the
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hoist (mine elevator) is in operation. The operation of other heavy

mining equipment is also found to generate such waveforms.

Occasionally, the general ambient background noise level appears

to decrease for one or two seconds and then return to its original

level as illustrated by the type -14 waveform. The reason for this

behavior is unknown, but it is believed to be related to tape recorder

tracking problems in the recording or playback modes rather than to

actual changes in the background noise level.

5. Microseismic Source Location

5.1 General

The ability to locate the source of microseismic events is impor­

tant when it is necessary to delineate areas of instability within rock

structures and to evaluate the success .of measures taken to stabilize

such regions. Mapping progressive regions of instability and stress

buildup becomes possible when source location techniques are employed.

The location of unstable regions in a geologic structure can be

determined by several methods. A probing technique (Obert, 1941) has

been employed which consists of moving a transducer to different loca­

tions in the structure, amplifying the received signals, monitoring the

resulting signals with a set of headphones, and listening for the loca­

tions with the greatest amplitude and/or highest frequencies. This

method is rather simple, but it provides one with a practical, although

crude, means to locate the approximate source of observed microseismic

events. Disadvantages are as follows.

(1) The risk of danger becomes increasingly higher as the region

emitting the events is approached.



88

(2) The events may not be detected if the transducer is too far

removed from the emission source.

(3) The accuracy of this method becomes poor if the events are

occurring deep within a massive structure.

A second simple source location method involves the comparison of

the signal amplitudes observed at a number of geophones, as a result of

a single event. The geophone whose signal amplitude is the largest is

then assumed to be nearest the microseismic source. This method pro­

vides only a very approximate source location and is dependent upon

having one geophone relatively near to the source compared to the other

geophones. The assumption that all waves are attenuated equally in all

directions with increasing distance from the source must also be made

for this method to work. Comparing the amplitudes of several geophones

with their corresponding coordinates, one can better approximate the

source location using this method.

A third technique, probably the most objective and accurate method

of source location, is that of measuring relative microseismic arrival

times at various geophones whose coordinates are knovID, and employing

these arrival times in a set of equations to mathematically solve for

the source location. This is generally known as the travel-time­

difference method.

5.2 Details of travel-time-difference method

The fundamental problem in this source location method is to obtain

the x, y, and z coordinates required to fix the source point (PO) of

the microseismic event in three-dimensional space (i.e., obtain a
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hypocenter location for the source). Figure 19 illustrates an example

for a five-geophone array surrounding the source.

The most direct approach is to use Flinn's method (1960) by con-

sidering the standard distance equation:

CEq. 7)

h d · h d' f h h . th hwere . ~s t e ~stance rom t e source to t e ~ geop one: z, y, z
~

h kn d . d h . th hare t e un own source coor ~nates; an xi' Yi , zi are t e ~ geop one

coordinates. To solve for x, Y, and z, it is necessary to reduce

equation (7) to three linearly independent equations in three unknowns.

The distance d. from the source to i th geophone can also be
~

expressed by:

d. = v.(t. - t)
1. 1. 1.

CEq. 8)

where v. is the wave velocity of a ray from the source to the i th geo­
1.

phone; t i is the arrival time (the time required for the wave to travel

from the source to the i th geophone); and t is the time when the event

occurred, generally assumed to be 0 ms.

The right hand sides of equations (7) and (8) can then be equated

as shown in equation (9).

(Eq. 9)

Provided v. and t. are known, data from three geophone stations
1. 1.

are required to uniquely solve for x, y, and z. In practice, however,

v. and t. are both unknown quantities as well. In some cases a mean
~ 1.

value for v. can be obtained from prior velocity measurements (e.g.,
~
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seismic surveys or sonic logging of suitably located boreholes); how-

ever, this is frequently not practical.

Continuing with the analysis, equation (9) is squared to obtain

2 2
::; v. (t. - t)

J. J.
(Eq. 10)

The errors of the first approximation x Yo' z
0'

and t are
0' 0

b.x ::; x - x (Eq. lla)
0

b.y ::; y - Yo (Eq. lIb)

b.z ::; z - z (Eq. llc)
0

b.t ::; t - t (Eq. lId)
0

Substituting equations (11) into equation (10) and neglecting all

the squares of the errors, equation (12) is obtained.

(x. - x ) ~x + (y. - y ) ~y + (z. - z ) ~z
~ 0 J. 0 J. 0

where

..,
- v.~(t. - t ) ~t ::; R.

J. J. 0 J.

2
v. (t.

J. J.

(Eq. 12)

CEq. 13)

This results in n equations for the four errors of b.x, ~y, ~z, and

~t, and provided that n is greater than four, the problem is over-

determined.
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One method to solve these n equations to obtain a best average

solution is by way of least squares in which a set of deltas (errors)

are determined which minimize the sum of the squares of the station

residuals.

Equation (12) can be expressed in its matrix notation form as

A/:'= B CEq. 14)

where /:, is a column vector with components (/:,x, 6y, 6z, 6t), B is a row

vector with components (R1 , R2 , R3, .•• Rn), and the matrix A is as

follows:

2 t )x - x Yl - Y z - z -v (t -1 0 0 1 0 1 1 0

2
- t )x - x Y2 - Y z - z -v

2
(tz2 0 0 2 0 0

A = (Eq. 15)
2x

3 - x Y3 - Y z - z -v (t - t )
0 0 3 0 3 3 0

2 - t ) Ix - x Yn - Yo z - z -v (tn 0 n 0 n n 0

The vector B can be readily solved, but due to the high relative

measurement errors involved, particularly in the arrival times, the

solution obtained will not be well behaved.

To overcome this problem, equation (14) may be premu1tiplied by

A's transpose, namely At

giving

where

and

C b. = D (Eq. l6a)

(Eq. 16b)

(Eq. l6c)

where matrix C is a positive definite symmetric 4 x 4 matrix. Multi-

plying the inverse of matrix C on both sides of equation (16a), the
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solution becomes

(Eq. 17)

which will be well behaved and will be the best solution when using the

method of least squares.

The ~ matrix is solved by Gauss elimination. This ~ matrix is

then added to xo ' Yo' zo' and to to obtain a better approximation solu­

tion. The process is repeated until a convergence criterion is reached.

In Some cases the convergence criterion is too small and the solution

will not converge to the selected tolerance. For these cases a maximum

number of iterations is employed to terminate the process.

A computer program, which is based on the foregoing method, was

available (Harding, 1970; Harding and Rothman, 1974), and this was

modified for the current microseismic study. Details on this program

are given in Appendix B.

5.3 Conditions required for application of the travel­
time-difference method

This section is concerned with the conditions necessary for

locating the source of underground microseismic events detected by a

number of geophones arranged in a planar array. In general, the event

must meet the following conditions.

(1) The first arrivals must be direct waves (P-waves).

(2) Suitable first arrivals must be observed by at least five

geophones.

(3) The P-wave velocity from the source of each geophone must

be known.
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This method requires that the location (x, y, z) of each geophone

station be accurately known. An initial guess for the source location

must be provided, although the solution is usually insensitive to the

initial guess. The geologic media through which the microseismic

signal passes is generally considered to be homogeneous and continuous.

The velocity model employed however may be isotropic, anisotropic, or

unique. The unique velocity model assumes that each geophone location

has associated with it a unique velocity. This velocity is determined

by placing a seismic source (e.g., a blast) at a known location under-

ground, computing the difference between this source and each geophone,

measuring the total travel-time from the source to each geophone, and

dividing the total distance by the total travel-time to obtain an

associated velocity value for each geophone. This model, although dif-

ficult to justify theoretically, has been used successfully by other

workers (Blake, Leighton, and Duvall,. 1974).

5.4 A method for approximating unique velocities

Provided that a geophone array whose coordinates are knowll, a

blast having known coordinates, and the relative travel-times of n geo-

phones are available, an approximate unique velocity value can be estab-

lished for each geophone (Blake, Leighton, and Duvall, 1974).

The vector distances "d." between the blast and each geophone
~

location are computed as follows:

d. = (x. - x )2 + (y. _ Y )2 + Cz. _ z )2]1/2
~ ~ a ~ 0 ~ 0

CEq. 18)

where d. is the distance from the blast location to the i
th geophone;

~
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x, y, z are the i th geophone coordinates; and x , y , and z are the
000

blast location coordinates.

The geophone having the smallest travel-time is referred to as the

reference geophone and has the subscript "r." The reference distance

ltd II is subtracted from each geophone distance to obtain distance dif­
r

ferences "!::.d." as shown
~

d. - d
~ r

(Eq. 19)

The reference travel-time Itt " is also subtracted from each geophone
r

travel-time lit." to obtain time differences lI!::'t." as shown
~ ~

!::.t. = t. - t
~ ~ r

(Eq. 20)

An initial velocity approximation "v." for each geophone is then
a~

obtained by dividing the distance differences "!::.d." by their corre­
~

sponding travel-time differences, namely:

v . = 6.d.l!::.t.
a~ ~ ~

(Eq. 21)

A b1ast-to-reference geophone (SRG) travel-time "tbi" is next computed

for each geophone. This "tbi" is determined by dividing the total

distance "d." between each geophone and blast by the initial velocity
~

approximation "V .11 and then subtracting the time differences
a~

this result as follows:

II.. II

'-i from

= (d./v .) - !::.t.
~ a~ ~

All the SRG travel-times II tbill are next summed to obtain:

(Eq. 22)

t =s
(Eq. 23)
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where 0 is the number of geophones excluding the reference geophone.

The average SRG travel-time "t " is computed by dividing the sum of the
a

SRG travel-time Itt " by the number of geophones, excluding the reference
s

geophone, as follows:

t = t 1ma s CEq. 24)

Finally, the compensated velocity "v." is calculated by dividing the
c~

distance "d." from the blast to each geophone by the average SRG travel­
~

time "t " and the time difference "t.t." of each geophone.
a ~

v . = d./Ct + t.t.)
c~ ~ a ~

(Eq. 25)

Ideally "t 11 is as small as possible for best results which implies
a

that the reference geophone should be as near the blast as possible.

Moreover, these compensated velocities are valid only in the general

region of the blast.

5.5 Determining estimated arrival times

The absolute or total travel-time of any stress wave to propagate

from its source to a given geophone station can be roughly estimated by

following the steps listed below. Total travel-times are estimated

only to make the arrival time data appear realistic. These times are

used in the travel-time-difference method to obtain source locations,

although the method actually requires only the travel-time differences.

To estimate total travel-times, the following steps must be carried

out.

(1) The geologic medium is assumed to be homogeneous, elastic,

and continuous.
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(2) A 10,000 fps isotropic wave propagation velocity value is

assumed unless a better velocity value for the field site

is known.

(3) The general area where the source is believed to originate

is estimated.

(4) The three-dimensional vector distance between the estimated

source location, and the nearest geophone (referred to as the

reference geophone) is calculated.

(5) The vector distance obtained in step (4) is divided by the

propagation velocity given in step (1) to obtain the total

travel-time for the reference geophone.

(6) The nearest time line to the "break point" (BP) of the

reference geophone is found on the oscillogram, as illustrated

by Figure 20. BP, the point at which the microseismic signal

is first detected, may be observed by noting an amplitude,

frequency, and/or phase change in the microseismic signals.

The nearest time line is defined as the reference time line

(RTL) and is assigned the total travel-time value as computed

in step (5).

(7) The BP's associated with the other geophones are then

measured with respect to the RTL determined in step (6).

These BP's may be measured by using an engineer's scale or by

using a digitization routine in conjunction with the Hewlett

Packard 9810 calculator, digitization board, and digitization

module as shown in Figure 21. The value of the RTL is added

to the value of the BP time to obtain the total travel-time

for the event to propagate to a particular geophone. In
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these cases where the BP occurs before the RTL, the BP time

is considered negative and consequently the total travel-time

will be less than the reference travel-time.

5.6 Source location errors

Errors in source location arise from a number of factors including:

(1) accuracy of the velocity model utilized,

(2) ability to time and read arrival times,

(3) transducer array geometry,

(4) array size,

(5) errors in transducer location survey,

(6) location of the source relative to the array, and

(7) depth of the source.

Velocity--Seismic velocity is dependent upon many factors in­

cluding rock type, porosity, and density of the rock matrix, tempera­

ture, pressure, stress levels in the rock (e.g., velocity increases

with increasing depth), density of the fluid in the pores of the rock,

and the dispersive properties of the rock itself (e.g., each frequency

component in a seismic wave travels at its o~vn velocity). Velocity,

furthermore, may not necessarily be the same in all directions. More­

over, for a longwall coal mining operation, there appears to be at

least three regions having different velocity characteristics, namely:

(1) the gob or fractured region behind the lon~Nall face,

(2) the immediate region around and above the longwall face, and

(3) the virgin region ahead of the longwall face.

Since the longwall operation is a dj~amic process as the lon~7all face

progresses, the three velocity region follow it. Hence, as the array
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of geophones remains fixed, the rather complex three-dimensional

dynamic velocity model associated with the structure under study is

continually changing its characteristics as the coal is being mined.

Some means of obtaining an appropriate velocity value for each

geophone station is needed to construct such a velocity model. Most

researchers believe that underground blasts occurring at known locations

and times should provide the best velocity data. Such blasts should

be monitored as often as economically possible. Velocities obtained

should be compared with those from previous blasts at or near the same

location. It should be noted that in the often complex strata associ­

ated with a mining situation, the actual seismic propagation paths are

unknown, but for computational purposes these are assumed to be the

most direct paths between the source and the associated geophones.

Arrival time--The ability to determine accurately arrival times

is governed by the signal-to-noise ratio, the frequency of the wave­

form, and the timing system (i.e., the accuracy of the tape recording

and playback speeds, the visicorder speed, and the timing lines gener­

ated by the visicorder). At times, either the signals are of such a

low-frequency that the actual "first break" is spread out over several

milliseconds, or the noise levels are so high that the first arrival

is obscured on one or more geophones. As mentioned earlier, high­

frequency noises can be minimized by using a filter. Additionally,

human judgment is invaluable in discerning signal from noise.

Transducer array geometry and size -- The effect of array geometry

and location of the event relative to the array are discussed in

detail in Appendix C. Each array has its own error boundaries and,
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consequently, every array under consideration should be analyzed before

using in the field. Generally, as the source moves away from the center

of the array, the source location error increases. In a like manner,

as the depth of the event increases, the location error increases

(assuming a planar array on surface). The size of the array influences

the location error as follows.

(1) Source locations are very accurate for a small array pro­

vided that they originate within the boundaries of the array_

(2) Source locations are less accurate for a large array, but

a greater area may be monitored.

Transducer location survey--In the present study, it is felt that

the transducer locations were accurate to within ±5 ft in the horizontal

directions since the surveyed array was correlated with an aerial photo­

graphed map encompassing the same area. Geophone elevation data were

. obtained .from the depth of the geophones in the hole and the hole collar

elevation. Hole depths Were estimated from the associated driller's

log and verified by the amolli~t of geophone cable remaining outside the

installation hole. Surface elevations were determined by using a monu­

ment to tie the localized elevation survey to a mine map of the general

area. It is the authors' opinion that all transducer location errors

were negligible with respect to other sources of errors mentioned

earlier.

6. Event Activity Rate

In order to quantify the rate of occurrence of microseismic events,

a parameter termed the event activity rate was evaluated. The basic

method for establishing this rate was to count the number of detected
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microseismic events occurring within each span of 100 ft of recording

tape (approximately 5 minutes and 20 s). For a specific signal to be

considered a countable event, the following criteria had to be satisfied.

(1) At least four geophones had to detect the signal within a

certain time interval. For this longwall study, a time

interval of 100 ms was considered adequate.

(2) The signal had to resemble a decaying sinusoidal wave of at

least two cycles in duration. This requirement provided a

means for elimination of most electrical transients.

(3) Signals with near simultaneous detection (within 1 ms) on

four or more geophones were rejected, since each behavior

was characteristic of purely electrical disturbances.

Once a specific signal was considered an event, three categories

of such events were established based on signal amplitude, namely:

(1) level-1 events: events having less than a 2:1 signal-to­

noise ratio (SIN),

(2) level-2 events: events having a SIN of between 2:1 and 5:1,

and

(3) level-3 events: events having a SiN greater than 5:1.

For a specific event, certain geophones were found to have higher

SIN's than others. Consequently, an average SIN for all the geophones

detecting the event was employed. The number of events observed in each

of the three levels of amplitude were then plotted in histogram form as

shown on Figure 22, along with the total number of events (sum of the

level-I, level-2, and level-3 events) per unit time. In Figure 22, it

is noted that the largest number of events detected were those of the

level-l type, followed by the level-2 and level-3 events, respectively.
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VII. RESULTS

1. General

During the East B-4 longwall study a total of 17 field trips were

made to this site in order to monitor microseismic activity. This site

was instrumented with an array of 15 deep burial geophones in the Fall

of 1973. Figure 23 shows an expanded view of the East B-4 site, with

the 15 geophone locations (N-l through N-15) and the coal seam eleva­

tions (1,320 ft to 1,340 ft above sea level). These locations were

established on October 16, 1973. Appendix A lists the coordinates of

the transducer locations. Commercial augering of the holes at these

locations was performed on October 22 and 23, 1973 by the Tinney

Drilling Co~pany. Geophones were installed and grouted in place imme­

diately after each hole was drilled. On October 26, 1973, after the

grout was thoroughly set, the open section of each borehole was com­

pletely filled with sand to minimize the accumulation of ground water.

Microseismic monitoring of the longwall was initiated on Novem­

ber 28, 1973 and was completed on August 21, 1974. A graphical record

of East 3-4 longwall face advance during this period is shown in

Figure 24. A good rate of advance can be observed from January to the

end of February, at which time the mine became plagued with bad roof

conditions and periods of work stoppage until the middle of July.

Mining of the longwall panel was finally completed on July 25, 1974.

Measurements made during the 17 field trips to the East B-4 long­

wall site served three objectives:
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(1) to establish the feasibility of using near-surface micro-

seismic arrays to monit~r underground mining activity,

(2) to provide field data for critical evaluation of microseismic

source location techniques, and

(3) to provide microseismic field data typical of a longwall

coal-mining operation under a variety of mining conditions.

This report is concerned mainly with the first and second objectives of

these field measurements, although correlation of microseismic data

with mining conditions are considered briefly in Chapter IX.

2. Feasibility of Surface Detection of
Underground Events

2.1 General

Beginning November, 1973, and continuing through August, 1974,

microseismic activity was monitored from surface in the proximity of

the East B-4 longwall. The following sections of this chapter summarize

the findings for a variety of longwall positions and operations.

Table 1 gives the dates, the recording intervals, tape reel numbers,

tape footages, and the sets of geophones utilized while recording micro-

seismic data. In addition, this table lists the longwall position

horizontally with respect to geophone station N-l, the total vector

distance between the longwall face and N-l, and the maximum vector dis-

tance between the longwall face and the geophone station furtherest

removed from the face.



TABLE 1

Brief Summary of Typical Microseismic Monitoring Sessions

Recording Tape Longwall Total Dis tance Distance From
Date Interval Reel F00t:ageg~~~ Geo£!!?nes (1'1- ) Position From N-1 Furtherest Geopho~e

~ -

Feb. 18 13:27 - 16:21 36 101-3200 1 2 3 4 5 6 7 50' lJest (a) 433,(b) N-6: 690' (b)

Feb. 18 17:06 - 17:36 36 3200-3750 8 9 10 11 12 14 15 50' West 433' N-15: 1025'

Feb. 18 17:41 - 18:11 36 3750-4300 8 9 10 11 12 13 15 50' West 433' N-15: 1025'

Feb. 26 11. :07 - 15 :58 38 10-2150 1 2 3 4 5 6 7 65' East 435' N-6: 605'

Feb. 26 16:01 - 19:01 38 2160-5500 1 2 3 4 5 6 7 65' East 435' N-6: 605' ......
0
\0

Feb. 27 13 :11 - 15 :46 39 10-2900 1 2 3 I. 5 6 7 75' East 1.36 ' N-6: 605'

Feb. 27 16:06 - 18:56 39 2910-6060 1 2 3 4 15 6 7 75' East 436' N-15: 917'

Apr. 17 12:18 - 13:49 43 10-1700 1 2 3 4 9 6 7 275' East 510' N-9 : 519'

Apr. 17 15:38 - 15:48 43 1710-1900 8 10 11 12 13 5 15 275' East 510·' N-15: 746'

Apr. 17 16:05 - 17:32 43 1910-3530 14 10 11 12 13 5 15 275' East 510' N-IS: 746'

Aug. 2 11: 28 - 14; 35 53 3311-6615 1 7 9 10 11 13 14 MO' East 944' N-1: 944 '

Aug. 21 11:59 - 15:02 32 1430-4830 1 7 9 10 11 13 14 BI.O' East 941. ' N-l: %4 '

(a) LOIigl,mll position measured horizontally from geophone station N-l perpendicularly to longwall face.

(b) Longwall was assumed to be 1.30 ft below gl:ound surface for computational purposes (vector distance).
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2.2 Longwall face more than 1,000 ft west
of geophone array

Initial monitoring of microseismic activity was conducted during

the months of November and December, 1973, and all 15 geophones being

utilized for a minimum of 30 minutes. At this time, geophone station

N-l, which was the transducer nearest to the longwall face, was more

than 1,000 ft east of the face. No positively identifiable microseismic

activity was detected on any of the geophones during a total of 3-1/2

hours of recording. The equivalent ambient background particle veloc-

ities observed were 150 to 200 ~ips, and these were mainly associated

with 60 Hz signals probably due to electrical power sources.

2.3 Longwall face 50 ft west of geophone array:
mine operating--good longwall conditions

On February 18, 1974, nearly three hours of microseismic data we~e

recorded from 13:27 to 16:21 utilizing geophones N-·l through N-7.

During this time all mining operations were proceeding normally. The

face was located approximately 50 ft west and 430 ft below geophone N-I

as sho'Yn in Figure 25.

This was the first monitoring session in which microseismic events

were detected by the East B-4 array. The events themselves were of

various amplitudes, frequencies, and durations. Each generally

resembled a decaying sinusoidal waveform comprised of various frequency

components. Typical microseismic activity is illustrated on Figure 26.

A time-expanded version of the first two events are presented on

Figure 27. Note that all geophones detected the events, which were

most probably generated by either rock falls behind the chocks, bed

separations, or other fracturing occurring in the vicinity of the face.
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Figure 25. Location of Longwall Face ~~d First Geophone
Array Utilized: February 18, 1974.
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Typical Microseismic Events (36-1432), February 18, 1974.
[Horizontal Scale: Time (s); Vertical Scale: Particle
Velocity (~ips/lO divisions).]
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Figure 27. Event (36-1432). February 18. 1974--Time--Expanded. [Horizontal Scale:
Time (8); Vertical Scale: Particle Velocity (~ips/lO divisions).]
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In Figure 27, the particle velocities ranged from 100 to 400 ~ips for

the event on the left and 50 to 125 ~ips for the event on the right.

Frequencies ranged from 20 to 80 Hz, with the highest frequencies

usually arriving first. [As mentioned earlier, a simple method for

obtaining frequencies is to measure the time interval between two peaks

and calculate the reciprocal of this interval.] Station N-6 signals

nearly always had a frequency content of 160 to 180 Hz initially.

Figure 28 shows the rate of microseisroic activity for the day.

As the longwall operation was progressing normally, the averate rate

was 1.5 events per minute (epm) from 13:30 to 15:00 hours. A peak

rate of more than 6 epm occurred at 14:45. An abrupt drop in the rate

was observed from 15:00 to 16:00 hours. This period encompassed the

shift change when operations were temporarily halted. Event activity

increased rapidly again after 16:00 when the next crew of miners

started to work.

Much of the time, the events were sufficiently separated to be

considered individual events but, in a few instances, they appeared

to overlap or be superimposed on one another as shown in Figure 29.

"Rumblings" (higher than average background noise for a duration of

more than 2 s) were occasionally observed as is illustrated in

Figure 30. Possible origins of the rumblings included the coal shearer

cutting hard rock, a machine drilling holes in the mine roof, aircraft,

vehicular traffic, or numerous small microseismic events combining to

form a rumbling effect. The normal frequency was a relatively constant

100 Hz and particle velocities were 50 to 100 ~ips.

Figure 31 shows an infrequently detected low-amplitude (50 to

100 ~ips) low-frequency (12 to 20 Hz) event of unknown cause or origin.
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Figure 29. Event (36-1000)~ February 18~ 1974. [Horizontal Seale: Time (s);
Vertical Scale: Particle Velocity (Vips/IO divisions).]
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Figure 30. Event (36-1842), February 18, 1974. [Horizontal Scale: Time (8);
Vertical Scale: Particle Velocity (~ips/IO divisions).]
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Stations N-3 and N-6 appeared to have the largest particle velocities

as well as having the first arrival times. This suggested that the

event originated outside the array, north of the longwall panel.

Using a second array on February 18, which is shown in Figure 32,

a total of three level-3 events were detected. One such event is given

in Figure 33. Its time-expanded version is given in Figure 34. This

particular event, 36-4207, was believed to be either a major roof fall

in the gob area, due to the high particle velocities (200 to 300 ~ips)

at distances between 600 and 1,000 ft, or a fracture induced ahead of

the face. Frequencies ranged from 50 to 200 Hz initially and then

dropped to approximately 20 Hz. Another event, 36-3797, as shown in

Figure 35, being of high-amplitude (more than 300 ~ips) and low-

frequency (5 to 200 Hz) occurred 15 minutes before event 36-4207. The

first arrivals were initially detected by N-lS, N-14, and N-lO, which

indicated that this event originated east or southeast beyond the

perimeter of the array.

2.4 Longwall face under geophone array:
mine operating--good longwallconditions

Background data were recorded using geophones N-l through N-7, as

shown in Figure 36, for five hours (14:07 to 19:01) on February 26.

For this day's monitoring, a ground rod was driven 7 ft into the

ground and was connected to the grounding terminal on the side of the

microseismic monitoring facility. This grounding scheme reduced the

peak-to-peak electrical background noise at the system output from

1.5 V to 0.6 V and was used on all subsequent field trips.

Several typical microseismic events are presented in Figure 37,

with the time-expanded version of the largest event (38-4894) given in
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Figure 32. Location of Longwal1 Face and Second Geophone
Array Utilized: February 18, 1974.
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Figure 36. Location of Longwa11 Face and Geophone Array
Utilized: February 26, 1974.
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Figure 38. Particle velocities were approximately 300 to 500 ~ips and

frequencies ranged from 15 to 100 Hz. Typical background was 10 to

15 ~ips and was basically composed of fundamental frequencies of 60 Hz

and its harmonics. It should be noted that very satisfactory cutting

of the coal seam by the shearer was typical for this day.

In Figure 39 many events are noted, particularly from 14:00 to

15:30 hours (2 epm) and from 17:00 to 19:00 hours (3.6 epm) , while the

normal longwall operations were proceeding smoothly. Also during this

second period an increase in the event rates for both level-2 and

level-3 is apparent. The period between 15:30 and 17:00 hours, which

encompassed the crew change, had some activity (0.2 epm) but the rate

was very minimal in comparison with those of the other two periods.

Mining operations were monitored following the crew change by

R. Kim, a member of the project personnel, who stationed himself at the

headgate to observe the operation of the shearer, hydraulic pump, belt

conveyor, chain conveyor, and any other activities of possible value.

Figure 40 graphically shows the operations and comments. Equipment

"ON" conditions are the black regions and equipment "OFF" conditions

are left white. Note that the longHall operation was progressing very

well between 16:40 and 18:30, although no real microseismic activity

was detected until 20 minutes later (Figure 39). Shortly before and

after 17:30 the shearer was not in operation. This condition may have

been observed by the level-1 event rate, as this rate sharply dropped

at these times.

Figures 41 to 44 illustrate some typical microseismic events

detected before undergro~~d observations began. Figure 41 shows two

events occurring within a period of 1.5 s. The first event was then
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Figure lfl. Event (38-1195). February 26. 1971{. [Horizontal Scale: Time (s);
Vertical Scale: Particle Velocity (~ips/10 divisions).]
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Figure 42. Event (38-1988), February 26, 1974. [Horizontal Scale: Time (8);
Vertical Scale: Particle Velocity (~ips/lO divisions).]
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Figure 43. Event (38-30117), February 26, 1974. [Horizontal Scale: Time (s);
Vertical Scale: Particle Velocity (~ips/lO divisions).]
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Figure L.4. Event (38-3812), February 26, 1974. [Horizontal Scale: Time (s);
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time-expanded to obtain particle velocities (125 to 350 ~ips) and basic

frequencies (12 to 70 Hz). Figure 42 shows two closely spac~d events

of higher amplitude (250 to 550 ~ips) and generally lower frequencies

(10 to 20 Hz). An uncommon event having a somewhat longer than normal

duration of approximately 1.5 s is presented in Figure 43. This event

had particle velocities of 150 to 250 ~ips and frequencies of 10 to

40 Hz. Figure 44 illustrates the most frequently observed type of

event, whose duration was approximately 0.6 s. For this event the

particle velocities were 200 to 450 ~ips, and frequencies were 12 to

80 Hz (except for geophone N-6 which had initial frequencies of 100 to

150 Hz). Particle velocities were greatest at geophones N-2 and N-4

and were smallest at geophones N-3 and N-6, which indicated that the

event originated in the vicinity of the face.

Figures 45 to 47 give examples o£known cavings as reported by

R. Kim. His COITlli,ents as to the amount of caving are based on subjective

aural observations at the headgate and are included in the figure cap­

tions. Figure 45 illustrates "medium caving." Particle velocities

were more than 500 ~ips for all geophones and frequencies were 20 to

40 Hz, although some low-amplitude higher frequencies (100 Hz) were

observed superimposed on them.

Figure 46 shows two closely spaced events at the time "caving" was

reported. Their particle velocities were 100 to 250 ~ips for the first

event and 350 to 500 ~ips for the second. Frequencies for both events

were 10 to 100 Hz. "Large caving" is shown on Figure 47, where particle

velocities were 350 to 500 ~ips and frequencies were 12 to 80 Hz. Both

events shm07n were attributed to the "large caving" reported as they

were only 1.7 s apart.
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Figure 45. Event (38-3854») February 26) 1974) "Medium Caving." [Horizontal Scale:
rime (8); Vertical Scale: Particle Velocity (~ips/10 divisions).]
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Figure 46. Event (38-4156), February 26, 1974, "Caving." [Horizontal Scale:
Time (s); Vertical Scale: Particle Vf~locity (pips/IO divisions).]
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2.5 Longwall face under geophone array:
mine operating--poor longwall conditions

On February 27, the longwall roof was reported to be in poor con-

dition with blocks falling from the roof in the middle of the longwall

face. Approximately 2-1/2 hours of microseismic data were recorded

beginning at 13:11 using geophones N-l through N-7, as shown in

Figure 48. One typical event observed during this time is presented

in Figure 49, with its time-expanded version given in Figure 50.

Particle velocities were 250 to 400 ~ips and frequencies were 10 to

100 Hz.

The event activity rate was very erratic (0.2 to 3 epm) as shown

in Figure 51 during the first recording period. The general level of

background noise increased several times between 13:00 and 15:00 hours,

possibly due to nining activity i3.nd its associated cavings. Figure 52

shows a low-amplitude (125 to 175 ~ips), low-frequency (10 to 20 Hz)

event, and Figure 53 illustrates a high-amplitude (more than 500 ~ips),

low-frequency (12 to 40 Hz) event with some low-amplitude, high-

frequency components (100 to 200 Hz) superimposed on the low-frequencies.

Event 39-840 appeared to originate nearest N-3 because of its amplitude,

while event 39-1024 was believed to have occurred nearest N-4 and N-7.

At 15:46 the first recording session was terminated. Geophone N-15

replaced N-5 and three additional hours of data were recorded beginning

at 16:06. Figure 54 illustrates such data. W. Zuberek, one of the

project personnel, was at this time stationed underground to monitor

the longwal1 operation. As can be seen in Figure 56, the shearer was

not in operation at any time from 16:30 to 19:00 hours and, therefore,

no coal was being extracted.
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Figure 48. Location of Longwall Face and First Geophone
Array Utilized: February 27, 1974.
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Figure 50. Event (39-867), February 27, 1974--Time-Expanded. [Horizontal Scale:
Time (s); Vertical Scale: Particle Velocity (pips/IO divisions).]
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Figure 53. Event (39-1024), February 27, 1974. [Horizontal Scale: Time (8);
Vertical Scale: Particle Velocity (pips/lO divisions).]
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Unfortunately, insufficient data were recorded during the crew

change and, thus, no effect of this change could be established

(Figure 51). Most of the level-2 events dropped to 0.2 epm or less

between 16:06 and 18:56. Level-l events tended to stabilize at about

0.8 to 1.0 epm. The majority of the 1evel-3 events were blasts, one of

which is sho\vu in Figure 55. Blast 39-5009, time-expanded, is presented

in Figure 57. Particle velocities for this blast were 150 to 450 ~ips,

and frequencies were basically 10 to 40 Hz.

Numerous other blasts were detected easily with the monitoring

system. Blasting was performed to free the chocks and to break rock in

the panline. The miners generally wedged from one to four sticks of

permissible explos~ve between a stuck chock and the roof (or in some

cases the floor). The dynamite upon detonation would fracture the rock

sufficiently to free the chock. One other typical blast is given in

Figure 58 which had particle velocities and frequencies basically iden-

tical as blast 39-5009.

Efforts were made to see if the system had sufficient sensitivity

to detect hammer blows on the roof at the headgate. Despite attempts

to filter the data at different frequency settings, no such hammer

blows were observed in the data.

2.6 Longwall face under geophone array:
mine not operating--poor longwall conditions

For nearly five days, the lon~~all had not been worked except to

"smash rock in the panline" two days before microseismic data was

recorded. Before the mine had temporarily halted operations, it was

reported that the midface was in very poor condition and that rock was

falling from the roof.



144

..
O.l

r-i
ctl
c.Jr--.

en •
r-o.

r-i ())
ctl C
.:.J 0
C .~

o ())
N 'M
.~ ;>
H .~

o ";j.,..-....... 0
r-i-. ())

";j 0­
O.l~
";j:;l.
C"-J

ctl
c..:>­
X .:.J
~ .~

I c.J
O.l 0
S r-i
.~ O.l
E-;;>-
I
I (!J

-:t r-i
r--- c.J
0"1 .~

r-l oW
H

~ ctl
r---P-<
N

>, ..
j.; CJ
ctlr-l
:l ctl
H :..l
,.c.en
O.l
r;t.;r-l

ctl
~ U

...-.. .~

0"1 oW
o j.;
o CJ
11',;>-

J
0'\ .~

rri r-o.
"-J ())

'-'
W
()) O.l
('j S

r-i 'M
~E-;

...-!
I

Z

II',
...-!
I

:z;
'-0
I

:z;

r--­
I

:z;

Reproduced from
best available copy.



N-l

N-2

N-3

N-4

N-l5

N-6

N-7

1tJ,C~t~~Tz~ii:~hi
1%.ri~~J}~~~~~
l?!mf~·:U'" ,. , ,.. '. '"

Reproduced from
~es\ available ccpr:.

f;-~, ", ,\ '. ' 't\:"-I' ';-;,,·:,~~;·,-~;~·::T,~'~>~f::1(~~?i';;:.~,\::'~'/5~~~iliW~~lilif;f~S'F~~~~iZ;~
l 'l " ~l " '1 " ~." 'I." ",; hn, 'f.fIjJ"';'"','1 "'i.';'''',. ·f·f. ·)'/"·'r,"ll"",~1j;;,!..:l"'·~·"~

1 ;:~,:--.-; 1; f-'" • -;- .",,~ -.-:- -.r;rr- ~ ,- ~~ ....~ ~ 'J '-~7fJX~r---~i'~\"'¥;'J. ':\~P\ ;;;,t"., "'"... t1~7"";"~~:-~
N'l:' ~~ '7 " .,. '" ' ~ - '- - ~ .,... ,... .-, " .• -;':. !,. \f.~., _. " ~ . ~.r:'\i::to~..,tlO'i,;;"'~il.IIy

~!1.-. -.:.t ~ !:-. ~ ...:. _ _ .L.....~p........... ~,.,.t r rj;" ~ .J ...,~ ~.\ -1" ~ .:..I:i....~ ~_~;iJ,..~;.....:.~:...~~l'".,......:. __
fjft·ii>j.." "";, I. ~. ,<,:. +- I{: ~.F : I" ,,}. ".~ltrlt~,r:~,n'.::;;.'1"":~"';'"I' .: ·,1

.... __ H .. ... ~ ~ _.""" ................,... ~H.._# -F-......:t-~1- ..~, ..,.) ~·lE~~::~~ ~t"-~"'-"-"""""':'r '1'--~"'"~';.j.' • 1-· \'1 i 11'\ j: ".j;,: ,(1.:"".>.' (j.,.,' .'-'J;" t .;"f.'/.:·H' ;'T;l>'::!!'i:"',:'$""\'~ :A""~'If='~." .1 ,,1
-n -J ':1 ";' --r·--·~-TO'·""-""=·"""~-_·""""'~""""""""tr··~-':::t:"+·-_l_~·h·_l,l' I\!~- -~~c¥::":':":C! 1..i::t2.'.c."'1d ":..:.(':;,t ,·::::I;';l' .•1;:':;::?--r!.:.!-4: 486 +?t..:......1.:-..J

£..4- I!~ -[~.- ill !~':(,_~:':~'':"1'::2:J',' ~.:. tT'J;1V.l+-~~' _.J·'+~i.~~~;:'A:~~i~l· ~Hm'~.11,,' !' ~ ~'!' I" , ,~, ~ •. ,...1· ,'.',1. .- .. _ .. <"1+," 1-',. ,. ,
~ '-, _.. ". ~. ' --!-.-. - ~- - -- -- ..j "'''- - • ...." • -~r--'-~-''J • I ' ,n t .. I ~,>.. I'; ....( ~ It<,. 1" • ,.{' t

N-2 - .._~- -~tl- 111-1~ - . -. -' -r -' "" - ' "- "-~-I\':':;-"""'~-..k-~~~ I I t~ __ ... !_ _ _ _ _ ~ 1 I ' I . _ ~ _ I :: h.~;r- ..:L~'I:

f,', :'. ,', ,I , '" I,:, ..-:t::. - [.. "1 bfj'-,;:...;;)- ,- ,,- .. -- .- - _.. -" t -. . -~'.,-- -'T' ~-'- ,••.•.•..-,,-.,.,- -
1,','\·1 f \ • I t. ~.' 'n j ,_\. ,If, ",I "l.'{. "lf~l .. ~ly11-'{;\"I' I 1 "~'i •~-h-l-.~ill'I_.J --I --l~ _L __r~h~g__.,..- ~-.~[l~L_--·1~~rr;"':""1~l:'-"t--7~""-""'''''''~1''''';7l!-~_'~l_"'.li _~lf~·.l ·~_L_~J.~£~!L.~.-':"::-L.<.:-.-,--,,,, I " P . ~~-1~:.D-..,.)..I~~·';\~~-·~-~~
~ "",., ~,T" I. ~" '. "ii,f,,1 " 171,,<. \ J:.,..{*I ".1' .~\ '9
~. ,;4~i~--:h~~--~~-~;--:-~ ;{Jl-~ ":·,,\~:·:~~·~:~~-~~i::!.,':,',< ~-:~~'i. '~'/l:;r:~ .'
-t·-.-U"~'!I 1--~~~-l--:-- - ,....,..,_...,-.,.,,~-.--_I~~ ...\.c_-r-:::-;-r~J~-~-t~
f. :'.:..l:~' . . ,. '" ' L'~~~J" ,. - I 4Q' ,,' " .l:iJ. .... ":.;..i'."s,d" Ir- I -- --- r ~- i --: -1- t - '''':"";---~~., - 0-' "t -.;-rr~- I .". \-: I' :\ J~

N-3 ~'W-..... 7-+ --,..-, -- .---~-,-,-._~--....-;,w.;)~:;-~II-~-

~
- I" I ... ,'" I "",,,,~~,,,,",,"'"- _. r' . - . ~.. - - --:r- ~,...- ---........·,-.,.t -:=r:=:"'''-'r-r' 1 I " , • ., ,. I I •.• I '. 1 I· - ,.' I ,I". '-, I '" , f J

~··I: 1rt1~. ':1'"'. ,,' -~ ..""·... I~·±"I·'I 'r'!:" ;~L.,.·(· ..."l!,,'··";J.. -:"11 r~ f __ .-,..._ ... ;.-.,........., _ ....,.- --......_ ...~ >""':t":--~-

jl~ ,"il, "I I '~I " " ·,.,r,·n:,:/,!.) ,t--. <,--;,;,.1,1-, ',,','.,.
.,.....-z~.,\ ~:::1

w
'-li' r - f:\r."~\:N'·\7~Sf~~-~.':Trr::~I::--r-:-'rr:l' I, .' it'· ''''r7'"-t~;:;:-:-I.~

--"....,,- 4 i --'1' ---- ~--:r- _.- _•., ~~.- _ ......,..,.+':~,-, ..~., ~-
j:! I'" ,~:~ I" . II . .-.~, ....·t 1 I,' ',",.' ..1!. r/ '1:;': . <'"," 'I':"'L) '- ,\'< ,,I, 'I;;" ~"" "I~";

N"'[l -;;\~ -. ~ r.' . =-: -:-j-I:21S-'-:-: - _ ,--::;- - -"1 ~.; -5c:1fi.\.7'\r~:T~- '~-rr:;~"'TAS~
1 I ' , ~ \ ~.~~,. ::"\~ ,1f":7:': . ,,~~j_. 't - J,. 'I - -1- - .. - _J_ rr::-:p'''''- r-:.....,....,..,.-"-,,-:..i;......,;·-- _~_~ •.;:....:L_.;

•. ' I·' .,~ "". , "I. I, '.'. ·'1 ,.'","". >Ot )'J .• I·,'-)/··.,·..·,·! "1"'0,1· .'.-"""""---r-- - - T~ - II - _.~-~ - -r- •..-....~--- ~.~ ~ .....,..~.. - --.. ~~......-...._-
t I ',. / r I. I I: t !; I ' II,';, ~ \ '. ': rl.. I, ~ 1 ' w~ "I -:. { ":.. J '.' ' ..'\1' I l \ ."1.. '~'.--r-" i-r:; -l~-I---'l-' -r-·_--t~ f...........-+-:+T.-'_."D'-~.-7-t ...-~·_ ......S'l_-"-I"....~·~:,-l~ .:.:...._.·_·I~--.'~~l.."' .. !:-~ ~'~~'~~~d_' ~:,j~ "~:-_ \'~-J~ZL::l_' _'" ··-.!;~~r·2(Z~
~il .. '1 1 ! 21 '4" j ,. 1,'_, t' ",.:..t-.:- I' (":1', "1' 1':'.:]",'.\\ .\ '1711' "
t.. I· '...li~',I.: '.!od I~, I ,';' ;.I.i.4i~'," .....l;,.J ... l'I..·j,''''.Ld';q'"',/W'hi)l,,.I',

_ "r'~~lot -, " ~r .~.,. f ~!.~~-.- ,<j' 0J -~M~-'~ "--~~·l·~-;.-L-"'r:~-rj~ .... ~~'~~. I 7T;"
N l5~~~V /' ... -;--:c7;'_S:7~,,··~I~·~.~\.~~~~,.J'~~~i~,"'!;[~\A,fl"~~~~~"1\1;i-?

, .. '., .,Y-, j' '.\;;' [\7.21• 1 ~, ,. "'''':'"'''.J~ I".jl'~ of;j '" '~~~! ')
C..l--:.L::.:.'l 'f--L:"'~-F,~~~~~ 1 ~r :T::-t:"'".T '.-:r:,:"!-:.2:J:.!',: 70V:;:~ --=
::.......::...L' .11_',_,. "=r=I~"I:''''.·, ·f;,'··H+~I·-'··"·U>"··' ,.':
-) 'i ,,' 'i' ,·1 "t ',I I" ,1'1,1 ":-"1,,',/,,1,'"----~~t-I·I -- --.....--._~-- -j-'"-".-+-r-6±t--T·----f~-~-~~--~.' '\ :":'U-:1IiI,;-::-,'H '. I -I <",'" . I !. I, I'· !"l,·, .,j" .,L ,,·1',,'\ "
-- -~ - .1 'J - . - '-- -'r- -;' , I - -- -1"7--~ -,--7?'"T---
·~_~i. '~tl,l~l'--!.... __ " _1 • __ 1 1.~4 \ E: 1". "'~_:' A I, "'\1 ,dl\~,., "."

N-6 ~~_IIII:t''~I _ -1.- __ ..! 4,,15'l!,1 ~::b_.1 -111- t:1't~.~·fj\\ >..~. n;.;5_,;;~~fy~~
',0 " 1±±l~'~"~; " ~-lJ.~~·~lj'd:L.\2."i+,,''"''<" ?'1iil~. , -<IT:.. ~,
~. . t'lrj :~'~' , •. . '.. t j, ,!.'. 'I, " I'· ·'i1::'· 'M'", ":T'r:7';,:.:.. ,,' I"~ 11" ,\, ' ,.-,. .~ • - - _. __")0..-_ - _"'''I~ ......."'l"'>'" __ ....~..);:.o''-,.l,Hr-"--+!'r!"'''_ ....., ," , '''Mil' I \, ",'- (. 'I .. I.~,,,'j 1<1'1,., "1. I..', < ' .. , •• ,f, ..d.:>·'·"" ",''' I + 0 ?O + I ;r:;z..... --_."'~ .~ --'--- - ~- -,-.I,--,,,.-~.. ~--'-'tts:1tl • qT-'" - 'IiW- # l' 'J<.'~'" I', ,..", ',: "'·tC" ['''. 11 ' ,,,.j ".. 'I \.'-", 12!:~ - 4.. '.,'
r;.;:::~:-;,. t I -1'-; ~J l~""'~ '1U""'''<-':7)~'I\' '0':-1'-'-,-l'~~~;r;r;:-:~ !l~.. 1"7.':'__._-~, ,'- . \-;., -- * l.;'..:;. .......... ~~;",- _. -r,..-,~...-'l-r-'-..'--,.".,_.~. ~.
~., 'I .rl" I rl '1". ~ x,, I' \ ~l..r- 'I, ' '1.. i. t, 1'.t;;.':'L..\o"~·.. ~',.·,. t <, i ,',

N-7 "'"''1,~...~r~-J-.ln7:\· fM-i.·]!·-R"'.l-J--:;;;"_L~ ~~"':&.'--t~·<6gJjj H:8>..A,., •• ~-l\.,...".,;.;:'.:w;J-:j".i,r ,~ t i. .. X . i,4·~··,\;~ r·~ \1.' t·f."F ..~,ft I ....r~'" ~1' v'~. ~.w l· ..·:t,..-~
~ -~ I'~ - J- -: J-_."';' .. -t-.':::-j.,...;...,---' ~....:;!.,.:.- ....-,.., "1--- -"- .~-..j--.j...-,-.;--,-;-,-
':\' ,1 f· I ' , • '" \ "f'::' I ,t >i • I- I j ,,"'''', "~I ' '~/I J • I.. I. ,,) I---~ t. ,.J ~-T"r~-- ..- v..-·-~..-_r:--r""'T:'7-..T·-j.:.·--·_·~-" ....-->-~-~---1~
~~-i- ..... ...t:--!_JI.---_\_1-:..::r__I_~:..-:- ..L ; , ~\. ~' ,... f, ± __j r-_a_~I .. ,..~,·J·~ 1_'_(

" -. l ".,i ,., I ,\'1" ~ , t"I"; ,~.l' "'J .•·l-.' ,,1"" .L.', I . ,~,,,' L .• : (J".'.r (".k,,;;, N \'~ ,:....\

I-'
+:­
\.Jl

FJgure 58. Blast (39-5855), February 27, 1974. [Horizontal Scale: Time (s)
Vertical Scale: Particle Velocity (~ipsJI0 divisions).]



146

Approximately 1-1/2 hours of microseismic data were initially

recorded utilizing geophones N-l, N-2, N-3, N-4, N-6, N-7, and N-9

from 12:18 to 13:49 hours on April 17 as given in Figure 59. A level-2

event detected using this first array is given in Figure 60, with its

time-expanded version presented in Figure 61. Note that only geophones

N-l, N-2, N-3, and N-4 responded well to the event, and that N-2 and

N-l had the largest amplitudes, which implied that the event likely

originated in the gob between the two geophones. Particle velocities

were 20 to 50 ~ips, and the frequencies were 20 to 100 Hz. Ambient

background was basically the same as the earlier field trips, being

10 to 20 ~ips.

Figure 62 shows the event rate associated with the first array.

Only several level-l events were detected in addition to the level-2

event presented.

A second array consisting of geophones N-S, N-10, N-ll, N-12,

N-13, N-14, and N-15 was next employed from 16:00 to 17:30 hours as pre­

sented in Figure 63. Several level-l and level-2 events were detected

(Figure 62), indicating that microseismic activity was occurring despite

the fact that the mine had not been operating. This suggests that the

strata surrounding the longwall panel were not yet completely stabil­

ized. No level-3 events were observed. The average activity rate for

April 17 was approximately 0.1 epm.

A microseismic event detected by the second geophone array is

shown on Figure 64, and the event's time-expanded version is presented

in Figure 65. Particle velocities were 60 to 80 ~ips, and frequencies

were 12 to 40 Hz. Figure 66 shows another event whose particle veloc­

ities were 30 to 50 ~ips and had a relatively constant frequency of
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Figure 60. T)~ical Microseismic Event (43-491), April 17, 1974.
[Horizontal Scale: Time (s); Vertical Scale:
Particle Velocity (~ips/10 divisions).]
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Figure 61. Event (43-491), April 17,
Time (s); Vertical Scale:

1974--Time-Expanded. [Horizontal Scale:
Particle Velocity (~ips/10 divisions.)]
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Figure 66. Event (43-1982)
Vertical Scale:

April 17, 1974. [Horizontal Scale: Time (s)
Particle Velocity (VipsjlO divisions).]
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15 to 20 Hz. One additional event for this seccnd array is given in

Figure 67. Particle velocities associated with this event were 70 to

140 ~ips and, like event 43-1982, it had a fairly constant frequency

of 12 to 15 Hz.

2.7 One week after longwall panel completed

The B-4 lon~~all panel was completed on July 25, 1974. Eight days

later, 2-3/4 hours of microseismic data were recorded using the geophone

array N-l, N-7, N-9, N-10, N-ll, N-13, and N-14 as shown in Figure 68.

Only a few level-l and level-2 events were detected during recording,

one of which is given in Figure 69. A time-expanded version of this

event is presented in Figure 70. Particle velocities were 30 to 60 ~ips

and frequencies were 10 to 30 Hz. Geophones N-9, N-IO, and N-13 had

the greatest response to the event, which indicated that it originated

in that particular region which was then part of the gob area of the

longwall.

Event activity was low (0.2 epm), as shown in Figure 71, due to the

termination of mining operations. Nevertheless, such activity was in­

dicative that there still existed certain instabilities somewhere in the

vicinity of the lon~vall. The events occurring after 14:00 may have

been due in part to the acoustical vibrations produced from ~ local

thunderstorm. For example, one such event (which could be actually two

events) is given in Figure 72. The duration of this event was somewhat

longer than most other events detected during any of the past micro­

seismic monitoring sessions. Particle velocities were 90 to 160 ~ips,

and frequencies were 6 to 15 Hz, which were somewhat lower than the

typical frequencies encountered.
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2.8 FoUl: ,.qe'2.ks a.iter longwall panel completed

APPTOxiIil;J.t~ly four weeks after. the longwall was completed, a final

micrOS2is~!ic data recording session of three hours was conducted uti­

lizin;~ the geophone array N-l, N-7, N-9, N-lO, N-ll, N-13, and N-14 on

August 21. The gecphone array is presented in Figure 73.

Only about five level-l events were detected during the monitoring

session. One of these events was of a type not observed in previous

recording periods and is given in Figure 74, with a time-expanded ver­

sion being presented in Figure 75. Note the extremely long arrival

time difference between geophone stations N-IO and N-7. This could be

indicative of an event occurring at a great distance from the array.

This event might have generated a wave which traveled along the surface

of the earth at a velocity of 1,000 to 3,000 fps, typical of wave

propagation velocities in soils. One other similar event was detected

about 1-1/2 hours earlier. A somewhat more typical microseismic event

was detected mainly by N-IO and N-13 and is presented in Figure 76.

Particle velocities were 10 to 80 ~ips, and frequencies were 15 to 30 Hz

for this event, whose origin was assumed to lie near the headgate at the

end of the longwall panel.

As can be seen in Figure 77, the rate of activity was essentially

zero (0.02 epm) which suggested that the strata surrounding the com­

pleted lon~Nall panel were finally stable.

2.9 Results

Field studies conducted in the proximity of the East B-4 longwall

have definitely proven that many microseismic events were detected at



160

'702600
I

1702800
I

'703000
I

1703200
I

1703400
I

1703600
I

1703600
I

Figure 73. Location of Longwal1 Face and Geophone Array
Utilized: August 21, 1974.

N-l

N-7

N-9..

N-10

N-12

:~:~~:;-f:~~·~·~~~~:'~:.~~J;~~::~ _._:.~~-:~ :':;~';. _: :.~- ~'..r-·~~::-::~_:.:t'~'~'4 .. ~ ~___ -~. ;~;. _.....
..~IMll :: __Rl,"'Slur :11I'~;lJli.;~~~~"h:M tlU~

-"~~-i ' "'~'~":"':':-"""""h~"-'·,,:,'". I" ,"--,"j., ..,<.1'- .! ".J.':".~~." ' ;#'.-' ,·1_'
.:..:._""" :;~_ _ • ....;.j.J~:' t .....,,·-~ ,. ~- ,-",!-, \. .. •. -.-:,.~~-......s- \ ~-1""":"'4. --l
':...-.-=-.,....,..1" _":" .~~..:.... '_.J.~__ .~., ., ~ .. '_.-. 1.-. -._ +-- ~_ ..._ :.:~_J ...~.-t::. '.+,..-" -- 1..:.- .... ;- ..... l·.~

.;:::::::t- ,.:::-~...... 't"':'~..- ::':.~~;,,.:.~ '", -.1 -', . ~~_ \. .;-.' ~.~.,.·t ..4';· '0 ~

i,~)_r=: 1"':"'::r"':~~--+-"'~"""->~1-~;;',", .; ........ ,..-.' ..•.~ ("'~ I·....:'.~"'.:~'

IU: : IfI' 1":,,=_•.•::llfIl rc''':l:{~ll: ]nll 1 , ' #'-==-~
·,.....-:.:.J··"-_·I---.<I',·J··_~~,·::.··:...':"",:':, ...Io·. :;,"-'A" ''':':l''',-:i''''' t.~_,._.,_....-.~\_." • :,;; __•. ~. ~J •• ':._'O"C .::.--

; .' "1. ,-'1 .__ " '.':'- ·V.,· .;1

N-13 l:l»! .l

. i - _. ~,
.-- i .. ·":: ~ .,.~

- 1-'- _- !_~.:-t~··

I .... 1.6 ...

N-14 =.'.:1 II ";=$' :5 J
.;,-'

r - '.- - !. ,_1.-

Figure 74. Typical Microseismic Event (32-4767), August 21, 1974.
[Horizontal Scale: Time (s); Vertical Scale:
Particle Velocity (~ips/10 divisions).]



N-.J.

N~7

N--9

N~lO

N-12

N~13

N~14

,"",;-"'-.------; "-', "

I l' .r~,;".r:=t~t4~J' ,/.'1':;,1'; ,.> /.."r.:J:2:J±&Eii1S±P:it;:
"J.'~

~\M'""7~'TI1~;;"!: t ,:; j,~':;;

~~:;~}-I ~t,: -.~ ... ,:

"':':'" ·t.~k:,> I '"."',!-',"'"

~~;~TM-£~~~~~
I·,;,:,~~;;f.i,.tur..I,:.=VJlj:,-'·!·j .. j . f~ ;". r 'L;r:F f·~.l ,:~t •..·;·;,:,:J;;~:;'r)~,:,~K;~:l·,;,;J"~;,,i .; j

I-'
CJ\
I-'

Figure 75. Event (32-4767)) August 21) 1974--Time-Expanded. [Horizontal Scale:
Time (8); Vertical Scale: Particle Velocity (~tips/lO dlvlsions).}



I-'
a­
N

I ) i I r~'i--i-'~-'--·~c-T-;::j--- ! '-·i-.,-~I-:' f "l-. r '\' -. r:,.., 1 I·,
, ; ii' L i r·. i .' r, "::"[-"1----:'-.·-··,---j;''1'--! 1~;:\r,7: IT,r71

I .-. ~.: i ~-~~'- " -;.~: '0~-~~-~_~~r~~}-·,-·-'-':~~~~~~_:r~-~~:~-1iL~·r.-'; '~:~tiZ:"El~~I:~1

I,J-j ·T I 'F 'fC' LT~;-.::.iL~:-j~;~::I:':;::J;c"I;'I' r 1>.j··,'l,:j.·'!>iA

:-~ >~t·.~;;';,>';,.} •..• ::.,/~;~>;"" .;.~'.::-;r;~t~·';,,';I";·~~t:~:~;:;~~·::;·!·:·:,~:;'"·:·.':','" h,~
~~~~,ut~~~B~~-~~~~~~i~}~~

~~li;{~;:~f~{i1ij:.~;:~'~~~;~·~:~t~11i~~¥~;t,~i[,P'·~:,:,';
~_~W;~~#J\>~~I".~~.~ 1.J:.,,:'L:.l~~~~,:i"1iL;~;·' :..... ;. . '. ';i" >i/f,t '. ?~;;~!.I\;;;1~J'~'li';!"L;,l;,~;~~

; \ "l~ :"; •. ; I' 'L (' I L:·l 1>:,I>:;,L '·I.·t; ;, I'
1:,··\·;, ',j I" ! '1/··, -r ..... , .,., .:. ..'j' I \.'·,j,,··~·\.>:'l·; •.·j:' I·

l-~- .\"."i' -~'. t "-'F1;f..-l ~ ·F-:'~" f • I I .~~- r- J <T;.-·:-'·;·I<'·r~\t·,,:~ ::f-·-:;',·;,r : t' . t

~.: ': I',': :. ! L. :- ;" r:-; :., :;. I'". : " I I. '~~.i·;~T~,;r;:'~

~t#;t;1~~~~~f' -~1f.J~~~~~~~~~~~~~~~

ijf~J:~.tA~F~ic,i,,~~:,::,!:;;,:,!"}:,,':S;\~:,~
•. ,' '" 1 , 'r II. :",,'"_ v ! 'V IV I·, .'-' ...•.. I· , .. ,.. ",j .. "

~r·~-;,;:::,":,~·, ... :, ,'.,1,.:.. ';,,, ;.::.:.#;':~:.'"':~:.i;~ ,:,r:~!, ,-I:,:,,'
:=:;:-j'!',1 " 'I'f" ~::: ~.,. ,'" .. 1 " \ .. " ·r; r .,;\, I!"., 1" .' "'f. ." .i

~~~.~""~f",~'''~!~~:kt.~i:.rJ~~'. I· .,w~,'... ' rt.· .'.. fl.t'! ., , I !' ;" 'j , 'I ' .. I '1
1 I· .. t -- I· 1·,' I . I.' I" I,,,· I . I.., 1"·1 .. , . • 1·, 1','", r,. I"\\;"! '

. ; I F-'--l-'-'r-:..i.l~"",. 1·"".11·· I -',1 "!,,-;:::r~,;--" .'"".1', j.' I""'"

.~,MJ~\(...~-"" 'f'>'q>It;f>, .' . ,. " '. '~#I'

... ;, , ! , ~. I '·I"·",I ... I'.·I.·,,,,,.,':~.·T,,·,I"'."i'·,. "j'

ri~.,.I:;·.;t:·lj::J.lH.i}",'::':::",~,";':':';': ," ~~.::,:~~,:,:,~~~;, ....;I';,· <:"", .,." :'~ _

"'''',1' .j·,,-r:s;:-:-r:-'l :.:":"''\ ". 'I ':'1; ,':--, .•... , •. , .,.' ,.'), 1+ 0.20 ... I _':_
~[ I '·'1 I ,.!.t.", ,."", I,·' I' ~
,. 1 J! ! I I , I ! {. .. I ! I' I·.. ",
'. • I , .", ,;! I '.' .' 1·\ I I i l ,

~7-r.f~;,\I\l.t.}~~;j'.~4~~i;.'t!i...-..J.~¢#~~~!iii~~~ ...~,fL ,k"~;,, ..*;').~:lo>\!,·;O\~t, .' --!---+' , ' . I ••..,.---1'fi"""I"f rv:',
;--r-, It". I ! 1 I' I' 't I ~ 'I I. I I'- II' '
~t .' ,. i. t I ..... 1 . L '., i-: ., t ..' ~" ': ;, : I. :.. I" 1 -d,-"" ., ~'.

N.,.,9

N~l

N-7

N......lO

N",l2

N-1l.

N'e'13

O. 8 l.-~
r

'!~

;:..<,.,~,-.(

I' ..
·1

.... , .li .~:"~'

.~.t.:.~ .~,

:: .. '·1':'1 ,. 'I I

-,:.:i':,

f" 11";''1'1>' .. il,·
" , ....,. '<,l. ,.•:"\;."'.:1.. --r:-::-

:·····7>··{·;;c..t.d··

,:T_.

,j..', '~;., .... ~(,;:'

.ll>'"

?0-:~~!-T?G~~T:~

~
' ,,1'" .'~.' '.'J"'-{,i.."",'!\)!W-,r.o~:4.1.i ..~!J.:;;t'!r,-rj_l~;;'''".''\l-'·;;::.'fr,;.,
~_. Nj'OI-~h~"'\O ~""""'l"'lf'll1

·'r-T"q--'--H'.. -,1 ~ ... r+I-.:·......\+...,..,,:..··~

N~l

N~7

N~12

N~lO

N~l4

N--9

N......13

Figure 76. Event (32-2244)) August 21) 1974.
Vertical Scale: Particle Velocity

[Horizontal Scale: Time
(~ips/10 divisions).]

(s)



i-'
(]\

w

AUGUST 21.1974 -

LEVEL I EVENTS

TOTAL EVENTS

LEVEL 3 EVENTS

LEVEL 2 EVENTS

_____-rc."_""_"_~__" ~ r

........

,......
-l, I I r , I , f I I , , I r I , I

...Jg
<to:::
>W
0::: ....
WZ.... ­
Z'
-~
wZ
.... W
:J>
ZW
-0
~­
lC)(J)

o:::~
W lJJ
o...(J)
(J)W
l-O:::
Zo...
lLJ W
>0:::
W z
lL 0
0-(f)

0:::>W­enG
~I

~ ~ I 12'00 ' 1300 I 1400 I 15'00 I 1600 I 1700 I 1800 I 1900 J

TIME -HOURS (STANDARD TIME)

Figure 77. Event Acti.vJty Rate Histogram: August 21, 1974.



164

depths of at least 430 ft and horizontal distances of as much as

1~000 ft using various geophone arrays.

Typical particle velocities for the periods discussed ranged from

20 to more than 500 ~ips with most values being approximately 50 to

400 ~ips. Frequency components varied between 6 and 200 Hz~ with most

events having frequencies of 10 to 100 Hz. The ambient background had

a particle velocity level of 10 to 20 ~ips~ and a frequency content

primarily composed of 60 Hz and its harmonics.

When the longwall was more than 1~100 ft away from the nearest

geophone~ no microseismic events were detected; hence~. approximately

1~000 to 1~100 ft appeared to be the detection range limitation for the

monitoring system.

Generally speaking~ the rate of microseismic activity correlated

well with both the condition of the longwall (roof, face, and/or gob)

and the mining operations. Good cutting of coal (high rate of face

advance) usually induced a moderate to high rate of microseismic

activity (more than 1 epm) , most probably due to good caving behind

the chocks (e.g., February 26).

During short periods of longwall downtime such as shift changes,

equipment repair, or stopping the shearer to change its direction of

travel, the rate of event ac~ivity appeared to remain constant for a

short time (0 to 15 minutes) after the downtime began and then to

decrease rapidly thereafter to a low rate of less than 0.5 epm. When­

ever coal was again being cut, the rate of activity rapidly increased

to a moderate to high rate within 15 minutes (e.g., February 18 and 26).

For bad roof or face conditions, the rate of activity ranged

erratically from 0.2 to 1.0 epm with an average rate of 0.6 epm (e.g.,
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February 27). A variety of factors could have contributed to this

fluctuating rate, including

(1) shooting rock in the panline, the face, and around the

chocks,

(2) events occurring in the roof or on the face due to arti-

ficially induced fractures associated with the blasts, and

(3) events occurring due to the natural stress redistribution

around the longwall workings.

If the mining operations stopped completely for more than a day,

the microseismic activity rate was found to decrease to almost 0 epm

(e.g., April 17).

Events observed on only one or two geophones were considered to be

originating near the surface close to the responding geophones. Such

events were assumed to be generated by fracturing strata below the soil

and the subsidence of the immediate area.

3. Source Location of Microseismic Events

3.1 Empirical evaluation of source location
tec~~iques

After having proved that detecting micro seismic events was feas-

ible, the next step was to locate the origin of the major events as

accurately as possible. This was not a simple task, particularly under

field conditions. The only data available was a set of geophone traces

whose arrival time differences could be determined to within ±l ms, and

the coordinates of each geophone with respect to the longwall. Conse-

quently, the travel-time-difference source location method developed

originally by Flinn (1960) and modified by the authors was employed as
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it incorporated both quantities along with a wave propagation velocity

associated with each geophone. Unfortunately, no velocity surveys had

been conducted in the immediate vicinity of the longwall panel.

An empirical evaluation of the accuracy of the travel-time differ­

ence method was initially conducted. Four factors affecting the

resulting source location solutions were investigated, namely,

(1) array geometry,

(2) arrival time error,

(3) initial source location estimates, and

(4) velocities.

Only a brief summary is included in this section as Appendix C describes

this evaluation in detail.

First a set of 12 test points were selected which encompassed the

general area of the East B-4 longwall.· All points were positioned at

the approximate depth of the coal seam. Arrival times were next calcu­

lated by dividing the vector distance between each test point and each

geophone location by an isotropic velocity of 10,000 fps.

The influence of array geometry on source location accuracy was

then evaluated, with a total of nine different array geometries being

considered. Provided that the velocity was 10,000 ips in the source

location program, array geometry was found to be unimportant as all

test points were located to within 5 ft of their true positions for

all nine arrays. However, when the velocity was varied from 8,000 fps

to 12,000 fps, large errors (greater than 200 ft) in the locations were

observed on some events for each array. Array-A, which consisted of

geophones N-l through N-7, and array-B, which was similar to array-A

except the geophone N-5 was excluded, appeared to be the two arrays
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least influenced by velocity changes. Both of these two arrays were

utilized for studies carried out during the month of February.

The effect of arrival time errors on the accuracy of the source

location solution was next investigated, as a possible reading error

of as much as ±l ms could exist. One test point was analyzed by

introducing a deliberate error of 1 ms on one geophone at a time for

array-A. Source locations were then computed with the velocities

being incremented between 8,000 fps and 12,000 fps. Maximum errors of

±30 f~ in the x-direction, ±20 ft in the y-direction, and ±60 ft in

the z-direction resulted for this particular point. Other points were

found to generate similar errors. Some source locations were influ­

enced greatly by erroneous arrival times of certain geophones, while

other geophones only slightly affected the location solutions.

In order to establish a starting point for the location program,

an initial estimate of the approximate source location was needed.

The effect of this initial estimate on the resulting source locations

was investigated. Results indicated that the initial estimates of the

x- and y-coordinates could be as much as 300 ft outside a given array

and still provide the correct source location. For the z-coordinate,

however, the initial estimate had to be lower than the deepest geophone

in the array; otherNise, the source location results would yield

z-coordinates located above, rather than below, the geophone array.

By means of such empirical investigations, the source location

program was evaluated and found to be suitable, provided accurate input

data was available. The only major source of error was that associ­

ated with establishing an appropriate velocity model for the longwall

panel.
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3.2 Application of source location techniques
to field data

Source locations were calculated for all level-3 events detected

during each microseismic monitoring session. Two velocity models for

the longwall were assumed. A totally isotropic velocity model (wave

propagation velocities being the same in all three directions) and a

unique velocity model (an apparent wave propagation velocity being

assigned to each geophone) were utilized to obtain source locations.

The results of both models are presented below with Figure 78 giving

the source location symbols and their associated descriptions.

Two other velocity models were considered but appeared to be no

better than the isotropic velocity model. One such model was that

obtained by Beck (1974) in which he used a geophone installed on a

plate attached to the mine roof and a borehole probe to detect direct

waves generated by shallow buried explosive charges having precisely

known detonation times. Velocity values of 9,840 fps in the S30W

direction, 9,551 ips in the N60W direction, and 10,739 fps in the

vertical direction were determined from his field measurements. These

values were incorporated into the source location program and the re-

suIts were compared with those obtained using the isotropic and the

unique velocity models. Overall the results were much less realistic

than those of the unique velocity model and were therefore not consid-

ered further. The fundamental problems associated with this method

were that

(1) the velocity surveys were conducted more than 4,000 ft away

from the nearest geophone and could not be safely applied

to the East B-4 site, and
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KEY

DESCRIPTION

GEOPHONE LOCATION

GEOPHONE NOT UTILIZED

INITIAL ESTIMATE OF SOURCE

UPPER VELOCITY LIMIT: 12,000 FPS

SOURCE LOCATION AVERAGE VELOCITY liMIT: 10,000 FPS

LOWER VELOCITY Ll MIT: 8,000 FPS

LOWEST VELOCITY LIMIT NOT SHOWN

HIGHEST VELOCITY LIMIT NOT SHOWN

TEST POINT LOCATIONS

SOURCE LOCATIONS LI E WITH IN THIS REGION

SOURCE LOCATIONS LIE ABOVE THE ARRAY

LONGWALL FACE POSITION DURING SURVEY

TOTAL LONGWALL ADVANCE (FEET)

SOURCE LOCATION - UNIQUE VELOCITY

Figure 78. Source Location Symbols.
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(2) strata of varying thicknesses with joints, fractures, and

other geologic anomalies, all of which could drastically

alter wave paths (and consequently wave velocities), existed

between each geophone and the source of any given micro­

seismic event.

A generalized anisotropic velocity model was considered but it was

found to be unsatisfactory due to the oversimplification of the true

velocity structure. To develop this model, every possible incremental

combination of x, y, and z velocity values were considered, between a

minimum and a maximum for each velocity direction. Such a generalized

approach took a considerable amount of computer time, making each

source location very costly. In addition, as the true source locations

of the events were not known, it was impossible to select the appro­

priate combination of x, y, and z velocity values.

Horizontal source locations: isotropic velocity model--On

February 18, two geophone arrays were utilized. Six events were

detected using the first array and these were computed to be from 50

to 250 ft ahead of the longwall face as shown in Figure 79. These

locations appeared to be unrealistic as current longwall studies have

indicated that most fractures occur less than 30 ft ahead of the face.

Three of the events were located outside the array about two-thirds

down from the headgate. Many of the bad face and roof conditions were

reported by the mine crew to frequently occur in this region, but they

existed at the face rather than ahead of it. Figure 80 shows the three

events detected by the second array. All three events were computed
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to be more than 400 ft ahead of the face. Instabilities in the strata

at these distances from the face were tlgairr highly unlikely.

On February 26, a total of 39 events ,~ere located as shown in

Figure 81. Four of the events, namely 3, 7~ 16, and 18, were computed

to lie 50 to 200 ft behind the face. The majority of the events

clustered inside the boundaries of the array and from 30 to 250 ft

ahead of the longwall face. Three events (9, 11, and 36) were located

above ground level. Events 14 and 27 were just in front of the head­

gate pillar. Event 20, the blast, was located underneath the center of

a pillar 150 ft ahead of the tailgate. This particular event was accu­

rately located by mine personnel, and its coordinates were documented

(x = 2,880 ft; y = 2,716 ft; and z = 1,325 ft) by R. Kim, one of the

project personnel stationed underground during this time to record

mining activities. Consequently, the isotropic velocity model appeared

to shift event 20 approximately 150 ft southeast from the blast site.

This suggested that the other events might have had similar location

shifts.

Two array configurations were employed on the following day,

February 27. Seven events were located using the first array as shown

in Figure 82. Events 1 and 6 were 50 to 100 ft ahead of the face,

event 3 was two pillars northeast of the he~dgate, and events 4 and 7

were more than 100 ft ahead of the face. When the second array was

used, in which geophone N-15 replaced N-S, most events clustered about

two-thirds of the distance south of the headgate and were located up to

150 ft ahead of the face as shown in Figure 83. Events 9, 12, and 15

were localized between two pillars approximately 200 ft southeast of
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the tailgate. Events 1 and 17 were between 50 and 100 ft behind the

face, both being in the gob area.

Microseismic data from other field trips discussed in this report

did not exhibit level-3 events; consequently, source location calcu­

lations were not carried out in these cases.

Horizontal source locations: unique velocity model--Microseismic

data from a blast which occurred on February 26, having a location of

x ; 2,880 ft; Y ; 2,716 ft; and z 1,325 ft, was used in conjunction

with a source location subroutine program (Leighton, 1970) to obtain

unique velocities for each geophone employed in the array. The wave­

form generated by the blast and its time-expanded version are presented

in Figure 84. The unique velocities calculated for each geophone were

as follows: N-l; 8,985 fps; N-2 = 8,556 fps; N-3 = 9,542 fps; N-4 =

8,740 fps; N-6 = 10,790 fps; and N-7 = 8,891 fps.

Applying the resulting unique velocities to the analysis of data

obtained for February 18, it was found, as shown in Figure 85, that

source locations were shifted considerably towards the longwall face

as compared with those obtained with the isotropic velocity model

(Figure 79). For example, events 5 and 6 were not located within 50 ft

behind the face in the gob and events 1, 2, and 3 were less than 70 ft

in front of the face. Only event 4 appeared to be erroneous, being

approximately 150 ft ahead of the longwall.

As shown in Figure 86, analysis of the data obtained on

February 26, exhibited an extremely good event distribution. It should

be noted that the distribution of events congregated fairly evenly

within 100 ft on either side of the longwall face. Event 20, the blast,
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occurred at its correct location. Events 33 and 36 were more than

200 ft back from the face. Events 4, IS, 30, and 35 were clustered

around the center of a pillar just behind the tailgate. This strongly

suggested that the pillar was undergoing a change in stress and may

have become unstable.

As shown in Figure 87, on February 27, using the first array and

unique velocities, all events were located at or slightly ahead of the

face except for event 7, which was located in the gob about ISO ft back

from the face. Using the second array which included geophone N-15,

however, introduced some problems since the unique velocity associated

with N-15 was unknown. In order to carry out source location calcula­

tions, a velocity value of 10,000 fps was assumed for N-15. Figure 88

illustrates the results, which were extremely scattered. Many of the

events ,~ere more than 200 ft ahead of the longwall face, with only

events 3, 5, 6, 7, 10, and 11 falling within 100 ft of the face. Since

these results were considered erroneous, source locations of these

events were recomputed, this time excluding data from geophone N-15.

The results, shown in Figure 89, indicated that most of the events now

clustered within 50 ft of the face and at a position about two-thirds

of the distance from the headgate, where bad face and roof conditions

Were not uncommon. Events 4 and 11 were located just ahead of the

tailgate, a region also subjected to higher than normal stresses.

Vertical source locations: unique velocity model--Only the

vertical source location data calculated by means of the unique velocity

model were considered sufficiently accurate to be discussed here.

Source locations calculated for the isotropic model had too much scatter
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in the vertical direction (z-coordinate) to present meaningful plots.

For display of this data, it was plotted on a vertical cross-section

of the longwall. In the associated graphs the headgate is located on

the left-hand side of the graph, and the tailgate (460 ft from the

headgate) is located on the right.

Figures 90 to 93 illustrate the projections of the source loca­

tion data on vertical cross-sections of the longwall. Figure 90

(February 18) shows a considerable scatter in the points plotted, with

four events lying above and two events lying below the coal seam.

Fracturing in the intermediate and main roof is normal in longwall

mining operations. However, fracturing beneath a solid floor is rather

unlikely unless the strata below the seam had pre-existing fractures.

Also all events tended to lie between midface and the tailgate, where

roof problems frequently occurred. As illustrated in Figure 91, on

February 26 events were found to lie as much as 200 ft above or below

the seam. Generally, the majority of events were vertically located

within 50 ft of the seam. Event 20, the calibration blast, was found

to be located precisely where it was known to have originated. Events

15, 30, and 35 were clustered 40 ft to the right of and about 50 ft

below the tailgate. Major fracturing appeared to be occurring along

the entire longwall face, while the coal was being successfully

extracted. Figure 92, illustrating data obtained using the first geo­

phone array on February 27, shows all but one event lying beneath the

coal seam; nevertheless, every event, except for event 7, was within

60 ft of the seam. Figure 93 illustrates the source locations obtained

on February 27, using the modified second geophone array in which data

from N-15 was excluded in the calculations. It should be noted that
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good clustering of events, about SO ft to the right of midface, was

observed. The majority of these events were blasts, associated with

the necessity of freeing support chocks stuck as a result of the rapid

deterioration of the midface area which occurred over a period of less

than 24 hours.

Overall, the vertical source locations obtained using the unique

velocity model appeared to be from 10 to 100 ft too deep. It is felt

that in reality only a few events really occurred beneath the coal,

with the remaining events occurring in the immediate vicinity at or

above the seam. Only a true three-dimensional array will make it pos­

sible to obtain more accurate z-coordinate data.

Source location distributions --Graphs were constructed to illus­

trate horizontal and vertical distributions of source locations (~~ique

velocity model only) for the level-3 events detected. Figure 94 shows

the daily event distribution, horizontally, with Figure 95 showing a

composite plot for the complete lon~Na1l study. Note that when the

coal was being extracted easily (good longwall conditions), events were

occurring primarily at and behind the longwall face as sho<Hn in Figure

94B but when roof problems rapidly developed at midface one day later,

the majority of the events occurred at or ahead of the face as shown in

Figure 94C, suggesting that uncontrolled fracturing and poor caving

were taking place. Figure 95 gives a somewhat similar plot to that of

Figure 94C, again indicating that longwall problems existed during

other monitoring sessions as well.

Vertical distributions are presented in Figures 96 and 97. Note

that the majority of the events appeared to be occurring about SO ft
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beneath the coal seam. Such results were considered to be unrealistic

and were, therefore, assumed to be in error by as much as 125 ft in

depth. Data obtained from blasting of chocks on February 27 helped to

substantiate this conclusion. Such blasts, identified by locations 4,

5, 6, 8, 10, 11, 13, 14, 16, and 17 as presented in Figure 93, were

generally located beneath rather than at the coal seam depth.

3.3 Results

Source locations (isotropic velocity model) gave only very crude

estimates of where each event occurred. Generally the event locations

computed by this method were found to be 50 to 200 ft horizontally

ahead of the longwall race. Such locations were considered to be

un~easonable both in a theoretical and practical sense. However, if

no wave propagation velocities are known, the isotropic velocity method

is suggested to establish an approximate source location horizontally.

Appendix D lists all level-3 events with their arrival times. Appen­

dix E contains the complete listing of source locations using the

isotropic velocity model. Vertical locations varied greatly and ranged

from 0 to more than 1,800 ft.

The unique velocity model applied to the source location of events

generated much more reasonable solutions. These appeared to be within

accuracies of =50 ft horizontally and ±100 ft vertically. Unfortunately,

a blast at a known location is required in order to obtain unique

velocity values for each geophone. Using the unique velocity model,

the majority of the events were found to originate in the proximity of

the face line, which agrees with both theory and field observations.
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This method is recommended if such velocities are available. Appen-

dix F contains the complete listing of source locations using the unique

velocity model.
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VIII. DISCUSSIm~--MICROSiISHICFIELD STUDY

1. General

The basic hypothesis assumed when applying the microseismic moni­

toring method to mining operations is that redistribution of stress,

especially in the extraction of coal, causes abrupt micro- to macro­

fractures in the mechanically weakest bonds of the rock in the proximity

of the longwall face. The nature and intensity of the stress distri­

bution is mainly dependent upon the type of mining employed, the amount

of load imposed by the surrounding rock strata, and the mining rate of

advance. The rate of fracturing is like,vise dependent upon such factors,

as well as the degree of homogeneity of the strata. Such fracturing

generates acoustic signals, termed microseismic activity, which propa­

gate through the geologic strata, and may be detected and recorded for

later analysis.

In this investigation such microseismic activity was successfully

detected at depths of more than 400 ft and at horizontal distances

exceeding 800 ft from the source. The majority of the analyzed events

were locatable to within ±IOO ft vertically of the coal seam and to

within ±50 ft horizontally of the longwall face, provided accurate

unique velocity values were available. For this study, the feasibility

of microseismically monitoring a longwall mining operation using a

surface geophone array has proven to be highly successful and should

provide a fundamental initial step towards a long range goal of

improving mine safety.
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The microseismic monitoring sessions carried out above a longwall

coal mining operation have provided the following conclusions:

(1) A geophone array installed on or near surface can be effec­
tively utilized in detecting events occurring during longwall
mining operations.

(2) These events can be approximately located if accurate arrival
time differences, geophone locations, and wave propagation
velocities are determined.

(3) Typical frequencies of observable events ranged from 10 to
100 Hz for those events originating in the vicinity of the
roof, seam, or floor of the longwall panel. The majority of
events observed had frequency components of 200 Hz or less.
Events, whose frequencies exceed 200 Hz and which were
detected by only one or two geophones, were considered to be
very localized events due to subsidence, or tree root motion
due to the wind load on the tree branches.

(4) Particle velocities
more than 500 ~ips.

of 50 to 300 ~ips.

of observable events ranged from 20 to
Typical events had particle velocities

(5) Various types of ~oises observed during monitoring included
periodic electrical noises such as 60 Hz, 120 Hz, and 180 Hz
signals originating from internal and external a-c power
sources; electrical transient noises due to electrical
switching of heavy machinery; periodic mechanical noises
due to such sources as aircraft and ground vibrations from
the motor generator; and transient mechanical noises due to
such sources as people walking near the transducers.

(6) Amplitude and frequency data both produced clues as to the
source of the various events. Geophones which show signals
with the greatest amplitudes (particle velocities) and
highest frequencies usually were the nearest to the event.
As the distance between an event and a given geophone
increased, the amplitude and frequency content of the event
became lower. Events observed on only one geophone probably
originated very near that geophone and most likely released
a limited amount of energy. Distant events were believed
to have released considerable quantities of energy because
they were detected by all geophones. No energy determin­
ations as such, however, were carried out in the current
study.

(7) Some events appeared to be triggered by other events as
several events would sometimes occur within a few seconds
of one another.



199

(8) Numerous small events could have been occurring continuously
in the vicinity of the longwall face. Such small events
would have small individual amplitudes, but when th~y are
superimposed on each other a dominant energy or noise field
(background noise level) could be generated. Some of the
so-called "rumblings" discussed earlier could have been
caused in such a manner.

2. Source Location

The source location studies both theoretical (Appendix C) as well

as those involving actual field data have suggested the following

conclusions:

(1) For an isotropic velocity model of the region encompassing
the longwall, it is generally true that the fewer the number
of iterations, the closer the solution approaches the correct
one. It was noted that if the required number of iterations
was greater than eight, the source location was generally
inaccurate.

(2) The true source should lie inside the array in order to
obtain the most accurate source location.

(3) Within a given boundary outside of the array, the source
location program is fairly accurate, provided that accurate
input data is available (e.g., arrival times, velocities,
geophone coordinates, and initial location estimates).

(4) Using a seven-geophone array rather than a six-geopllone
array does not significantly improve the source location
solution and, in fact, may be detrimental if one of the
geophones has an abnormal arrival time or if a geological
discontinuity exists between the source and that geophone.

(5) The initial estimate rarely affects the source location
solution except for extreme points outside the array
boundaries. The x- and y-coordinates of the initial esti­
mate may be in error as much as ±300 ft from the true source
location coordinates for a suitable location computation
but the z-coordinate should not be in error more than the
estimated depth of the structure under study.

(6) Each array geometry has its own error boundaries. Numerous
test points, encompassing the area of interest, should be
employed to determine the amount of possible error at a
given location for a given velocity model.
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(7) The best source location solutions were obtained when the
unique velocity model was employed, as the majority of solu­
tions were found to be in the immediate region surrounding
the longwall face. This strongly suggested that in such
studies field velocity surveys should be made, using blasts
at numerous known underground locations, to determine a
unique velocity for each geophone location.

3. Limitations

For effectively evaluating underground structural stability, there

exist several limitations in utilizing microseismic techniques, namely:

(1) Microseismic events having particle velocities of less
than 30 ~ips are difficult to differentiate from the
ambient background noise.

(2) Location of events is highly dependent upon accurate
velocity measurements, arrival times, and optimum array
geometry.

(3) The depths (z-coordinates) of the source locations are
subject to a high degree of error when a planar geophone
array configuration is employed. A three-dimensional array
with transducers effectively surrounding the area of interest
would provide data for obtaining much more accurate depth
locations.
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IX. GENERAL DISCUSSION OF OVERALL PROJECT

1. Review of Current Project

During the period October 1, 1973 to September 31, 1978, a USBM

funded research project (Grant G01440l3) has been carried by the

Department of Mineral Engineering at The Pennsylvania State University.

The primary phase of this project involved a series of microseismic

field studies which were conducted over a longwall mining operation in

Central Pennsylvania to study the feasibility of using these techniques

to detect and locate potential zones of instability around the longwall.

Transducers located in an array of shallow boreholes positioned above

the active area of the longwall were employed to detect any microseismic

activity, and a mobile microseismic monitoring facility was used to

condition and record the activity sensed by the transducers. Results

indicate that the primary studies were highly successful and that the

feasibility of using near-surface transducers has been verified.

Secondary studies associated with the evaluation of seismic velocities

(necessary for accurate microseismic source location) and surface subsi­

dence due to the longwall mining process were also carried out. A three

volume final report (of which the present report is Volume I) has been

prepared describing both the primary and secondary studies in detail,

however, a brief review of each of the three studies will be included

here for completeness.
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1.1 Microseismic field studies

From both a safety and economic standpoint, microseismic moni­

toring of underground rock structures have in recent years proven to be

a valuable nondestructive testing technique which can in many situations

rapidly detect and locate areas of possible instability (Hardy and

Leighton, 1977). The current study is unique in that the transducers

were located near-surface rather than within the mine itself. Conse­

quently, two immediate advantages are realized, namely, that mining

operations can continue normally because there is no monitoring equip­

ment in the mine, and that there is no electrical limitation on the

microseismic monitoring system. On the negative side, the distances

between the microseismic source and the transducers are generally much

greater, and the stratified geologic media through which the signals

must pass subjects them to additional attenuation, dispersion, and other

waveform alternating processes. As a result the microseismic signals

tend to be weaker and more distorted than those encountered using a

monitoring system located in the mine itself. It is the authors'

opinion, however, that in many field situations the advantages far out­

weigh the disadvantages. Furthermore, it is felt that with additional

research the disadvantages due to surface transducer location may be

greatly minimized.

In this context it is recommended that additional research should

be undertaken in the following areas: use of three-dimensional trans­

ducers, development of improved signal acquisition and processing

techniques, correlation of observed activity with specific sources,

and development of more meaningful velocity models. Further details on

these proposed research areas will be presented later in this chapter.
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1.2 Determination of seismic velocity

In general the secondary study carried out to determine seismic

velocity data was successful. A number of practical field techniques

were developed, and the results obtained were found to be reasonably

reproducible and, within the study itself, consistent. However, ,.hen

attempts were made to use this velocity data for microseismic source

location, extremely poor results were obtained. This may be due to the

highly complex stress and fracture pattern existing in the neighborhood

of an active longwall face. Further research in this area is obviously

necessary.

1.3 Field study of mine subsidence

The secondary study carried out to monitor surface subsidence over

the longwall panel being evaluated by microseismic techniques was highly

successful. Excellent subsidence data was obtained at a very minimal

cost. The study indicated extensive regions of very non-uniform

surface subsidence which it is felt may well be a reflection of the

difficult roof conditions experienced during various phases of the

longwall operation. The original purpose for carrying out this study

was to provide subsidence data which could possibly be correlated, along

with underground observations, with the observed microseismic activity.

This aspect of the study will be considered further in the next section.

2. Correlation of Microseismic Activity with Underground
Mine Observations and Surface Subsidence

If the microseismic technique is to reach its full potential as

a tool in the geomechanics field, it will be necessary that definite

correlations between observed activity and actual physical behavior of
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the associated rock mass be firmly established. This can only be

accomplished by detailed examination of micro seismic activity observed

during specific and well defined rock mass behavior. This aspect was

investigated to a very limited degree in the current study. For

example, the results quoted in section 2 of Chapter VII indicate that

during the current study at the Greenwich mine different types of

microseismic behavior were noted during periods of satisfactory and

unsatisfactory longwall operation. Similarly during an earlier study

at the Greenwich mine (see item (5), section 2, Chapter I of this

report), the character of the observed microseismic data also appeared

to be influenced by the longwall operating conditions.

During the current study considerable detail on behavior of the

longwall area (face condition, roof support, caving quality, etc.) and

the resulting surface subsidence has been collected. This data is

presented in Appendices H, I, and J of this volume, and in Volume III.

Unfortunately, time and funds were not available to attempt other than

a casual correlation of this data with observed microseismic behavior,

however, the following scheme for such a study is recommended.

(1) Short-Term Analysis
In this analysis it is suggested that attempts be made to
correlate observed microseismic activity with underground
data obtained from selected detailed longwall reports
(Appendix H) and detailed underground observations
(Appendix I). First such a study would provide information
with respect to possible correlations with short-term
(hours) longwall behavior (caving quality, rate of advance,
face quality, etc.). Secondly such a study would be useful
to delineate the characteristic microseismic signals gener­
ated by such face activity as pump, conveyor and shearer
operation, support motion, and blasting. A better classi­
fication of these signals is certainly a prerequisite to
future application of the microseismic technique in high
noise environments.
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(2) Long-Term Analysis
It is suggested here that attempts be made to correlate
observed microseismic activity with underground data obtained
from brief daily longwall reports (Appendix G) and from
surface subsidence data (Final Report Volume III). Such a
study would be useful to determine the potential of the
microseismic technique as a means of evaluating general face
quality, the development of local caving over the face and
adjacent support area, and the development of large scale
caving over the gob area and eventual surface subsidence.

It is important to note that in both the preceding analyses, it is

important that signal processing techniques be developed to better

separate low level microseismic signals (level-l and -2 type events)

from ambient noise; and that attempts be made to obtain more accurate

source depth (z-direction) coordinates.

3. Suggested Future Microseismic Research

Based on the recent study the following additional research is

recommended:

(1) Three-Dimensional Transducers
The use of three-dimensional geophones rather than the
uniaxial vertical motion geophones used to date would be
very useful in separating P-wave and the S-wave components
and in providing data on the direction from which a micro­
seismic event originated. A better knowledge of the types
of waves present should also provide further insight into
the mechanisms causing the event, and further information
on the geologic materials and discontinuities which exist
between the event source and the various geophones in the
monitoring array.

(2) Three-Dimensional Transducer Arrays
Where possible future studies should employ a realistic
three-dimensional transducer array. In the recent study
the apparent errors in the depths (z-coordinates) of the
computed sources are at least partially due to the fact
that a nearly planar transducer array was employed. The
use of such an array is particularly important when
investigating three-dimensional problems such as under­
ground caving and development of surface subsidence.

(3) Data Acquisition Techniques
Microseismic data acquisition techniques should be inves­
tigated, including the effect of data cable length and
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associated phase shifts on source location accuracy, the
use of local radio telemetry at field sites, and the use of
long-distance telephone lines for acquisition of microseismic
data from remote field sites.

(4) Signal Processing and Storage
Due to the very large volumes of data acquired during micro­
seismic studies, a system, which selectively screens the
data based on certain criteria (amplitude threshold, fre­
quency components, and coincidence), is definitely needed if
the volume of field data is to be reduced to a manageable
level. A suitably programmed minicomputer coupled to an
analog-to-digital converter, multiplexer, and digital storage
device would be suitable for such a data reduction and storage
task. In particular, the problems of signal processing
associated with low-level microseismic signals occurring in
a high ambient background should be investigated. Such an
investigation is considered extremely important since the
majority of microseismic signals associated with problems in
the geomechanics area, other than rock bursts, are in this
category.

(5) Monitoring System Optimization
In order to optimize the overall monitoring system, an active

,controlled seismic source should be used in the field to
effectively calibrate the study area. Small explosive
charges, ground impactors, and spark- or air-guns could be
used for this purpose. Graphs could then be plotted of fre­
quency versus distance, amplitude versus distance, and energy
versus distance. If to (source origin time) is known, travel­
times and wave propagation velocities could also be calculated.
This technique. should be employed first in soil and in soft
medium, and hard rock areas to provide practical field data.
The results could also provide data to enable narrower band­
pass filter setting to be utilized, thereby resulting in a
more sensitive and low noise monitoring system.

(6) Source Recognition and Site Characteristics
Microseismic measurements should be made at various types
of field sites such as a quiesient one which has no sources
of electricity nearby and no abnormal subsurface stresses for
a background-noise-level check; a mine where the mechanical
activity is accurately known (mining machine operations,
blasting, roof falls, and/or rock bursts), and a gas storage
reservoir undergoing hydrofracturing. Such a variety of
field conditions is necessary in order to learn to more
efficiently distinguish between microseismic events, man-made
events, noises inherent in the monitoring system itself,
background surface noises, and subsurface noises. Increased
knowledge of the frequency spectra observed at each geophone
for a known event should provide clues as to the frequency
attenuation and dispersive properties of the area under study
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and possible geologic discontinuities. A determination of
the amplitude or energy loss of waVes travelling through
geologic media would prove to be of significant value for
computing the energy released at the source of each event.

(7) Velocity Models
One of the most critical factors involved in using micro­
seismic techniques in the field is the necessity of
developing a meaningful velocity model for the field site
under study. At sites similar to the one investigated in
the current study due to the complexity of the associated
structural geology (e.g., joints and faults), the differences
in wave propagation characteristics of the layered geologic
media involved, and the dynamic structural changes associated
with a longwall mining operation, it is suggested that
seismic velocity data be determined from in-situ velocity
surveys conducted as often as possible. Furthermore, it is
suggested that the locations of various known sources, such
as blasts, be determined before employing such velocity data
to determine locations of unknown sources. There is no
doubt that a more accurate velocity model, either for each
geophone (unique velocity) or for the entire longwall region
under study, will greatly improve source location accuracy.
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APPENDIX A

TRANSDUCER LOCATIONS AT THE EAST B-4 LONGWALL SITE,
GREENWICH NORTH MINE

This appendix contains the three-dimensional coordinates of tra~s-

ducer locations for the East B-4 longwall sites at the Greenwich North

mine. The associated surveys were carried out by project personnel

using instrument station coordinates provided by the Greenivich mine

survey group.

The geophone identifying label such as liN-I" denotes the transducer

location as shown, for example, in Figure 23. Localized coordinates

are given in Table 2. To obtain the absolute coordinates, it is neces-

sary to add 1,700,000 ft to the Easting coordinate and 500,000 ft to

the Northing coordinate. The elevation listed is with reference to sea

level in both the local and absolute coordinate systems.
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TABLE 2

Three-Dimensional Coordinates of Transducer Locations
at Greenwich East B-4 Longwall Site

Location (Ft)
Geophone

Identifying Easting Northing Elevation
Label (x) (y) (z)

N-1 2919.93 3075.16 1724.62

N-2 2961. 58 2968.24 1725.76

N-3 3206.28 3075.47 1716.58

N-4 3003.64 2872.67 1719.26

N-5 3232.39 2958.39 1700.04

N-6 3412.18 3044.03 1712.40

N-7 3043.42 2747.25 1710.89

N-8 3270.61 2844.99 1696.12

N-9D 3454.46 2924.15 1710.02

N-9SH 3454.46 2924.15 1721.52

N-9SF 3454.46 2924.15 1724.52

N-10 3639.16 3012.05 1716.17

N-ll 3312.49 2709.13 1696.29

N-12 3501. 34 2793.85 1698.41

N-13 3682.73 2869.38 1699.29

N-14 3543.20 2655.64 1700.57

N-15 3732.99 2759.53 1698.72
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APPENDIX B

IBMSL--A SOURCE LOCATION COMPUTER PROG~l

1. General

The source location program, IBMSL, is Mowrey's modification

of the program of Harding and Rothman (1974). This program utilizes a

1east-mean-squares reduction technique to give a "best average" source

location if five or more seismic stations are used. IBMSL was designed

to be used with The Pennsylvania State University's IBM 370/168 computer

system.

Basically, the program uses a least-squares iteration technique

which contains the X., y., and z. (i =1, 2, . •. , n) coordinates of
~ ~ ~

"nil geophone stations and corresponding arrival times and velocities

rand v. respectively:-i ~

2 2
y) + (z. - z)

l

2 2
::: v. (t. - t)

l l
(Eq. 26)

\~here X, y, and z are the true coordinates of the source and t is the

true origin time.

As there are four unknowns (x, y, z, and t), data from at least

four geophone stations are necessary to solve equation (26) exactly.

However, due to inherent experimental errors related to this equation

(e.g., geophone location errors, determination of travel-time differ-

ences, accuracy of velocity measurements), data from five geophone
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stations should be employed such that this equation is overdetermined

to allow the computer to minimize such error terms and arrive at a best

fit solution. Data from additional geophone stations will yield an

even better value for the average solution because of further redundancy

in equation (26).

This program requires the following input data information, namely:

(1) the maximum number of iterations,

(2) a isotropic or anisotropic velocity for the field site)

(3) the desired velocity increment(s),

(4) an initial estimate as to the x, y, z, and t values of the

source,

(5) the initial minimum velocity value,

(6) the maximum velocity value,

(7) the x, y, and z coordinates of the geophone stations, and

(8) the estimated arrival time at each station.

The IBM 370!168 computer then calculates and prints out the x, y, z,

and t values of the source at each incremental value of velocity. If

the actual velocity is unknown, this program is particularly useful

because the computer will increment the velocity within the minimum!

maximum bo~~daries selected by the user. The resulting x, y, and z

values for each velocity can then be plotted (as shown on Figure 79)

and the velocity effect on source location evaluated.

2. Special Features

Essentially, IBMSL was written to read the x, y, and z coordinates

and arrival times of from five to eight geophones situated in an array
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and then to print the best location of the source for one or more

selected velocities.

The user currently has the following options with IBMSL.

(1) Velocities can be chosen to be either isotropic (one­

dimensional case), anisotropic (three-dimensional case), or

unique.

(2) Velocities can be incremented between a minimum and a maximum

value for both the isotropic and the anisotropic cases.

(3) Boundary conditions can be incorporated to prevent print-out

of those source locations which are found to lie outside of

the selected boundaries.

(4) For the anisotropic velocity option, a print-out of the cal­

culated resultant velocities associated with each geophone

can be obtained for each event.

(5) Data for one or two geophones can be skipped, provided that

there are still data for at least five geophones. Such a

technique is particularly useful whenever one geophone has

an anomalous arrival time (possibly due to fractures, joints,

or faults in the wave path) which is not readily apparent.

In automatic skipping, the program disregards data from one

of the geophones and evaluates the source location; it then

reinserts the data from the skipped geophone and skips the

data from the next geophone and re-evaluates the source

location. This procedure is repeated until data from all

geophones have been skipped. If one geophone is skipped at

a time, the specific geophone which most influences the source

location solution can be easily determined.
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(6) One coordinate (x, y, or z) may be held constant during the

co:uputation of the source location.

(7) Seismic data from a blast, whose location is accurately

know~, may be used in this program to establish a more

realistic velocity model.

3. Basic Names of Variables Used

Numerous variable names are present in the source location program.

To assist the reader in deciphering these terms, a list with a brief

description of each term is presented here. The sequence of these terms

follows the same order as they occur in the program.

Term

DESC

KICK

XINC

YINC

ZINC

XMX

YNX

ZHX

Xl

X2

X3

X4

Description

Literal description of the data to be processed this
run

Maximum number of iterations

Increment of x-component of velocity

Increment of y-component of velocity

Increment of z-component of velocity

Maximum x-velocity component allowed

Haximum y-velocity component allowed

Maximum z-velocity component allowed

Hinimum acceptable x-coordinate for print-out of
source location

Maximum acceptable x-coordinate for print-out of
source location

Minimum acceptable y-coordinate for print-out of
source location

Maximum acceptable y-coordinate for print-out of
source location



Term

X5

X6

Xi

X8

N

XQ(1-4)

XVEL

YVEL

ZVEL

leASE =0:

=1:

=2:

ISKIPl=O:

=n:

ISKIP2=O:

=m:

ISEL =0:

=1:

=2:

=3:

IAI =0:

=1:
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Description

Minimum acceptable z-coordinate for print-out of
source location

Maximum acceptable z-coordinate for print-out of
source location

Minimum acceptable z-coordinate employed during
mathematical computations

Maximum acceptable z-coordinate employed during
mathematical computations

Number of geophone stations to be used

Initial estimate of source location:
(x, y, z, time = 0.000001)

Initial x-component velocity

Initial y-component velocity

Initial z-component velocity

Anisotropic velocity case, print-out of resultant
velocities

Isotropic velocity or unique velocity case

Anisotropic velocity case, no print-out of resultant
velocities

No effect on program

thn geophone to be neglected or skipped

No effect on program

thm geophone to be neglected or skipped

No effect on program

Keep x-coordinate in solution constant

Keep y-coordinate in solution constant

Keep z-coordinate in solution constant

No effect on program

Skips one geophone at a time, re-evaluates the solu­
tion for each disregarded geophone, illltil all geo­
phones have been skipped
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XX(1-3)

IBST =0:
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Description

X-, y-, or z-coordinate values to be held constant if
ISEL is used; only one of the three coordinate values
may be held constant per run

No effect on program

=1: Determines unique velocities for each geophone
provided a blast occurs at a known location

=2: Allows a unique velocity to be assigned to each
geophone

ICHG =0:

=1:

X(n,1-4)

STA(n)

X(1-N,4)

V(n)

REF

No effect on program

Will alter geophone travel times and/or coordinates
if/when implemented

x-, y-, z-coordinate values of nth geophone station
(The value for X(n,4) is employed on a separate
card and is therefore unnecessary here.]

Station identification of geophone "n"

Travel times of each geophone from 1 to n

Unique velocity value associated with geophone "n"

Reference code which consists of a tape reel number
followed by a tape footage number

4. Data Card Formats

The basic card format for running the program on the IBM 370/168

computer is given by the list below. FORTRfu~ formats are given in

brackets [ ] as a reader's aid.

Card Description

A

B

C

D

E

Job card

Compile, execute card

Source code card

Source program

Data code card
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F

G

H
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D2Sc.rtp t i.e'11

Description c2rd [ICAS]

KICK, XINe, YINC, z:::se, :{[,rx, YHX, ZMX [IlO, lOX,
6FlO.2}

Xl, Xl, X3, X4, X5, XS, X7, X8 [8FlO.2]

I N, XO(l), XO(Z) , XO(3), XO(4), xvEL, YVEL, ZVEL
[12, 3FIO.2, FlO.6, 3F10.2]

J rCASE, ISKIPl, ISKIP2, ISEL, IAl, XX(l), XX(2),
XX(3) [512, 3F10. 2}

K lEST, ICHG (212)

L X(n,l), X(n,2), X(n,3), X(n,4), STA(n) [3FlO.2,
FIO.6, AS]

M If lEST = 0, omit this card from the program;
if lEST = 1, X(1-n,4) [SFIO.6] [Arrival times of
the blast);
if IBST = 2, V(l-n) [8FlO.2) (Unique velocity for
each geophone)

N X(I-n,4) [8FlO.6J

o FEF [AS]

P End of data/job card

Tables 3, 4, and 5 illustrate the three basic data input card config-

urations with the variable IBST = 0, 1, and 2 respectively. The first

case (IBST = 0) assumes that the wave propagation velocities are

incremented at 200 fps steps between a range of 8,000 to 12,000 fps.

All three velocities (v • v , and v ) are identical for each velocity
x' y z

step as this run is the isotropic velocity case.

The second case (IBST = 1) assumes that a blast has occurred at a

known location. Unique velocities for each geophone are calculated by

the subroutine VLDT by knowing the arrival times of the blast. These

velocities are subsequently utilized for all other events given on that

particular run.
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Computer Card Sequence for IBST = 0

Code Card Listing

//AQIXXXXX JOB
A....• // 'P3783,T=SO,R=2500', '}10Wl{EY GARY L'
B..... //EXEC FWGG, PARM=NOSOURCE
C....• //SySIN DD *
D•.... /*INCLUDE GLM02.$IBMSL6
D..••. /*INCLUDE GLM02.$IBMSL7
E..... //DATA. INPUT DD *
F..... THIS IS PROGRA}l $IBMSL6, $IBMSL7
Ii' •••••
Goo... 20
H..... O. 6000.
1. .... 6 2880. 2716.
J. . . .. 1
K.••••

200.
O.

1325.

200. 200.
6000. O.

0.00001 8000.

12000.
3000.

8000.

12000.
O.

8000.

12000.
3000.

N
N
V.>

L..... 2919.93 3075.16 1724.62 · N-l
1. .... 2961. 58 2968.24 1725.76 · N-2
L..•.. 3206.28 3075.47 1716.58 · N-3
L..... 3003.64 2872.67 1719.26 · N-4
L. • • .. 3412.18 30l~l~. 03 1712.40 · N-6
L..... 3043.42 2747.25 1710.89 · N·-7
N..... 0.0458 0.0473 0.0530 0.Olf35 0.0600 0.0550
O.•..• 38-1993
N....• O.OlfSO 0.0476 0.0514 0.0490 0.0578 0.0514
0 .•... 38-3170
N..... 0.0417 0.Ol,28 0.0/162 O. 04/~3 0.0518 0.Olf70
0 ..... 38-3171
P ••••. /.,- THIS IS A SLASH ASTERISK CARD
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Computer Card Sequence for IBST .. 1.

Code Card Listing

//AQ1XXXXX JOB
A..•.. // 'P3783,T=50,R=2500', 'MOWREY GARY L'
B•..•• // EXEC FWCG.PARM=NOSOURCE
C..•.. //SYSIN DD *
D..... /*INCLUDE GLM02.$IBMSL6
D....• /i'INCLUDE GLH02. $IBl1SL7
E..... //DATA.INPUT DD *
F..... THIS IS PROGRAM $IBHSL6.$IBHSL7
1~1 •••••
c; ..... 20 200. 200. 200. 12000. 12000. 12000. t'"
H••••• O. 6000. O. 6000. O. 3000. O. 3000. h.l

.~

I. . . •. 6 2880. 2716. 1325, 0.00001 8000. 8000. 8000.
J ..... 1.
K..... 1
L..... 2919.93 3075.16 1724.62 · N-I
L.•... 2961. 58 2968.24 1725.76 · N-2
L. •... 3206.28 3075.47 1716.58 · N-3
L..... 3003.64 2872.67 1719.26 · N--4
1. . . .. 3412.18 3O!t4.03 1712.40 · N-6
1.. • • •. 3043. /12 2747.25 1710.89 · N-7
M. . • .. 0.0562 0.052'. 0.0616 0.0468 0.064Lf 0.0435
N..•.. 0.OLI 58 0.Ol173 0.0530 0.0435 0.0600 0.0550
0 ..•.. 38-1993
N.•.•• 0.Ol150 0.OL176 0.O51l1 0.0490 0.0578 0.0514
0 .•... 38-3170
N.•.•• 0.OLf17 0.0428 0.0462 0.OLf 33 0.0518 0.OL170

O..••. 38-3171
P..... !i, TlIIS IS A SlJASH ASTERISK CARD
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Computer Card Sequence for IBST :::: 2

Code Card Listing

I I AQ1XXXXX JOB
A.•.•. II 'P3783, T=50 ,R==2500' , 'MOWREY GARY 1.'
B...•. II EXEC FWCG,PAR}I=NOSOURCE
c..... IISYSIN DD *
D...•. I*INCLUDE GLM02,$IBMSL6
D..... /*INCLUDE GLM02.$IBMSL7
E••... //DATA.INPUT DD *
F..... THIS IS PROGRAM $IBMSL6,$IBHSL7

.F •••••
G...... 20 200. 200. 200. 12000. 12000. 12000. N

H••••• O. 6000. O. 6000. O. 3000. O. 3000. N
lJl

I. . • .• 6 2880. 2716. 1325. 0.00001 8000. 8000. 8000.
,J. • • •• 1
lZ. . • ... 2
1. . . .. 2919.93 3075.16 1724.62 · N-1
1. ...• 2961.58 2968.24 1725.76 · N-2
1. •••• 3206.28 3075.47 1716.58 · N-3
1. .... 3003.64 2872.67 1719.26 · N-4
L.••.. 3412.18 3044.03 1712.40 · N-6
L.••.. 3043.42 2747.25 1710.89 · N-7
M. . • .. 8985.37 8555.74 9542.35 8739.69 10789.82 8891.48
N•.... 0.0458 0.0473 0.0530 O. 01135 0.0600 0.0550
0 ..... 38-1993
N..... 4.0450 0.0476 O. 051L~ O. 01190 0.0578 0.0514
0 ..••• 38-3170
N..... 0.0417 O. OL~28 0.0462 0.0443 0.0518 0.0470
O..... 38-31.71
I)c •••• /i'~ THIS IS A SLASH ASTERISK CARD
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The third case (lEST = 2) permits one to assign unique velocities

to each geophone. As in the second case, these velocities are employed

for all other events given on that particular run.

5. Source Listing

This section contains the complete source listing of the IEMSL

source location program utilized in this thesis. The program is

written in FORTRfu~ IV and is currently run on The Pennsylvania State

University's IBM 370/168 computer. The program is generally stored on

disk files identified by GLM02.$IBMSL6 and G~f02.$IBMSL7. A listing

of this program is presented in Table 6.



TABLE 6

Listing of IBMSL Source Location Program

C SEISMIC SOURCE LOCATION PROGRAM
C LAST UPDATE 02 APRIL 1975
c
C
C
C
C
C
C
C
C
C
C

GARY L. MOWREY
119 MINERAL INDUSTRIES BUILDING

THE PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY PARK. PENNSYLVANIA 16802

PHONE: (814) 865-3437

THIS PROGRAM IS A LEAST SQUARES REDUCTION OF SEISMIC ARRIVAL TIMES
WHICH SHOULD GIVE A BEST AVERAGE LOCATION IF 5 OR MORE SEISMIC
STATIONS ARE USED.

J'.j
J'.j
......

C ASSUMPTIONS NEEDED:
C 1. GEOPHONE X. Y. AND Z COORDINATES MUST BE ACCURATELY KNOWN
C 2. RELATIVE TIME DIFFERENCES BETWEEN GEOPllONES ARE KNOWN
C 3. THERE MUST 8E AT LEAST 5 AND NO MORE THAN 8 GEOPUONES UTILIZED
C 4. THE FIRST GEOPIlONE TO DETECT THE EVENT IS THE REFERENCE GEOPlIONE
C AND IS ASSIGNED A VALUE BETWEEN 37 AND 45 MILLISECONDS
C ALL OTHER GEOPHONES HAVE THEIR TIME DIFFERENCES IN REFERENCE
C TO THE REFERENCE GEOPilONE
C 5. THE EVENT SHOULD HE LOCATED WITHIN THE BOUNDARIES OF THE GEOPHONE

ARRAY FOR REST RESULTS
C 6. THE VELOCITY MODEL MAY 8E EITHER ISOTROPIC OR ANISOTROPIC
C 7. THE P-HAVE HETHOD IS EMPLOYED AS FIRST ARRIVALS ARE ASSUMED TO
C 1\ E P-WAVES
C



C
C
C

132

133
C
C
C
C
C
C
C
C
C
C
C

102
C
C
C
C

IHPLICIT REAL '* 8 (A-H. O-Z)
DIMENSION X02(4)
DIMENSION XOl(4),SUH(4).STOR(100.4).SUMl(4)
DIMENSION XX(3).XCK(8.4),DESC(20).STACK(8)
DINENSION XO(4), X(S,4). V(S), STA(8), 0(3.4), R(S). B(4.8).

lC(4. ll). DA(B). E(8). F(ll,9). GA(4), SAH(4.4). VEC(4.4)
DIHENS ION XHAX (4). YHAX (4). ZHAX ('.). XHIN (/1). YHIN (4). ZHIN (/~)

READ IN A DESCRIPTIon OF TilE DATA IF DESIRED

READ(5. 132)(DESC(l).Ia;.:1. 10)
READ(5,132)(DESC(I).I .. ll,20)
FOR 11 AT (l OA 8 )
URITI~(6,133) DESC
FORHAT(' , .lOA8/' ' .lOA8)

READ IN THE FOLLOWING

KICK = THE NUMBER OF ITERATIONS. HAXIMUH
XINC "" THE INCREMENT OF TUE X COMPONENT OF VELOCITY
YINC '" THE INCREMENT Of TUE Y COMPONENT OF VELOCITY
ZINC .. THE INCREMENT OF THE Z COMPONENT OF VELOCITY
XHX = THE MAXIMUM X VELOCITY COMPONENT ALLOWED
YNX "" THE MAXIMUM Y VELOCITY COMPONENT ALLOWED
ZHX ""' THE HAXINUH Z VELOCITY COHPONENT ALLO\JED

READ(S. 102) KICK. XINC, YINC. ZINC. XHX. YHX. ZHX
VORHAT(IIO, lOX, 6FIO. 2)

READ IN THE BOUNDARY CONDITIONS OF THE ARRAY
THIS THEREBY PLACES THE SOURCE WITHIN THE ARRAY UNDER CONSIDERATION
ALL VALUES OUTSIDE THESE LIMITS WILL NOT BE PRINTED

tv
tv
00



Xl = MINIMUM ACCEPTIBLE X COORDINATE
X2 - MAXIMUM ACCEPTIBLE X COORDINATE
X3 = MINIMUM ACCEPTIBLE Y COORDINATE
X4 a MAXIMUM ACCEPTIBLE Y COORDINATE
X5 = MINIMUM ACCEPTIBLE Z COORDINATE
X6 = MAXIMUM ACCEPTIllLE Z COORDINATE
X] :.I MINUIUH ACCEPTIULE Z COORDINATE FOR THE NATHEHA'fICAL COMPUTATIONS
X8 = MAXIMUM ACCEPTIBLE Z COORDINATE FOR THE MATHEMATICAL COMPUTATIONS

C
C
C
C
C
C
C
C
C
C

READ(5.121)Xl,X2.X3.X4,X5.X6.X7.X8
121 FORMAT(8FIO.2)

C
C
C
C
C
C
C
C

READ NUMBER OF OF STATIONS AND TilE FIRST GUESS AS TO THE HYPOCENTER AND
ORIGIN TIME. AND THE PRINCIPAL VELOCITIES. AND THE REFERENCE NUMBER (REF)

NUM2 = COUNTER FOR TELLING COMPUTER TO ENTER CO-ORDINATES ONLY ONCE
NUMIO '"' FLAG TO EMPLOY SKIP ROUTINE ONLY ONCE

NUM2-0
NUMIO-O

53 IF (NUM2.GT.G) GO TO 139

N
N
\0

C
C N - NUMBER OF STATIONS WHICH ARE TO BE READ
C XO '" INITIAL GUESS FOR THE SOURCE LOCATION
C THE GUESS LOCATION IS READ IN X.Y.Z.TIME
C THE THREE PRINCIPAL VELOCITIES ARE READ IN AS XVEL YVEL & ZVEL.
C

READ (5.100.END g IOOO) N.(XO(J).J"'I.4).XVEL.YVEL.ZVEL
100 FORHAT(I2. 3FIO. 2. FlO. 6. 3FI0. 2)

DO 5991""1.4
599 X02(1)"'XO{I)

IF (N.CT.8) N=8



C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
c

150
C
C
C
C
C

ICASE = THE ISOTROPIC, UOMOGENEOUS CASE (1) OR ANISOTROPIC,
HOMOGENEOUS CASE (ANY OTUER INTEGER EXCEPT I)
<ANISOTROPIC. HOHOGENEOUS CASE REFERS TO ORTllORHOHBIC CASE>
IF THE RESULTANT VELOCITY FOR THE ORTHORIIOHilIC CASE IS NOT
DESIRED TO HE PRINTgn OUT, THE USER SHOULD HAKE ICASE "" 3,
THUS HAKIN G THE OUT PUT F ORHAT APPROXHfATE LY THE SAllE AS THE
ISOTROPIC, HOMOGENEOUS CASE (THIS ALSO SAVES PAPER AND
LOWERS LINE PRINTING COSTS)

ISKIPI ~ GEOPHONE TO BE NEGLECTED OR SKIPPED
ISKIP2 = A SECOND GEOPllONE TO 8E SKIPPED
I5EL = CO-ORDINATE TO BE HELD CONSTANT I=X, 2=Y, 3=z
IAI " OPTION TO SKIP ONE GEOpnONE AT A TIME. RE-EVALUATING THE

SOLUTION FOR EACH DISGARDED GEOPIlONE
XX ;0; CO-ORDINATE VALUES, ANY ONE 01" HuICH HAY UE HELD CONSTANT HY ISEL

READ (5, ISO) leASE, ISKlPl. ISKlP2,lSEL, lAl, (XX (I). 1=1.3)
FORMAT(5I2,3FIO.2)

IBST ... USE BLAST AT KNOWN LOCATION TO DETERMINE VELOCITY FOR EACH GEOPllONE
rcnG :: ALTER GEOPllONE TIMES AND COORDINATES
IllST HAS PRIORITY OVER ICASE

tv
W
o

READ (5, 151) In ST. IellC
lSI FORHAT(2I2)

WRITE(6.l62)KICK. ISKIPI, ISKIP2,ICASE,XINC, YINC. ZINC,XHX, YHX, ZHX
162 FORMAT(' '.' KICK:: ',14.' I5KIPI = ',13,' ISKIP2"" ',13,

l' ICASE"" ',13,1/,' XINC ::& ',FIO.2,' YINC "" ',FIO.2,' ZINC'"
1',FIO.l,//,' XUX'" '.FIO.2,' YHX;:; '.FIO.2,' ZHX'" ',FIO.2//I)

WRITE (6,161 )XI, X2, X3, X4, X5, X6. Xl. X8
161 FORHAT(' ',' XI "" ',FIO.2,' Xl = ',FIO.2,' X3 == ',FIO.2,11

I' X4 = ',FIO.2,' X5 "" ',F10.2.' X6 = ',FIO.2,11
I,' Xl = ',FIO.2.' X8"" ',FIO.2/1/)



HAS BEEN INITIALLY SET AT: '
y "" '.F10.2,' Z "" ',FIO.2,

., ',FIO.6///)

HRITg(6.160) ISEL, XX. lAl.
160 FORMAT(' '.' 1SEL - ',13,'

l' XX(3) "" ',F10.2/' IAI
1I3,///)
WR1TE(6.164) XO

164 FORMAT(' '.' SOURCE ORIGIN
1,' -----> X ... ' ,FlO. 2,'
l' <-----',/' WITH T ZERO

138 CONTINUE
IF (NUH2. G'r. 0) GO TO 136
NUH 2=1

IllST. ICUG
XX(1) =: '.F10.2,' XX(2)

= '.13,' lUST .. ',13.'
.. '.1<'10.2,
rCHG =: '.

C
C READ CO-ORDINATES OF STATION. ARRIVAL TIME AND STATION NAME
C X =: STATION CO-ORDINATES AND ARRIVAL TINE OF THE EVENT
C THESE ARE READ IN X.Y.Z.ARRIVAL TIME

DO 70 J;;;l.N
7 0 R EA D (5. 1 01 ) (X (J • I ) • I ... 1 • 4) • STA ( J )

101 FORMAT(3F10.2.F10.6.A8)
C
C READ IN ARRIVAL TIMES OF EACH STATION RESPECTIVELY
C

IF (In ST. E(~. 1) CALL VLDT (N. V. X. XO)
IF(IBST.EQ.2) GO TO 700

702 CONTINUE
C
C NUH4 - COUNTER: LIST CEOPllONE COORDINATES ONLY ONCE (I8ST)
C NUM5 - COUNTER: SEQUENTIALLY NUMUERS EVENTS (I8ST)
C

NUH4=0
NUH5"0

136 READ (5,134.ENJ)::alOOO) (X(I.4).I=1.N)
134 FORMAT(3FIO.6)

c

N
W......



C READ IN REFERENCE NUMBER
C

READ (5,135) REF
C
C NUM] g COUNTS NUMBER OF TIMES SOLUTION FALLS WITHIN LIMITS

C
NA 1""0
NAA2 ra O

562 CONT IN UE
NUH '" 0
NUH 1=0
NUH3""O
IF(IllST. EQ. 2) GO TO 1801
11"(1851'. EQ. 1) GO TO 1801

135 FORMAT(AB)
HRITE (6,222 )REF

222 FORliAT('1','***** TAPE NO.-FOOTAGE-REF. NO.: ',AB,' *****')
XPVEL""XVEL
YPVEL"'YVEL
ZPVEL""ZVEL

c
C ZERO AND INITIALIZE ARRAYS
C

DO 111JO I"" 1 • 4
XNAX(I )""-999999.
YNAX(I)o:-999999.
ZHAX(I )""-999999.
XH IN (1 )""0.
YNIN (1 )""0.
ZNIN(I)""O.

1780 CONTIHUE
Xl-IIN (l )"'999999.
YHIH (2 )""999999.

N
VJ
N



ZHIN (3 )""999999.

t-.)
W
W

AT THIS POINT THE COMPUTER CONSIDERS A NEW VELOCITY EACH INCREMENT
C
C
C

1700

1 787

1781
1801

1805
1806

DO 1700 1,,1.8
V(I)"'O.
DO 17811=1.4
DO 1787 J=1.100
STOR(J.I)=O.
SUH(I)uO.
SUHl(I)""O.
CONTINUE
CONTINUE
IF(IAl.EQ.l) GO TO 560
IF«ISKIPl.GT.O).AND.(NUMlO.UE.O» CO TO 568
IF«ISKIP2.GT.0).AWD.(NUM10.NE.O» GO TO 567
CONTINUE
IF ( (I SKI Pi. GT • 0) • AND. (N UH 10. E tI. 0» CALL SKI P (N • IS KI PI. X. STA )
IF( (ISKIP2.GT.0) .AND. (Nut-1l0.EQ. 0» CALL SKIP(N. ISKIP2.X. Sl'A)
NUH 10=1

C***~***************************************************************************
C THIS IS THE llllTRY INTO THE LEAST SQUARES HETHOn

C*******************************************************************************
5'f NUH=O

DO 598 1=1.4
598 XO(I)o:X02{I)

DEL" 1000000.0
51 DO 10 J=1.N

C
C CALCULATE DISTANCE COMPONENTS FROM EACH STATION TO ASSUMED llYPOCENTER
C AND TRAVEL TIME. MULTIPLY TRAVEL TIME BY THE VELOCITY SQUARED.
C

DO 6 I"" 1 • Lf



6 D (.1. I ) .. X (.I. I )-XO (I )
IF(IHST.EQ.l) GO TO 1800
IF(IBST.EQ.2) GO TO 1300
IF(ICASE.EQ.l) GO TO 1790
CALl. VELOC (.I. XVEL. YVJ<:L. ZVEL. D. V )
GO TO 1800

1790 V(J)"'XVEL
1800 CONTINUE

D(J.4)=-(V(J)*V(.1)*D(.1.4) )
C
C CALCULATE THE RESIDUALS.
C

R(J) "" (n(J.l);~*2 + D(J.2)**2 + D(J.3)**2 -«D(J.4)**2) / (V(J)
1**2») /2.0

C
C FIND TRANSPOSE OF DISTANCE MATRIX.
C

DO 21 1 .... 1.4
B (I. J )""n (J. I)

21 CONTINUE
10 CONTINUl:

C
C PREMULTIPLY DISTANCE MATRIX HY ITS TRANSPOSE.
C

DO 321"'1.4
DO 32.1""1.4
C(I • .1)""O.O
DO 32 [( ... I.N

32 C(I.J)~C(I.J)+n(I.K)*D(K.J)

c
C CALCULATE THE VARIANCE.

C
SIGHA ...O.O

N
W
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DO 15 I=1~N

15 SIGMA ~ SIGMA + R(I) * R(I)
OUT '" DEL
IF(N.LT.5) GO TO 1779
DEL=DSQRT(SIGMA/DFLOAT(N-4»

C
C CHECK CONTINUED CONVERGENCE
C

IF(DABS(DEL-OUT).LT.0.00000002) GO TO 50
C
C CUEC K THE NUHD ER OF IT ERAT IONS.
C

NUH=NUH+l
IF (N U1-1 • EQ• KI C K) GOT 0 50
DO 331=1,4
DA (1) == 0.0

G
C
C

PREMULTIPY RESIDUAL VECTOR BY TUE TRANSPOSE OF DISTANCE MATRIX.

DO 33 K := 1. N
33 DA (I )=DA (I )+B(I.K)*R (K )

N
W
\Jl

C
C SOLVE FOUR SIMULTANEOUS EQUATIONS FOR THE UNKNOWN DELTAS, C IS PRODUCT Of
C DISTANCE MATRIX AND ITS TRANSPOSE, DA IS THE TRANSPOSE OF DISTANCE
C MAXTRIX TIMES THE RESIDUAL MATRIX. E IS THE ERROR MATRIX~ F IS A WORKING
C MATRIX IN THE SUBROUTINE. THE LAST 4 COL OF FARE TllE INVERSE OC.
C THE 5TH COL OF F IS E THE DELTAS WE ARE SOLVING FOR. GA IS THE DIAGONAL
C OF THE INVERSE OF C.
C

CALL EQUN(C~DA.E.F.GA)

DO 20 L=I.4
20 XO(L)=XO(L)+E(L)

IF(XO(3).LT.X7) XO(3)=X7



IF(XO(3).GT.X8) XO(3)=X8
IF(ISEL.GT.O) XO(ISEL)~X~(ISEL)

C
C MAKE NEW GUESS AS TO EPICENTER AND ORIGIN TIME
C

GO TO 51
50 IF (NUHl.GT.O) GO TO 302

NUHl:::l
GO TO 330

C***********~*******************************************************************
C THIS IS THE END OF THE LEAST SQUARES METHOD
C*****************************************************************************1:*

700 REA D (S. 701) V
701 FORHAT(8PlO.2)

GO TO 702
330 CONTINUE

IF (N UB 4. E (~. 0) \EUT E ( 6. 1 0 9 )
105 FORHAT(' '. 3F 15.3, F15. 6. FI5. 3. 5X,I3, 11X, 3(F10. 2. 2X»
109 FORMAT(']',3X,'X COORD',4X.'Y COORD'.4X.'Z COORD',' TRAVEL TIME'

1. 2X. 'LOCATION')
IF(NUH4.NE.0) GO TO 1803
DO .56 J=l,N

56 HRITE(o.106)(X(J, I),!=1,'I),STA(J)
106 FORHAT(' '.3(F10.2,lX),FI0.6.5X,A5)

1803 CONTINUE
IF (ISEL.GT.O) WRITE (6.156) 1SEL

156 FORHAT(' ',' IS£L '" '.12.'.',' THIS COORDINATE \JAS HELD CONSTANT'
1 )
IF(IBST.EQ.l) GO TO 1802
IF(IBST.EQ.2) GO TO 1802
WRITE(6.222) REF
\JRITE(6.103)

103 FORHAT ('0' ,lOX, 'X' .14X.'Y' ,14X.'Z' ,14X.'T' .12X. 'SIGMA' ,4X.

kJ
UJ
0-,



l'ITERATIONS'.IIX.'XVEL'.8X.'YVEL'.8X.'ZVEL')
GO TO 302

303 NUH3~NUH 3+1
DO 1783 1-1.4
SUH(I)=SUH(I)+XO(I)

1783 STOR(NUM3.I) ... XO(I)
306 XVEL=XVEL+XINC

IF(ICASE.EQ. I) YVELeXVEL
IF (lCASE. EQ. 1) ZVEL"'XVEL
IF(XVEL.GT.XMX) GO TO 300
GO TO 54

300 IF(ICASE.EQ.l) GO TO 460
XVELeXPVEL
YVEL=YVh:L+YINC
IF(YVEL.GT.YMX) GO TO 301
GO TO 54

301 XVEL=XPVEL
YVEL ...YPVEL
ZVEL"ZVEL+ZINC
IF(ZVEL.GT.ZMX) GO TO 460

GO TO 54
c
C CHECK THE BOUNDARY CONDITIONS IMPOSED ON X. Y. AND Z COORDINATES
C

302 IF(XO(1).LE.Xl.0R.XO(1).GE.X2) GO TO 306
IF (XO(2).LE.X3.0R.XO(2).GE.X4) GO TO 306
IF(XO(3).LE.X5.0R.XO(3).GE.X6) GO TO 306
IF (ICASE.EQ.l) GO TO 476
IF (ICASE.EQ.3) GO TO 476
WRITE(6.120}V.XVEL.YVEL.ZVEL

120 FORMAT(11(FIO.2.2X»
476 WRITE(6. 105) XO.DEL.NUM.XVEL.YVEL.ZVEL

C

N
W
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C SEARCH FOR TilE HAX1HUH AND HINIHUH VALUES OF X. 'It AND Z COORDINATgS
C THESE VALUES ARE WRITTEN OUT AT THE END OF THE RUN
C

IF(XO(I).GT.XMAX(I» GO TO 400
473 IF(XO(I).LT.XMIN(I» co TO 410
470 IF(XO(2).GT.YMAX(2» GO TO 420
474 IF(XO(2).LT.YMIN(2» CO TO 430
471 IF(XO(J).GT.ZMAX(3» GO TO 440
415 IF(XO(J).LT.ZMIN(J» GO TO 450
472 IF(ZVEL.GT.ZMX) GO TO 460

GO TO 303
400 DO 11201""1.4

1720 XMAX(I)"XO(I)
XA1"'XVEL
XA 2=Y VEL
XA3"ZVEL
GO TO 413

410 DO 1130 1"'1,4
1730 XH1N(I)"XO(I)

XU 1""XVEL
XB2""YVEL
XU 3.c:Z VEL
GO TO 410

420 DO 1140 1=1,4
1740 YMAX(I)=XO(I)

XC1=XVEL
XC2"'YVEL
XC 3..Z VEL
CO TO 474

430 DO 1750 1 ... 1,4
1750 YHIN (I )""XO (I)

XD1""XVEL
XD 2""YVEL

N
Lo.l
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XD 3""Z VEL
GO TO 4 71

440 DO 1760 1"'1,4
1760 ZMAX(I)=XO(I)

XE l-XVEL
XE2"YVEL
XE3=ZVEL
GO TO 475

450 DO 1770 1-1,4
1770 ZM1N(I)=XO(I)

XF1=XVEL
XF2"'YVEL
X~' 3=Z VEL
GO TO 472

460 CONTINUE
IF(NUH3.EQ.O) GO TO 1795
WRITE(6.231) SUM.NUM3

231 FORMAT('0',3FI5.3,FI5.6,5X.15)
\~RITE(6, 232)

232 FORMAT('+',100X.'GRAND TOTAL')
DO 1784 1"'1,4

1784 SUM(I)-SUM(I)/NUM3
WR IT E (6, 2 3 1) S UM • NliM 3
WRITE(6,233)

233 FORMAT('+',lOOX.'AVERAGE VALUE')
IF (ICASE.EQ.3) GO TO 510
DO 1786.1=1,4
DO 1785 r ... l, NUM]
STOR(I.J)=(STOR(I,J)-SUM(J»**2

1785 SUM1(.I)"'SUM1(J)+STOR(I.J)
1186 SUM1(J)r:onSQRT(SUH1(J)/Nm13)

WRIT E (6 • 234) S U1-1 1
234 FORMAT('0'.4FI5.6.40X.'STANDARD DEVIATION')

N
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520 CONTINUE
WRITE(6.222) REF
\~RITl~ (6,131)

131 FORl-1AT('O', 11X. 'X' ,14X, 'Y' ,14X, 'z' ,14X, 'T'.
112X.'XVEL',12X,'YVEL',12X.'ZVEL')
WRITE(6.130) XMAX.XAl.XA2.XA3
i-JRITE (6.500)

500 FORMAT('+',113X.'X MAX VALUE')
WRITE (6. 130)YHAX. XC I, XC2, XC3
YRITE(6,501)

501 FORMAT('+' ,113X,'Y MAX VALUE')
\~RITE{6.130)Zl1AX,XEl,XE2.XE3

WRITE(6.502)
502 FORMAT('+',113X,'Z MAX VALUE')

WRIT E (6. 130 )XM IN, XB 1. xn 2. XB 3
WRITE (6.503)

503 FORMAT('+'.113X,'X MIN VALUE')
HRITE(6.130)YHIN,XDl.X02.XD3
WRITE (6.504)

504 FORMAT('+',113X,'Y HIN VALUE')
WRITE(6,130) ZI1IN,XF1.XF2,XF3
\1RITE (6,505)

505 1"ORMAT('+'.113X.'Z MIN VALUE')
130 }i'ORHAT('O' .5X, 3(1"10.2, 5X).1"I0. 6, 5X, 30'10. 2, 5X»

XHAX(I)=XMAX(l)-XMIN(l)
YMAX(2)uYMAX(2)-YMIN(2)
ZMAX(3)cZMAX(3)-ZMIN(3)
WRITE(6,506) XMAX(I),YMAX(2).2MAX(3)

506 FORMAT('Q',5X,3(1"IO.2,5X),63X,'MAX - MIN')
XMAX(I)uXMAX(I)/2.
YMAX(2)=YMAX(2)/2.
ZMAX(3)-ZMAX(3)/2.
WRITE(6,507)XMAX(1),YMAX(2),ZMAX(3)

N
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507 FORHAT('O'.5X.3(FIO.3.5X).63X.'(NAX - HIN)/2.')
XMAX(l)=XMAX(I)+XMIN(l)
YMAX(2)=YMAX(2)+YMIN(2)
ZMAX(3)=ZMAX(3)+ZMIN(3)
WRITE(6.508) XMAX(I).YMAX(2).ZMAX(3)

508 FORMAT('0'.5X.3(FIO.3.5X).63X.'AVERAGE VALUE')
1195 IF(NUM3.EQ.0) WRITE(6,509)

509 YORMAT('2***** THERE EXISTS NO SOLUTIONS WUICH FALL WITHIN THE HO
lUNDARIES SELECTED *****')

NUH2 ... 1
IF (IAl.EQ.l) GO TO 565
IF(ISKIPl.GT.O) N:;N+l
I F (I SKI P 2. GT • 0) N:;N +1
GO TO 53

568 DO 569 J=l,N
JA ...J
IF(J.GE. ISKIP1) JA=J+l
IF(JA.GT.N) JA=N
X(J.4)=X(JA.4)

569 CONTINUE
N=N-l
GO TO 1805

567 DO 519 J=I.N
JA=J
IF (J.GE.ISKIP2) JA"'J+l
IF (JA. GT. N) JA"N
X(J.4).aX(JA,4)

519 CONTINUE
N=N-l
GO TO 1806

139 CONTINUE
XVEL=XP VEL
YVEL=YPVEL

N
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Z VEL"Z PVEL
CO TO 138

560 IF(NAA2.EQ.l) N""N+1
DO 561 1""1,4
DO 561 J"'I,N
XCK(J, I)""X(J. I)
STACK(J)=STA(J)

561 CONTINUE
NA1=NA1+l
IF (NAl.GT.N) GO TO 53
CALL SKIP(N.NA1,X,STA)
GO TO 54

565 DO 566 1~1.4

NAAI ... N+l
DO 566 J "'1, NAA 1
X(J,I) .. XCK(J.I)
STA(J )"'STACK(J)

566 CONTINUE
NAA 2 ... 1
XVEL",XPVEL
YVEL"'YPVEI.
Z VEL"'Z PVEL
GO TO 562

1802 CONTINUE
IF ( (N U11 4. EQ. 0 ) • A1m. (IB ST. EQ. 2» WRIT E (6, 1 94) (V (I ) , I -I • N )

194 FORMAT('O',5X.'VELOCITY ... ',8(FI0.2,3X»
IF(NUl-14.EQ.0) URITE(6,190)

190 FORMAT('0',10X.'X',14X,'Y',14X.'Z'.14X.'T',12X,'SIGMA',4X,
1 'ITERATIONS' ,11X. 'REFERENCE NO.')

NUM4=1
NUN 5"'N UH 5+1
WRITE(6,191)XO,DEL,NUM.REF,NUHS

191 FORMAT('O'.3F15.3.F15.6,F15.3.SX,I3. 16X.AO.2X,I2)

N
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DO 193 I"l.N
193 X(I.4)=X(I.4)*1000.

WRITE(6.192) (X(I.4).I=I,N)
192 FORHAT(' ',60X,'TRAVEL THfES .. ',8F6.1)

NUM2"'1
IF(IAl.EQ.1) GO TO 565
IF(ISKIP1.GT.0) N=N+l
IF(ISKIP2.GT.0) N-N+l
GO TO 136

1779 WRITE(6.1778)N
1778 FORMAT('O',' ERROR ******* U=',I5)
1000 STOP

END
SUBROUTINE EQUN(C.D,E,F.GA)
IMPLICIT REAL * 8 (A-H,O-Z)
DIMENSION C(4,4). D(b), E(6), F(I•• 9). G(4.6). GA(4)
N-4
NP-N+l
NPN=N P+l
NH""N -1
NPP=NP+N
DO 1 J .. l,N
F(J,NP) ...D(J)
DO 1 K.. l,N

1 F(J.K)=C(J,K)
DO 7 J"'NPH,NPP
DO 7 K-l. N

1 F(K,J)=O.O
DO 8 J=l.N
K ..N P+J

8 F(J,K)"l0
DO 2 Lal.N
LP"'L+1

N
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Y-L/F(L,L)
DO 3 J"'L. NllP

3 F(L,J)~F(L,J)*Y

IF (LP-N) 13, 13,6
13 DO 4 J""LP,N

Y ....F (J, L)
DO 4 K=L,NPP

4 F(J.K)~F(J,K)-Y*F(L,K)

2 CONT JNUE
6 DO 5 J"'2,N

IM""U -J+l
IMP=IH+l
DO 5 I I II: 5.9
DO 5 K""UIP, N

5 F(IM,II) D F(rM.II) - F(IM,K )* F(K,II)
DO 15 J "" I, 4
NNN .. J + 5

1 5 CA ( J) .. F ( J. NN N )
DO 14 I ... 1, 4

14 E(I) ... F(I,5)
RETURN
END
SUBROUTINE VELOC( J, XVEL, YVEL,ZVEL, DIST, VEL)

C
C.******* ORTHORHOMBIC CASE MAY 14, 1974 R.L.ROTHMAN.**********************.**
C

IMPLICIT REAL * 8 (A-ll,O-Z )
DIt1 ENS ION n ISHA ( 13 >. EL ( 8 ) , X (3 ), Y (3 ), Z ( 3 ), DIS T (8. 3), VEL (8 ) • EH ( 8 )
DIMENSION EN(8),A()
DISMSQ""O.
DO 1 1""1, 3
A(I)=DIST(J,I)*DIST(J,I)

1 DISMSQ~DISMSQ+A(I)

N
+'
~



VEL(J)~DSQRT«XVEL*XVEL*A(1)+YVEL*YVEL*A(2)+

lZ VEL *ZVEL *A( 3» /DISH SQ)
RETURN
END
SUBROUTINE SKIP(N,ISKIP,X,STA)
IMPLICIT REAL*8 (A-H,O-Z)
DIMENSION X(8,4),STA(8)
NCKcO
DO 61 J"I,N
JA'*J
IF(ISKIP.EQ.J) GO TO 64
IF (Ne K. GT. 0) GO TO 64
IF(JA.GT.N) GO TO 61

62 CONTINUE
DO 63 1 ...1,4
X(J, I) ... X{JA, I)

63 CONTINUE
STA(J)oaSTA(JA)
GO TO 61

64 JA-J+l
NCK..,1
IF(JA.GT.N) GO TO 61
GO TO 62

61 CONTINUE
N""N-l
RETURN
END
SUBROUTINE VLDT(N,CV,X,XO)

C 05 DECEMBER 1974
C THIS SUBROUTINE IS DESIGNED TO DETERMINE THE VELOCITY,
C ASSUMING THAT A BLAST HAS BEEN ACCURATELY LOCATED.
C GOOD DELTA T'S AND/OR ARRIVAL TIME ESTIMATES ARE NEEDED FOR A
C COOD SOLUTION

N
.j::-­
VI



C ***** TAKEN FROM F. LEIGHTON'S PROGRAM AND MODIFIED BY G. L. MOWREY ****
IMPLICIT REAL*O(A-ll.O-Z)
DIMENSION CV(S).X(8.4).XO(4).DA(8).T(8).CD(8).TI(8).VI(8)
REA D (5, 134 ) (X (I • 4) • 1 .. 1 , N )

134 FORHAT(8FIO.6}
DO 5 r"'1.8
DA(I)""O.
CV(I)"'o.
CD (I )""0.
VI (1 ),,0.
Tl(I)"'O.

5 T(I)=O.
DO 1 I -1. N
A=X (I. 1 )-XO (l )
II "'x (I. 2) -XO (2 )
C ...X(I.3)-X0(3)

1 DA(I)~DSQRT(A*A+B*B+C*C)

AA=lOOO.
DO 27 I-l.N
IF(X(I,4).GT.AA) GO TO 27
AA=X (I , 4)
HH::::I

27 CONT INUE
DO 28 I-l.N

28 T(I) ..X(I.4)-X(MM.4)
M""O
TIl =0.
DO 37 rcl,N
CD(I)RDA(I)-DA(MM)
IF (T(l» 31,31.33

33 VI(I)=CD(I)/T(I)
M=H+l
TI(I)~DA(I)/VI(I)-T(I)

tv
.p.
(j\



TI I -T I I +T I (I )
37 CONTINUE

S P =T I I ID F LO AT (M)
DO 42 l"'I,N
IF (T(I» 42,41,41

41 CV(I)ADA(I)/(T(I)+SP)
42 CONTINUE

WRITE(6,500) CV.VI.CD,DA,TI,T,TII.SP,M
500 FORMAT('ICOMPENSATED VELOCITY a't 8(FI0.2.3X)/

1 'OUNCOMPENSATED VELOCITY '.8(FI0.2.3X)/
1 'ODELTA DISTANCE a ' .8(FI0.2,3X)/
1 'OTOTAL DISTANCE.. ' .8(FI0.2.3X)/
1 'OTIME TI = ',8(FI0.6.3X)/
1 'ODIFFERENCE TRAVEL TIME ',8(FI0.6,3X)///
l'OTTI a ',FI0.6/'OSP A '.FI0.6/'OM = '.13)

RETURN
END 1-.)

.p-
---l
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APPENDIX C

EVALUATION OF SOURCE LOCATION TECH1~IQUES

1. Effect of Array Geometry

In this appendix, various factors affecting the quality of micro­

seismic source location are considered. These factors include array

geom8try, arrival time error, and initial source location estimates.

To obtain a rudimentary concept of how specific source locations

and array geometries affect the source location solutions, a series of

tests were conducted. First, 12 test points were arbitrarily chosen

encompassing the East B-4 longwall under study. All 12 points were

positioned at the approximate depth of the lon~~all (1,300 ft above

sea level). ~. isotropic velocity model was selected for simplicity

as no true velocities were ~.own in this study. A velocity value of

10,000 ips was used. Table 7 delineates the test point coordinates and

their computed arrival times to the various geophone locations. The

arrival times were calculated by dividing the vector distance (assuming

a direct path between the source [test point] and each geophone loca­

tion) by the isotropic velocity, 10,000 fps. The FORT~~ IV computer

program utilized to calculate these arrival times is presented in

Table 8.

A total of nine different array geometries were considered,

array-A through array-I, as shown in Table 9. The location of the

various geophone stations are shown in Figure 98. The basic procedure

was to use the arrival times corresponding to the appropriate geophones



TABLE 7

Test Potnt Locations and Associates Arrtva1 Times

Source Coordinates-Ft Geophone Stations
Ref. N...1 N...2 N...3 N-4 N-5 N-6 N-7 N-8

No. (x) (y) (z) Arrival Times - Ms

1 2900 3200 1300 L.4.30 48.86 53.18 54.19 57.35 67.58 62.80 64.83

2 2900 3000 1300 43,17 43.14 52.25 45.03 52.18 65.90 50.33 56.42

3 2700 2700 1300 60,78 56.71 75.55 5L•• 57 71.43 89.20 53.76 70.96

4 3000 2600 1300 64.23 56.42 66.50 50.01 58.52 73.29 43.86 53.87

5 3000 2900 1300 46.63 43.29 49.69 42.02 46.63 60.06 44.05 48.29 N
.J:.'
~

6 3000 3200 1300 44.98 48,63 . Lt 8,12 53.19 52.19 60.36 61.29 59.68

7 3200 2600 1300 69.61 61.13 63.22 53,73 53.81 64.21 46.37 47.11

8 3200 2900 1300 53,80 49.27 45.21 46.38 40.56 48.56 46.55 40.61

9 3200 3100 1300 50.93 50.54 41. 73 51.58 42.56 46.71 56.37 47.61.

10 3400 2800 1300 69.75 63.39 53,57 58.15 46,17 47.93 54.66 41.91

11 3700 2900 1300 90.53 85,51 66.94 81.33 61.81 52.31 7B.95 58.68

12 3600 2600 1300 93.20 85.11 74.47 71,83 65.09 63.44 70.73 57.05



TABLE 7 (Continued)

Source Coordinates-Ft Geophone Stations
Ref. N~9D N-9SH N-9SF N-10 N-11 N-12 N-l3 N-Il. N-15
No. (x) {yL (z) Arrival Times"- Ms

1 2900 3200 1300 74.27 74.76 74.91 86.88 75.38 82.78 93.83 93.30 102.32

2 2900 3000 1300 69.38 69.90 70.06 8/•• 84 64.17 75.02 88.83 83.:?3 95.!J3

3 2700 2700 1300 88.75 89.15 89.28 107.36 72.96 89.98 107.1.2 9J.t:6 nO.69

I. 3000 2600 1300 69.26 69.78 69.95 86.69 51.63 66.91 83.55 67.72 81j .95

5 3000 2900 1300 61.26 61.85 62.03 ?7 .09 53.96 M.91 79.15 71. 78 81•• 62

6 3000 3200 1300 67.14 67.68 67.85 78.55 70.40 75.83 85.72 86.71 9L,.35 Nu,
0

7 3200 2600 1300 58.13 58.75 58.95 73.20 42.62 53.58 68.19 53.0/, 68.45

8 3200 2900 1300 48.32 49.06 49.30 61.53 45.40 51.07 62.72 58.13 68.03

9 3200 3100 1300 51. 36 52.06 52.28 61.14 56.79 58.59 66.76 68.97 74.76

10 31.00 2800 1300 43.19 44.02 [f4.28 52.47 41.59 41.11 49.1.1 1.4.92 52.11

11 3700 2900 1300 47.85 48.60 [f8.84 43.53 58.62 45.77 40.08 49.47 42.40

12 3600 2600 1300 54.26 54.92 55.13 58.70 50.16 115.39 48.87 40.84 44.96



TABLE 8

Conlputer Program for Computing Theoretical Arrival Times
for the Test Set of Points

IMPLICIT REAL*8 (A-H, O-Z)
DIMENSION AR(17,3),CO(3),E(17)
DIHENSION JAO)
DO 1 1=1,17
READ(S,100)(AR(I,J),J=1,3)

100 FOR}~T(3F10.2)

1 CONTINUE
10 READ(S,100,END=1000) CO

DO 2 1=1,17
A=AR(I,l)-CO(l)
B=AR(I,2)-C0(2)
C=AR(I,3)-CO(3)
D=DSQRT(A*A+B*B+c*C)
E(I)=D/10.

2 CONTINUE
DO 11 J=I,3

11 JA(J)=cO(J)/100.
vlRTTE(6,101) JA,E

101 FORNAT(' ',3I3,17(F6.2))
GO TO 10

1000 STOP
END

N
I..n.....



TABLE 9

Array Configurations: East B-4 Longwall

An:ay ID Geophones Used

A N-l N~2 N-3 N-4 N-5 N-6 N-7

B N...l N-2 N...3 N-4 N-6 N-7

C N-l N-2 N-3 N-4 N-6 N-7 N-15

D N-l N...7 N-9D N-9SH N-9SF N-12

E N-l N-7 N....9 N-IO N-ll N-13 N-H
N
\.)1

N

F N-l N-9D N-9SH N-9SF N-ll N-14

G N-3 N-7 N-9 N-IO N-ll N-14

H N-3 N-7 N-9 N-IO N-ll.

I N-S N-IO N-ll N-12 N-H N-15
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of a given array and utilize the source location program (IBMSL) to

compute the location limits of each of the 12 points. A homogeneous,

isotropic velocity model was employed, with the velocity values ranging

from 8,000 fps to 12,000 fps in 200 fps increments. Thus, for each

test point, a total of 21 isotropic velocity values were considered in

IBMSL, giving 21 corresponding source location solutions. A continuous

line was then constructed, which connected all 21 solutions. In this

manner it was possible to note the general trend of the source location

solutions as the isotropic velocities were increased.

Figures 99 through 107 illustrate graphically the results of this

investigation. For array-A, the source location solutions (represented

as arrows, with the tip of the arrow representing the maximum isotropic

velocity model (12,000 fps] and the tail of the arrow represe~ting the

minimum isotropic velocity model [8,000 fps]) tended to migrate toward

the center of the array. The greatest location deviations (longest

arrows) were found to be those test points lying outside the array

boundaries and the smallest location deviations were those test points

nearest the center of the array. For array-B, the vector lengths of

the arrows were shorter than for array-A, but the plots were otherwise

essentially the same.

Greater location deviations were noted in the left-hand section

of array-C, as compared with array-A. For array-D, the arrows in the

bottom half were found to point away from the array rather than toward

the center of the array, as was the case in array-A. Also the location

deviations for array-D were generally larger than array-A. Array-E was

similar to array-D in that the arrows in the bottom half pointed away

from the array; however, in array-E the deviations in the southern half
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of the array were usually smaller than those in array-A. Array-F was

somewhat elongated as compared to other arrays; also the location

deviations here tended to be larger than those in array-A. Array-G was

approxi~ate1.y square in shape. The location deviations for array-G

basically wer,~ smaller than those found for array-A, except for the

left-hand region.

Array-H was quite similar to array-G in geometric shape and area,

and the location deviations obtained were approximately the same as

those for array-G. Finally, array-I appeared to give the poorest loca­

tion solutions for any of the nine arrays considered. Numerous insta­

bilities and large deviations in the location solution were prevalent,

particularly at test points far removed from the array.

From the results obtained, the following set of general conclusions

can be drawu.

(1) The geometry of the array influences the deviation and the

direction of the source location.

(2) Source locations which lie within the boundaries of the

array generally have smaller location deviations than those

which lie outside the array boundaries.

(3) No real quantitative evaluation of the effect of array size

or geometry can be made unless many test points are considered

for the array under study.

(4) In a field study, the array to be utilized should be examined

thoroughly to observe which regions are subject to large

deviations in solution.



265

2. Effect of Arrival Time Error

To determine the amount of error introduced when the arrival time

for a single geophone is incorrectly read, it is necessary to first

ascertain the maximum possible error in reading the first break point

for that geophone. During the current field study, the arrival times

were generally assumed to be accurate to within ±l ms. The time error

was then incorporated into the IBMSL program by giving geophone station

N-l a time error of -1 IDS and assuming that all other geophones had no

timing errors. Using the arrival times associated with test point 2

(coordinates: x = 2,000 ft; y = 3,000 ft; and z = 1,300 ft) and

array-A, the corresponding source location was determined. The stand­

ard isotropic velocity model (velocity maximum = 12,000 fps; velocity

minimum = 8,000 fps; velocity increments = 200 fps) was employed for

these tests, such that 21 velocity models (and consequently 21 source

locations) were ob~ained. The calculated source location points for

the various velocities were connected as shown in Figure 108. In like

manner, all other geophones were, in turn, each given a -1 ms timing

error and their corresponding source location variations with respect

to velocity are also plotted in Figure 108. The reader can readily

observe that certain geophone locations are highly sensitive to arrival

time errors, e.g., N-3 and N-7.

An error of +1 IDS was then introduced to each of the geophones

in the same way as described above. Figure 109 shows the variation in

source location as a function of velocity (assuming in each case that

only one geophone has been read incorrectly). Again, one can easily

see that certain geophone locations are susceptible to small arrival

time errors. Considering the worst cases, an error of +1 IDS results
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in a ±30 ft error in the x-direction, ±10 ft in the y-di::-cctioH, and

±60 ft in the z-direction. Such error estimates are only valid for

test point 2 in array-A. Error estimates for all other test points

andlor arrays could be computed in the manner described above.

In general, therefore, the solution for one geophone whose ar::-ival

time is in error of +1 ms is located on one side of a plane whose edge

runs roughly parallel to the exact solution (no arrival time errors).

If the same geophone has an error of -1 IDS, the solution lies on the

o~her side of the plane nearly symmetrically opposite the +1 ms solu­

tion.

It is imperative, therefore, that arrival times be determined as

accurately as possible for the best solution.

3. Effect of Initial Source Location Estimate

To establish a starting point for IBMSL, an approximate source

location point is needed, i.e., an initial estimate. Ganerally, this

initial estimate is not critical. Initial estimates as much as 300 ft

outside a given array have been found to be adequate to obtain the

desired source location.

Using array-A and the 12 test points defined earlier, a study was

conducted to determine what effect, if any, the initial estimate had

on the source location solution. The original initial estimate was

used as a standard, i.e., x = 3,200 ft; Y = 3,000 ft; and z = 1,300 ft.

Next, the x-coordinate of the initial estimate was increased to

3,400 ft, the y-coordinate was decreased to 2,900 ft, and the z-coor­

dinate was held constant at 1,300 ft. The solutions for all 12 test

points were the same as determined for the standard initial estimate.
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The x-coordinate was then decreased to 2,800 ft, the y-coordinate was

increased to 3,000 ft, while the z-coordinate was held constant at

1,300 ft. Again, the solutions were the same as determined for the

standard initial estimate.

Next, the z-coordinate was varied, keeping the x- and y-coordinates

the same as the original initial estimate. The z-coordinate was first

set at 0 ft and the resultant solutions were identical to the standard

initial estimate. Finally, the z-coordinate was set at 1,800 ft

(100 ft above the plane of the array). For this condition, all solu­

tions were found to lie above rather than below the array. Also the

x- and y-coordinates were observed, for the most part, to lie sooewhat

closer to the center of the array than for the standard initial esti­

mate. None of these solutions intersected their appropriate test

points, as show~ in Figure 110.

Overall, as long as the initial z-coordinate estimate lies below

the plane of the array, the solutions obtained are correct. However,

if the initial estimate lies above the array, an incorrect solution is

obtained. This is probably due to the squaring of terms, which can

generate two solutions, one solution of which is unrealistic, i.e., a

solution which exists above the plane of the array.
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Figure 110. Source Locations Obtained with an Unsatisfactory Initial EstimAte
(x = 3 t 200; y = 3t OOO; z = I t 800 ft).
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APPENDIX D

.ARRIVAL TUlES OF EVENTS

Approximately ISO events were of sufficient amplitude (level-3)

to accurately determine their relative arrival times. In Table la, the

events are numbered sequentially in time in the "Event No. 1I column.

The "Event No." represents the cumulative number of events selected

from the initial to the final field trip. The "Tape-Footagell data gives

the tape reel number and tape footage at which each event was recorded.

If two or more events occurred nearly simultaneously (having less than

2 £t of tape between them), each event was given a letter attached to

the footage, with the first event being given the suffix of A after the

footage, the second event being given a B suffix, and so on. For each

field trip a sequential identity number (nID II
) was assigned for each

qualifying event, with the first event being identified as llr. n The

remaining columns contain the relative arrival times for the various

geophones. These times are given in milliseconds.



'l'ABLE 10

Arrival Times of Events

Event Tape Geophone Arrival Times (Ms)
No. Date Footage 10 N-l N-2 N-3 N-4 N-5 N-6 N-7 .

1 Feb. 18 36-0244 1 43.5 43.0 52.0 43.0 47.0 59.5 43.0
2 Feb. 18 36-0387 2 43.7 46.0 58.4 41. 8 53.3 66.8 42.6
3 Feb. 18 36-1000A 3 46.0 45.5 55.0 41f.O 48.5 62.0 44.5
4 Feb. 18 36-1000B 4 45.0 45.0 51.0 44.0 49.0 61.0 45.0
5 Feb. 18 36-1072 5 1.3.5 43.0 54.5 42.5 47.5 59.3 43.0
6 Feb. 18 36-1489 6 43.5 47.3 53.0 52.0 49.0 59.0 54.5

N-8 N-I0 N-l1 N-12 N-14 N-15
N

7 Feb. 18 36-3797 1 61.8 41.0 50.0 l.1. 8 41. 7 42.3 -..J
N

8 Feb. 18 36-4207 2 45.5 66.0 50.8 57.8 66.5 72.5
9 Feb. 18 36-4241 3 42.5 66.0 47.7 56.0 61.8 68.6

N-l N....2 N-3 N-4 N-6 N-7

10 Feb. 23 37-6412 1 43.0 48.0 50.0 52.0 58.0 57.0

11 Feb. 26 38....0807 1 46,8 45.0 51.8 4/f.0 54.9 It4.8
12 Feb. 26 38-1070 2 48.4 46,8 56,3 43.5 60.0 46.3
13 Feb. 26 38-1100 3 45.8 45.0 52.3 44.5 58.8 45.5
14 Feb. 26 38-1196 4 53.5 53.4 60.8 1.4.5 61.0 43.6
15 Feb. 26 38-1993 5 45.8 47.3 53.0 1.3.5 60.0 55.0
16 Feb. 26 38-3170 6 45.0 47.6 51.4 49.0 57.8 51.!f
17 Feb. 26 38-3171 7 1.1. 7 42.8 46.2 MI.3 51.8 47.0
18 Feb. 26 38-3175B 8 40.8 L.6.0 44.5 116.1 49.5 49.3
19 Feb. 26 38-3310 9 45.3 44.0 5/1.5 47.8 55.5 41. 2
20 Feb. 26 38-3560 10 53.2 49.6 57.1 45.0 60.7 Illl .8



TABLE 10 (Continued)

Event Tape Geophone Arrival Times (Ns)

No. Date Footage ID N-l N-2 N-3 N-4 N-6 N-7

21 Feb. 26 38-3812 11 43.3 44.5 Il5.0 45.5 45.8 41. If
22 Feb. 26 38-3817 12 42.7 42.7 46.7 Il2.7 46.6 47.0
23 Feb. 26 38-3854A 13 l~L5 51.6 49.5 55.4 56.0 58.5
24 Feb. 26 38-3854B 14 IIS.2 IlB.6 48.4 51.8 53.2 59.6
25 Feb. 26 38-4001 15 52.5 l~9.0 59.3 43.5 61.1 40.7
26 Feb. 26 38-4063 16 44.3 46.3 47.0 1.7.6 53.4 51.5
27 Feb. 26 38-4101 17 43.7 1l5.3 48.2 45.0 51. 9 47.5
28 Feb. 26 38-4131 18 43.6 l.tl •6 tl7 •8 47.0 53.0 49.2
29 Feb. 26 38-4134 19 43.0 44.8 1.9.5 l~5. 9 5l•• 3 tl7.3
30 Feb. 26 38-4280 20 56.I 52.5 61.5 47.0 M.5 43.5

Feb. 26 38-4387 21 48.3 46.3 52.3 42.7
N

31 58.9 42.5 "w
32 Feb. 26 38-M+48 22 42.4 44.8 47.5 43.5 53.4 1.5.0
33 Feb. 26 38...,4501 23 44.9 43.0 1.7.2 Il2.1. 55.0 46.5
34 Feb. 26 38-4650 21. 50.5 48.0 55.0 45.2 59.3 45.0
35 Feb. 26 38-4652 25 47,0 45.2 56.1 41. 7 60.5 41. 5
36 Feb. 26 38-4655 26 46.5 45.0 51.1 42.0 56.5 42.0
37 Feb. 26 38-4824 27 47.0 48.3 45.5 50.5 50.3 54.0
38 Feb. 26 38-4862 28 50.0 48.5 56.2 44.3 60.0 44.9
39 Feb. 26 38-4894 29 44.6 47.5 45.3 44.5 50.7 5/•• 0
40 Feb. 26 38-4897 30 53.8 50.8 60.3 45.0 62.4 41.6
41 Feb. 26 38-4939 31 43.1 43.8 47.4 42.0 54.8 45.3
42 Feb. 26 38-4957 32 4fl.5 47.2 47.L. 43.5 55.7 44.1.
43 Feb. 26 38-4979 33 41. 2 42.0 54.4 40.7 55.0 44.2
4/l Feb. 26 38-4999 34 43.3 52.0 43.5 54.5 52.0 58.0
45 Feb. 26 38~5313 35 55.0 51.6 61. 6 46.0 63.7 43.3
46 Feb. 26 38-5325 36 1.4.5 Il7.5 55.7 52.3 55.5 56.2
l.7 l:"eb. 26 38-5327 37 45.0 49.0 47.0 1.9.3 53.0 50.8
48 Feb. 26 38-5329 38 47,7 45.7 54.0 42.7 57.0 42.8
49 Feb. 26 38-5377 39 41.8 ~_2, 2 46.2 42.1 44.0 t.2.0



TABLE 10 (Continued)

Event Tape Geophone Arrival Times (Ms)
No. Date Foota~e ID N-1 N-Z N-3 N-4 N-6 N-7

50 Feb. 27 39-0l.56 1 50.0 1.6.0 54.1 43.5 58.7 42.0
51 Feb. 27 39-0470 2 41.0 45,0 41.7 47.5 47.3 51.5
52 Feb. 27 39-0867 3 1~3. 5 47.3 44.0 50.5 49.3 53.3
53 Feb. 27 39-1024 4 50.8 48.6 55.4 44.6 58.0 1.4.0
54 Feb. 27 39-1243 5 1.0.0 45.0 41.6 48.3 46.4 50.0
55 Feb. 27 39-2176 6 43.5 42.8 44.2 42.6 48.2 44.0
56 Feb. 27 39-2177 7 1.4.6 1.4.1. 52.0 44.1 51.8 45.2

N-1 N-2 N-3 N-4 N-6 N-7 N-15 N
-...J
.f:'-

57 Feb. 27 39-2939 1 42.3 . 42.4 44.4 44.6 49.7 47.0 68.1
58 Feb. 27 39-3070 2 1.8.0 53.5 60.8 63.7 58.6 79.0 81.5
59 Feb. 27 39-3079 3 43.4 46.5 44.4 49.2 50.8 50.8 81.5
60 Feb. 27 39-3977 4 45.0 44.3 48.5 43.0 53.5 44.5 70.3
61 Feb. 27 39-4193 5 46.0 44.9 49.5 43.0 53.5 44.2 71.0
62 Feb. 27 39-11326 6 l~7.4 l.6.3 51. 2 45.0 55.5 46.3 73.3
63 Feb. 27 39-4451 7 50.7 48.5 55.8 47.0 60.0 1.4.0 86.3
64 Feb. 27 39-4501 8 45.0 42.7 46.6 41.2 52.3 41.3 70.3
65 Feb. 27 39-4616 9 54.6 51.0 59.5 44.8 61. 2 41.0 72.0
66 Feb. 27 39-4806 10 45.0 43.6 48.7 42.0 52.8 42.7 70.0
67 Feb. 27 39-5009 11 46.5 45.2 50.3 43.0 53.6 1~4. 0 69.8
68 Feb. 27 39-5217 12 58.8 53.6 62.8 48.0 65.4 4l•• 2 75.4
69 Feb. 27 39-5336 13 43.7 43.4 46.2 1.2.6 43.5 43.8 84.0
70 Feb. 27 39-5351 14 L.7 1 5 45.5 50.5 44.8 54.8 46.0 72.0
71 Feb. 27 39-5466 15 53.9 1~9.0 48,S 43.2 60.5 40.0 71.0
72 . Feb. 27 39-5538 16 45.5 44.5 49.0 43.0 52.8 44 .. 3 70.3
73 Feb. 27 39-5855 17 43,S 42.5 47.5 42.0 52.5 42.5 67.5



TABLE 10 (Continued)

______._____.._._~ ..·_".v_~ ....

Event Tape Ceophone Arrival Times (Ms)
No. Date Footage ID 1'1-1 N-2 N-3 N-4 N-5 N-6 N--:'._-_._-....... -~._---

7l. Mar. 6 01-0056 1 50.8 !19.0 51.0 46.5 l14.3 53.0 47.0
75 Har. 6 01-0391 2 53.5 !t9.0 52.4 43.6 43.8 55.5 tf2.3
76 Har. 6 01-0469 3 48.2 t.5.7 48.0 43.2 41.0 49.6 43.5
77 Mar. 6 01-0656 4 5t.,5 50.8 53.5 Mt.9 45.8 56.8 43.2
78 Mar. 6 01-·0818 5 1!8.4 45.8 48.2 43.3 tf1. 2 50. tf ld.3
79 Mar. 6 01-1176 6 52.4 48.3 52.4 42.6 44.2 60.l. 41.8
80 Mar. 6 01-1402 7 52.0 48.3 52.3 42.7 43.8 55.7 40.8
81 Mar. 6 01-1676 8 54.3 t.9.8 53.8 43.7 t.5.0 56.5 41.5
82 Mar. 6 01-1814 9 53.2 50.4 52.8 47.2 t.S.O 55.0 47.3
83 Har. 6 01-1860 10 54.2 Its.8 54.2 43.4 44.5 0.0 41.4 N

84 Mar. 6 01-2040 11 56.0 50.8 55.8 44.8 45.6 57.2 42.4
'-l
VI

85 Mar. 6 01-2104 12 49.9 47 J. t19.4 l.S.O 42.4 50.9 45. ll
86 Ma.r. 6 01-2395 13 51.6 L.8.9 51.0 46.5 44.3 54.2 t16.3

N-1 N-2 N-3 N-tl N-6 N-7 N-15

87 Har. 6 01-4663 1 56.6 52.0 57.0 46.3 60. t. 43.6 69.9
88 Mar. 6 01-5062 2 L16.0 43.4 46.1 40.5 47.2 40.2 63.8
89 Mar. 6 01-:-5656 3 46.9 44.2 t17.0 l.1.0 49.5 40.5 64.5
90A Har. 6 01-5934A 4 54.9 53.5 58.5 47.5 60.8 45.0 71.5
90B Har. 6 01-5934B 5 55.0 50.5 55.3 l13.6 57.6 H.O 67.6
91 :Har. 6 01-6086 6 45. t. 42.8 45.2 39.8 It 7.5 39.8 60.8

N-1 N-2 N-3 N-4 N-6 N-7

92 Har. 13 101-03t14 1 51.0 t.7.0 50.0 42.0 52.0 40.0





TABLE 10 (Continued)

Event Tape Geophone Arrival Times (Ms)
-

No. Date Footage ID N-l N...9D N-9SH N-9SF N-l1 N-14

110 May 30 l16-335 1 79.2 52.7 54.0 58.2 42.2 46.8
III May 30 46-606 2 82,2 55.8 56.7 61.3 4l~. B 49.5
112 May 30 46-735 3 73~2 42.0 l~ 7.0 51.5 55.8 60.8
113 Hay 30 46-888 4 73,5 4l•. 0 47.5 50.5 49.5 53.2
11l~ May 30 !l6-900 5 74.0 44.8 l.7.0 50.3 51.5 55.5
115 May 30 46-1033 6 76.5 l16.5 48.7 51.8 48.7 53.0
116 Hay 30 46-1153 7 85.3 47.7 49.5 55.3 46.0 49.2
117 May 30 46-1156 8 77,8 f.3.7 45.5 f.8.7 42.2 46.5
118 May 30 1.6-1l58A 9 75.0 45.0 47.2 50.7 45.2 50.3
119 May 30 l.6-1158B 10 76.3 43.7 4/•• 5 l.9.0 45.5 48.3 N

120 May 30 fI 6-118!l 11 79.8 51.2 52.5 Slf.2 f.3.2 48.3 '-l
'-l

121 May 30 46-1650 12 75.0 . 41.7 43.0 4f~. 8 36.2 36.5
122 May 30 46-1651 13 80.5 49.2 50.7 53.2 f.2.2 46.0
123 Nay 30 46-2l!l9 14 71.5 4l•. 5 46.3 1.7.2 52.3 54.5

N-1 N-7 N-9 N-10 N-l1 N-13 N-14

124 May 30 46-2637 1 65,S 51•• 2 47.7 53.8 45.5 60.2 54.2
125 May 30 46-2788 2 86.0 65.0 56.5 62.5 62.0 47.2 54.7
126 Nay 30 46-2918 3 !.1.3 71.3 46.5 43.0 55.3 65.2 67.7
127 May 30 46-3268 4 l.6.0 74.2 46.8 f.4.3 55.5 67.5 69.0
128 May 30 46-3388 5 77 .5 65.5 44.0 47.5 49.5 45.7 52.5
129 May 30 46-3415 6 47,2 83.2 49.2 44.3 56.7 67.0 81.3
130 May 30 46-5191 7 57.0 8L7 51.8 46.3 43.5 69.0 56.0
131 Hay 30 46-5195 8 57.3 72.7 52.0 1.6.3 57.5 71.7 73.2
132 Hay 30 46-520f. 9 57.5 79.8 51.8 47.0 56.2 71. 7 73.2
133 ~lay 30 46-5266 10 Bl,3 61.8 47.S 52.5 It 5.3 53.8 50.3
134 May 30 46-5378 11 47.0 78.0 .47.2 43.2 52.S 66.7 66.3



TABLE 10 (Continued)

-
Event Tape Geophone Arrival Times (Ms)

No. Date Footage ID N-l N-7 N-9 N-IO N-11 N-13 N-14

135 May 30 !16-5672 12 48.5 85.5 50.0 4lf.8 56.5 68.8 55.5
136 May 30 46-5801 13 79.2 98.5 47.2 49.2 56.5 70.7 57.8

137 July 12 49-789 1 86.3 77.3 47.5 50.0 56.0 50.0 56.0
138 July 12 49-1150 2 61.0 85.0 47.5 !f1.5 69.0 49.2 66.7
139 July 12 49-2656 3 46.8 43.0 51.2 54.0 53.5 69.0 59.7
140 July 12 49-2717 4 85.5 75.0 4!f.3 50.? 55.8 52.7 53.2

141 July 19 49-5716 1 117.7 89.3 51.8 47.0 68.8 45.2 55.0
142 July 19 49-5856 2 92.2 76.7 59.3 53.2 44.0 43.5 !f4.0 N

"'-l

143 July 19 49-5975 3 103.0 83.2 47.5 44.5 64.8 41.3 48.3 (t)

144 July 19 !19-6027 4 56.5 . 75.3 It 7.7 42.8 68.5 52.3 68.3

145 July 24 53-1148 1 56.5 78.5 49.5 4!f.0 77 .8 55.5 77.5
146 July 211 53-1436 2 110.2 85.3 63.8 60.8 67.3 52.0 44.3
147 July 24 53-1820 3 104.3 83.2 58.0 53.0 61.5 46.3 45.0
148 July 24 53-2437 4 100.5 78.5 49.0 51.8 59.5 78.5 55.3
1!f9 July 24 53-2866 5 62,0 85.5 49.0 42.8 71.0 53.2 65.5
150 July 24 53-2935 6 104.5 69.5 61.3 58.2 52.5 It 7.5 41.7
151 July 24 53-3211 7 99.7 69.5 65.2 59.3 55.5 48.7 41.0
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APPENDIX E

SOURCE LOCATIONS OF EVENTS: ISOTROPIC VELOCITY

Contained in Table 11 is a listL~g of the source locations of all

events investigated. An isotropic velocity model was employed to ob-

tain these results with the velocity ranging from 8,000 to 12,000 fps

in 200 fps increments. A total of 21 source location solutions were

obtained for each event, and the mean of these 21 solutions has been

listed in the "x," Tly ," and liZ" columns under TlSource Location." The

standard statistical deviations for the three source location components

,.;ere computed and are listed under "Deviation" as "a ," "a "and "a ."x y' z

The t~~e occurrence of each event was calculated to the nearest 5 s on

a 24 hour clock, and the hour, minute, 'and second for each event are

listed under "hh,TI "mm," and "8S," respectively. A'total of nine

different geophone array configurations were utilized during these

studies and these are identified by the letters "A" through "1. 11 Table

9 in Appendix C identifies the geophones utilized in each array.



TABLE 11

Source Locations of Events: Isotropic Velocity Case

Event Tape- Time of Event Source Location Deviation
No. Footage Date hh mm S8 x y z cr cr cr Arrayx y z

1 36-0244 Feb. 18 13 34 35 2925 2887 1135 22.5 3.4 154 A
2 36-0387 Feb. 18 13 42 15 3038 2903 1801 18.1 7.9 97 A
3 36-1000A Feb. 18 14 14 55 2976 2881 1290 14.9 4.2 117 A
4 36-1000B Feb. 18 14 14 56 2909 2907 1076 19.3 0.6 150 A
5 36-1072 Feb. 18 14 18 ItS 3071 2912 1861 9.9 7.0 138 A
6 36-1489 Feb. 18 H 41 00 3098 2999 1813 6.5 6.8 124 A
7 36-3797 Feb. 18 17 It3 30 3551 2839 lit 31 3.2 15.9 345 I
8 36-4207 Feb. 18 18 05 20 3304 2910 1Ll86 9.4 6./t 87 I
9 36-/f2/tl Feb. 18 18 07 10 3423 28/t6 1633 18.3 7.3 150 I N

DO
10 37-61t12 Feb. 23 13 56 ItO 2508 3738 120 8.4 10.0 48 B 0

11 38-0807 Feb. 26 14 49 30 3052 2902 1256 5.4 5.0 37 B
12 38-1070 Feb. 26 15 03 30 3095 2916 1634 5Jt 3.7 27 B
13 38-1100 Feb. 26 15 05 10 2762 2857 469 8.9 8.2 131 B
14 38-1196 Feb. 26 15 10 15 3175 3014 1707 7.8 5.3 235 B
15 38-1993 Feb. 26 15 52 45 3097 2981 1719 2.9 l.LI 68 B

16 38-3170 Feb. 26 16 20 20
(a) (a) (a) - B- - - - -

17 38-3171 Feb. 26 16 20 25 2784 3159 195 5.3 0.4 107 B
18 38-3175B Feb. 26 16 20 40 3113 3027 1469 3.2 4.1 63 B
19 38-3310 Feb. 26 16 27 50 3246 3021 1971 4.1 2.0 67 B
20 38-3560 Feb. 26 16 41 10 3033 2782 1193 2.7 5.7 67 B
21 38-3812 Feb. 26 16 54 35 3195 2972 2193 3.1 2.1 89 B
22 38-3817 Feb. 26 16 54 50 3174 2952 1689 9.0 9.2 304 B
23 38-3854A Feb. 26 16 56 50 3229 28/15 18/!7 13.7 24.9 172 B
24 38-3854B Feb. 26 16 56 51 3066 3190 1238 3.4 3.0 85 B
2.5 38-4001 Feb. 26 17 OLt 40 3183 3054 1505 17.8 36.1 363 B



TABLE 11 (Continued)

Event Tape- Time of Event Source Location Deviation
No. Footaee Date hh lmu ss x y z 0 0 a Arrayx y z-
26 38-4063 Feb. 26 17 08 00 2934 3185 602 5.1 5.8 154 B
27 38-4101 Feb. 26 17 10 00 3003 3018 899 1.4 1.9 85 B
28 38-4131 Feb. 26 17 11 35 2839 3173 253 10.3 If.2 119 B
29 38-4134 Feb. 26 17 11 45 3192 2961 1197 127.0 24.0 122 B
30 38-4280 Feb. 26 17 19 35 2990 2M5 1088 o.If 1.9 103 B
31 38-4387 Feb. 26 17 25 15 2951 2782 969 3.0 0.7 116 B
32 38-44/.8 Feb. 26 17 28 30 2976 2976 950 13.4 4.9 153 B
33 38-4501 Feb. 26 17 31 20 3024 2965 1213 0.1 2.2 69 B
34 38-4650 Feb. 26 17 39 20 2948 2763 852 4.7 8.9 93 B
35 38-4652 Feb. 26 17 39 25 3081 2895 1624 7.7 4.8 23 B
36 38-l.655 Feb. 26 17 39 35 2913 2771 760 1.0 4.0 128 B N

00

37 38-l18,24 Feb. 26 17 43 35 3085 3209 766 3.2 2.0 123 B f-l

38 38-4862 Feb. 26 17 50 35 . 3054 2862 1368 3.9 4.2 45 B
39 38-4894 Feb. 26 17 52 20 312l. 3031 1520 1.6 0.9 56 B
40 38-4897 Feb. 26 17 52 30 3184 3040 1710 13.8 26.6 202 B
41 38-4939 Feb. 26 17 54 LIS 297L. 2963 10/19 2.8 3.1 98 n
42 38-4957 Feb. 26 17 55 40 3078 2941 1410 3.4 1.1 72 13
LI 3 38--4919 Feb. 26 17 56 50 3256 2988 1518 0.6 3.3 66 11..
44 38-4999 Feb. 26 17 57 55 311.0 3070 1595 2.2 6. 7 Jrj B
45 38-5313 Feb. 26 18 ll. 1.0 3134 2932 1651 26.1 52.3 ?-, r Ii... I .J

46 38-5325 Feb. 26 18 15 20 3261 2862 19/f9 0.7 0.5 67 13

47 38-5327 Feb. 26 18 15 25 3087 3043 1243 6.0 7.1 loa n
48 38-5329 Feb. 26 18 15 30 3085 2890 14911 If.O 3.9 32 n
49 38-5377 Feb. 26 18 18 05 3225 2967 2/,00 0.8 3.1 69 n
50 39-0456 Feb. 27 13 3!~ !~5 2931 2691 822 4.7 10.2 103 .B
51 39-0470 Feb. 27 13 35 30 302l. 33/.3 622 8.6 llf.9 186 B

52 39-0867 Feb. 27 13 56 40 3063 3255 847 7.1 13.1 154 B

53 39-1024 Feb. 27 llf 05 05 3058 2827 1258 2.5 5.1 56 B

5LI 39-1243 Feb. 27 1l. 16 45 3137 3035 1386 11. 3 20.4 283 n



TABLE 11 (Continued)

Event Tape- Time of Event Source Location Deviation
No. Footage Date hh JUJU ss x y z cr cr cr Array

x y z

55 39-2176 Feb. 27 15 06 30 3010 2986 521 1.5 4.2 131 B

56 39-2177 Feb. 27 15 06 35 3246 2979 2066 1.0 2.4 46 B

57 39-2939 Feb. 27 16 08 05 2950 3125 523 12.0 10.8 207 C

58 39-3070 Feb. 27 16 15 00 3368 2557 1738 8.9 14.8 404 c
59 39-3079 Feb. 27 16 15 30 3095 3071 1299 10.8 17.3 138 C

60 39-3977 Feb. 27 17 03 25 2951 2909 735 11.1 1.2 17l. C

61 39-4193 Feb. 27 17 14 55 2995 2882 884 9.2 1.1 151 C
62 39-4326 Feb. 27 17 22 00 2977 2897 850 10.4 0.7 159 C
63 39-4451 Feb. 27 17 28 40 3070 2872 1405 11.4 11.2 117 C
64 39-lt501 Feb. 27 17 31 20 3017 2872 999 8.1 2.6 137 c
65 39-4616 Feb. 27 17 37 30 3018 2615 1074 3.3 6.3 122 C
66 39-4806 Feb. 27 17 47 35 2984 2869 869 9.7 1.6 154 C N

00

67 39-5009 Feb. 27 17 58 25 2994 2854 8l.5 8.3 1.6 152 C
N

68 39-5217 Feb. 27 18 09 30 2998 2586 1046 3.1 5.8 127 C

69 39-5336 Feb. 27 18 15 55 3167 2947 1679 9.2 9.9 339 C

70 39-5351 Feb. 27 18 16 40 2986 2895 837 8.9 0.6 155 C

71 39-Sl.66 Feb. 27 18 22 50 3005 2600 1062 3.1 5.9 125 C

72 39-5538 Feb. 27 18 26 40 2993 2897 851 9.4 0.6 156 C

73 39-5855 l!'eb. 27 18 43 35 2892 2885 528 12.7 1.4 201 C

74 01-0056 Har. 6 13 08 25 3117 2892 1159 3.7 0.7 98 A
75 01-0391 Mar. 6 13 26 20 3118 2791 1272 3.3 4.0 92 A
76 01,...0469 Har. 6 13 30 30 312lt 2879 1164 3.4 0.6 95 A
77 01-0656 Mar. 6 13 40 25 3112 2771 1209 4.0 5.8 104 A
78 01-0818 Mar. 6 13 49 05 3117 2872 1164 3.6 0.1 98 A

79 01-1176 Mar. 6 14 08 10 308/. 2841 1436 2.9 5.5 77 A

80 01-1402 Mar. 6 14 20 15 3098 2775 1241 4.3 7.2 103 A
81 01-1676 Mar. 6 14 3l. 50 3111 2748 1235 4.1 7.8 105 A

82 01,...1814 Har. 6 14 42 15 3124 2868 1238 3.0 0.1 86 A

83 01-1860 Mar. 6 14 44 llO 3087 2840 1507 2.9 4.4 67 A

84 01-2040 Har. 6 14 54 15 3123 2755 1297 3.5 7.2 97 A



TABLE 11 (Continued)

--
Event Tape- TiTtle ...2..:t. Event Source Location Deviation
No. Footage Date hh mm ss x y z (J (J (J Array

x -3- z

85 01-2104 Mar. 6 14 57 40 3129 2886 1174 3.2 0.9 93 A
86 01-2395 Mar. 6 15 13 10 3113 2873 1174 3.6 0.1 97 A
87 01-4663 Mar. 6 17 3tl 05 J058 2650 1022 3.4 3.9 123 C
88 01-5062 Mar. 6 17 55 20 3113 28tl7 1067 3.8 1.7 115 C
89 01-5656 Har. 6 18 27 00 J087 2822 999 4.3 2.1 123 C
90A 01-5934A Har. 6 18 41 50 3035 2675 950 4.5 4.4 132 C
90B 01-5934B Har. 6 18 til 51 3086 2659 1099 2.9 4.3 113 C

91 01-6086 Har. 6 18 49 55 3087 2824 866 4.2 0.8 132 C

92 101-0344 Mar. 13 13 47 50 3105 2687 990 3.7 3.0 149 B
93 43-3701 Hay 3 13 19 25 34-/0 2842 1371 3.4 5.5 89 G N

(t)

94 ',3-3772 Hay 3 13 23 10 3440 2868 1L110 3.9 4.6 77 G w

95 L13-6705 Hay 3 15 56 50 3379 3129 1306 3.2 5.7 124 H
96 L13-6746 Hay 3 15 59 00 3336 2819 1835 3.2 10.8 225 H
97 44-340 May 3 16 53 05 3461 2994 1339 0.8 5.0 102 G

98 ',4-3Ll1 Hay 3 16 53 10 3416 2962 1325 1.2 ll.8 10 l! G
99 44~350 May 3 16 53 ',0 330'1 2971 1726 '1.1 4.6 190 G

100 4LI-717 May 3 17 13 15 34t,2 2932 1181 1.5 ll.9 116 G
101 44-807 May 3 17 18 00 3339 2924 1823 2.4 21. 9 296 G
102 '14-1226 Hay 3 17 40 25 3355 2769 1358 1.0 5.0 89 G
103 44-1537 Hay 10 12 14 05 3325 2978 1966 2.5 16.5 1lt3 G
104 4',-3054A Nay 10 13 35 00 3971 2695 1073 218.1 53.2 '193 G
105 ltl!- 30StiB May 10 13 35 01 3409 2804 2004 30.5 26.6 71 G

106 44-3888 Hay 10 14 19 30 3366 2752 1906 1.3 2.9 liS G

107 44-5730 Hay 10 17 1.5 25 339 11 2815 1381 12.7 5.1 117 D

108 44-6319 Hay 10 17 46 50 3297 28'11. 1719 8.9 15.1 l l15 D

109 'ILI-6020 May 10 18 02 50 3325 2900 1655 6.4 12.0 52 D

110 46-335 Hay 30 13 14 45 3334 2653 1417 8.2 5.8 91 F
111 l16-606 May 30 13 31 05 3332 2652 1430 8.7 5.9 90 F



TABLE 11 (Continued)

Event Tape- Tirne 0 f Event Source Location Deviation
No. Footage Date hh nun 58 x y z (J (J (J Array

x y z

112 46-735 May 30 13 38 00 3367 2951 1471 0.5 11.2 61 F
113 46-888 Hay 30 13 46 10 3385 2870 1370 0.6 9.7 76 F
Ill. 46-900 May 30 13 46 50 3395 2902 1371 0.9 11.3 75 F
115 46-1033 Nay 30 13 53 55 3386 2834 1385 1.5 8.0 78 F
116 46-1153 Nay 30 14 00 20 3391 276/. 1538 6.9 3.8 90 F
117 1.6-1156 Nay 30 1/~ 00 25 3392 2780 1464 4.5 4.5 82 F
118 46-1.158A Hay 30 14 00 35 3371 2808 1411 3.2 6.2 76 F
119 46-1158B Hay 30 14 00 36 340/~ 2817 Il.13 1.5 8.0 81 F
120 1!6-1184 Nay 30 14 01 55 3366 2707 1401 7.1 2.0 86 F
121 46-1650 May 30 14 26 45 3429 2699 1385 0.5 6.3 111 F N

OJ

122 46-1.651 May 30 14 26 50 3383 2709 1429 6.4 3.1 91 F +:-

123 46"::'2149 Nay 30 14 53 25 3M.S 2957 1258 3.7 13.8 90 F
124 46-2637 May 30 16 00 05 3319 2899 1435 2.0 4.8 76 E
125 L,6-2788 May 30 16 08 10 3370 2887 1632 15.2 15.3 252 E
126 46-2918 Hay 30 16 15 05 3307 3075 1845 7.9 28.7 510 E
127 It 6-3268 Nay 30 16 33 45 3305 3088 1499 5.9 22.3 407 E
128 46-3388 May 30 16 40 10 3L,77 2909 1383 1.5 10.9 89 E
129 46-3415 Nay 30 16 111 35 3317 3089 1767 4.1 22.7 272 E
130 46-5191 May 30 18 16 20 3318 3007 1602 7.6 48.5 512 E
131 46-5195 Hay 30 18 16 30 3306 3071 1854 7.0 27.0 551 E
132 L.6-5204 May 30 18 17 00 3314 3069 1660 6.0 21.4 419 E
133 46-5266 May 30 18 20 20 3423 2821 153/~ 6.1 12.2 143 E
134 46-5378 May 30 18 26 15 33H 3042 1643 4.7 17.7 323 E
135 46-5672 May 30 18 42 00 3315 2968 1833 7.0 23.0 L~50 E
136 46-5801 May 30 18 48 50 3358 3006 1754 4.3 12.1t 252 E
137 49-- 789 July 12 16 56 35 3515 2923 Ill47 1.9 13.1 91 E
138 49-1150 July 12 17 15 50 3385 3133 1678 25.8 55.5 320 E
139 49-2656 July 12 18 36 05 3231 2975 1984 11. 0 12.5 278 E



TABLE 11 (Continued)

Event Tape- Time of Event Souree Location Deviat~on

No. Footage Date hh 10m ss x y z a a a Array
x v z

~

1L.0 LI9-2717 July 12 18 39 20 3485 2906 1506 6.7 13.1 78 E
VII 49-5716 July 19 18 22 20 3436 2796 1750 45.1 2"1.5 293 E
142 49-5856 July 19 18 29 LI5 3439 2847 1757 20.0 23.6 LI82 E
143 49-5975 July 19 18 36 10 3559 2834 1698 31. 3 21. 7 126 J~

1L1L. LI9-6027 July 19 18 38 55 3549 3682 1205 5.3 7.2 252 E
145 53-1148 July 24 16 50 40 348LI 3682 1659 11. 6 24.4 Lf85 E
146 53-1436 July 24 17 06 05 3700 2618 1948 22.6 19.2 158 E
147 53-1820 July 24 17 26 30 3781 26M 1369 42.5 16.1 321 E
148 53-2Lt37 July 24 17 59 25 3390 2847 1926 8.8 25.5 285 E
149 53-2866 July 2LI 18 22 20 3362 3071 1898 13.1 37.2 3/11 E N

CXJ
150 53-2935 July 2/1 18 26 00 3325 2937 1763 143.0 203.0 191 E VI

151 53-3211 July 211 18 /17 45 2735 3791 2159 86.5 137.0 364 E

(a) Source location solution was outside the defined boundaries
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APPE1.TDIX F

SOURCE LOCATIONS OF EVENTS: L~IQUE VELOCITf

This appendix lists the location of all events for which it was

possible to utilize unique velocity data for source location. The

unique velocities were obtained by utilizing the subroutine VLDT which

requires a blast to occur at a known location and accurate arrival

times for all geophone stations. The blast considered was teat one

identified as 38-4280 which occurred on February 26, 1974. Only the

"Location Source" for each event was computed. Table 12 presents

source location data obtained using the six-geophone array (N-l, N-2,

N-3, N-4, N-6, and N-7).
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TABLE 12

Source Locations of Events: Unique Velocity Case

Time of
Event Tape- Event Source Location

No. Footage Date hh mm 55 x y -z

1 36-0244 Feb. 18 13 34 35 2889 2837 1377
2 36-0387 Feb. 18 13 42 15 2811 2838 1443
3 36-1000A Feb. 18 14 14 55 2867 2864 1365
4 36-1000B Feb. 18 14 14 56 2974 2919 1475
5 36-1072 Feb. 18 14 18 45 2763 2835 1280
6 36-1489 Feb. IS 14 41 00 2827 3032 1252

10 37-6412 Feb. 23 13 56 40 2193 3073 1329
11 38-0807 Feb. 26 14 49 30 2899 2866 1256
12 38-1070 Feb. 26 15 03 30 2866 2842 1303
13 38-1100 Feb. 26 15 05 10 2909 2895 1346
14 38-1196 Feb. 26 15 10 15 2804 2667 1221
15 38-1993 Feb. 26 15 52 45 3000 2981 1479
16 38-3170 Feb. 26 16 20 20 2899 2978 1289
17 38-3171 Feb. 26 16 20 25 2931 2976 1289
18 38-3175B Feb. 26 16 20 40 2931 3026 1226
19 38-3310 Feb. 26 16 27 50 2912 2849 1302
20 38-3560 Feb. 26 16 41 10 2938 2803 1340
21 38-3812 Feb. 26 16 S4 3S 2947 2894 1145
22 38-3817 Feb. 26 16 54 50 2933 2959 1183
23 38-3854A Feb. 26 16 56 50 2902 3128 1271
24 38-3854B Feb. 26 16 56 51 2965 3108 1293
25 38-4001 Feb. 26 17 04 40 2825 2685 1287
26 38-4063 Feb. 26 17 08 00 2972 3008 1321
27 38-4101 Feb. 26 17 10 00 2898 2949 1211
28 34-4131 Feb. 26 17 11 35 2934 2985 1278
29 38-4134 Feb. 26 17 11 45 2866 2947 1233
30 38-4280 Feb. 26 17 19 35 2881 2720 1326
31 38-4387 Feb. 26 17 25 15 2962 2858 1400
32 38-4448 Feb. 26 17 28 30 2922 2934 1292
33 38-4501 Feb. 26 17 31 20 3000 2943 1426
34 38-4650 Feb. 26 17 39 20 2923 2835 1319
35 38-4652 Feb. 26 17 39 25 2815 2784 1315
36 38-4655 Feb. 26 17 39 35 2933 2853 1341
37 38-4824 Feb. 26 17 48 35 3031 3034 1308
38 38-4862 Feb. 26 17 50 35 2881 2313 1295
39 38-4894 Feb. 26 17 52 20 3043 3024 1402
40 38-4897 Feb. 26 17 52 30 2830 2683 1288
41 38-4939 Feb. 26 17 54 45 2964 2936 1378
42 38-4957 Feb. 26 17 55 40 3014 2928 1440
43 38-4919 Feb. 26 17 56 50 2661 2833 1170
44 38-4999 Feb. 26 17 57 55 3058 3094 1425
45 38-5313 Feb. 26 18 14 40 2837 2695 1295
46 38-5325 Feb. 26 18 15 20 2720 3043 1091
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TABLE 12 (Continued)

Time of
Event Tape- Event Source Location

No. Footage Date hh rom 55 x y z

47 38-5327 Feb. 26 18 15 25 2986 2998 1301
48 38-5329 Feb. 26 18 15 30 2863 2807 1264
49 38-5377 Feb. 26 18 18 05 2815 2864 1004
50 39-0456 Feb. 27 13 34 45 2940 2820 1357
51 39-0470 Feb. 27 13 35 30 2996 3071 1286
52 39-0867 Feb. 27 13 56 40 3000 3067 1281
53 39-1024 Feb. 27 14 05 05 2896 2794 1264
54 39-1243 Feb. 27 14 16 45 2980 3071 1247
55 39-2176 Feb. 27 15 06 30 2990 2936 1287
56 39-2177 Feb. 27 15 06 35 2781 2853 1103
57 39-2939 Feb. 27 16 08 05 2978 2985 1310
58 39-3070 Feb. 27 16 15 00 3190 2831 1585
59 39-3079 Feb. 27 16 15 30 3007 3026 1329
60 39-3977 Feb. 27 17 03 25 2947 2905 1308
61 39-4193 Feb. 27 17 14 55 2937 2883 1283
62 39-4326 Feb. 27 17 22 00 2935 2893 1289
63 39-4451 Feb. 27 17 28 40 2905 2817 1304
64 39-4501 Feb. 27 17 31 20 2991 3890 1367
6S 39-4616 Feb. 27 17 37 30 2871 2684 1293
66 39-4806 Feb. 27 17 47 35 2934 2877 1287
67 39-5009 FEb. 27 17 58 25 2924 2867 1263
68 39-5217 Feb. 27 18 09 30 2918 2718 1352
69 39-5336 Feb. 27 18 15 55 2906 2889 1056
70 39-5351 Feb. 27 18 16 40 2956 2897 1308
71 39-5466 Feb. 27 18 22 50 2898 2706 1329
72 39-5538 Feb. 27 18 26 40 2935 2890 1272
73 39-5855 Feb. 27 18 43 35 2936 2898 1305
74 01-0056 Mar. 6 13 08 25 2988 2874 1252
75 01-0391 Mar. 6 13 26 20 3026 2815 1371
76 01-0469 Mar. 6 13 30 30 2997 2865 1259
77 01-0656 Mar. 6 13 40 25 3023 2812 1366
78 01-0801 Mar. 6 13 49 05 2999 2864 1277
79 01-1176 Mar. 6 14 08 10 3035 2861 1506
80 01-1402 Mar. 6 14 20 15 3000 2802 1357
81 01-1676 Mar. 6 14 35 50 3012 2787 1362
82 01-1814 Mar. 6 14 42 15 3005 2856 1289
83 01-1860 Mar. 6 14 44 40 3071 2902 1588
84 01-2040 l'f..ar. 6 14 54 15 3002 2762 1337
85 01-2104 Mar. 6 14 57 40 3003 2870 1259
86 01-2395 Mar. 6 15 13 10 3012 2872 1312
87 01-4663 14..ar. 6 17 34 05 2999 2787 1375
88 01-5062 V".tar. 6 17 55 20 2986 2843 1241
89 01-5656 Mar. 6 18 27 00 2994 2847 1289
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TABLE 12 (Continued)

Time of
Event Tape- Event Source Location

No. Footage Date hh mm 55 x y z

90A 01-5934A Mar. 6 18 41 50 2909 2753 1262
90B 01-5934B Mar. 6 18 41 51 2996 2761 1355
91 01-6086 Nar. 6 18 49 55 3000 2858 1284
92 101-0344 Mar. 13 13 47 50 3014 2800 1321
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APPENDIX G

BRIEF DAILY LONGWALL REPORTS

This appendix contains a condensation of all pertinent information

contained in the three daily longwall shift reports associated with

the B-4 East Longwall at the Greenwich, North Mine during the period

January 1, 1974 to July 25, 1974. Miner's expressions and terms were

copied verbatum to minimize errors in transferring information from the

shift reports to this appendix. It should be noted that the support

chocks are numbered 1-100 starting at the headgate end of the face.
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TABLE 13

Brief Daily Longwall Report--January 1974

Date Comments

No report

Bottom soft; chocks pull hard; shot and broke rock on pan line;
rock falling from #18 to #30; shoot rock fallen from #18 to #30;
bad rock falling #20 to #45; cutting sandrock; breaking rock in
panline

Clay vein at #33 and #34 chock; bottom soft

Cutting slow due to sandrock; hard cutting sandrock from
tailgate to #30 chock

Belt maintenance and rock dusting

No report

Low coal and sandrock; slow cutting due to sandrock

Cutting slow due to sandrock length of face; low coal

Shearer maintenance

Hard cutting sandrock

Hard cutting sandrock

Shearer maintenance

03

04

01

02

05

06

07

08

09

10

11

12

13

14

No report

Hard cutting sandrock; cutting one way; some rock falling from
#80 chock to tailgate

15 Rock falling from #65 to tailgate; breaking rock in panline

16 Rock falling from #63 to tailgate; pull chocks and clean rock
off canopies

17 Bad face from #60 to tailgate; smash rock in panline; bottom
soft; pulling and cleaning chocks

18 Had trouble getting shearer to tailgate from #61 to #73; had to
drop rock off to clear; shearer down a lot due to breaking rock
in panline; pulled chocks; shot and broke rock

19 Roof bolted face from #40 to #70 chocks; dropped rocks off
chocks from #60 to #75

20 No report

21 Face caved in from #65 to #74; couldn't run panline; shooting
and smashing rock; pulling chocks and breaking rock in panline

22 Cut 40 chocks; pulling and cleaning chocks; breaking rock in
panline; bad face from #65 to #80; roof bolting #65 to #75



Date

23

24

25

26

27

28

29

30

31

Date

01

02

03

04

05

06

07

08

09

10

11

12
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Tp~LE 13 (Continued)

Comments

Shot rock over chocks; broke rock in panline; rock in panline
up to roof for a distance of 7 chocks

Shot rock over chocks to make clearance for shearer; shooting
off face from tailgate towards #72 chock

Shot rock over chocks to make clearance for shearer; pulled
chock and cribbed over chock

Shot rock; pulled chocks; broke rock on panline; dropped rock
off canopies; cribbed over same; roof bolted face

No report

No report

Good cutting

Rock falling out from #33 to #55; shooting same; shooting rock
in panline; shooting rock in hopper

Some rock falling from #30 to #40; shot rock in panline

TABLE 14

Brief Daily Longwall Report--February 1974

Comments

Some rock falling from #20 to #30; smash rock in panline

Maintenance

No report

Breaking rock in panline

Good cutting

Good cutting; smash rock in panline

Rock down in panline; good cutting

Good cutting; shooting rock in panline

Maintenance

No report

Good cutting; shot and broke shot in panline; rock down from
tt40 to #44

Good cutting; rock falling at midface; shoot rock in panline;
bad curve from #40 to #70; rock falling
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TABLE 14 (Continued)

Date Comments

13 Good cutting; smashing rock in panline; roof sagging from #25
to #60

14 Good cutting; smash rock in panline

15 Good cutting; smash rock in panline; shot out #57 chock trapped
in gob; shot rock in panline

16 Maintenance

17 No report

18 Good cutting; smash rock in panline

19 Smash rock in panline; rock down in panline from #37 to #50

20 Bad roof from #30 to #50; dropped rock off chocks #30 to #35;
shot rock at chocks #30 to #36; bad roof from #45 to #60

21 Shot and broke rock in panline; chocks were low from #20 to #55

22 Face bad from #20 to #60; lost face from #44 to #49; shooting
rock

23 No report

24 No report

25 Broke rock on panline

26 Shot rock in panline; rock falling from #45 to #58

27 Shot and broke rock in panline; face bad midway; dropped and
shot rock off canopies from #60 to #65

28 Bad face from #39 to #56; #71 to #77 one foot of rock falling;
chocks low; lot of rock falling; shot rock

TABLE 15

Brief Daily Longwall Report--March 1974

Date Comments

01 Timbered face from #20 to #80; pulled chocks; shot one chock
out; shot rock in panline; set posts under chocks from #30 to
1160 chocks

02 No report

03 No report

04 Pulled chocks; set timbers; smashed rock in panline
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TABLE 15 (Continued)

Date

05

06

07

08

09

10

11

12

13

14

15

16

17

18

Comments

Bad face from #37 to #54; chocks too low for passage of shearer
from #45 to #74; shot off one cut from #45 to #57; timbered
chocks; shot face

Shot off coal; pulled chocks; shot off second cut

Shot coal off face; pulled chocks; dropped rock off chocks
beginning at #48 chock and shot same; shot bottom; only 28"
high from panline to roof

Shot coal off face from #48 to #64 chock; chocks too low for
shearer to clear; face caved in

Pulled chocks from #50 to #60; chock squeezed down solid; shot
bottom under legs to bring chocks in

Shot rock on face; shot bottom under chocks to pull chocks;
unloaded tops of chocks to make height

Shot bottom in chock line; shot face off; got rock off top of
chocks; cribbing and timbering; chocks too low for shearer to
clear from #51 to #78

Dropped toprock over chocks in #65 to #75 chock to make height
for passage of shearer; timbered face; took bottom in chock line

No report

No report

No report

No report

No report

Shot two chocks

19 Rock falling in panline; broke rock; had hard time getting
chocks in as a lot of weight was on back ends; shot out chocks;
cleaned rock off chock

20 Broke rock in panline; drilled and shot out chocks stuck in gob;
installed 14 resin bolts in area of #44 to #58 chocks; cribbed
over chocks at midface

21 Face caved in; breaking rock; shot out 8 chocks left in gob;
shot and dropped rock over chocks from #48 to #54 and from #62
through #66 to get height from passage of shearer

22 Rock down on shearer; shearer won't clear 2 chocks; shot rock
off drum of shearer; shot rock off chocks directly over shearer;
rock settled on canopies; canopies down tight on shearer

23 No report

24 No report



Date

25

26

27

28

29

30

31

Date

01

02

03

04

05

06

07

08

09

10

11

12
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TABLE 15 (Continued)

Comments

Shot rock over chocks from height for passage of shearer;
shot rock off face to gain access to drum; installed 8 resin
bolts from #30 to #38

Rock caved in on shearer; smashing rock over top of chocks
directly over shearer; approximately 8 feet of rock coming
down; installed 18 resin bolts along face from #40 to #58

Timbered along face; cribbed chocks directly over shearer using
32 crib blocks over each chock; installed 14 resin bolts in face

Dropped rock off chocks; shot same; cribbed over chocks;
installed 10 resin bolts from #70 to #80

Roof bolted face; cribbed chocks

Dropped rock off chocks to make height for passage of shearer

No report

TABLE 16

Brief Daily Longwall Report--April 1974

Comments

No report

Dropped rock off chocks #60-63 to make height for passage of
shearer; shot off rock on #59 and #60

Dropped rock off chocks #61-62; cleaned rock off #59-60

Cribbed on top of chocks in middle of panline; cleaned rock off
chocks #61-63

Cleaned rock off chocks #47-49; cribbed #47-49

No report

No report

Slow cutting due to bad cave; cleaned rock behind shearer

Double cut face from #40-60; smashed rock in panline

Double cut face from #40-60; broke rock in panline; cleaned
rock off chocks

Face bad from #45-52; rock falling out; double cutting face;
smashed rock in panline

No report
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TABLE 16 (Continued)

Date Comments

No report

No report

Smash rock in panline

No report

No report

No report

No report

No report

No report

13

14

15

16

17

18

19

20

21

22 Rock fallout of face; double cutting face from #40-60

23 Face bad from #30-50; drop rock off chocks at midface and smash
same; rock down from #32-54; drilled, shot, and smashed same;
face bad from ft23-57; 8" to 10" of rock down; rock in panline
from #25-55; cleaned up rock; chocks #48-49 stuck; had to shoot
out chocks

24 Shot and smashed rock in panline; drilled and shot rock; cribbed
chocks

25 Cribbed over chock; smashed rock in panline; double cutting from
#40-60

26 Shot out 2 chocks; shot top rock o~f chocks at midpoint to gain
height; 4 chocks stuck; had to shoot out #49,50,52,53

27 Posted canopies in panline from #30-70

28 No report

29 Shot chock #45,52,53 out; chocks #54,55 stuck; shot out chocks;
shot bottom under chocks at midface and also over chocks to gain
height for passage of shearer

30 Breaking rock in panline; got #48-51 chocks in; shot out #55
chock



Date

01

02

03

04

05

06

07

08

09

10

11

12

13

14

15

16
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TABLE 17

Brief Daily Longwall Report--May 1974

Comments

Double cut face from #40-60; good cutting

Rock falling in panline; double cut face from #40-60; 4" slate
falling from #60-75; shot #48 chock; smashed rock in panline

Bad face broke from #18-77; broke rock in panline; shot #45
chock out; shot down top for height on chocks; 5 chocks stuck
at halfway point; had to shoot out

No report

No report

Shot rock on face; broke rock in panline; got height on chocks

Chocks #36-38 too low for shearer to clear; had to clean rock
off and crib; shot out #52 chock; smashed rock in panline;
face caved in from #47-52

Rock down at face from #39-55 chock; drilled and shot rock off
chocks to make height for passage of shearer; broke rock in
panline

Drilled and shot rock; cleaned rock off chocks to make height
for passage of shearer; timbered between chocks; roof bolted
face with 10, 6' pins

Roof bolted face; shot rock; cribbed chocks; face bad but
improving; smashed rock in pan1ine; pulled and shot out chocks;
timbered under chocks from #25-76; shot rock; bad face as middle
caved in where pinning was stopped--middle caved in when chocks
were released

No report

No report

Roof bolted 18 resin bolts from #35-53; dropped rock off chocks
#58-60 to make height for passage of shearer; face caved from
#40-60; pinned face; cribbed chocks; got height on 4 chocks;
cleaned rock out of chocks

Dropped rock off chocks #47-50 to make height for passage of
shearer; shearer wedged under chocks; cleaned rock off tops of
chocks; drilled and shot to free shearer

Shearer at #42 chock going to tailgate; dropped and shot rock
to make height; cleaned rock over top of chocks; pinned face

Shot rock over chocks; cleaned rock off top of chocks; roof
bolted face with resin bolts
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TABLE 17 (Continued)

Date Comments

25 No report

26 No report

27 No report

28 Rock fell
52 stuck;
#40-60 as

17 Shot and dropped rock off chocks to make height for passage of
shearer; cleaned and cribbed 3 chocks; shot rock off 2 chocks;
set 6x6 post under canopy of chocks; cribbed on top of #44;
cleaned rock out along side of shearer; cribbed over #39-44

18 Dropped rock off #39-40 chock and cribbed over same; installed
10 resin bolts in face from #35-40; set post under canopies
1135-40

19 No report

20 Pinned face with steel pins in front of shearer; cleaned rock
off of #46 chock; pulling chocks; face bad but improving; no
rock came out of face all last shift; pulled, cleaned, and shot
chock #52-58; reset posts under canopies

21 Face broke from #43-63; roof sagged from #48-58; had hard time
getting chocks in from #43-57; set timber under chocks; face
bad from #48-56; drilled and shot rock off chocks #49, 53-56;
set posts under chocks from if30-70 chocks; made height on
#47-48, 54-56; cribbed over #54-56; double posted all canopies
as height was made; rock still needed to be dropped and height
made over chocks #49-53

22 No report

23 Cleaned rock off tops of chocks #49, 51-53; roof bolted face
from #50 toward headgate; face was bad as roof broke from
#47-58; cleaned and cribbed chocks to make height; dropped and
shot rock over #57-59 for height; face bad but improving; shot
and pulled chocks from #40-60; reset double posts under canopies
from #40-70 as chocks were advanced; #52 and 58 were still
partway back

24 Got #52 and 58 pulled; got height on #47,50,53,57; had hard time
getting chocks from #40-60 in; timbered same; chocks #49 and 52
stuck; shot out same; double posted canopies from #40-60;
cleaned canopies

from #30-40; had to drill and shoot; chocks #51 and
posted between chocks; double posted all canopies from
chocks were pulled; shot out #50 chock

29 Set timber between and under chocks; put extension on #40 and
42 chock; installed leg extension on chocks #35-47, 57,58;
timbered between chocks from #55-75; timbered under chocks; face
had 46" height from lft55-60 and 44" from 1160-75



Date

30

31

Date

01

02

03

04

05

06

07

08

09

10

11

12
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TABLE 17 (Continued)

Comments

Put extensions on #58,59; timbered under chocks; installed
extensions on #59-63, 70-75; face broke from #36-62; roof broke
up; timbered under chocks; shot rock in panline from #36-40

No report

TABLE 18

Daily Brief Longwall Report--June 1974

Comments

No report

No report

Roof breaking up midface; shot under chocks with no leg showing
at midface; shot under chocks; chocks stuck from #45-54

Face broke up at middle; shot out chocks at face; chocks #48-52
and #54-55 stuck; got #53 chock in; 7 chocks stuck; 5 chocks
shot out

Face bad; chocks pulled hard; shot roof over chocks; pulled
same; rock fell in panline at midface; shot same; face bad from
#48-54; rock down from #48-54; two chocks stuck--#48 and 51

Face bad at midface; cleaned chocks at midface; pulled same;
removed rear leg extensions from #50-51, 53,49; face bad at
#48,55,61-62 chocks back; got #48,62 chocks in; face bad from
#46-56; chocks #54,56 stuck; shot out chocks; cleaned rock
from chocks to make height

Made height on #46-47, 55-56; cribbed over chocks 45-52;
timbered panline; face bad from #47-60; cleaned rock off chocks
#48, 56-58

No report

No report

Shot rock in panline; got chocks in from #40-60; face bad from
#45-65; cribbed chocks #54-58; cleaned rock off chocks #60-65;
cribbed over chocks #58-60; shot and dropped rock over #44-46

Face caving from #45-59; rock in panline #63-69; got height on
#44,49,50,53; roof broke from #21-75; shot and pulled #45-46

Face bad from #34-68; shot out on top of #59,60; pulled in chocks
from #40-60; timbered chocks from #30-60; cleaned rock off #41-42
for height; cribbed over chocks #41-42; set timber under cano­
pies #40-60; removed leg extension from rear leg of #49 chock



Date

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30
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TABLE 18 (Continued)

Comments

Dropped and shot rock to make height; cribbed over chocks #39-42

Got height on #57,58,60,67,37,38,39,51,52 chocks; cleaned off
chocks for height #32-36, 41-42

Made height on one chock; resin bolted face with twenty bolts
from #40-60 chocks

No report

Cleaned rock off panline; face bad at midface; shot out and
pulled chocks; got 6 chocks in; got height on 8 chocks; broke
rock in panline

Chocks too low for shearer to clear from #50-60; chock #56
stuck; height on chocks at beginning of shift insufficient for
passage of shearer from #49-61; made height on #58-61, 50-52;
got #56 in; got height on #55-58; chocks #28,29,41,48,49,53,54
still too low

Cleaned off rock on chocks #53,54, 60-63; double posted chocks
from head to tail; face bad but improving; made height on
chocks; pulled chocks; shot rock in panline; got #53 in;
couldn't get #46 in; got height from #46-53

Pulled and made height on #52; made 25" height on #47-49; #50
chock too low; face bad but improving; shot over chocks to make
height for shearer; shot out and pulled #46 chock; installed 7
resin bolts from #53-60; got chocks in; shot off rock; pushed
panline from #60-70 and got chocks in again; chock #48 still
back

Face bad but improving; chocks pulling in slowly due to bad
roof; shot off face; shot out chocks at midface; timbered face
from #22-80

No report

No report

No report

No report

No report

No report

No report

No report

No report
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TABLE 19

Daily Brief Longwall Report--July 1974

Date

01

02

03

04

05

06

07

08

No report

No report

No report

No report

No report

No report

No report

Maintenance

Comments

09 Pulling chocks; maintenance

10 Maintenance; roof broke from #20-65 chock

11 Face bad from #35-75; got height on chocks; got chocks in;
chocks #52-53 stuck

12 Face bad; chocks #36-38 and #41-42 solid; shot out chocks; got
chocks in; chocks #51-53 stuck

13 No report

14 No report

15 Good cutting

16 Face bad; chocks too low #36-58; shot #55 chock out; broke rock
in panline; roof broke from #30-78 chock; #52-53 chock stuck;
shot chocks out; face bad but improving; pulled chocks

17 Face bad; got #52-53, 56-57 chocks in and got height; chocks
were low from #40-60; good cutting for 1st and 2nd shifts

18 Face caved in and made chocks too low; got chocks in; roof
broke from #70-78 chock; chocks #49,52,53,58,59 stuck; chocks
from #40-60 brought in; rock cleaned off chocks; good cutting
2nd shift

19 Good cutting; maintenance

20 No report

21 No report

22 Good cutting; rock falling in panline 2nd shift

23 Roof broke from #30-80 chocks; 4" of rock coming down along
face; face bad, but improving -- no rock falling on last cut of
1st shift; dropped rock off canopies to make height for passage
of shearer; shot out and pulled chocks; cleaned chocks off
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TABLE 19 (Continued)

Date Comments

24 Double cut face; #59 chock stuck; shot out #40 chock stuck in
gob; double cut all passes headgate to tailgate--on last cut
small hole went through in doghole cut from the line rooms
toward face

25 Short cutting face from #40 to tailgate; also double cutting;
timbered face from #60-80 chock; timbered entire length of face
in front end of chocks and timbered between chocks from #50-80
and #0-30; shot rock fallen in front of chocks from #40-60
approximately 2 feet back; shot and drilled rock in panline;
timbered face between chocks; longwall completed.
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APPENDIX H

SELECTED DETAILED LONGWALL REPORTS

This appendix presents selected detailed longwall repor~s for

each day that microseismic monitoring was undertaken over the B-4 East

longwall at the Greenwich North Mine. It includes all delays mentioned

in the associated longwall shift report during the monitoring period,

and lists the date, the time interval that a particular delay occurred,

and a brief description of the reason(s) for the delay. It should be

noted that the support chocks are numbered 1-100 starting at the head­

gate end of the face.
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TABLE 20

Selected Detailed Longwall Reports

Ref

1

2

3

4

5

6

7

8

9

10

11

12

Date

18 Feb 74

22 Feb 74

23 Feb 74

26 Feb 74

27 Feb 74

06 Mar 74

13 Mar 74

17 Apr 74

03 May 74

10 May 74

30 Hay 74

12 July 74

Time

14:30-17:45

15:20-16:35

15:30-16:35
16:35-19:50

08:30-15:30

15:30-16:30
16:30-23:30

10:00-14:15

15:00-15:30
15:30-16:35
17:10-17:30

12:30-15:30

15:30-16:30
16:30-23:30

13:15-13:45
15:30-16:45
17:45-19:00

16:30-18:00
18:00-19:00

Operation--De1ays

Conveyor belt down; shift change

Mine not working

Hine not working

Shift change

Shift change
Midface bad; rock in pan1ine from
chock #40-#75; shot rock in pauline

Completed shooting off first cut of
face; pushed panline; pulled chocks
and began shooting off second cut
Shift change
Drilled and shot face all shift

Mine not working

Hine not working

Bad face; 5 chocks stuck at midface;
shot out chocks
Serviced shearer
Shift change
Replaced hoses at chock #45; bad
face

Pulled and shot out chocks; smashed
rock in panline; bad face
Shift change
Pushed panline; brought four chocks
in; shot rock all shift; midface
caved in

Conveyor belt down
Shif t change
Bad face broke from chock #36-#62;
shot rock in pan1ine

Chocks Iowan first pass
Chocks #51-#53 stuck
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TABLE 20 (Contir.lled)

Ref

13

14

15

16

Date

19 July 74

24 July 74

02 Aug 74

21 Aug 74

Time

15:30-16:35
16:35-17:15

15:25-16:30
17:30-17:50
18:30-18:45

Operdtion--Delays
--_._--_.-._-----_._-----

Shift chcmge.
COL1.Vey0::: belt d.o~..m

Shift change
Conveyor bel t dmm
Replaced slippage switch for belt

Longwal1 completed

Longwal1 completed
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ATP2NDIX I

DETAiLED UND~RGROUND OBSERVATIONS

This appendix presents information on detailed underground obser­

vations made by project personnel during a number of periods when

microseismic monitoring was also underway.

On six occasions during the study, personnel were stationed at the

headgate of the East B-4 longwall at the Greenwich North Mine to observe

the mining operations and to record the times that each operation began

and ended. These observations were then compiled in tabular form.

Certain corr~on operations such as the running of the shearer, conveyors,

and pumps, and coal cutting are listed individually. A tape footage

log was also incorporated to provide correlation between the underground

observations and the tape recorded microseismic data obtained during the

perioQ of the detailed underground observations. The associated tape

reel numbers are listed in Appendix J.

In order to obtain correlation between underground and tape footage

on surface, the following procedure was employed. The watch which was

to be taken underground was syncronized just before leaving the surface

field site with the watch remaining on surface (to within an accuracy

of 30 seconds). The watch on surface was used for referencing tape

footages with surface times. The watch underground was used for refer­

encing observed events underground with underground times. Errors which

could occur at these points are:
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(1) one watch runs faster than the other--over a four hour
period the error should be less than one minute, also the
error would increase with time,

(2) tape footage counter slippage,

(3) tape footage counter wheel being too small or too large,

(4) capstan drive rotating too slow or too fast,

(5) error in reading footage counter at the beginning and end
of the survey,

(6) underground events generally accurate to within ±30 seconds
as person underground observes the event and selects the
nearest 30 second interval.

To minimize such errors the starting tape footage was subtracted

from the final tape footage to obtain the total footage during the

underground survey. The starting time was subtracted from the stopping

time to obtain the total time in minutes during the underground survey.

The total footage divided by the total time resulted in the apparent

tape speed expressed in feet per minute (FPM).

Next, a convenient initial time was found which would make calcu-

lations simple. An equivalent footage was obtained by subtracting the

starting time from the initial time and multiplying this result by the

tape speed (FPM) and adding this answer to the starting footage, thus

obtaining an "initial" footage.

Calculated footages of events such as blasts and cavings were then

correlated to the nearest observed footages. In most instances foot-

ages correlated to within 30 feet (approximately two minutes error) of

each other and generally observed similar trends throughout each partic-

ular survey (e.g., if calculated footages were 15 feet more than the

observed footages, this 15 foot error remained relatively constant

during the entire survey).
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TABLE 21

D.3tailed Underground Observations, Trip No. I--February 26, 1974

-----
Time

Footage hh nun 58 Shearer Conveyor Pump Description

16 02 00 Entered shaft
16 24 00 Arrived at face

2930 16 42 30 ON ON ON
2976 16 45 00 ON ON ON Chock started to move
3069 16 50 00 ON ON ON Big caving
3149 16 54 15 ON ON ON Small caving
3329 17 04 00 ON ON ON Small caving
34!+0 17 10 00 OFF OFF ON
3442 17 10 05 ON ON ON
3624 17 19 55 ON ON ON Big caving
3680 17 22 55 OFF OFF ON
3716 17 24 50 ON ON ON
3788 17 28 45 ON ON ON Mini caving
3794 17 29 05 ON ON ON Mini caving
3801 17 29 25 ON ON ON Mini caving
3889 17 34 10 ON ON ON Shearer at headgate
3904 17 35 00 ON ON ON Medium caving
3929 17 36 20 ON ON ON Shearer left headgate
3954 17 37 40 ON ON ON Big caving
3978 17 39 00 ON ON ON Shot on coal face at

tailgate
17 42 00

3997 17 40 00 ON ON ON Big caving
4087 17 44 50 OFF OFF OFF
4094 17 45 15 OFF OFF ON
4098 17 45 25 ON ON . ON
4183 17 50 00 ON ON ON Caving
4193 17 50 35 ON ON ON Caving
4204 17 51 10 ON ON ON Caving at chock #14
4275 17 55 o~ ON ON ON Shot on face at tai1-

17 57 00 gate. One stick, 35
feet from point 1759

4436 18 03 40 OFF OFF ON
4441 18 03 55 ON ON ON
4449 18 04 20 OFF OFF ON
4/+73 18 05 40 ON ON ON
4558 18 10 1TI OFF OFF ON Sledge hammer striking

18 10 30 10 times on the roof
of the headgate entry

4574 18 11 05 ON ON ON
4660 18 15 45 ON ON ON
4861 18 26 35 ON ON ON Big caving
4869 18 27 o~ ON ON ON Shearer not cutting

18 30 00 coal, shearer started
to leave headgate

4943 18 31 00 ON ON ON Observer left face
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TABLE 22

Detailed Underground Observations, Trip No. 2--February 27, 1974

Time Coal
Footage hh mm ss Shearer Conveyor Pump Cutting Description

16 03 00 Entered at shaft
3347 16 30 00 OFF OFF ON OFF Arrived at headgate;

rock blocks fell from
roof in the middle of
longwall face during the
night and day shift

3979 17 04 00 OFF OFF ON OFF Blasting in the middle
of longwall

4109 17 11 00 OFF ON ON OFF
4146 17 13 00 OFF ON ON OFF
4183 17 15 00 OFF OFF ON OFF Blasting in 10ngwall face
4313 17 22 00 OFF OFF ON OFF Blasting in lon~va11 face
4369 17 25 00 OFF OFF OFF Pump on 10 seconds; pump

off 10 seconds
4387 17 26 00 OFF ON OFF Belt conveyor on; belt

conveyor off
4499 17 32 00 OFF OFF ON OFF Blasting
4592 17 37 00 OFF OFF OFF OFF All electrical power off
4796 17 48 00 OFF OFF OFF OFF Blasting
4815 17 49 00 OFF OFF ON OFF Power on
4908 17 54 00 OFF ON OFF Belt conveyor on 20

seconds
4926 17 55 00 OFF ON ON OFF
4945 17 56 00 OFF OFF ON OFF
4964 17 57 00 OFF ON ON OFF
4982 17 58 00 OFF OFF ON OFF
5001 17 59 00 OFF OFF ON OFF Blasting in longwal1 face
5019 18 00 00 OFF OFF ON OFF Eleven hammer shocks on

headgate roof at two
second intervals

5075· 18 03 00 OFF ON ON OFF Chain conveyor on for
30 seconds

5094 18 04 00 OFF OFF ON OFF
5112 18 05 00 OFF OFF ON OFF
5335 18 17 00 OFF OFF ON OFF Blasting in longwall face
5540 18 28 00 OFF OFF ON OFF Blasting in 10ngwall face
5577 18 30 00 OFF ON ON OFF
5595 18 31 00 OFF OFF ON OFF
5837 18 44 00 OFF OFF ON OFF Blasting in longwa11 face

18 50 00 Observer left face
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TABLE 23

Detailed Underground Observations, Trip No. 3--March 6, 1974

Time Coal
Footage hh mm ss Shearer Conveyor Pump Cutting Description

16 30 00 Arrived at headgate
3569 16 36 00 OFF OFF OFF OFF Wagon passed; rock was

falling from roof
3791 16 48 00 OFF OFF OFF Conveyor on 10 seconds
3810 16 49 00 OFF OFF ON OFF
4070 17 03 00 OFF OFF ON OFF
4144 17 07 00 ON ON ON OFF
4172 17 08 30 OFF OFF ON OFF
4636 17 33 30 OFF OFF ON OFF B1asting--three holes,

three sticks, 3/4 way
from headgate

5036 17 55 00 OFF OFF ON OFF B1asting--two holes,
two sticks

5221 18 05 00 OFF OFF OFF OFF
5249 18 06 30 OFF OFF OFF OFF B1asting--three holes,

three sticks
5277 18 08 00 OFF ON ON OFF
5305 18 09 30 OFF OFF OFF OFF
5370 18 13 00 OFF OFF ON OFF
5630 18 27 00 OFF OFF ON OFF

18 30 00 Observer left headgate
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TABLE 24

Detailed Underground Observations~ Trip No. 4--May 3, 1974

Time Coal
Footage hh mID ss Shearer Conveyor Pump Cutting Description

16 30 00 OFF OFF OFF OFF Shearer at headgate
35 16 37 00 ON OFF OFF OFF
71 16 39 00 OFF OFF OFF OFF

124 16 42 00 ON ON OFF OFF
141 16 43 00 ON OFF OFF OFF
186 16 45 30 OFF OFF OFF OFF Switch on shearer
195 16 46 00 ON OFF OFF OFF Switch off shearer
203 16 46 30 OFF ON ON OFF
212 16 47 00 ON ON ON OFF
230 16 48 00 ON ON ON ON Shearer at headgate
265 16 50 00 ON ON ON ON
575 17 07 30 OFF ON ON OFF
584 17 08 00 OFF OFF ON OFF
690 17 14 00 OFF ON ON OFF
707 17 15 00 ON ON ON ON
866 17 24 00 OFF OFF ON OFF
884 17 25 00 OFF ON ON OFF
893 17 25 30 ON ON ON ON
920 17 30 00 ON ON ON ON Blasting at tailgate;

four sticks, two holes
973 17 33 00 OFF OFF ON OPF
990 17 34 00 ON ON ON ON 300 feet outby point

1817
1450 18 00 00 Observer left headgate
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TABLE 25

Detailed Underground Observations, Trip No. 5--May 30, 1974

Time Conveyors Coal
Footage hh mm ss Shearer Chain Belt Pump Cutting Description

3577 16 51 00 Arrived at headgate;
roof trouble in
middle of longwa11

3745 17 00 00 OFF ON ON ON OFF
3762 17 01 00 ON ON ON ON ON
3772 17 02 30 OFF OFF OFF ON OFF
3790 17 02 30 ON ON ON ON ON
3799 17 03 00 OFF OFF ON ON OFF
3809 17 03 30 ON ON ON ON ON
3818 17 04 00 OFF OFF ON ON OFF
3827 17 04 30 ON ON ON ON ON
3836 17 05 00 OFF OFF ON ON OFF
3846 17 05 30 ON ON ON ON ON
3892 17 08 00 OFF OFF ON ON QIt'F
3901 17 08 30 ON ON ON ON ON
3929 17 10 00 OFF OFF ON ON OFF
3948 17 11 00 OFF OFF OFF OFF OFF
3957 17 11 30 OFF OFF OFF ON OFF
4022 17 15 00 OFF OFF OFF OFF OFF
4031 17 15 30 OFF OFF OFF ON OFF
4059 17 17 00 OFF OFF OFF OFF OFF
4062 17 17 10 OFF OFF OFF ON OFF
4114 17 20 00 ON ON ON ON ON
4224 17 27 00 OFF OFF ON ON OFF
4262 17 28 00 OFF OFF OFF OFF OFF
4272 17 28 30 ON ON ON ON ON
4300 17 30 00 OFF OFF ON ON OFF
4429 17 37 00 OFF OFF OFF ON OFF
4448 17 38 00 OFF OFF OFF OFF OFF
4466 17 39 00 OFF OFF OFF ON OFF
4485 17 40 00 OFF OFF ON ON OFF
4488 17 40 10 OFF OFF OFF ON OFF
4503 17 41 00 OFF OFF OFF OFF OFF
4506 17 41 10 OFF OFF ON ON OFF
4540 17 43 00 OFF OFF OFF ON OFF Rock falls from

roof; blasting, five
sticks--60 chocks
from headgate

4726 17 53 00 OFF OFF OFF OFF OFF No pressure for pump
4744 17 54 00 OFF OFF OFF ON OFF
4763 17 55 00 OFF OFF OFF OFF OFF
4781 17 56 00 OFF OFF OFF ON OFF
5435 18 20 30 OFF OFF OFF ON OFF Blasting, five

sticks--60 chocks
from headgate

18 30 00 Observer left headgate
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TABLE 26

Detailed Underground Observations, Trip No. 6--July 19, 1974

Time Conveyors Coal
Footage hh n1lIl 55 Shearer Chain Belt Pump Cutting Description

4064 16 55 00 OFF OFF OFF ON OFF
4137 16 59 00 OFF ON ON ON OFF
4174 17 01 00 OFF OFF OFF ON OFF
4285 17 07 00 OFF OFF OFF ON OFF 10 impacts on roo£*
4304 17 08 00 OFF OFF OFF OFF OFF
4322 17 09 00 OFF OFF OFF OFF OFF 10 impacts on roo£**
4341 17 10 00 OFF OFF ON OFF OFF
4433 17 15 00 OFF ON ON ON OFF
4489 17 18 00 ON ON ON ON ON Cleaned panline
4600 17 24 00 ON ON ON ON OFF Going under low

support
4618 17 25 00 ON ON ON ON ON
4803 17 35 00 OFF OFF OFF ON OFF Turn around for new

pass
4932 17 42 00 ON ON ON ON ON
5468 18 11 00 OFF OFF OFF ON OFF
5764 18 27 00 ON ON ON ON ON

18 30 00 Observer left head-
gate

* Ten impacts, the roof was struck with a ha~~er while the hydraulic pumps
were operating.

** Ten impacts, a roof bolt was struck with a hammer while the pumps were
turned off. There was no other equipment operating at this time in the
section.
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,:\YPENDIX J

MONITORING SYSTEM OPERATING CONDITIONS

This appendix presents a description of the monitoring system

operating conditions during field trips associated with the microseismic

monitoring at the East B-4 longwall. The first column (#) represents

the total number of field trips made to the particular site by the date

given. The "date column" is the day that microseismic data was recorded,

and the "tape reel number" identifies the reel of tape on which the data

was recorded. "Geophones utilized" identifies which geophones were

employed in obtaining data. The "period of recording" is divided into

two parts, namely (1) the tape starting and stopping foot2ges, denoted

by the bracketed quantities, and (2) the starting and stopping times

during which data was recorded. The "frequency" column specifies the

lower-upper frequency limits for the recorded data. "System gain"

represents the total gain in dB of the microseismic system at the tape

recorder, which includes the preamplifier (40 dB), the post amplifier

(-10 to 50 dB), and the filter (dB). The tape speed at which the

microseismic data was recorded is given in the "tape speed" column in

inches per second (ips). During all field trips, the monitoring

equipment was powered by a motor generator. Any other pertinent infor­

mation is presented in the remarks column and includes a weather column

which summarizes briefly the weather conditions during the recording

session.



TABLE 27

Monitoring System Operating Conditions

Tape Period of Frequency System Tape Speed Remarks
II Date Reel It Geophones Recording Hz Gain dB ips Weather Other Details

-
1 28 Nov 73 33 1,2,3,4,5 [10-2200] 0-100 to 50-80 3-3/4 Strong

7,8 13:10-15:00 0-1000 \Vest wind

2 10 Dec 73 33 6,9,10,11, (2300-4000] 0-500 90 3-3/4 Snow
12,13,14 13: 30-15: 00

3 04 Feb 74 33 1,2,3,4,5, [4000-5050] 0-500 40-70 3-3/4 Snow 120 Hz problem with
6,7 15:30-16:30 flurries power supp1y--no data

Cold Longwall at 3287'

4 1BFeb 74 36 1,2,3,4,5, [10-100] 0-1000 90 3-3/4 No wind Good cutting; long-
6,7 13:20-13:25 wall at 3700'

[100-3200]
13:27-16:21 w

I-'
\Jl

8,9,10,11, [3210-3750] 0-1000 90
12,13,15 17:06-17:36

8,9,10,11, [3750-4300] 0-1000 90
12,13,14 17:41-18:11

5 22 Feb 74 37 1,2,3,4,5, [0-110] 0-1000 90 3-3/4 Windy Caving on pan1ine;
6,7 15: 27-15: 35 Hail mine not working;

[111-3900] Thunder longwa11 at 3785'
15:37-19:01

6 23 Feb 74 37 1,2,3,4,5, [3900-3999] 0-1000 90 3-3/4 Strong Mine not working;
6,7 11: 35-11: 41 wind longwa11 at 3800'

[4000-6515]
11: 48-13: 58

7 26 Feb 74 38 1,2,3,4,5, (10-2150] 0-1000 90 3-3/4 Little Good cutting; long-
6,7 14:07-16:00 wind wall at 3830'

[2160-5500]
16:01-19:01



TABLE 27 (Continued)

Tape Period of Frequency System Tape Speed Remarks
II Date Reel II Geophones Recording Hz Gain dB ips Weather Other Details

-
8 27 Feb 74 39 1,2,3,4,5, [10-2900] 0-1000 90 3-3/4 Occa- Roof bad at midface;

6,7 13:11-15:46 siona1 longwa11 at 3840'
wind

1,2,3,4,6, [2910-6060]
7,15 16:06-18:56

9 06 Mar 74 01 1,2,3,4,5, [10-2600] 0-1000 90 3-3/4 Slight Poor roof conditions;
6,7 13:06-15:25 wind blasting face free to

relocate longwa11;
1,2,3,4,6, [2607-2900] longwa11 at 3870'
7,15 15:43-15:59

1,2,3,4,5, [2900-6500]
6,7,15 16:10-19:22- LV

10 13 Har 74 101 1,2,3,4,6, [10-2800] 0-1000 90 3-3/4 Windy Mine not working; I-'
0'\

7,8 13:30-16:00 longwa11 at 3880'

9,10,11,12, [2815-3563]
13,14,15 17:40-18:20 --------

11 17 Apr 74 L13 l,2,3,L.,6, [10-1700] 0-1000 90 3-3/4 Mild Hine not working;
7,9 12:18-13:49 longwall at 4020'

8,10,11,12, [1710-1900]
13 ,15, 5 15:38-15:48

8,10,11,12, [1910-3530]
13,14,15 16:05-17:32



TABLE 27 (Continued)

Tape Period of Frequency System Tape Speed Remarks
II Date Reel II Geophones Recording Hz Gain dB ips Weather Other Details

12 03 May 74 43 3,7,9,10, [3600-6765J 0-1000 90 3-3/4 Light Bad face; longwa11 at
11,13,14 13:14-16:00 rain 4160'

14:40-
15:45

44 3,7,9,10, [O-1450J 0-1000 90 3-3/4 Thunder-
11,13,14 16:35-18:00 storm

16:40

13 10 May 74 !~4 3,7,9,10, [1460-4050) 0-1000 . 90 3-3/4 Slight Bad face; 1ongwa11 at
11,13,14 12:10-14:30 breeze 4180'

3,7, 9D, 9SH, [4060-5000J
98F,11,13 15:15-16:05

w
I-'

[5010-6700]
--J

1,7,9,10,
12,13,14 16:37-18:08

14 30 May 74 46 1,9D,9SH, [40-500) 0-1000 90 3-3/4 Slight Roof starting to
9SF,9ACC, 12:59-13:26 9ACC:40 breeze break at midface;
11,14 longwal1 at 4220'

1,9D,9SH, [510-2400]
9SF,9ACC, 13 : 26-15 : 08
11,14

1,9D,7,10, [2410-5800)
13,11,14 15:48-18:51

15 12 July 74 49 1,3,7,9,10, [10-3000J 0-1000 90 3-3/4 Breezy Fair cutting; chocks
11,13,14 16: 15-17: 00 becoming stuck; 1ong-

wall at 4350'



TABLE 27 (Continued)

_...------
Tape Period of Frequency System Tape Speed Remarks

tI Date Reel if Geophones Recording Hz Gain dB ips Weather Other Details

16 19 July 74 49 1,7,9,10, [3010-6300] 0-1000 90 3-3/4 Very Good cutting; 1ong-
11,13,H 15:58-18:56 windy wall at 4470'

17 24 July 74 53 1,7,9,10, [10-3000] 0-1000 90 3-3/4 Breezy Fair cutting; long-
11,13,14 15:50-18:30 wall at 4510'

1,7,9,10, [3010-3300] 0-100 100 3-3/4
11,13,14 18:37-18:52

18 02 Aug 74 53 1,7,9,10, [3311-6615] 0-1000 90 3-3/4 Thunder-
11,13,14 11:28-14:35 storm

14:14
rain,
high
winds w
14:25

.....
00

19 21 Aug 74 32 1,7,9,10, [1430-4830] 0-1000 90 3-3/4 Slight
12,13,14 11:59-15:02 breeze



t.


