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FORWARD

The Sharpsburg, Kentucky earthquake of July 27, 1980,

with a my magnitude of 5% and a Mg magnitude of 4.9, was

Lg
generated by a predominately right-lateral strike-slip motion
orientated in a N30°E direction, and caused damages on the
order of $4,000,000. The earthquake is an important event in
the effort of quantify eastern North American (i.e., that area
east of the Rocky Mountains) seismicity because it took place
in an area where most researchers did not expect an earthquake
of such magnitude, and because the quantity and quality of the
noninstrumental and instrumental data is such that this earth-
quake is by far the most thoroughly studied and documented
earthquake to date, in eastern North America.

This report consists of two sections. The first section
contains a detailed report on the effects of the earthquake
within the 3,600 km? designated meizoseismal area. The second
section discusses the surface-wave, P-wave first motion, and
teleseismic data used to derive a focal mechanism, as well as
a discussion on the detailed aftershock study which most impor-
tantly identified the N30°E striking nodal plane of the derived

focal mechanism as the rupture plane of the main shock.

Any opinions, findings, conclusions
or recommendations expressed in this
publication are those of the author(s)
and do not necessarily reflect the views
of the National Science Foundation.
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The 5.3 mbLg magnitude earthquake that occurred near

Sharpsburg, KY on July 27, 1980, caused in excess of three

million
seismal
damaged

rotated

effects, the meizoseismal area is judged to represent the
intensity VI (MM) area of the earthquake.
meizoseismal area, the towns of Sharpsburg and Maysville, KY

are judged to have experienced a sufficient number of effects
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ABSTRACT

dollars worth of damage within a 3,600 km2 meizo-
area. Based on a number of criteria,
chimneys, cracked exterior and basement walls,

and displaced tombstones, and miscellaneous ground

to have been assigned an intensity VII (MM).

including

And within the



Introduction

The Modified Mercalli (MM) intensity VII earthquake of
July 27, 1980 caused in excess of three million dollars worth
of damage to homes, businesses, schools, churches, and a state
park within a 3,600 km? sparsely populated area of north-cen-
tral Kentucky. The area bounded by Paris, KY to the west,
Owingsville, KY to the east, Mt. Sterling, KY to the south,
and Ripley, OH to the north is designated in this paper as
the meizoseismal area of the event, and is outlined in Figure
1 by the dashed lines. Not incorporated in the meizoseismal
area are the isolated, but numerous instances of broken
chimneys, cracked basement walls, ground cracking, changes
in well water levels, and cracked or.dislodged parapet
damage reported throughout central Kentucky.

For the most part, damage to structures within the meizo-
seismal area was of the architectural variety, however. several
instances of damage involving the structural integrity of
buildings were also documented. In addition, ground effects,
such as landslides, changes in well and pond water levels, and
soil cracking occurred throughout the southern portion of the
meizoseismal area - effects that are explained by specific soil
and foundation conditions rather than severe ground-motions.

The purpose of this paper is to report on an extensive
set of first-hand field observations regarding the structural
and ground phenomena attributed to the Sharpsburg, KY earth-
quake. Data from questionnaries distributed in the meizo-

seismal area, and from requests for information published in



regional newspapers were used as a guide to follow-up field
studies that continued for several months after the occurrence

of the event.

Maximum Intensity

Two localities, Sharpsburg and Maysville, KY, experienced.
a sufficient number of Modified Mercalli (MM) intensity VII
effects to be characterized as sites of MM intensity VII. In
the rural area immediately about Sharpsburg, a village with a
population of 400, a few homes were shifted on their founda-
tions, 35% of the chimneys were damaged, four well built homes
were severely damaged, portions of the brick veneer on four
additional homes were knocked off, individuals in twe homes as
well as mourners attending a funeral in the village cemetery
reported difficulty in standing, and reports of three small
landslides, muddied water and changes in well water levels,
and three instances of the earthquake being felt in moving
vehicles were received. In addition, there were numerous
other reports of minor cracking in foundations, water wells,
cisterns, plastering, brick veneer, driveways, and outdoor
patios.

The MM intensity assigned to Maysville, a town with a
population of 7,000, is based on two instances of slope fail-
ure, the widespread chimney damage, and the cracked brick
walls and chimneys as well as the fallen parapets and ornaments

within the twelve square block area bounded by Fifth Street,



McDonald Parkway, Sutton Street, and Clarks Alley in the central
part of town. A more detailed description of the damage in
Maysville is given in Appendix A.

The criteria used to assign the MM intensity VII at the
two localities is, therefore, somewhat different. In Sharps-
burg, the MM intensity VII is assigned on the basis of the
ground effects and damage done to one and two story homes of
both older and newer construction; while in Maysville, the MM
intensity VII is based on damage done to multistory older
homes, and older commercial and public buildings. The usage
of different criteria is a result of (1) the population dif-
ference, and (2) the fact that nearly all of the damaged com-
mercial and public buildings in Maysville are older multi-
story structures, whereas the few commercial structures in
Sharpsburg are generally single story and significantly newer

than those damaged in Maysville.

MM Intensity Survey of the Mezoseismal Area

In the following paragraphs, a summary of the MM intensity
effects documented within the meizoseismal area of the July
27, 1980 Sharpsburg, KY earthquake are given. Within the rural
countryside and small farming communities that make up the
meizoseismal area, a sufficient number of MM intensity VI or
greater effects were observed, that we consider the area as a

whole as constituting the MM intensity VI area.



Manon Arnchdifectural Damage

There were numerous and widespread instance of minor
architectural damage, such as broken glass, cracked or fallen
plaster, and damage to decorative brickwork, reported through-
out the meizoseismal area. Figures 2 and 3 illustrate examples
of this type of damage in Maysville, Kentucky; Figure 2 shows
a broken 1/2 inch plate glass bank window, while Figure 3 is
of a brickfall from a damaged parapet. Figure 4 shows a window
in the courthouse at Flemingsburg, Kentucky from which the
cornice was shaken loose, while Figure 5 shows the cracked
cornice on the two-story Perfect Lady Beauty Shop in Owings-
ville, Kentucky.

Scattered instances of minor architectural damage were also
reported well outside of the meizoseismal area. The furthest
such report received, was from Pine Knot, Kentucky that is
175 kilometers to the south of the epicenter. At the home of
Mrs. Mabel Tartar on Rt. 1, several small cracks were found
between the brickwork near the front wall of the house, with
one large crack beginning at the foundation to a point half-
way up the front wall of the house. Other minor architectural
damage reports were received from Cincinnati, Ohio to the

north, and Prestonburg, Kentucky to the east.

Chimney Damage

The most prevalent and obvious type of damage to occur in
the meizoseismal area was chimney damage, which ranged from
a few bricks being dislodged at chimney tops, to instances of

chimiey falls and chimneys being broken near the roofline.



Figures 6 thru 12 iliustrate the range of chimney damage sub-
stained. In Figure 12, approximately three feet of the chimney
was broken off. Bricks from the chimney were scattered about
the yard with some being found as far as fifteen feet away

from the side of the house.

Factors that contributed to the extensive chimney damage
were (1) the age and type of mortar used between the chimney
brickwork, and (2) the lack of chimney flues in many of the
older homes. Homes with chimney damage were generally built
before Warld War II, with many dating back to the turn of the
century. Mortar used between the bricks of the chimneys of
the older homes consists of a locally produced limestone based
mortar that is susceptable to weathering. Figure 13 shows dis-
lodged bricks from the damaged chimneys on the two story wood-
frame Hall residence in Mt. Sterling, KY. Severe weathering of
the mortar used in the construction of the chimney is indicated
by the deep grooves between the bricks, and by the lack of
mortar on the brick faces of the dislodged bricks; mortar
showsup in the figure as white patches on the brick faces.

Another factor that contributed to the extensive chimney
damage in the meizoseismal area, is the nearly uniform lack
of chimney flues in the construction of the older homes. Not
only were the chimneys without flues subject to greater damage
above the roofline than those with flues, but many such chimneys
were cracked well below the rooflines and became potential
fire hazards.

Based on conversations with brick masons and homeowners,



the cost of repairing a chimney ranged from a low of $80 for
minor repairs involving chimney tops, to $500 for those re-
pairs to chimneys cracked below the roofline. The latter type
of damage was generally repaired by inserting a linear into

the chimney and filling the void between the linear and chimney

with cement.

Brich Walls and Veneen

Numerous examples of brick walls being cracked along
mortar joints~were observed and reported throughout the
meizoseismal area. Figures 14, 15 and 16 illustrate three
such instances of cracking. Figures 14 and 15 are of buildings
in Aberdeen, Ohio and Lewisburg, Kentucky respectively, which
are towns, in the northern extremity of the meizoseismal area.
At the southern edge of the meizoseismal area, Figure 16 shows
a similar type of crackihg in a concrete block structure on
the Mt. Sterling Gulf Course.

Figures 17 and 18 illustrate still another type of damage
to brick walls that was experienced in the epicentral region
about Sharpsburg, KY. Figures 17 and 18 show the damage to
the brick veneer of the back and front walls of the two-year
old wood-frame Golden residence that is located approximately
10 kilometers west of Sharpsburg. Brick veneer on the back
wall of the house was shaken off from the roofline down to the
level indicated by the arrow in Figure 17, while the brick
veneer on the front of the house was pulled out from the wall
and would have collapsed, except for the support of the molding

about the window frame as shown in Figure 18.



Three other homes in the epicentral area had their brick
veneer severely damaged by the ground-motions of the earthquake.
One home was the new Vice residence on Kentucky Rt. 32, 3 kilo-
meters from Carlisle, Kentucky, another home wasa 10 year old
Bedford style house in Sharpsburg, while a third house was a
newer home in Little Rock, Kentucky. Damage to the brickwork
on the Vice house was $4,500 while that to the other homes
were on the order of a couple of thousand dollars.

In addition to brick veneer being shaken off homes, numerous
other homes owners in the meizoseismal region reported crack-

ing in the mortar between the brickwork.

Cracks 4in Basement Walls

Several instances of severe damage to cisterns and base-
ment walls in the southern and central pertions of the meizo-
seismal area were reported. Figure 19 shows the basement wall
at the Cooper's residence in Flemingsburg, KY that was both
cracked and bowed by the ground-motions of the earthquake.
Figure 20, also from the Flemingsburg area, shows the cracked
boiler room stairwell in the basement of‘the Fleming County
dospital. Severely cracked basement walls were also observed
in the North Middletown, Sherburne, Owingsville, Sharpsburg,
and Little Rock, KY localities.

Besides the severe damage to the cisterns and basement
walls at the localities listed above, widespread reports of
minor cracking in cisterns and basement walls were received
from Carter, Elliott, Fleming, Rowan, Bath, Montgomery, Mason,

Bourbon, Nicholas, Clark, and Fayette counties in north-central



Kentucky, as well as one such report each from Wayne and Mc-

Creary counties in southeastern Kentucky.

Damage Due to Weak Structural or Geological Foundation Conditions

Some of the more severely damaged structures resulting
from the Sharpsburg earthquake, were those with poorly designed
or weakened structural foundations. An example of a structure
that sustained severe damage due in part to a poorly designed
structural foundation, is the 40 x 100 foot two story concrete
block Morning Star Baptist Church in Owingsville, KY. The
structure had been built in the early 1960's on the side of a
steep hill with a footing that was not properly secure to the
bedrock. During the earthquake, the rear quarter of the struc-
ture separated from the remainder of the building, and slide
down the hillside 2 inches before stabilizing. Figure'21 shows
the separation in the south wall of the exterior of the build-
ing, while Figure 22 shows the twisted pillars in the interior
of the church basement. As a result of the earthquake, the
Morning Star Baptist church building was condemned, torn down,
and replaced by a new structure.

Figure 23 is a picture of a badly damaged 150 year old
Purvis residence one kilometer south of Sharpsburg. The damage
to the Purvis house is an example of a building that sustained
severe damage primarily as a result of a structural foundation
that had been seriously weakened by age and weathering. The
cracks about the door frames in the figure are typical of
the cracking that occurred throughout the exterior and inter-

ior walls of the house. Some of the cracks were large enough



10

that one could see, without difficulty, into the interor of

the house from the outside. As with the Owingsville Morning
Star Baptist Church, the Purvis house has been condemned by the
local building inspector, and has since been abandoned.

As a point of interest, the reason the windows in the
Purvis house shown in Figure 23 were not broken, is that they
were of Plexiglass instead of glass.

An example of extensive damage being due in part to un-
favorable ground conditions, is the damage at Blue Licks State
Park that is west of Mt. Olivet, KY. Figures 24, 25, and 26
illustrate just a few examples of the extensive cracking of
the bathhouse, pool deck area, and a picnic shelter at the
park. In addition to these facilities, the park superintend-
ent's house and park museum which are substantial fieldstone
structures, as well as the walls of the pool were extensively
cracked. In the case of the pool deck area, pool, and bath-
house, a likely explanation for the damage 1is the fact that
these facilities were built ten years ago on a man-made fill
that probably underwent further compaction as a result of the
earthquake. The cause of the cracking and differential settl-
ing of the concrete floor in the picnic shelter in Figure 26,
as well as the other picnic shelters in the park, the museun,
and the park superintendent's house, is not as obvious. These
structures were all built on natural terrain which, in parti-
cular, seems to preclude a differential settling on the order
of the 1 inch that was observed at the picnic shelter shown

in Figure 26.
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Damage to Well Constructed Structures

There were a few instances of severe damage being sustained
by apparently well built structures that were (1) in a good
state of repair, (2) had a substantial foundation, and (3) were
situated on natural terrain. Figure 27 shows the interior view
of the living room fireplace in the Carpenter residence on the
Bunker Hill road approximately 3 kilometers west of Judy, Ken-
tucky. In addition to the fireplace mantle being pulled away
from the wall, the house sustained cracked and buckled walls
both upstairs and downstairs, damage to a chimney, dislodged
bricks from another fireplace, and a cracked foundation. The
home is a 100 year old recently remodeled two story wood-frame
house that appears to have been ;arefully maintained. Damage
to the house was substantial, with the plaster damage alone
costing $3,500.

Another home that suffered extensive interior damage was
the two-story Clay residence on Flat Creek road 2 kilometers

east of Sharpsburg. The house consists of two parts, an older

masonary section dating back about 70 years and a small wood-
frame section of approximately 10 years in age. Structural
damage to the house was restricted to the older section, al-
though the newer section was severly shaken as demonstrated

by the articles thrown off shelves, opened cupboard doors with
contents on floor, and a broken chandalier. Figure 28 shows

a typical corner between the front of the house and a second
floor interior partition. Even more dramatic was the movement

of the ceiling on the second floor of the older section of the
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house with respect to the interior partitions. On the south-
west side of the house, the second floor ceiling was displaced
nearly 2 inches with respect to the interior walls. Unfortu-
nately, pictures showing this movement were inadvertently de-
stroyed during the developing process.

The Toy residence, about 5 kilometers southeast of Sharps-
burg on the Bennett Branch road, also suffered extensive damage
from the earthquake. Figure 29 shows the west side of the house
that was buckled inwards; the east side wall was buckled out-
wards. Figure 30 shows the cracked concrete blocks in the
well house that sets on naturally level terrain on the east
side of the house. Figure 31 shows the severed water pipe
that went from the well house through the basement wall to the
hotwater *heater that was overturned during the earthquake.
Figure 32 shows one side of the two-story concrete block garage
on the Toy farm. And, as in the case with the concrete block
well house, the crack passes through the concrete blocks, not
just along the mortar joints. Unlike the house and well house
though, the garage was built into the side of a hill with a
gentle slope off to the right of the wall shown in Figure 32.
The motion inside of the house, as a result of the earthquake,
is described by Mr. Toy as being ". . . so bad that I and my
family found it difficult to stand".

Four kilometers east of Sharpsburg on Flat Creek road,
the hundred year old two-story brick home of Mr. Raymond Stull
was extensively damaged by the earthquake. The cemented lime-

stone foundation on the west side of the house was bowed
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outwards 7 to 8 inches, the three chimneys on the house were
damaged - with the chimney on the west side of the house being -
split from the roofline to the fireplace, while the screws
holding the mantle to the wall over the fireplace on the east
side of the house were pulled out of the wall about 2 inches.
Damage to the house also included a voom on the first floor

of the east end of the house that was noticeably twisted out

of alignment with the rest of the house; the wallpaper in this
room was torn in a manner suggesting a twisting or shear-type
of motion. In addition, cupboards were emptied of their
contents, pictures were knocked off walls, and Mrs. Stull and
her daughter, who were in the house during the earthquake, re-
ported that they were unable to stand during the event. Fig-
ures 33 and 34 illustrate a portion of the damaged limestone
foundation along the front of the Stull residence, and crumpled
and torn wallpaper in the corner of the first floor room at

the east of the house.

Another structure that was severly damaged by the earth-
quake, was the Mt. Sterling Middle School on Kentucky Rt. 11
in Mt. Sterling, KY. The three-story brick building was com-
pleted in the early 1930's and appears to have been kept in a
good state of repair. Figure 35 shows the third floor of the
south wall which was so badly damaged that one window was re-
moved and bricked over, and the lintellover the window to the
right was knocked out about 2 inches from the wall. This sec-
tion of the exterior wall required $22,000 dollars in repairs

immediately after the main shock, in order to stabilize the
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wall from further movement. Figure 36 is an interior shot of
the typical type of damage done to the window pillars on the
south side of the second floor of the building, while Figure
37 shows the type of interior damage typically found along the
north wall of the building. Total damages to the structure
was estimated by the city's architect to be on the order of

$325,000.

Tombstones

Tombstones throughout the meizoseismal area were effected
by the ground-motion of the earthquake. Based on our observa-
tions, the movement of the tombstones was random; that is, we
observed tombstones - in the same cemetery - that had rotated
clockwise, counterclockwise or shifted on their pedestal with
somewhat equal regularity. Figures 38, 39 and 40 illustrate
three tombstones in the Sharpsburg valley cemetery that give
evidence of rotation, displacement, and partial overturning,
respectively. A few tombstones in the cemetery were completely
overturned by the earthquake, but were righted by the ground-
keeper the day after the event.

Ground motions at the Sharpsburg village cemetery not
only effected tombstones, but were also noticeable to mourners -
attending a funeral. They described the ground-motion as severe
enough to make it difficult to stand, and to be noticeable in

slowing moving cars.

Ground Efgects

The Sharpsburg earthquake caused ground cracks, landslides,
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and changes in well water. Figure 41 illustrates the geo-
graphical distribution of the reported ground cracking, while
Figure 42 is a closeup of a ground crack in Owingsville, Ken-
tucky that is typical of those reported. The Owingsville
ground cracking occurred extensively throughout an open field
on a hillside of 8° slope that is covered with 4 to 6 feet of
soil of high clay content. The ground cracking at the Lexing-
ton,‘Hillsboro, and Morehead sites indicated in Figure 41 oc-
curred under similar circumstances; i.e., on open slopes cover-
ed with éoil high in clay content. These conditions, plus the
fact that central Kentucky experienced a severe drought during
the summer of 1980, leads us to the conclusion that the cracks
are essentially dessication cracks triggered by the earthquake.
Another ground effect attributed to the Sharpsburg earth-
quake, were the three instances of landslides in the epicentral
region as indicated in Figure 41. Figure 43 shows one such
landslide in a road cut near the junction of Hinkston Creek,

and the boundary of Nicholas and Bourbon counties - approxi-

mately seven kilometers west of Sharpsburg. The rock matrix
in this area consists of alternating layers of weak shales and
limestones that are very susceptible to weathering. Consequent-
ly, the landslides are considered to be a secondary effect
triggered by the earthquake, and not necessarily indicative of
appreciable ground-motions.

The third type of ground effect reported as a result of
the Sharpsburg earthquake was changes in well water. Figure

44 illustrates the distribution of the changes in the well
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water that were documented during the course of this study.

In the figure, (M) indicates a report of muddied well water,
(+) indicates an increase in the well water level, and (-)
indicates a decrease in the well water level. The decreases
in the water levels shown in the lower right-hand corner of
the figure are the most reliably documented, since the water
level in the well and adjacent natural pond were being used

in a water monitoring project. The water level in the well
dropped eight féet while the water level in the pond dropped
about two feet shortly after the occurrance of the earthquake.
These changes in the water level, as with those changes in the
water levels documented elsewhere, appear to be permanent. In
addition to the changes in the water levels shown in Figure 44,
reports by county agricultural agents and conversations with
farmers in Clark, Montogomery, Robertson, and Bath counties
suggests that the changes in water levels were probably sub-
stantially more widespread than those which we were able to

document.

Highway Bridges

As part of the field investigation of the earthquake, a
visual inspection of the highway bridges in the region about
the epicenter was conducted to determine whether any of the
bridges showed signs of having moved as a result of the
event. This inspection consisted of a check of joints such
as those found between bridge spans and their support columns.
Of the bridges inspected, the only one that apparently moved

during the event was a sixty foot, simple truss bridge built
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in 1892 on the Nicholas and Bath county line eight kilometers
west of Sharpsburg.

The freshly painted, broken tie-rod that supports the
wooden railing shown in Figure 45, is typical of the damage
done to the tie-rods on the northern and southern corner of
the northeast-southwest orientated bridge. Tie-rods for the
wooden railings on the opposite two corners were not noticeably
effected. While the upper portion of the bridge was apparently
twisted during the earthquake, an inspection of the paint on
the rollers and tie-rods between the ends of the bridge span
and bridge abutments, indicated that the bridge as a whole

did not move.

Misfeading orn Incornect Reports of Earnthquake Related Damage

During the course of documehting the effects of the Sharps-
burg earthquake, a few instances of seemingly significant dam-
age were found to be incorrect. In Owingsville, KY it was widely
reported that the ceiling of the Catholic church on Main Street
had suffered extensive damage as a result of the quake. This
report was seemingly substantiated by the fact that the church
was closed immediately after the earthquake and all persons
were barred from entry. However while trying to obtain an
estimate as to the cost of damages sustained by the church,
the office of the local diocese informed us that the ceiling
of the church was in a badly deteriorated state of repair due
to a leaking roof‘prior to the earthquake, and that in their
opinion the earthquake had merely aggrevated an existing pro-

blem and advanced the schedule of the necessary repairs.
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Another example of seemingly significant earthquake re-
lated damage that is misleading, is the cracked concrete block
wall of the Calvery Baptist Church in Maysville, KY shown in
Figure 46. The cracking observed in the church wall near the
roofline follows along a pre-existing crack that had been
previously patched and stabilized by tie-rods. Also in Mays-
ville, an example of damage being incorrectly attributed to
the earthquake, is the report of an underground water main
being broken on Fourth Street. A check with the Maysville
Department of Water Resources indicates that the water main
had been leaking, and was dug up prior to the occurrance of

the earthquake.

Monetary Cost of Damages

As stated in the introduction, the July 27, 1980 earth-
quake resulted in excess of three million dollars worth of
damages to homes, businesses, schools, churches, and a state
park within an area we have designated as the meizoseismal
area. Table 1 is a breakdown of the estimated cost of damages
by county, and type of structure. The damage figures are
based on information compiled by the Small Business Administra-
tion(SBA), Diaster and Emergency Services (ES), the Park
Superintendent at Blue Licks State Park, and our conversations
with homeowners and brickmasons. Under the category of dam-
age to residences, we include chimney damage as well as the

more severe damage such as that previously described at the
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Stull residence. Not included in the estimated cost of dam-
ages, are the costs for repairing the many basement walls
cracked during the earthquake. A local company that specializes
in waterproofing basements, estimates that damage per basement
range upward to a few thousands of dollars, depending on the
extent of resealing that was necessary.

The accuracy of the monetary damages listed in Table 1
needs to be qualified. The most accurate estimate of damages
are probably those given for Mason County since the damages
in that county were concentrated in the city of Maysville which
received widespread publicity at the time of the event. The
most inaccurate cost of damages given in Table 1, are probably
those listed for Bath, Fleming, and Montgomery counties.
Damages in these counties were primarily in rural areas, received
little publicity, and consequently were very difficult to do-
cument.

In summary, with respect to Table 1, we have documented
three million dollars worth of damage within the meizoseismal
area as a result of the July 27, 1980 earthquake. It is our
conclusion, however, that a more accurate monetary cost of
damages is probably on the order of four million dollars if
basement damage, damage outside of the meizoseismal area, and
the probably underestimated damage figures in Bath, Fleming

and Montgomery counties are taken into consideration.
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Summarz

This report presents the observations and information
gathered during a year long follow-up study in the meizoseismal
area of the July 27, 1980 Sharpsburg, KY earthquake. Impor-
tant results of this study are as follows:

1. Maximum Modified Mercalli (MM) intensities of VII
were experienced in the area of Sharpsburg and
Maysville,.kY;

2. the remainder of the 3,600 km2 meizoseismal area
generally experienced MM intensity VI or greater
effects; and

3. the estimated monetary value of the damage attributed
to the Sharpsburg earthquake was on the order of
four million dollars.

Not included in this paper, are the results from the

follow-up of the numerous miscellaneous reports of minor

damage outside of what we have designated as the meizoseismal
area. We know, for example, of ten chimneys being damaged

and several instances of plaster and basement walls being
cracked in the Lexington, KY area, of at least eight chimneys
being damaged in northeastern Jessamine county, and that the
home of Mr. Fred Barnsdale near Eliottville, KY was shifted

by a quarter of an inch on its cement block foundation. In
addition to these reported instances of damage, we suspect that

there were several other unreported instances of minor damage.
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outside of the meizoseismal area, particularily in the sparsely
populated region to the south and southeast of the meizoseismal

boundary shown in Figure 1.
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TABLE CAPTION

Estimated cost of damages within the meizoseismal
area of the July 27, 1980 Sharpsburg, Kentucky

earthquake.



TABLE 1

DAMAGE ESTIMATE
July 27, 1980 Earthquake

Bath County, KY
Churches (6) $345,000
Businesses (32) $201,000
Residences (268) $303,000

Bourbon County, KY
Residences (52) $15,000

Fleming County, KY
Residences (190) §38,000
Fleming County Hospital §$5,000

Mason County, KY
Churches (4) §$200,000
Businesses (37) $303,000
Residences (269) $800,000
Private Schools (1) $20,000

Montgomery County, KY
Residences (52) $20,000

Mt. Sterling Middle School $325,000
Other Schools (3) $150,000

Nicholas County, KY
Residences (251) $52,000

Robertson County, KY
Residences (50) $10,000
Blue Licks State Park $250,000

TOTAL

$ 849,000
$ 15,000
$ 43,000
$1,323,000
$ 495,000
$ 52,000
$ 260,000

$3,037,000
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FIGURE CAPTIONS

Figure 1. Meizoseismal area of the July 27, 1981 Sharpsburg,
KY earthquake. Epicenter, at Sharpsburg, is represented
by open triangle.

Figure 2. One-half inch broken plate glass bank window at
street level in downtown Maysville. Photo by courtesy
of J. Parker.

Figure 3. Brick fall from broken parapet in downtown Maysville,
KY. Photo by courtesy of J. Parker.

Figure 4. Window cornice shaken loose from courthouse, in
Flemingsburg, KY.

Figure 5. Cracked cornice on second story of Perfect Lady
Beauty Shop in Owingsville, KY.

Figure 6. Chimney damage at Robert's residence in Sharpsburg,
KY.

Figure 7. Broken chimney at the top of the west wall of the
two story Toy residence near Sharpsburg, KY.

Figure 8. Typical chimney damage in downtown Maysville.
Photo by courtesy of J. Parker.

Figure 9. Chimney damage at abandoned residence on Route 11
south of Moorefield, KY.

Figure 10. Chimney damage at 152 Main Street, Owingsville, KY.
Figure 11. Chimney fall at one story frame structure at Sherburn,
KY. Notice that the chimney has no flue for internal sup-

port, and that the mortar is in poor condition..

Figure 12. Chimney damage at Brewer residence on Route 11 north
of Sharpsburg. Notice the condition of the mortar.

Figure 13. Chimney damage at two story frame Hall residence in
Mt. Sterling. Notice poor condition of mortar.

Figure 14. Cracked brick wall in school one block from Ohio
River in Aberdeen, OH.

Figure 15. Cracked brick wall in six year old residence in Lewis-
burg, KY (see arrow).

Figure 16. Cracks in concrete block structure at golf course in
Mt. Sterling, KY. Photo by courtesy of J. Zollweg.
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Figure 17. View of the rear of the Golden residence where brick
veneer was shaken off.down to the level indicated by the
arrow. The structure is approximately 10 kilometers west
of Sharpsburg, KY, and is two years old.

Figure 18. Same structure as shown in Figure 17, but view shows
the front of the house where the brick veneer is pulled
out from around the window frame (see arrow).

Figure 19. Cracked and bowed concrete block basement wall at
Cooper residence in Flemingsburg, KY.

Figure 20. Cracked stairwell in the boiler room of the Fleming
County Hospital in Flemingsburg, KY.

Figure 21. Cracked and separated exterior wall of the Mornlng
Star Baptist Church in Owingsville, KY.

Figure 22. Displaced near pillar in the basement of the Morning
Star Baptist Church in Owingsville, KY (see arrow).

Figure 23. Extensive cracking in the 150 year old brick Purvis
home on the outskirts of Sharpsburg, KY.

Figure 24. Cracked foundation in the poolhouse at Blue Lick
State Park, KY.

Figure 25. Cracked cement pool deck, believed to be caused by
settling of manmade fill, at Blue Lick State Park, KY.

Figure 26. Cracked cement floor of a picnic shelter at Blue
Lick State Park, KY.

Figure 27. Separation of fireplace mantle from wall at the
Carpenter residence near Judy, KY. Photo by courtesy
of TVA.

Figure 28. Plaster crack in scond story bedroom of the Clay
residence near Sharpsburg, KY.

Figure 29. View of the west wall of the Toy structure near
Sharpsburg, KY. Notice how the wall is bowed inwards
(see arrow); east wall of the structure was bowed outwards
in a like manner.

Figure 30. Cracked cement block well house on the Toy farm near
Sharpsburg, KY.

Figure 31. Broken 1 inch water pipe in cellar of well house on
the Toy farm near Sharpsburg, KY. Broken water pipe was
attached to a free standing four foot tall by two foot

diameter water tank that was knocked over by the earthquake.
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Figure 32. Crack in concrete block sidewall of the two story
garage on the Toy farm near Sharpsburg, KY. The struc-
ture 1is built on the west slope of a hill, and the rear
wall of the structure was shifted down slope.

Figure 33. Workman repairing the damaged limestone foundation
of the Stull residence near Sharpsburg, KY. This section
of the foundation was badly cracked, and displaced by as
much as eight inches as result of the earthquake. Photo
by courtesy of Mrs. R. Stull.

Figure 34. View of the torn wallpaper along the corner of the
first floor east end room of the Stull home near Sharps-.
burg, KY. Photo by courtesy of Mrs. R. Stull.

Figure 35. Damaged exterior south wall of the middle school in
Mt. Sterling, KY. One window was removed and bricked 1in,
as was the stone lintel over the window to the right (see
arrows).

Figure 36. Damaged to one of several window pillars on the
second floor of the middle school in Mt. Sterling, KY.

Figure 37. Typical damage to the interior of the north wall on
the second floor of the middle school in Mt. Sterling, KY.

Figure 38. Clockwise rotation of stone monument in the Sharps-
burg cemetery - penny for scale.

Figure 39. Example of stone monument in the Sharpsburg cemetery
that was shifted approximately 3/4 of an inch.

Figure 40. Example of a tombstone in the Sharpsburg cemetery
that would have fallen if not for the metal rods con-
necting the top to the base.

Figure 41. Map illustrating the distribution of some of the
ground cracking (X) and landslides (L) reportedly result-
ing from the earthquake.

Figure 42. Ground cracking in Owingsville, KY that is believed
to be desiccation cracks triggered by the earthquake.
Pen for scale.

Figure 43. Small rockslide in roadcut near the Nicholas Co.-
Bourbon Co. line that was triggered by the earthquake.

Figure 44. Map illustrating the changes in well water levels
(+ for increase flow; - for decrease flow), and muddied
water (M) as a result of the earthquake.

Figure 45. View of a broken and twisted tie-in rod observed on
a small bridge on the Nicholas Co.-Bourbon Co. line (see
arrow; half dollar is used for scale).
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Figure 46. Previously cracked concrete block wall in the Calvery
Baptist Church in Maysville, KY that was reopened by the
earthquake. Photo by courtesy of TVA.
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Figure 2. One-half inch broken plate glass bank window at
street level in downtown Maysville. Photo by courtesy
of J. Parker. '

Figure 3. Brick fall from broken parapet in downtown Maysville,
KY. Photo by courtesy of J. Parker.



re

igﬁre 4, i’?indok" co
Flemingsburg, KX

Vi
/

ken loose from ¢q
Y.



Figure 6. Chimney damage at Robert's residence in Sharpsburg,

Figure 7. Broken chimney at the top of the west wall of the
two story Toy residence near Sharpsburg, KY.



Figure 8. Typical chimney damage in downtown Maysville.
Photo by courtesy of J. Parker.

on Route 11

at abandoned residence
south of Moorefield, KY.

Figure 9. Chimney damage



Figure 11. Chimney fall at one story frame structure at Sherburn,
KY. Notice that the chimney has no flue for internal sup-

port, and that the mortar is in poor condition.
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Figure 12. Chimney damage at Brewer residence on Route 11 north
of Sharpsburg. Notice the condition of the mortar.

\"

Figure 13. Chimney damage at two story frame Hall residence in
Mt. Sterling. Notice poor condition of mortar.
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Figure 16. Cracks in concrete block structure at golf course in
Mt. Sterling, KY. Photo by courtesy of J. Zollweg.

Figure 17; View of the rear of the Golden residence where brick
veneer was shaken off down to the level indicated by the

arrow. The structure is approximately 10 kilometers west
nf Sharnshure. KY. and is two years old.



Figure 18. Same structure as shown in Figure 17, but view shows
the front of the house where the brick veneer is pulled
out from around the window frame (see arrow).
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Figure 19. Cracked and bowed concrete block basement wall at
Cooper residence in Flemingsburg, KY.
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Figure 20. Cracked stairwell in the boiler room of the Flemlng
County Hospital in Flemlngsburg, KY.

Figure 21. Cracked and separated exterior wall of the Morning
Star Baptist Church in Owingsville, KY.
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Figure 22. Displaced near pillar 1n.the basement ©
& Star Baptist Church in Owingsville, KY (see arrow).

Figure 23. Extensive cracking in the 150 year old brick Purvis
home on the outskirts of Sharpsburg, KY.



Figure 24. Cracked foundation in the poolhouse at Blue Lick
State Park, KY.

Figure 25. Cracked cement pool deck, believed to be caused by
settling of manmade fill, at Blue Lick State Park, KY.
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Figure 26. Cracked cement floor of a picnic shelter at Blue
Lick State Park, KY. )

Figure 27. Separation of fireplace mantle from wall at the
Carpenter residence near Judy, KY. Photo by courtesy
of TVA.
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Figure 28. flagter crack in sscond story bedroom of the Clay
residence near Sharpsburg, KY.
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Figure 29. View of the west wall of the Toy structure near
Sharpsburg, KY. Notice how the wall is bowed inwards
(see arrow); east wall of the structure was bowed outwards
in a like manner.



Figure 30. Cracked cement block well house on the Toy farm near
Sharpsburg, KY.

Figure 31. Broken 1 inch water pipe in cellar of well house on
the Toy farm near Sharpsburg, KY. Broken water pipe was
attached to a free standing four foot tall by two foot
diameter water tank that was knocked over by the earthquake.
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Figure 32. Crack in concrete block sidewall of the two story
garage on the Toy farm near Sharpsburg, KY. The struc-
ture is built on the west slope of a hill, and the rear
wall of the structure was shifted down slope.
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Figure 33. Workman repairing the damaged limestone foundation
of the Stull residence near Sharpsburg, KY. This section
of the foundation was badly cracked, and displaced by as
much as eight inches as result of the earthquake. Photo
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Figure 34. View of the.torn wallpaper along the corner of the-
first floor east end room of the Stull home near Sharps-
burg, KY. Photo by courtesy of Mrs. R. Stull.
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Figure 35. Damaged exterior south wall of the middle school in
Mt. Sterling, KY. One window was removed and bricked in,
as was the stone lintel over the window to the right (see
arrows).
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Figure 36. Damaged to one of several window pillars on the
second floor of the middle school in Mt. Sterling, KY.

Figure 37. Typical damage to the interior of the north wall on
the second floor of the middle school in Mt. Sterling, KY.
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. Clockwise rotation of stone monument in the Sharps-
burg cemetery - penny for scale.

Figure 38

Figure 39. Example of stone monument in the Sharpsburg cemetery
that was shifted approximately 3/4 of an inch.
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Figuré 42. Ground cracking in Owingsville, KY that is believed
to be desiccation cracks triggered by the earthquake.
Pen for scale.

Figure 43. Small rockslide in roadcut near the Nicholas Co. -
Bourbon Co. line that was triggered by the earthquake.
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Figure 45. View of a broken and twisted tie-in rod observed on
a small bridge on the Nicholas Co.-Bourbon Co. line (see
arrow; half dollar is used for scale).

Figure 46. Previously cracked concrete block wall in the Calvery
Baptist Church in Maysville, KY that was reopened by the
- earthquake. Photo by courtesy of TVA.



Figure 45. View of a broken and twisted tie-in rod observed on
a small bridge on the Nicholas Co.-Bourbon Co. line (see
arrow; half dollar is used for scale).

Figure 46. Previously cracked concrete block wall in the Calvery
Baptist Church in Maysville, KY that was reopened by the
earthquake. Photo by courtesy of TVA.
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APPENDIX A: DAMAGE SUSTAINED IN MAYSVILLE, KY AS A RESULT OF

THE JULY 27, 1980 EARTHQUAKE

Structures damaged in Maysville by the July 27, 1980

earthquake were primarily older buildings (pre-1930) multi-
story structures, and concentrated in the three areas of

town outlined by the dashed lines in Figure Al. Throughout
the remainder of Maysville, as well as within the residential
areas to the east and west of the town that are built along
the same alluvial flood plain that underlies Maysville, were
scattered instances of broken windows, minor chimney damage,
and instances of cracking along the joints in brick walls.

The following summary is a list of the specific damage

observed in the areas outlined by the dashed lines in Figure
Al.

1. Structures within area A of Maysville sustained the
greatest damage. St. Patrick's Church, located at
the corner of East Third and Limestone Streets sus-
tained extensive plaster cracks, toppled chimneys,
and the cracked lintel shown in Figure A2; during
the earthquake the church bells were heard ringing.
The church was built in the late 1800's, remodeled
ten years ago, and sits on level ground.

Adjacent to the church, the five year old
gymnasium ceiling of St. Patrick's School separated
from the wall and partially collapsed.

Along East and West Fourth Streets between

Sutton and Limestone Streets, numerous instances of
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plaster damage, broken and twisted chimneys, and
cracked brick walls were observed. The front walls
of one house, that was apparently in a poor state
of repair prior to the earthquake, were bowed out-
wards and extensively cracked. In contrast, the
wood frame houses along the southside of Fourth
Street were, with exception to their chimneys,

not noticeably damaged.

Hayswood Hospital, which 1s situated on the
side of a steep hill on the southside of Fourth
Street, consists of an older section in front built
in 1911, and a newer addition in back that was built
about ten years ago. Damage to the hospital con-
sisted of interior plaster cracks in the front
section as well as lateral displacements of up to
1 inch at the joints betweeh the sections of the
front columns shown in Figure A3. The newer back
part of the hospital remained undamaged.

Across the street from the Mason County Court
House located near the intersection of Catholic Alley
and East Third Street, a section of an old stone
fence moved downhill about five inches, while another
section separated from an adjoining garden house. At
the First Presbytarian Church, which is adjacent to
the court house, one inch thick glass planes were
cracked on the ground floor, and four large north-

south orientated cracks were visible in the ceiling
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plaster (new in April) on the upper floor.

The most severe damage in area A, and in fact
in Maysville, was along Sutton Street. Brick walls
in the older homes were extensively damaged, as were
the majority of chimneys.
In the west end of Maysville within the area designated
as B in Figure Al, numerous examples of chimney damage
were observed, as well as one instance of a stone
fence that had been shifted downhill about four inches.
The houses in this section of Maysville are some of
the oldest in town.
The third area in Maysville that sustained numerous
instances of damage, is the area outlined in Figure
Al on the east end of town and designated by the
letter C. The homes in this section are generally
newer than those in areas A apd B, and instance of
damage were fewer and less severe. Nevertheless, this
area sustained widespread minor chimney damage, and

numerous instances of broken glass.
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FIGURE CAPTIONS FOR APPENDIX

Figure Al. City map of Maysville, KY. The shaded sections
identified by the capital letters are referred to in the
text of the Appendix.

Figure A2. C(Cracked door lintel in St. Patrick's Church on W.
3rd Street in Maysville, KY. Photo by the Courtesy of TVA.

Figure A3. Columns at the front of the Hayswood Hospital in
Maysville, KY that were displaced by as much as one inch
at the joints.
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Figure AZ2. Cracked door lintel in St. Patrick's Church on W.
3rd Street in Maysville, KY. Photo by the Courtesy of TVA.

#53
_ % . »
Figure A3. Columns at the front of the Hayswood Hospital in

Maysville, KY that were displaced by as much as one inch
at the joints.
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The Sharpsburg, Kentucky Earthquake of July 27, 1950
Robert B. Herrmann, Charles A. Langston

and James E. Zollweg®*

ABSTRACT

The Sharpsburg, Kentucky earthquake was the second largest
earthquake to have oc':curred in the U.S., east of the Continental
Divide, in the past twenty years, having a seismic moment of 4.1 x
10®® dyne-cm. A surface-wave focal mechanism study defines a
nodal plane striking N30°E, dipping 50°SE and a nearly vertical
nodal blane striking NB60°W. P-wave first motion data indicate
right-lateral motion on the nodal plane striking N30°E, with the
preséure axes oriented east-west. These angles can be varied by +
10° without affecting the fit to the surface wave data. The surface-
wave solgtion is reinforced by a modeling of long-period seismo-
grams at regional distances.

The P, pP and sP polarities aﬁd amplitudes from the short
period vertical component array stack at NORSAR are used
together with six unambiguous short period P wave first motions
recorded in North America to test whether it is possible to con-
train focal mechanism solutions with such data. These solutions
are compatible with the surface wave solution. Waveform modeling
of f.he NORSAR data suggests a source pulse duration of 1.0 seconds

and constrains- the depth to 12.0 kmm. To match m, estimates from

*Present address: Geophysics Program AK-50, University of Washington, Seattie, WA 98195,
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NORSAR and Canadian stations, t* for teleseismic P, must be 0.7
and 0.5, respectively, wken the synthetics are scaled using the sur-

face wave seismic moment.

In spite of extensive coverage of the epicentral zone, fewer
than 70 aftershocks were recorded. The largest aftershock had an
my g = 2.2. Aftershock locations suggest that the nodal plane
striking N30°E is the fault plane. An aftershock area of 30-50 km?

implies a stress drop of 2.8-8 bars and a dislocation of 2.0-3.4 crn.

Because of the variety of studies performed, this earthquake
is presently the best studied eastern North American seismic event
with well constrained estimates of focal depth, fécal mechanism
and seismic moment and indications of the duration of the source

time function and upper mantle P-wave t*.
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INTRODUCTION

The Sharpsburg, Kentucky earthquake occurred at 18:52:21.-8 uT on‘July 27,
1980 and was located at 38.17°N, B3.91°W with a focal depth of B km {NEIS). NEIS
gave magnitude estimates of m), = 5.2 and Ms=4.7. Using regional phases, Mauk
et al (1982) gave the coordinates 38.18°N and 83.94°W and a focal depth of 15 km
for the earthquake. In reviewing the earthquake history of the region, Reagor et
al. {(1981) noted that the earthquake occurred in an area of low seismic activity,
with no equivalent sized earthquake having occurred within 200 km. Becaﬁse of
iis size, its unexpected location, and because it was well-recorded, a number of
diﬂeren't types of analysis of the main shock and aftershocks were performed in
order to estimate the focal depth, focal mechanism, seismic moment and sbatial

distribution of aftershocks.
. MAIN SHOCK SOURCE STUDIES

Seve?al focal mechanism studies were performed on the main shock. Mauk
et al (1980) used regional and telesei;mic P-wave observations to obtain a focal
mechanism consisting of a nodal plane striking N 16° E, dipping 56° E with = slip
angle of 232° Because this focal mechanism differed substantially from the ones
- obtained from regional surface wave and teleseismic body wa;'eform studies dis-
cussed in the present paper, Mauk et al (1982) reexamined their data, finding
errors in some of the seismograph station polarities. Using the corrected data
set, they obtained a focal mechanism cohsist'mg of a nodal plane striking
N 42° E, dipping 50°E with a slip aﬁglg of 1B4°; This section discusses the surface
wave and body waveform analysis of this _earthquake.

Surface Wave Studies.
'I'ﬁe focal mechanism. focal depth and seismic moment were estimated

using the technigues described by Herrmann (1979). The Central United States

earth model of Table 1 and the surface-wave anelastic attenuation coefficients of
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Herrmann and Mitchell (1875) were used for the inversion of the surface-wave
data. Rayleigh wave spectral amplitude data in the period range ofAS to 45
seconds were obtained from the eighteen seismograph stations SCH, OTT, MNT,
| STI, WES, BLA, SHA, EPT, LUB, ALQ. FVM, SLM, DUG, COR, PNT, FFC, YKC and FCC
to. yield a totaJ.»of 237 spectral amplitude-period pairs for analysis. Love-wave
datﬁ in the period range 8 to 50 seconds yielded 223 spectrbal amplitude-period
: pmrs from the seventeen se1smograph stauons SCH, OTT, MNT STJ, WES, BLA,

SHA.EPT LUB, ALQ. DUG, COR, PNT, SES, FFC, YKC and FCC

-

After systematlcally searching through all possible focai mechanisms, the
surfaée-wave axﬁplitudé spectra and P-wave first motion data were best fit by the
focal mechanism given in Figure 1. The pressure axis trends at 251° and plunges
at 21° while the tension axis trends at 349° and plunges at 21°. For these param-
eters one nodal plane strikes N30°E and dips 60° while the other is vertical and

| strikes N60°W. This focal mechanism is also parameterized by a strike, s, of 30°,
a dip, 4. of 80° and a slip, A, of 180°. Proceeding clockwise from north, the
seismograph stations and their P-wave polarities ;re AAM(+), AN3(+), ALE(+),
BVI(-), HWY(. BLA(). NAV(-). TKL(+). PWLA(-), WCK(). DWM(-), RMB(). ELC(Y.
DON(-), FVM(-), TYS(-), SLM(-), BLO(-)., CHI(+). LHC(+), FCC(+), AN11(+), AN10(+),
ANB(4) and AN1(+). f‘or regional P-phases, the P-wave take-off anglés of 47° and
' 49° were used for stations at distances greater than and less than 400 km,
. respectively. The surface-wave data were quite sensitive to the dip and strike of
the nodal planes, so that these ;;arameters are known to within £10°. Perhaps
due_i to the naiurﬁ of the focal mechanism, as well as the small number of
: lpec&d—ampﬁtud; péirs. _l'.he surface-wave data were not very sensitive to focal
depth such that.. any focal depth between 14 aﬁd 22 km would fit the spectral
amplitude data equally wéll. An acceptable value would be a focal depth of 18

km, for which the seismic moment is estimated to be 4.1 x 10% dyne-cm. Fol-
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lowing Herrmann (1879), the correlation coefficient between the observed and
predicted Rayleigh-wave vertical component spectral amplitudes is I‘g~= 0.734,
while for the Love-wave data it is ry, = 0.668. The focal depth of 18 km is indi-
cated because rp peaks at this depth. The seismic moment estimate increases
with focal depth from 3.7 x 102 dyne-crm at 14 km depth to 4.7 x 10%® dyne-cm at
- 22 km depth. The anelastic- attenuation-corrected, observed Rayleigh and Love
wave data are compared to theofetical radiation patterns in Figure 2. The fits

are excellent, as indicated by the large values of the correlation coefficients.

Regional Waveform Studies.

Because of the distribution of excellent first motion data, there is no prob-
lem in defining the compressional and dilatational quadrants of the focal.
mechanism. An indt;pendent test; of the correctness of the solution could be
obtained by computing observed and predicted surface-wave ?ha.ses at selected
stations for a range of periods. In order to do this, the seismograph stations
must be at relatively short epicentral distances so .that imperfect knowledge in
phase velocity do not affect the comparison of phases. Another way to perform
this test is to con;pare actual and predicted waveforms rather than spectral
phases.

Using the approach used by Herrm@p et al. (1980), a point source disloca-
tion svurce with focal mechanism given by Figure 1 and a seismic moment of

4.1E + 23 dyne-cm was placed at depths of 11, 15 and 20 km in the Central U.S.

-

earth model of Table 1. A parabolic source time function with duration of 1.0
second was used for the syhthesis. "The numerical seismograms were obtained
by performing a double Fourier.’Fourier—Bessel transform over the frequency
range 40-2 Hz and over the phase slowness range 0-2.0 sec/km. The resultant

time histories were passed through a numerical realization of a 15-100 WWSSN

long period seismograph with a peak magnification of 3000. -



Figure 3 shows the observed and predicted vertical component seismo-
grams at Saint Louis, Missouri, SLM, a distance of 555 km from the eax:thquake
along an azimuth of 277°. Except for the rippling motion after the first part of
the surface wave, the waveforms and amplitudes agree well, especially the first
ten seconds of the surface wave Eu‘rivaL The lack of depth resolution is similar
to that inferred ffom the spectral amplitude study. Figure 4 presents the
obsefvgd ﬁnd predicted three component seismogra.ms' for three depths at
Blac.lgst;.-urg. Virginia, BLA, a distance of 325.9 km along an azimuth of 109° from
the eatthquéké. A non-linear spring resonance eflect is seen in the vertical
component record. The sense of motiofx and amplitudes of the observed and
predicted traces are. in good agréément. -The SH motion on the horizontal com-
ponents matches the observéd traces well if the prédicted trace is shifted two
seconds lﬁter. However, this time shift will not yield a good match of the Ray-
leigh wave motion on the vertical and east-west traces. The relative amplitudes
of the three componenté can be adjusted by slightly modifying the focal
mechanism sincé BLA lies near both Rayleigh and i;ove wave nodal planes (Fig.
2).

In comparing the synthetic time histories generated for the same source
but at depths of 11 and 20 km, the fine character of the SH arrivals changes, but
the time separatioh between the SH and Rayleigh wave arrivais did not chaﬁge.
The propagation path between the épicenter and Blacksl;urg. VA is perpendicu-
lar to the Appalachian Mountain ﬁ'oﬁt;.'wit.h the depth to the Precambrian chang-
ing frorh about 1 km at Sharpsburg to 5+ km in eastern Kentucky. This indi-
. éated that the Central U.S: earth model is certainiy not applicable for that patﬁ.

Mﬁltiple—ﬁlter @dﬁh (Dziéwonski et a.L.~ 1969) was used to study the Ray-
leigh and Love wave disper"sion' to BLA. In an att;empt to match the group velo-

- city, the upper layer of the Central U.S. earth model was increased in thickness.
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The resulting Appalachian Basin model is given in Table 1. A suite of .seismo-
grams was generated for a depth of 14 km in that model. This depth was chosen
to be closer to the estimates from teleseismic body waveforms. The discrepancy

between the observed and predicted Rayleigh and SH phases was not completely
resolved.

The use of synthetic seismograms reinforced the surface wave P-wave first
motion conclusions concerning the focal parameters. .The observed seismo-
grams were fit in their major characteristics, but as seen from the discussion of
the BLA records, the probleh of crustal structure is important. The guality of

data was not sufficient to start a study of crustal structure.

Body Waveform Studies.

P waves froni the Shafpsburg éarthquake were large enough to be recorded
at the NORSAR seismic array offering an unprecedented opportunity to accu-
.rately determine source depth for an Eastern U.S. earthquake by using telese-
ismic depth phases. Figure 5 displays 25 seconds of the short period waveform
at NORSAR derived by summing the responses of each center element from each
;ubérray. The surfe;ce reflections pP and sP are plainly visible as the prominent
arrivals about 4.2 and 5.7 seconds after direct P respectively. A depth of 12 km
is obtained f;n' the event using this timing information using standard travel
time tables.

In addition to depth inform&tion obt.aineﬂ by the pP and sP observations,
_the amplitudes and polarities of pP and sP relative to directi P also offer
independent constraihts on the source mechanism. Unambiguous P-wave first
- motions allow conside;'able ﬁrhﬁon in the placement of the P nodal planes (Fig-
ure 6). To ‘improve the body wave faﬁit plane solution the polarities and ampli-
tude of sP and pP relaﬁve toP ﬁt NORSAR weré ﬁsed in conjunction with unambi-

‘guous P first motions read from ALE(+), EDM(+), FCC(+), LUB(-), SCP(-), and
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BLA(-), NORSAR(+).

A systematic testing algorithm was used to check the polaﬁti;s of all
phases and NORSAR sP/P and pP/P amplitude ratios against the orientation
parametefs strike, dip, and slip (Pearce; 1977; Langston, 1981). A successful
mechanisni was one which satisfied all polarities and which the amplitude ratios

satisfied

0-G
0

where 0; was an observed amplitude ratio, C; was a calculated ratio, and o was

So

set to 0.5. The response for sP ar;d pP was calculated.usinérray methods out-
lined in Langston and Helmbergér (]975) for crustal models in Taiﬂe 2. Model A
is a simple eastern U. S. ﬁmdel. -Model B is a simple halfspace model, and Model
C is a variation of Model A f.o take into account the eflect of the sedimentary

rock cover in the region of the epicenter.

Figure B shows the result of the testing procedure for several assumptions
of input data and crustal models. Considerable ve.u'iation in the mechanism is
_evident when only polarities (including pP and sP) are used. Inclusion of the
NORSAR relative amplitudes serves to place important constraints en the
mechanism. Where the polarities could allow oblique thrust.mg as a i)t;ssible
mechanism, the relative amplitude measurements exclude this possibility r;xnd
suggest right—laf.eral strike-slip faulting on a NE striking plane dipping to the SE
or left-lateral motion on'a verticél plahe striking to the SE. Chang'mg the crustal
model from‘ model A to B only serves to increase the mechanism variability a
small amount. Note thue good'agretje-mt-m‘t;betweer‘x this body wave mechanism

and the mechanism obtained thrbugh the surface wave analysis,

Synthetic seismograms for the NORSAR sum were calculated for selected

acceptable orientations and are shown in Figure 5. The NORSAR short-period



instrument response and a Futterman {1962) attenuation operator {1* = 1.0)
were included. Adding a lower velocity layer at the surface of cmet Ato f;roduce
crust C served to reduce the sP conversion somewhat, improving the relative
amplitude behavior of thls phase. Note the good agreement in phase timing and
waveshape between observed and synthetic. This is all the more remarkable
considering that the data are short-period. ‘It was found that a triangular far-
field time function with a rise time of 0.B sec and a fall-off time of 0.2 sec ﬁ; the

direct P waveform with respect to the small mltml compression compared to the

large dilatational backswing immediately after. Mumnum phase or symmetric '

far-field time functions did not produce the large p051’c.1ve t.hu‘d swing seen in the
data. A change of one km in depth is thscermble as a time shift between the sur-
face reflections and rhrect P.m the synthetlc waveforms. This can be taken as
the uncertainty in the deptiz estimate. This independent determination of the
source depth agrees with the lower range of the 14 to 22 km depths permitted

by the surface wave modeling. ‘

No particular significance should be attached t.o.the exact shape of the time
function or choice of t.he attenual’.ion operator. These parameters serve only as
a vehicle to provide a P pulse shape fof use in testing the relative 'amplitudes of
pP and sP to P in Figure 5. Numertcal experiments with NORSAR and 'WW?SN
short-period instrument responses do show, however, that pulse durat.mn is
related mainly to the duration of the tune function with the amplitudes being a
sensitive function of the attehnetion Using the seismic moment of 4- x 10%
dyne-cm determined from the surface waves and the time function determined
from the NORSAR ‘P wak; an‘estfunnta ofiaverage‘. te may be made by comparing
synthetxc and observed my values. ‘l'able 3 pments teleselsmxe P m; data
determined by Stevens (1980) for the Sharpsburg earthquake. Assuming a t* of

.1.0 and calculatmg synthetxc P -enmo‘raml ylelds an average m,, of only 3.9
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compared to the observed 4.8. This is complicated by an amplitude instability
due to the strike-slip source model. Several stations in western Canadn.lie near
the theoretical P wave node for the choice of orientation used {dip, 50°% slip,
180°; strike, 30°) for the-syntbetics. Since the orientation is only known to
within about +10° for all angles, synthetic amplitudes for these stations will
displa}; large variations for small changes in the fault orientation. An average m,,

of only 4.1 is calculated disregarding these nodal stations, still too low by nearly

an order of magnitude. Assuming a t* of 0.5 dramatically improved t};e my com-

parison. Scaling the t* at NORSAR to yield the correct observed P amplitude for
a moment of 4 x 10%3 dyne-cm yields a t* of 0.7.

"These t* calculations are subject to many unknowns, particularly tﬁose due
to unceri‘.ainties in'geometric spfead'mg, the uncertainties in the surrfaee wave
seismic moment calculation, and possible uncertainties in the shape of time
function. Values of t* lower than 1.0 at 1 second period are consxstent with
other eshmates of teleselsm.lc t* for non-tectomc areas (e.g. Frasxer and Filson,
1972), although there is continuing debate on this topic (Helmberger and Had-
‘ley, 1981; Der and HcElfresh. 1980). The vt‘ values determined here néed further

independent confirmation before being accepted.

. AFTERSHOCK STUDIES

B

Aftershocks of the July 27, 1980 Sharpsburg, Kentucky earthquake were
.monitored with portable instruments by groups from the University ot' Michigan,
the Umversxt.y of Kentucky, Virginia Polytechmc Institute and State University,
the Tennessee Earthquake Information Center, and t.he U.S. Geologxcal Survey.
Saint Louis University partxcxpated l_:y loamng the UK/TEIC party six sets of
_instruments. 31 sets of bortéble MSMehw were available, mainly analog

smoked-paper or pen-and-ink systems recording only the vertical component of
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ground motion. Five three-component triggered-digital seismographs were
deployed by the USGS. 48 recording sites were occupied during the field pro-

gram. Figure 7 shows the locations of the recording sites.

Monitoring was begun by a team from the University of Michigan aoout 15
hours after the mam shock, at a site about 45 km from the main shock epi-
center. The TEIC/UK group began monitoring mthm 5 km nf the mnm shock
- about 17.5 hours after it occurred. By 2300Z on July 289, seven statwns were

operatmg aL dxstances of 4—23 km from the aftershock zane. . 'ﬂhﬂe t.he UH team
. pulled out late on July 30 the arrwal of the USGS and VPI groups and the instal-
lation of additional statxons by the UK/TEIC rapldly nmprovedot.he coverage.
Some initial confusion about -the main shock epicenter was caused Eby‘the
apparent high-intensities observe:i at Maysville, Kentucky, {Figure 7) about 50
km north of Sharpsburg (Reagor et al, 1981). Initially a number of stations were
- deployed in ttus general area. However, by July ‘30. epicenters had been
obtained for one or two aftershocks and the USGS and VPI groups relocated. On
August 1 at least 15 stations were operating within 30 km of the aftershock zone.
Such dense monit:oring continqed .until August B-10, when waning activity
caused all groups to either pull out or reduce the numi:_er ﬂof ’monitorin; sif.es.
" Nearly continuous recording has been maintained in the area by t::m':‘l.oi two
. semi-permanent stations installed by the UK and the TEIC. Station looat.;on and
operational information are contained in Table 4. | 4
- Fi 1guro B _plots the rate of occurrence of nftersho;ko with respect to time.
- Aftershock act.ivity. was light for an earthquake of this magnit.ude. In spit'e of the
| early mstallauon of high-gain instruments very close to the eplcenter. only 69
aftershocks have been 1denuﬁed through early May 1981.° Nearly half of the
identified aftershocks occurred w1t.h1n 86 bours of tbe mam quake‘ " the

occurrence rate dropped dramahcally after the latgestfelt nﬂer:hock accurred
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on July 31. Only 18 aftershocks exceeded magnitude M) = 0, and the largest aft-
ershock had a magnitude of only my; = 2.2. Two events in the magnitude 1.5
rax;ge occurred before the installation of any temporary stations. These aft-
ershocks were identified on records of the TEIC station in Tuckaleechee Caverns,

Tennessee (TKL), at a distance of about 280 km from Sharpsburg. Presumably a

number of smaller aftershocks also occurred in this time interval. The aft-
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ershock list presented in Table 5 is probably complete down to magnitude My, =

-1 nfter about 1800Z on July 28. Magnitudes were computed down from formu-
fae for M; (duration) {Bollinger et al, 1976) and my;, (Nuttli, 1973). They were
found to be roughly equivalent in the range 0.4 to 2.2 when both types of magni-

tude could be 'cornputed. and so are used interchangeably.

Several aftershocks were felt. Thalt; of July 31, 1980 {(magnitude 2.2) awak-
ened sleepers over an area of several hundred square km and did additional
damage to a house south of Sharpsburg that had been badly damaged in the
main shock. The éarthqﬁakes of August 25 (magn@tudé—Z.O) and Decemi:er 30
(magriitude 1.6) wére felt over areas of roughly 500 to 1006 square km, respec-
tively. Earthquake;x oﬁ July 30, 1980 and January 14, 1981, bot.hv of magnitudve
1.5, were reported felt> by a few persons in the Sharpsburg area. A magnitude

0.7 quake on February 8, was also reported felt, but this is considered doubtful.

It is unusual for such small events to be felt over such large areas. For
- example, Nuttli and Zollweg (1974) found that central United States earthquakes
vnt.h felt areas ;af 500 to 1000 square km generally had magnitudes in the range
of 3 to 3.5.7wi::ile earthquakes in the magnitude interval of 1.5 to 2.2 normally
were not felt at all ‘l‘hm eﬂ'eét can only partly be explained by the idea of a
*sensitized pépulation" nﬁticing smaller shocks than they pormaﬂy would. Tﬁe
July 31 earthquake occurfed in the early mbrning when many were Qsleep. yet;
was the most vndel,y perceive;d aftefshock. |

i
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Data Analysts.

Arrival times of aftershock phases were read to the nearest D.05 or 0.1
second, depending on whether the drum speed of the original record was 120 or
80 mm/rﬁin. respectively.. Somewhat higher resolution of the arrival times is
possible by enlarging the original records, but the sheer number of stations that

_were available for most events makes it hlgbly unlikely that the conclusions of
this study would be senously alt.ered. althmxgh it is possible that smaller stan-

, dard errors in t.he locatmns could result. ln general, P- and S-wave arrivals were
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sharp and clear on most stations. nlt.hough a few seem to have been near nodes

of the SV-wave radiation pattern. Since no horizontal-component mformatlon '

was available, all readings for S were made from vertical seismographs.

To m.itigateA potential timing problefns due to i.naccural;e drum rotation,
nearly all stations superimposed either 1-second or 10-second time marks on
the data. VWith the exception oftwo .i‘nstrument‘s. chronometer drift rates were
~ .less than about{ 0.1 second per day. All rez;_xdings were mﬁde by t.t.1e same énalyst.
and were subjectijely weighted accofdiné to quality on a scale ranghxg from 0
(bighest guality) to 4 (not used). ‘ |

Brumfield {1982) used data geherated by a pumber of limestone quarfies
exist in the region of the station network to t‘astablis.h a local velocity model. Two
of the guarries, at Fleniingsburg and Nox;th iliddletown. were so situated that a
line through them passed along the norlthv;est edge of the aftershock region.
. This suggested éonstruction of a mer;ed refraction profile, since most stations
recorded at least one Slnst from each area. Brumfield (1982) found a velocity of
6.87 km/sec‘ for P-vaves refract;d at adepth of about 0.8 km An‘d 3.91 km/ sec
for the con'espondmg S-wave. Dxp along the reversed profile was negligible.
Several more dxstant qunrry blasts (Az 100 km) were also exammed. P-wave

‘phase velocities across the net.vutk nmed roughly between 8 3/4 and 7
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km/sec, confirming the result from local blasts and indicating there is little if
any dip at right angles to the reversed profile. A P-wave velocity of 5.52 km/sec
"~ was used for the top 1 km of sedimentary rocks; this was the average of several

well velocities provided by an oil company that had drilled in the area.

- These veloeities Bre 1mexpectedly high for such‘sha]low depths. They are
roughly equivalent 4to some surface jrelocities in New Eagland and the Canadian
Shield where the paths azA'eent.irely t.hrough highly-competent metamorphic and

. igneous material The‘Busenteﬁt féack Map of the United States (Bagley and
Muehlburger, 1968) indicates that the epicentral region lies jest a few km south
of the maximum extent of the Grenville Front, and that the hypocenti'al region

- would be in the Grenville Province if it eitended farther south. Aside from these
considerations, the P- and S—;rave data sets for 29 of the best—recofded aft-
ershocks were run independently using HYPO71 (Lee and Lahr, 1971). While the
ep1cent.ers agreed for the two mdependent sets with almost any reasonable
choice of velocities (thls is because very little data were available for distances
greater than 25 km), velocities similar to those found in the refractwn experti-
ment were required te ge£ the focal depths to agree. | |

No good information is presently available on the deeper velocity structure.

.Since the velocity at a depth of onlf 1 km exceeds that assigned by Nuttli ef al,
(1969) for' depths of between 20 and 40 km in the Central United States, it is
presenﬁy bypothesized that the 8.85 km/see velocity for P4wa‘ves can be applied

.as far down as the Moho, or to a depth of around 40 km. The velocity model,
based on t.he work of Brumfield (1882), used to locate the aftershocks is given in
Table 6.

Because the network used to record tﬁe Sharpsburg aftershocks varied on

. practically a day-to-day basis, joinl-hypocenter determination techniques were

. used to locate the better-recorded events relative to a parﬁcﬂmly well-
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recorded aftershock (Herrmann et al, 1981). 52 earthgquakes recorded by a
minimum of three stations observing both P and S were chosen. The reference
event used was the aftershock at 0812Z on August 3. Its HYPO71 location was

assumed to be fixed.

Relative locations in general were quite good, with most hev'mg borizontal

- and vertical error-ellipse major-axes less than 0.8 km for 95% confidence. Fig-

ure 9 shows that there is no distinct trend in the epicenters, which cluster in an

area of about 30 equare km. However, vertical profiles plotted at various

. azimuths clearly show the aftershock zone dipping at about 50 degrees to the

- southeast {(Figure 9). The strike correeponding te this dip is about N30E, with an

error not exceedingv t.en degrees. i['he’fault area involved is about 30-50 square
-~ km.

Individual fault plane solutions could be determined for only two raft-

ershocks: that of 1701Z July 30, 1980 {magunitude 1.5) and that of 0926Z July 31,

© 1980 {magnitude é.2). While the solutions differ m the nature of the faulting

indicated, a plane striking NNE is common to both. Figure 10 shows that the 30

July shock was neeﬂy pure t.hrust.. while the July 31 earthquake had a strike-slip

mechanism very similar to that of the main shock. A eomposﬂ.e solution (F1gure

10) for the remaining events is very sxmlla.r to the solution for the July 27 main
shock. From these solutions, it is estxmated that Lhe preferred fault plane
strikes about N20-30E and dips 50 degrees to the southeast, in very close agree-

N

ment with the strike and dip of the aftershock zone.
Discussion

The mportance of the aftershock study lies rot in any mnovat.xon of tech-
nique or mstrumentahon. but rather in the fact that it is the first time that an
aftershock sequence of a moderate eastern North American earthquake has

Seen adegquately observed. " The exceptionally rapid deployment of portable
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instruments was the major departure from previous studies such as those of
lLange and Westphal {1963), Stauder and Pitt (1970), or Bollinger et aL, (1978),
wherein the temporary networks were not operational for at least two to three
days after the main shocis. 'In addition, the large number of instruments used
-~ in the present study allowed some margin for error, ie, virtually the entire
meizoseismal area was instrumented and therefore the location of the main
shock was not as critical as it might have been if, for example, only five or six
‘pox'table seismographs been avallable. The rapid decrease of activity fallowing
the large aftershock of July 31 confirms the xmport.ance of installing temporary
stations as soon as possible after the main shock, l.f significant results are to be
obtained.

For so large an earthquake, both the total number of aftershocks and the
maximum magnitude aftershock are ‘anomalous. Such weak aftershock
sequences, however, seem to be typical of many eastern North American earth-
qeakes. If the Sharpsburg sequence is censidered to be normal, insofar as
eastern earthquékes are concerned, the failure of previous investigations to
record aftershocks for similarly large events in the last two decades is readily
explained. | v B

Apart from the small pumber of events involved and the ioﬁ overall eriergy
release of the total aftershock sequence, there does not seem to be anything
particularly unusual about Sha:psburg aftershocks. The clustering of the aft-
ershocks about a planar surface allows for the first time an independent esti-
| - mate of the source area ef an eastem earthquake of moderate size. The length
of this zone' along the strike is 6 to 7 km.’ 'l'hls observed result clearly refutes

the suggeshon of Evernden (1975) t.hat eastern United States earthquakes have

much smaller fault lengths when compared to westem earthquakes of the same .

magnitude. Table 7 and Figure 11 compare the maximum length of the

PN I TV I
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Sharpsburg aftershock zone with several western United States earthguakes for
which detailed aftershock investigations were made. 1t is ‘clear that the
Sharpsburg fault length falls well within the range, although near its lower end.

This plot ignores the possibility that there is a bias in teleseismic my; between

_eastern and western U. S. earthquakes. Herrmann and Nuttli {1982) presented

evidence that the western m; is about 0.4 units lower than that of an equivalent
eastern U. S. earthquake. Equalizing for this magnitude bias would lower the

Sharpsburg my or raise the other my's by 0.4 magnitude units. - but would‘not

_alter the conclusion that the Sharpsburg fault length is within the range for

earthquakes of similar magnitude.

Given a seismic moment M, = 4.1 x 10% dyne-cni for the main shock and

- assuming that the aftershock zone corfesponds to the fault surface of the main

.shock, estimates of the dislocation and stress drop of the main shock can be

made. . Assuming u = 4 x 10! dyne/cm? and a fault area of 30 — 50 km?, the
average dislocation 1 is obtained from

- My=puA
from which we estimate @ = 2 - 3.4 cm. Using a relation for the stress drop for

an instantaneous dislocation on a circular fault plane, (Brune, 1970),

-7 M
16 A° , o _
we find Ag = 2.8 - 6 bars by using r = 3.1 - 4.0 kim. Assuming that the frequency

Ao

content of the far-field P pulse is the same as that of the VS pulse for a small
eart.hquake. of thls size, we can estin;ate the corner fre‘quem’:y fo =234 8/2nr =
0.36 - 0.36 Hz using the equivalent radius r (Brune, 1870). A triangular source
time funétion with total duration of 1.0 sec would bhave a corner frequency
betweéﬁ O.S-Q.Q Hz »,I'hus the aftershock fault dimension, r, is consistent with

the duration of the P wave pulse obtained from the NORSAR data.



CONCLUSICNS

The Sharpsburg, Kentucky earthquake is now one of t.h-e best studied
eastern North American earthquakes. On the basis of the seismic moment, it is
the second largest earthquaké to have occurred in eastern North America since
1961 (Herrmaann, 1978), ieconh .only to the November 9, 1968 southern lllinois
earthquake. The focal mechanism was copstrained by two independent data
sets. The. focal depth of the maln shock was constrained by surface wave spec-

. tral amplitude dat.a. teleseisnﬁc P-waveforms and aftersh’ock ;ocatioﬁs. A focal
depth of 12 km is reﬁsonable. : The seismic moment, magnitude and stress drop
are consistent with other eastern U.S. eartﬁquakes stuﬁied (S&eet et al., 1975;
Street and Turcott.e.' 1877). Even though the seismic source parameters are
within the range of éxpecte;l :‘;r’a.lue.s. the quest.ioh of why the earthguake
occurred wheh it did cannot be answered from the present data.

This study routinely used recently developed seismic waveform modeling
techniques. In the case of the régional waveforms, more data would have been
available if long period analog seismograms had not .been saturated. If we are to
obtain the maximum information from such earthquakes in the future, the

instrumentation will have to be improved to match our computational abilities.
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FIGURE CAPTIONS

Figure 1. The nodal planes satisfy surface-wave spectral amplitude data as well
as P-wave first motion data. Circles and triangles indicaté compressional
and dilatational first motion, respectively. The symbols T and P are inter-
sections of the tension and pressure axes, respectively, with the lower hem-

- -isphere. . An equal area lower hemisphere projection is used. Only sharp,

- impulsive first motion data are used. The northeast nodal plé.ne strikes 30°,
dips 60" and h“a‘s a slip ahgle of 180°. o

Figure 2. Comparison betlweeg.anelastic atiéﬁuéﬁon corrected, observed and
predicted Love-wave and Rayleigh-wave radiaﬁoh patterns at selected
periods T. The scaliné bars are épectral amplitudes in units of cm-sec at a

reference distance of 9° from the source.

-, Figure 3. Observed and predicted long period vertical seismograms at SLM, a
distance of 555 km from the earthquake. 128 sec.onds of time history are
plotted startigg 90 seconds after the‘ origin time. The number by each trace
is the zero—to-.peak amplitude in cm on a 15-100 WWSSN long period seismo-
gram with peak magniﬁcation,of 3000. Predicped traces are for depths of

11, 15 and 20 km in the Central U. S. earth model.

Figure 4. Observed and pfedicted long period three componentr seismograms at
BLA, a distance of 326 km from t.he‘ earthquake. 128 seconds of time his-

‘ tory are plotted, with trﬁces starting 40.2 seconds after the origin time. The
pumber b} each trace is the zero-to-peak amplitude in cm on a 15-100
WWSSN long périod séhmogmm with peak magnification of 3000. The cen-

tral U. S. model was used for depths of 11, 15 and 20 km while the

Appalachian Basin model was used for the focal depth of 14 km.
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Figure 5. Observed (top) P waveform at NORSAR with synthetic waveforms
(below). Crustal model, dip, strike and rake angles are given for each syn-
thetic. Zero-to-peak amplitude for the observed trace is in quantized units

{ Q. U.). For NORSAR sensors, there are 0.0427 nm/ Q. U. at 1.0 Hz.

Figure 8. Acceptable fault plane solutions for the body wave data from the
Sharpsburg earthquaice under various assumptions concerning the input
data. P nodal planes are shown on an equal area projection of the lower
f/ocal hemisphere. All splutions are right-latgral on the NE trending planes.
All possible solutions were ie_sted with an increment angle of 5° in strike,
dip, and slip. o

Figure 7. Locations of portable seismograph statibnsi deplo&ed for the aft-
‘ershock study. The station coordinates are given in Table 4. The locations

of Maysville and Sharpsburg, Kentucky are indicated.
Figure B. Plot of aftershock activity rate through August 25, 1980.

Figure 9. Hypocenter locations after using relocation techniques. Epicenters
and two vertical depth profiles are shown. The seismograph stations are
indicated by triangles with their names given on the base map. There is no

vertical exaggeration on the depth profiles. Profile AB strikes N30°E and

profile CD strikes N120°E.

" Figure 10. Lower hemisphere, equal-area project.i.ons'of focal mechanism solu-
tions for two well recorded Sharpsburg é.ftershocks.l and a composite solu;
tion for the remaining better located afterahot?lis. Solid circles and trian-
g’lesvindicate sharp compressionai gnd dilatatiofmi ﬁrst arrivals. respec-
tively. bpen symbols denbte poorer quﬁlity but clear first arrivals. Nodal

quality arrivals are denoted by an X.
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Figure 11. Plot of teleseismic my versus fault length for earthquakes listed in
Table 7. The open symbols are western events and the solid symbol is the

Sharpsburg event.
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Table 1

Earth Models

87

Thickness V. V, P Qq« Qs
(km) (km/Psec) (km/sec) (gm/cm?)
Central U.S.
1 5.0 2.89 2.5 4000 2000
.9 8.10 - 3.52 2.7 4000 2000
=10 - 8.40 3.70 2.9 4000 2000
.20 - 8.70 o+ ..3.87 3.0 . 4000 2000
o -8.15 C 470 3.4 4000 2000
Appalachian Basin
3 5.00 . 289 2.5 4000 2000
9 6.10 3.52 2.7 4000 2000
10 6.40 3.70 2.9 4000 2000
20 B6.70 3.87 3.0 4000 2000
— B8.15 4.70 3.4 4000 2000
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Table 2
Crustal Models used in the Body Wave Analysis : H
Vp(km/sec) Vy(km/sec) p(gm/cm®) Th(lan)
MODEL A 8.0 35 2.7 14.
8.7 3.9 29 20,
B.1 : 4.7 3.2 -
. MODEL B 8.7 3.9 29 -
MODELC ~ “58 - ~:30 =~ 28 2.0
- -.BD . .35 - - .27 12.0
B.7 : 3.9 o 2.9 20.0 ey
B.1 4.7 . 3.2 -
= {‘_‘.:.
o
-
.
R !
- } ‘
L
Fi
[
b
l
- l
- l
l
l



Table 3

Canadian Network m,

oL my my my
Station  A®  AZ(® Observed' Calc.t*=1.0 Calc. t*=0.5

PIB(N) - _30.? ©.303  4.B8 3.3 4.0
PGC(N) '30.3 .:303 ~ 464 3.3 4.0
YKC 807 @3z 482 - 43 . 50
ALB 312 304 474 ; 3.4 , 41
1CL 3.3 2 5.31 44 C .81
FSB . 318 314 457 4.0 4.8
GDR(N) 321 1305  4.68 3.5 42
PHC(N) 33.1 307 5.25 3.8 43
RES - 37.0 355 4.59 44 4.8
WHC 38.9 322 4.13 3.9 4.5
INK '40.4_ 334 4.62 4.0 Y
KEY 408 323 . 446 - 39 .45
MBC 413 348 527 41 4.8
KRY 416 325 471 . 39 4.8
ALE 451 4 525 43 .50
_aversge - v 48:03 © 3.9:04 - 4.5:0.4

hvemge exu';:luding oo -
nodal stations (N) 48204 T 4.120.2 4.8 0.2

1 from Stevens {1980)
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Station Other lat Elev  CGrowp Place
BEXY BCM S8.25¢ 83861 280 USGS - Bethel-Longview Cemetery
BETH . 88247 83853 278 UK/TEIC Bethel
CARL Cccu 88.320 B84.03¢ 271 USGS Carlisle
ClAY 38.197 83910 302 UK/TEIC Sharpsburg-Clay Site 1
CMG Mo 37.993 B83.884 8) | Camargo
CToH CLY 38.747 83.872 USGS Clayton, Ohio
ELZ 88385 83800 288 VPASU  Elizaville
FAIR CEM 38458 83938 277 USGS Fairview
FROG WES2 38287 B3S879 307 UR/TEIC Frogtown (Weston Site 2)

-GSA 38297 B83823 278 VYPIASU  Girl Scout Camp

~JUDY 38.137 83848 . 203 TX/TEIC Judy

1RV 37.981 B3.968 250 USGS Levee

. MBK UM3A 38.588 B83.868 UM ~ Murphysvilie Bridge
MGS  MAY SB.593 B3B48 284 USGS Murphysville-GS
MOK . UM1 38.582 B4.084 UM Mount QOlivet

.MSGS = MIS 38.031 B83.924 . 293 USGS Mt Sterling-GS

© MSK 38.038 B3915 208 UK/TEIC Mt Sterling
MUR UM3B 38.577 83.884 UM Murphysville
NMK NMC 38.143 84.092 291 USGS North Middletown
0DD UM2A 38.462 B4.239 UM Oddsville
0DD2 UMZB 38.487 B84.238 UM Oddagville Site 2
DSKY oLs 38.055 B83.849 241 VPIASU Olympia Springs
oG - 8B8.173 83825 304 UK/TEIC Owingsville
PLUM 38.168 B4.073 282 Plum
PRR 38.089 84.161 .. 288 TUSGS Pretty Run Road
REY 38.220 B3.848 282 Reynoldsville

. RMK  ."RUD 38.299 84241 282 USGS Ruddels Mills

- SCF CLAY 388.198 839509 300 UK/TEIC Sharpsburg-Clay Farm 1
SGS 7SR 38.191 B3932 280 TUSGS Sharpsburg-GS
SHER " 88.284 83837 272 UK/TEIC Sherburne
SNR  SBK 88.179 83958 294 . UK/TEIC Sharpsburg-Nixon Road
SPKY STC 38.125 84.210 271 USGS Stony Point ‘
SSA . CRO 38.225 83.928 UK/TEIC Sharpsburg-Sunny Acres
TXL 35.858 BAT4
WASH WSH 38.604 83.800 267 VPIASU  Washington -
WES 38.287 . B3.978 .311 UK/TEIC VWeston Site 1




‘Table 5. Aftershock Locatians
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wuwwgy 88888888888888585&888&388&%8&58

)

Date Time Lat lon Depth ERH Mp mu,
CN)___(W)__ (o) __(e)__Oir0)
JUL 80 .20 58 08 15 i
JUL 80 22 58 05 L 1.2 ,
JUL B0 10 39 455 N %
JUL 80" 10 59 08.9 (o3)
JUL 80 11 32 471 (0.5)
JUL 80 14 15 582 38.192 83.971 1.0 20 119 -03 f-?
.JUL 80 15 25 7.4 38.213 83.990 7.7 20 10 -05 .
JUL 80 17 25 38 08 -
JUL 80 20 13 293 38.238 83.871 1.2 1.8 119 -08 y
"JUL B0 4 1 533 38188 83930 115 .9 13 08 . 04
JUL B0 4 9 58 38.194 83908 122 1.0 14 -0.B 3
“JUL 80 8 18 1.8 38.193 B3.913 137 12 13 -086 * ER
JJUL 80 07 59 23 - {-1.0) - s
‘JUL 80 7 59 37.8 38177 83937 103 1.1 18 -05 :
“JUL 80 -12 55 329 38175 83938 11.2 1.2 18 -02 . B
"JUL BO 18 -8 288 38.177 83982 2.0 .8 9 -08 : .
JUL 80 20 . 52 213 _38.189 83921 " 11.8 20 1.8 -0B - )
JUL 80 21 12 247 98.199 B3939 107 1.8 18 -0B
JUL 80 22 4 237 38.200 83902 131 20 13 -086 -
JUL 80 4 52 27.0 38228 B83.949 8.2 .8 14 -11 .
JUL 80 8 0 585 38.197 83541 11.0 .9 9 -08 =
JUL B0 7 9 594 38.18B1 B3.948 8.8 .8 22 -18 N
JUL 80 8 31 '55.8 38.174 B83.938 9.0 .5 9 -03 :
JUL 80 9 31 178 38.219 B83.902 8.5 .8 14 -08 °
JUL 80 9 31 443 238.217 83.902 8.2 5 13 -08 :. ey
JUL 80 10 O 59.1 38.192 83933 105 1.0 13  -098 7 =
JUL 80 12 39 21.1 38.208 83.935 8.0 7 12 .08 ~ =z
JUL BO 18 29 520 38.178 83.939 107 .8 12 -08 =&
JUL 80 17 0 344 38.198 83918 9.8 8 B8 -08 = =
JUL 80 17 1 412 38.190 83.920 . 114 .8 7 15 13 =
Felt at Sharpsburg. MMI IL ) :
JUL 80 18 40 11.9 38.193 83917 118 .8 7 -01
JUL B0 O 48 535 38.183 83926 11.4 5 B 11 :
'JUL B0 O 53 42 -1.8 = =
JUL B0 1 49 274 38.190 83928 125 .8 8 -12 - =
"JUL 80 2 41 578 38.194 83.923 134 B 11 -12 <«
"8 "JUL 80 7. 23 2348 38185 83.928 11.5 .8 7 -09 .
81 "JUL B0 9 23 560 38193 .83.830 .108 . .5 .. .9 19 22 -
.. Felt widely. lmIIVat.Sharpsburg ) SELTL G e 5
- Some additional damage to house southof -- K 5
Sharpsburg damaged by themainshock. - . =
81 .48.8 38.204 B83.960 8.8 1.5 19 -12 =~ g
.91 JU'L ao 9 38 3544 38.201 B3.94t 9.9 9 10 -1.0 :
31 JUL B0 18 57 583 38.181 83919 118 .8 7 -01
81 JUL BO 22 5 578 38.1768 83938 115 §:] B 11 = ;
81 JUL 80 23 28 38 38.171 83928 120 B 8 -08 - Ty
1 AUG 80 23 38 18 - -1.% Lt
2 AUG B0 1 23 144 38174 B3.921 128 8 8 -15 £ By
2 AUG 80 7 58 105 38.179 B3.931 122 9 9 11 .
2 AUG B0 18 28 332. 38.188 83.923 10.9 5 5 -08
3 AUG 80 8 12 204 38.181 83917 122 3 4 04 .01 =~
S AUG B0 8 34 524 38199 83924 108 4 5 07 °
S AUG B0 21 42 7.0 38.184 83937 114 5 8 .07 °
4 AUG 80 2 14 339 38.193 83921 103 ] 8 08 =
4 AUG 80 3 57 58.8 38.179 83.932 11.8 .8 8 -08 . .
5 AUG 80 18 24 430 238.188 83922 11.0 S .8 02 =
‘7 AUG BO 14 18 580 038.181 83948 11.8 5 8 -08 )
B AUG B0 O 21 110 38180 83909 122 8 8 08B
B AUG B0 2 O 588 38.178 B83.937 11.0 5 8 -02 .
8 AUG BO 4 52 292 38.191 B3.929 105 5 8 : -
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10 ADG 80 9 3 187 38183 839833 103 32 10 08
10 AUG 80 319 24 204 238193 83884 106 a2z 14 08
11 AUG 80 8 3 544 38182 83939 101 a1 12 0.4
i1 AUG 80 18 351 418 _ 0.5
16 AUG 80 21 42 2388 0.3
.21 AUG B0 l! 13 139 -0.8

- 25 AUG 80 41 377 3820 &3.92 1.0 -8 3 1.7 2.0

- Felt &t Beth.d. Sherburne and Sharpsburg
Maximum intersity MMI IV near Sherburne

20 SEP 80 17 14 585 . 1.2
3 DEC 8 03 07 08 18
Felt in portions of four counties. ,
. Maximum intensity MMI IV near Sharpsburg.
14 JAN 81 21 10 14 15
_Felt by some in vicinity of Sharpsburg.
28 JAN 81 O4 55 03 ' ) 0.2
.29 JAN 81 05 38 21 ) -0.2
08 FEB €1 10 32 38 o 0

Notes: : :
1. M; obtained using relahon from Bollinger et ol (1978).

2. my, determinations are from TKL seismograms, except for 31 JUL
1980 092BUT for which TKL and PWLA were used. :

e T N



Table 8

"~ Velocity Model used to Locate Sharpsburg Aftershocks

Layer Thickness (km) Depth to Top (km) Vy(km/sec) V,(km/sec)
1.0 _y 0.0 5.52 3.15
3.0 .10 . 8.85 3.1
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» Comparisoxi of Aftershock Zone Lengths

* 3
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Table 7

Date ~my Mg ‘M, L{km) Location Reference
1986628JUN 58 864 55 40 Parkfield, CA 1,2
196928APR 5.7 82 5B 35 Coyote Mtn., CA 3
197224 FEB 49 4.0 5.0 8.5 _.Bear Valley, CA 4
197321 FEB 5.7 52 60 10 Pt Mugu,CA 5
197313 SEP 4.5 48 10 Agua Caliente Spgs., CA 6 .

- 197501 AUG 58 58 567 14  Oroville, CA , SR
“1976 20 JUN 4.4 45 717 _ Susanville, CA B
197804 SEP 4.7 - .50 .2 . Diamond Valley, CA R - I

.198027JUL 5.2 : 47 - -7 _ Sharpsburg,KY - this paper
198114 FEB - 10.0 4.9 ‘55 78 .. FlkLake, WA - 5
f' Goat Rocks, WA 11

~ 198128 MAY 4.8

43 50 5

.- References:

1. Eaton et al {(1970)
2. Wu (1968)
3. Thatcher and Hamilton (1973)
4. Ellsworth (1975)
5. Stierman and Ellsworth {(1976)
8. Allison et al. (1978)
‘7. Morrison et al. {1976)
8. Mohler {(1980)
- 8. Somerville et al. (1980)

* 10. Grant et al (1981) - - e

11. Zouweg and Crosson (1981)



75

Figure 1. The nodal planes satisfy surface-wave spectral a_mplitude data as well
as P-ﬁave first motion data. Circles and t.riéngles indicate compressional
and dilatational first motion, respectively. The symbols T and P are inter-
sections of the tension and pressure axes, respectively, with the lower hem-

..isphere. . An equal area lower hemisphere projection is used. Only sharp,

~ jmpulsive first motion data are used. The northeast nodal pl&ne strikes 30°,

dips 60° and bhas a slip a.hgle of 180°.






Figure 2. Comparisori between anelastic attenuation cot:ected. observed ana
predicted lLove-wave and .Rayleigh-wave radiation patterns at selected
periods T. The scaling bars are spectral amplitudes in units of cm-sec at a

reference distance of 9° from the source.
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Figure 3. Observed and predicted long period vertical seismograms at vum,
distance of 555 km from the earthquake. 128 sec-onds of time history are
plotted sta.rtigg 90 seconds after the origin time. The number by each trace
is the zero—to-peak amplitudé in cm on a 15-100 WWSSN long period seismo-
gram with peak ﬁxagniﬁcation'of 3000. Predicted traces are for depths of

11, 15 and 20 km in the Central U. S. earth model
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Figure 5. Observed (top) P waveform at NORSAR with synthetic waveforms
(below). Crustal model, dip, strike and rake angles are given for each syn-
thetic. Zero-to-peak amplitude for the observed trace is in quantized units

{ Q. U.). For NORSAR sensors, there are 0.0427 nm/ Q. U. at 1.0 Hz.
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Figure 6. Acceptable fault plane solutions for the body wave data from the
. Sharpsburg earth;;ua’ke under vaz-jous assumptions concerning the input
dﬁta. P nodal planes are shown on an equal area projection of the lower
focal hemisphere. . All solutions are right-lateral on the NE trending planes.

All possible "solution.s' were ie_sted with an increment angle of 5° in strike.

. dip, and slip.
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Figure 7. Locations of portable seiémograph stations deployed for the aft-
.ershock study. The station coordinates are given in Table 4. The locations

of Maysville and Sharpsburg, Kentucky are indicated.
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Figure 8. Plot of aftershock activity rate through August 25, 1980.
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Figure 9. Hypocenter locations after using relocation techniques. Epicenters
and two vertical depth profiles are shown. The seismograph stations are

indicated by triangles with their names given on the base map. There is no

vertical exaggeration on the depth profiles. Profile AB strikes N30°E and

profile CD strikes N120°E.
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Figure 11. Plot of teleseismic my versus fault length for earthquakes listed in
Table 7. The open symbols are western events and the solid symbol is the

Sharpsburg event.
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