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f'' ABSTRACT
'

C
k, for the Lancaster, PA seismic zone a multifaceted investigation revealed

several manifestations of near-surface,neotectonic deformation. Remote
i. sensing data together with surface geological and geophysical observations, and

k recent scismicity reveal that the neotectonic deformation is concentrated in a
NS-trending fault zone some 50 km in length and 10-20 km in widu.

[- Anomalies associated with this zone include distinctive lineament and surface1
0 crosional patterns; geologically recent uplift evidenged by elevations of stream
p terraces along the Susquehanna River; and localized contemporary travertine

deposits in streams down-drainage from the inferred active fault zone. ,
,

P in the Moodus seismic zone the frequency of tectonically-controlled
lineaments was observed to increase in the Moodus quadrangle compared to

e adjacent areas and dominant lineament directions were observed that are
L . perpendicular and parallel to the orientation of the maximum horizontal stress
K' direction (N80-85E) recently determined from in-situ stress measurements in a
| 1.5 km-deep borehole in the seismic zone and from well-constrained
i earthquake focal mechanisms,
D

h One of the most important results of this ' study was the identification of
E travertine as a promising new Indicator of neotectonic fault movements in areas
| underlain by limestone and dolomite. Using the theo.y, which preditts that

travertine deposits will occur downstream from the surface projection of active'

| ' faults in carbonate-rich terranes, contemporaneous travertine deposits were
!! . discoveredjust downstream from the Fruitville fault which is associated with

the major recent earthquake activity in the Lancaster area.

|
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NEAR-SURFACE NEOTECTONIC DEFORMATION ASSOCIATED WITH SEISMICITY$

IN THE NORTHEASTERN UNITED STATES -
s

,

EXECUTIVE SUMMARY
The main objectives of this investigation were (1) to examine

systematically the available imagery for selected seismically active areas of the ;

northeastern United States for evidence of near-surface deformation;(2) to
,

'

determine, via field geologic studies, the nature of these anomalles; and (3) to '

look for manifestations on the imagery or in the field of specific types of near-

surface deformation expected from tectonic models of seismogenic structures.
The two geographic areas of investigation chosen for detailed study were

the Lancaster, Pennsylvania seismic zone and the Moodus Connecticut seismic
*

zone. Rather than investigate a third specific site it was decided to focus on

the generic problem of evaluating a new Indicator of neotectonic deformation,

travertine deposits in small streams. ,

for the Lancaster seismic zone the multifaceted investigatic,n revealed

several manifestations of near-surface, neotectonic deformation. Remote

sensing data together with surface geological and geophysical observations, and

recent seismicity reveal that the neotectonic deformation is concentrated in a

NS-trending fault zone some 50 km In length and 10-20 km in width.

Anomalies associated with this zone include distinctive lineament and surface
erosional patterns; geologically recent uplift evidenced by elevations of stream ,

terraces along the Susquehanna River; and localized contemporary travertine

deposits in streams down-drainage from the inferred fault zone. Details of |
these results appear later in this report, especially in the appendices,

in the Moodus seismic zone results of previous ground-based geological
t

studies were combined with remote sensing observations (aerial photography.

SLAR imagery, and SPOT imagery) and used to look for evidence of near-i

surface deformation associated with the zone of recent seismicity. Lineament

frequency was observed to increase in the Moodus quadrangle compared to

adjacent areas and dominant lineament directions were observed that are

perpendicular and parallel to the orientation of the maximum horizontal stress
;

direction (N80-85E), recently determP.ad from in-situ stress measurements in
~ a 1.5 km-deep borehole in the seismic zone and from well-constrained

earthquake focal mechanisms. These dominant lineament orientations are those

[ expected in the present thrust stress regime which has generated recent -

t

,
.

h
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n ,

! t

p ,

i

|

i
p crirthquakes in the Moodus area. No geochemical anomalies or travertine

deposits were found to be aisociated with the zone of seismicity. The only
:

potential source of travertine in the area is one metamorphic rock unit, which

_ upon weathering produces calcium carbonate. However concentrations,

:~

L necessary to cause precipitation of travertine were not found in any of the I

streams sampled. Details of the Moodus investigation appear as an appendix to '

this report.
'

One of the most important general results of this study was the
,

identification of travertine as a possible new indicator of neotectonic fault :

movements in areas underlain by limestone and dolomite. The working I

hypothesis (developed originally by C.P. Thornton)is that water reaching the

surface along fault gouge zones will emerge saturated or supersaturated in i

carbon dioxide and then will quickly precipitate in nearby small streams to

produce readily-observed travertine (tufa) deposits. No such deposits are

expccted to be associated with dormant faults because the high surface area to

volume carbonate materialin the fault gouge will have been dissolved and -
t

carried away shortly after the last fault movement, if this hypothesis is correct

and generally applicable, then recently-active faults should be found just -

upstream from observed trevertine deposits. Alternatively stated, travertine

dmsits are predicted to occur downstream from the surface projection of -

active faults in carbonate-rich terranes Guided by this theory a ground-bared

survey was carried out in the Lancaster seismic zone and contemporaneous

travertine deposits were discovered just downstream from the Fruitville fault '

which is associated with the major earthquake activity in the area; none had

previously been reported for this area. The travertine is presently being
deposited at all the sites where it was found.

5

The possib!"ty of age-dating travertine deposits suggests that the time
history of nearby fault activity might be reconstructed as well. Late in this

study an attempt was made to age-date a travertine deposit from the

Quicksburg, VA area using a radiocarbon method. The date obtained was 4210

d 60 years, which represents a lower bound for the age of last fault movements

producing the deposit. However, travertine is presently being deposited
I approximately 5 km upstream indicating recent fault movement there. This

area has experienced historic earthquake activity indicating that neotectonic
! deformation is occurring. The travertine found in the Lancaster seismic zone is
|
,

1 2
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1 :



7 :: . wp y c , -
_ - . . -. . - . ,.

'
/ , . p; f

.

( ,~) ;'i- , ,u<

. .;.;
-' ~+'

vg;; ,r . v.
,

s, ,

',
- t, ;p,

- , ,
- <

g ' ' ' , ;(-
'.,. ,

...f.: '

)<
4 >

j' <
. 3

, ,. ,
- ,, ; r; =o , . , .

.

..
,s.

i @' currently being deposited as evidenced by twigs and other debris entrained in . i,

1 .

. ,
,,

p[. ' 4 the deposit and by it's coating of stream pebbles. Further investigation of this .i
,

QW. :, new indicator of neotectonic fault movement is clear'ly warranted.: Lj
,,n

,

h: .. t.
t . |'
NO .. s i , ,

.

'$g , \

b '
- , < . , ,

k' '- . -

s. ?
~ ' '

. .y :; r

in- .,

'

'4L r 4 .,

i,'
.,

' . '

e s< ,

i-

:$s -
L' . p

' !
w

.1.. .-
)3,

' I ' f. f. ' . }

e, -,5
, , ,

t. ''
{s " .

# . r
f .t , . ' , g, .

- '

.. p - ),

r g

; 5
,

.,i,. , ,

,' ,,E
_ . f,

s ;,
,

ft' i
1 >

f'

l{. ' e ': q
t

i,.
>

.

t.r. ..
'' ' .i4

?

i

' t
i, s. ,

l'k fi

, , , 'f
'

3- r.
-

n ,
.

1

h,';
i1

7 j
.

.

i ,i - ;
.t . - .o
C '

s. J a
(; ? ?,

cc > . o
.c. .)

;|:' , ?
'

g . g

'.R, 1 < .

.
,

'

t

r,

bi,
I . kl-

f

e ..

, .

| / ' .',, .1

g-
>

[N, i
, . ,r.y
!.; .;. ' ,2. .g,' . j

,

4' !: i
j ,

3

. .

'

3 |
; .. ,

4',1
' 3y

'

!
M E|y,. . s

e; |
' . ' , i

'

r
, ,



,

1NTRODUCTION
Rationale for Choices of Areas of Concentrated Study

The l ancaster Selsmie Zone
The area around L.ancaster, PA historically has been one of the most active

areas in Pennsylvania. The largest instrumentally-recorded event in that area

was the recent Easter Sunday m 4.2 earthquake on April 23,1984, which wasg
felt as far south as Washington, DC and northern Virginia, as far north as

Connecticut and as far west as Pittsburgh. Because of the available data for this j

event and other smaller events in the area,it was possible to characterize the ;

active tectonic environment in this area and better Interpret potential near-

surface indicators of neotectonic deformation. The approach to looking for i

such Indicators was to carry out an integrated study using geophysical,

geological and remote sensing observations. Finally this active seismic area was
chosen because there are nearby operating nuclear power plants (Three Mlle |

Island, Peach Bottom) for which this zone constitutes part of the seismic hazard.

The Moodus. Connecticut. Seismic Zone .

The area around Moodus, CT is also one that has experienced a significant

history of earthquake activity and it is an area where considerable geologi:al,

geophysical, and remote sensing data are available to characterize the tectonic

environment. From a tectonic point of view this area may mark the transition

from the ubiquitous ENE maximum compressive stress to the south and west to

WNW (or mixed) stress domain that characterizes much of New England. A large

EPRI study recently completed shows that there are mixed results from focal |

L mechanism solutions (some ENE, some WNW maximum horizontal compressive i

stress directions) from Moodus northward through New England, direct stress

measurements also give mixed results. Two borehole stress measurements

recently made near Moodus under NRC sponsorship (NUREC/CR4623 El-ll26)

indicate high horizontal stresses and WNW maximum compression, if these

results reflect the tectonic stress near Moodus, then there must be a significant |
s

change between this region and the nearty Ramapo system to the southwest. |

Recently-completed deep (1 km) borehole stress measurements at Kent Cliffs,

NY (about 80 km from Moodus) together with a large number of well-
b

constrained focal mechanism solutions in southeastern New York clearly
p '

establish a dominant ENE orientation for the maximum compressive stress in

this neighboring region. The nature of neer-surface neotectonic deformation ,

p
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;' near Moodus is anticipated to be different, depending on which of these stress

orientations is active, in particular, geomorphic evidence such as terraces and

stream patterns and gradients should be sensitive to the prevailing stress '

conditions.

Another reason for focusing on the Moodus area was that a 1.5 km deep

borehole was planned to be drilled in the Moodus seismic zone during early to

mid-1987 for the purpose of measuring the tectonic stress at greater depths

than the shallow NRC boreholes sampled and determining whether this zone is

truly anomalous with respect to the neighboring celsmically active area in -

scutheastern NY. This experiment, jointly sponsored by the Empire State

Electric Energy Corporation, Northeast Utilities, and EPRI,is highly relevant to
the present study of ner.r-surface neotectonic deformation.

As in the Lancaster case there are nearby operating plants for which this
,

zone constitutes part of the seismic hazard. '

A Potential New Indicator of Geolocically Recent rault Movement
>

As the initial work on this project developed, discussions with a colleague
at Penn State. Prof. Charles Thornton, revealed that he had observed the

distribution of travertine deposits in northern Virginia in his Ph.D. field area

and concluded that they were uniquely associated with nearby, active faults. He
,

postulated that water coming to the surface along a fault gouge zone in

limestone becomes saturated with calcium carbonate and upon entering a
[

nearby surface stream quickly becomes supersaturated and precipitates to form

the travertine (tufa) deposits that he observed. They do not occur upstream of

the faults even though limestone rock units do, and this process is postulated

to occur only when there is freshly brece;ated limestone to provide a large

surface area to volume ratio for limestone to interact with the groundwater.
Localization of the travertine downstream from mapped fault traces is

taken to indicate that the source of the calcium carbonate-saturated waters was
. the fault zones along which crushing of the limestones has resulted in their

higher-than-normal solubility. However,it seems unlikely that this crushing
dates from the time of origin of these faults some 250 m.y. ago--the supply of
crushed limestone produced at that time should long since have been

exhausted. The more probable alternative is that geologically-recent

movement has occurred along these faults, producing a new supply of crushed

limestone for the circulating ground water to act on. On this hypothests, the

6
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[ ages of the travertine deposits would reflect the times of movement along j

these faults.

L. Thus,it was postulated that travertine deposits may be used to identify

nearby zones of geologically-recent fault movement and that,if true, there is a
f

possibility of age dating the sequence of local travertine deposits to fix thes

.

Intervals of past active faulting. Travertine (or tufa) deposits are located along
,

r

many streams in the Shenandoah Valley of Virginia,in many (and perhaps in all)

instancesjust downstream from the points where these streams cross the
.

outcrops of thrust faults. The closest reported travertine deposit to the
'

,

Lancaster seismic zone at the start of this study was near McConellsburg, PA, ;

approximately 30 km to the west. ;

?If this technique proves to be generally applicable,it would be possible to
L

search for such deposits elsewhere in the northeast using remote sensing

l techniques, because the deposits are distinctive in appearance and will not be ;

obscured by vegetation along the streams. A systematic ground-based search
!

. of small streams in areas of interest would also be an effective means of'

locating such deposits.
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NEOTECTONIC DEFORMATION IN THE LANCASTER SEISMIC ZONE
, , ,

SummarvP >

i This study is focused on the contemporary tectonics of the Lancaster

County in southeastern Pennsylvania. The neotectonic deformation associated:

[ with recent seismicity in this zone is inferred from the source mechanism of the

largest recent event in the region, the April 23,1984, magnitude 4.2, maximum

f intensity VI earthquake, in addition, the principal stresses thus derived,
'

i historical seismicity, and geological and geophysical observations are utilized in

defining a north-south-trending zone of recent faulting, the Lancaster seismic

|
zone. This zone is approximately 50 km in length and 10-20 km in width,

h encompassing the city of Lancaster,

b Introduction
Lancaster County is the most seismically active area in Pennsylvania, with -

several magnitude 3.0 or greater earthquakes in the past 25 years. The goal of

this part of the investigation was to understand the present tectonic conditions
and associated neotectonic features of the region, and thus shed light on the ,

cause of contemporary seismicity. ,

A multi-disciplinary approach toward the identification and analysis of

neotectonic sites was applied to the Lancaster County region. This approach j

utilizes six different paths of investigation, simultaneously,in crder to arrive at

the best possible interpretation. The six areas of investigation are: recent
i

seismicity; structural geology; geomorphology; lineaments and remote sensing;

applied geophysics; and historical seismicity. Appendix A contains a complete

dercription of this investigation represented by a M.S. thesis completed by ,

David Stockar as part of the project.
Recent Seismicity

|

On April 23,1984 at 1:36 U.T. (6 36 pm,22 April EST), Lancaster County

experienced one of the largest recorded earthquakes in Pennsylvania. The

region of maximum intensity (MM - VI) for the event occurred south of the city
of Lancaster, near Marticville (Figure 1). Seismic records of the event give a

magnitude of 4.2, with a strong audible component (Scharnberger and Howell.

1985). .

A foreshock of magnitude 3.0 occurred on April 19, at 4:55 U.T. (11:55 pm
'

EST,18 April). The region of maximum intensity (MM - IV) for this event was
*

centered 8-10 km south of the mainshock. Both of these mainshock and

?

'
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foreshock epicenters were verified by the hypocenter location program"

I ' HYPOINVERSE (Klein,1978; Lahr,1980) and a relative location algorithm

(Baumgardt 1977,1985). ,

.The April 23,1984 earthquake had numerous aftershocks which lasted well -|

Into September,1984. The largest of these was a magnitude 2.1 event

(Scharnberger and Howell,1985), Ten of the earliest of these aftershocks wereji .,

recorded by a temporary seismic network set up within a day of the mainshock.
The network consisted of 9 portable seismographs (3 from Pennsylvania State

University and 6 from Lamont-Doherty Observatory) including smoked paper

and digital recorders. The ten recorded aftershocks defined a 3 km long, N-

NNE striking zone of activity within the region of the April 23 mainshock. The

length of the zone was significantly larger than the location error of * 0.5 km.
;

Therefore, the N-S trending fracture suggested by the aftershocks appeared to

be real. Equally real was the 4.5 km depth obtained from the aftershocks
>

(Armbruster and Seeber,1985). This depth was later verified by a modified ,

cepstral analysis applied to a series of seismograms for the mainshock (Stockar,
,

1986).
The north-south fracture orientation indicated by the aftershocks was

'

further supported by a double-couple fault plane solution based on 57 first

motions from the mainshock and the aftershocks. This well-constrained
solution Indicates a seismogenic fault with a NNE st ike of N 10 E, dipping 60 E,

with reverse and right-lateral displacement, it has a P-axis which is nearly
'

horizontal and striking ENE. This is consistent with the ENE maximum t

compressional stress for this part of the United States, based on other

earthquake generated focal mechanisms, geological data, and in situ crustal

stress measurements (Zoback and Zoback,1980; Zoback.1986).

Geolocical Structures
Central Lancaster County, the area of interest,is within the Lancaster or

Conestoga Valley of the Piedmont. This carbonate valley is dominated by

recumbent folding and thrusting in the north, and tight isoclinal folding in the
south, its southern terminus is the Martic Line where the Wissahickon Schist of

the Glenarm Series is in contact with the Lower Paleozoic Conestoga limestone"

of the Lancaster Valley. The Martic Line and all of the Paleozoic folds and

thrusts, as well as the Triassic Basin, follow the general east-west structural

grain of the region (Figure 1)(Wise,1967).

i
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However, detailed geological mapping within central Lancaster County

revealed the youngest faults to be north-south striking. As early as 1930 Stose

and Jonas mapped several N-S striking faults which offset all the E-W striking |

faults and folds. According to the study, the most dominant of these N-S

striking faults is the Fruitville fault (Figure 1,2 and 3) which offsets all '

surrounding lithologies and structures right laterally in outcrop. In 1971,
Meisler and Becker remapped this region and broke the Fruitville fault into a

, zone of smaller cross faults due to a lack of outcrop in this dominantly''
- agricultural region (Figure 2). However, both studies agree that the youngest

,

faults are N-S trending and that the dmninant of these is the Fruitville fault
zone. '

The youngest rocks in the Lancaster County Piedmont are radiometrically-

dated Late Triassic to Early jurassic (180-200 m.y.) diabase dikes (VanHouten,

1969) which are associated with the diabase sills or stieets of the Newark-
Gettysburg Triassic Basin north of Lancaster Valley (Figure 4). These diabase

dikes are of three separate intrusive events based on composition (Smith et al,

1973). They are all N- to NE-striking within the Lancaster region (Figure 4).

They typically are steeply-dipping features that extend over long distances.
They appear to be parallel or subparallel to the N-S cross-faults, and cross-

cutting contacts between the two sets are unknown. This may suggest a similar
origin,

i

Several sets of Precambrian metadlabase dikes occur east and northeast of
Lancaster County (Figure 4). They, too, have a predominantly N-NE strike and

indicate zones of weakness within the Precambrian basement which underlies
the Paleozoic sediments of the Lancaster Valley. These zones may have been

reactivated by the Mesozoic Igneous activity and its associated normal faulting.
Geomornholocv

A preliminary look at the drainage pattern of the Lancaster area indicates a

predominantly north-south drainage orientation (Figure 2). A study of over
300 straight segments of stream channels in central and southern Lanct. ster

County reveals two major channel directions. One direction (approximately N

80*E)is parallel to bedding. The other direction (approximately N 10 W)is

nearly perpendicular to bedding and parallels the general N-S trend of the

youngest cross faults such as the Fruitville fault (Meisler and Becher,1971). In

northern Lancaster County,in the narrow neck of the Newark-Gettysburg

12
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- Triassic Basin, the drainage pattern is trellis, utilizing the N-S striking cross-
faults. An example is Hammer Creek which flows south for several kilometers >

along a fault-induced straight segment which is a direct continuation of the
f

Fruitville fault zone (Figure 2)(Gray et al,1958; Meisler and Becher,1971).

There is also a set of springs in central Lancaster County which align with the

southern projection of the Fruitville fault (Figure 5).
Finally, as early as 1929, Knopf and Jonas observed that "the Holtwood

Dam (on the Susquehanna F.iver) has utilized a natural falls or rapids known as

Cullys Falls."' Recently, Thompson (1985) has observed evidence for large

preglacial falls on the Susquehanna in this area of Holtwood, Pennsylvania. He

calls them "the Great Falls of the Susquehanna." These falls are directly south

of the N-S striking Fruitville fault zone and its associated N-S trending selsmic
zone,(Figure 1 Figure 3) which is discussed below. Prellrninary evidence

suggests that the falls are due to preglacial faulting an'd/or flexuring in the area,
possible preglacial uplift along the Fruitville fault zone. >

Lineaments and Remote Sensing,

Intermediate lineaments (10 - 80 km) and long lineaments (greater than 80

km)in southeastern Pennsylvania appear to be underlain by zones of fractured

.andjointed rocks and represent zones of deformation that transgress

' Precambrian through Traissic age lithologies. They are often reflected by

straight valley segments, abrupt changes in valley alignment, gaps in ridges,

gully and sink hole alignment, localized springs, diffuse seepage areas, localized

vegetation differences, and drainage patterns (Gold, et al., 1973,1974).

Kowalik and Gold (1975) studied the Intermediate lineaments in
Pennsylvania, based on Earth Resource Technology Satellite - 1 (ERTS-1)

Images. In Lancaster County, they identified several lineament directions with

the north-south direction dominant.
Wise (1967) used topographic maps to identify topographic linears of the

'
Susquehanna P'.edmont (Figure 6). He found that the orientations of these

lineaments (rosette B. Figure 6), did not match the strikes of the 1400 ground-

measured masterjoints (rosette A). Thus, the lineaments represent an

"apparently different system"(Wise,1967) of fractures. It is noteworthy that

Wise identified a set of N-S striking topographic lineaments as clearly

dominent within the Lancaster region (Figure 6). In fact, his topographic i

lineaments clearly define the Fruitville fault (Figure 1) and the Lancaster seismic

zone (Figure 3),(note the location of the 1984 earthquake in Figure 6).
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An investigation of LANDSAT-4 Imagery (30 m resolution) carried out in

y this study reveals that clearly the dominant lineaments in Lancaster County are

those of the Appalachian structural trend (nearly E-W striking) and those

L defining the Fruitville fault zone which trend N-S (Figure 7). The latter are

defined by gaps and drainage through the Triassic rocks, stream drainage

within the Paleozoic rocks, and the right-lateral offset:In the E-W striking

i: ridges of the Conestoga Valley (Figure 2).

*

A Morphotectonic Study of the Lancaster Area

Although the Lancaster area has been known for its seismic activity (see

Figure 8) ever since it was settled,little is known of the source, and almost
'

nothing of the surface expression of any fault (s) associated with these seismic j

events. Not only is the ground-based geological mapping hampered by the |

: paucity of exposed bedrock, except along the Susquehanna River, but

agricultural practice (thick lowland soils, Intensively cultivated, with forest

{ cover the hilly areas) tend to subdue and mask the normal geomorphic

expression of fault displacement, e.g., scarplets on the surface. The search in

this aspect of the study was focussed on the more-subtle manifestations of

surface movements in the drainage pattern, and in the density and rate of gully

development, using a photogeologic approach.
A search for fault-related topographic features, such as scarps, sag ponds,

as well as displacements and deflections of drainage, failed to reveal the

presence at the surface of an active fault of moderate to large displacement. A

more sensitive indicator is likely to be in the orientation, position, and density

of the 4th order streams and gullies, especially those developed on a short timeu

|scale in cultivated fields, Because of other variables that are culturalin nature
i(e.g., ploughing direction) we have rationallized that density data are less

ambiguous than strictly orientational data. The search was not limited to co-

linear patterns of gully concentrations or orientations, because it is possible
that the strains associated with neotectonic deformation may reflect a broad j

'

fault zone. or more likely, an en echelon pattern of faults ratner than a single

break.

*

Air-photo analysis by Halyan Hu, with data manuplation by Hue-Chung Chou.
Supervised by D. P. Gold and T. Gardner.
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in addition to a lineament enalysis (Figure 9) using Landsat imagery tv o

scales of aircraft overflights were used for most of the detailed mapping ed

analysis, viz., low altitude photographs (1:20,000) flown during 1964, and high

altitude (1:48,000) flown during 1978. All of the small features were mapped on

265 of the higher-resolution, low-altitude photographs. As part of a terrain

analysis, the headward segments of rills and gu!!!cs were mapped on acetate

overlays on alternate frames (see Index on figure 10)in a stereo-model, and

transferred onto a base map. To avoid blasing the data by mapping the same
,

area more than once only the central portion (5" x 7") of each photograph was
L

transferred. The county boundary, reference coordinates, and the end points of

the '' gullies" were transferred from the base map to magnetic tape on a source
}

bed plotter. .This digital data bank was used in subsequent computer assisted

statistical analyses for density and orientation parameters. Data pertinent to

each frame mapped were plotted at the location of the principal point of the

appropriate photograph (Figure 11) Cells of area slightly less than that
'

covered by the aerial photograph were superimposed on the base map in order

to develop density contour diagrams (Figure 12). They also facilitated the

comparison of density and orientation of " gullies" and gully patterns among

different areas.
The criteria and parameters in distinguishing and mapping gullies on aerial

photographs are: )
(1) they appear as thin, dark-grey to black lines ui the checkered or

striped agricultural pattern of the arable lands;
(2). gully expressions commonly are from 100 to 250 feet, but range in

length from less than 50 feet to more than 100 feet;
(3) most of the gullies are either obilque or perpendicular to the

topographic contour, rarely parallel to it:
(4) gully patterns vary with topography and bedrock attitude and lithlogy;
(5) the density of gullies per photo-cell * is highly variable. A value of 15

to 20 per photo-cell was considered to be background, and more than |

30 as anomalous. The largest anomalies approach values of 60 gullies j

per cell. |
|

|

* |

The central 5" x 7" rectangle used on each aerial photograph to minimize the
amount of radial distortion.

|
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The msin f actors controlling gully development, distribution and density |"

,

are:
1

,

(1) climate, including rainf all distribution;
(2) farming practice, especially direction of plough furrows,i.e.,

commonly the long axis of field;
(3) time-duration for natural processes to supercede anthropomorphicn

adjustments,e.g., ploughing to remove rills;

; (4) soll thickness and type;
(5) bedrock composition: |
(6) orientation and nature of bedrock fractures;#

|. (7) slope aspect and gradient; ;

(8) tectonic activity (e.g. dif ferential uplif ts etc.) |

The first three factors can be considered to have been constant on the f

[
scale of the county for at least the last 5 to 100 years (Custer et al.,1985). The !

latter factors are sensitive to local changes,~ and because they are site-specific, ,f

t they need to be considered independently, j

A total of 5154 gullies were mapped on 265 low altitude (1:20,000) serial j
,

photographs of Lancaster County. These were transferred to the base map on a j

scale of 1:48,000, and then transduced to provide a digital data base from which |

|- frequency and orientation parameters could be deduced (i.e. a contour map of {
density (figure 12), and histograms rose diagrams (figure 13), depicting the {

fdegree of local anisotrophy in fracture orientations.
The gully density distribution (Figures 11 and 12) Indicates three [

anomalously high areas in Lancaster County. The southern areas is underlain |
.

;: mainly by schists and micaceous gneisses of Precambiran age. The middle j

anomaly is located in the west-central part of the county, around the ..Ity of [

lancaster. It is underlain by clastic sediments and limestones of Cambrian age, |
which are deformed by folds and thrust faults (see figure 10). Epicenters of

modern earthquakes cluster along the western side of this anomaly. The third j
! anomaly is ic,cated in the northwestern part of the country,where Ordovician [

sandstones and l'mestones are overlain by Triassic Redbeds, intruded by |
diabase diker and Triassic / Jurassic age. A common feature to these three j

anomalous areas is the presence of generally north-south trending diabaser

dikes.
;

E.xcept for the anomalously low '' gully-density'' swath across the northern 7

part of Lancaster county, whicn correlates with the forested terrain underlain [
!
>

I
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mainly by Triassic rocks, gully development is not as strongly influenced by
.

lithology as it is by bedrock structure and attitude.
In the central area, the paucity of gully development is reflected by the low f

contour value (10 gullies /4 square miles) on the density contour map, and the

small size of the rosette in the cell /rese diagram plot. In the southern part, the

general background value for gully density is high. This is reflected in the
'

trend surface, and in particular in the size of the rosettes in the corresponding *

cells. These anomalies are correlated with bedrock, and soll types. |
I

An unusually high uplift rate has been established for the southern part of

the county by Cardner (this study) through dating and levelling of a series of ;

terraces along the Susequehat.na River. As a result of rapid uplift, headward f
erosion and downward incision are promoted until an equilibrium grade is j

reestablished. Bedrock conditions (e.g.the well-jointed Peters Creek Schist j

formation),with only a thin soll cover also enhance the gully development. !

Other factors can be eliminated as a cause for the "high density" anomaly |

Ithat occurs in the southern part of the county because its north-south trend is

transverse to the lithology, soll types, and uplift axis. The remaining factor of ]
importance is a tectonic control of some sort. The north-south spike in the f
rose diagrams (see rigure 13) for the cells within this anomaly are transverse to

bedding dip and slope and major drainage directions, suggesting a j

superimposed fracture control. The breadth of this anomalous belt suggests |

the presence of multiple north-south oriented fractures in a zone rather than a f
single fault. These suppositions are consistent with the location of recent [

earthquake epicenters, spring, and travertine dams in the Lancaster area [

(Stockar,1986: Stockar et al.,1987),which Indicate an active north-south ;

trending zone of weakness subparallel to north-northeast trending diabase f
dikes of Triassic age. ;

The principal conclusions from this morphotectonic analysis are:
(1) The northwest trend of high " gully-density" anomalles reflects the j

geomorphic influence of the Susquehanna River, while the north-south trends j

in the '' gully density" contours, rose diagrams of gully direction and joints, |
,

(rigure 14) coincide with regional (diabase dikes and faults) and local
:

structures.

| (2) The fossil strain reflected in the orientation of the diabase dikes and
thrust f aults is similar to the modern strains manifest by gully development and ;

,

the clustering of epicenters.
j

L
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(3) We conclude that two areas of anomalously high gully development in

:
Lancaster county are due to near-surface deformation caused by local uplif t

and a seismically active f ault zone Moreover,the morphotectonic techniquesj.

| developed for this study were able to discriminate between the two causes
when the local fracture (gully) orientation fabric is considered. In summary, the

high gully density zones coincide with areas of anomalous uplift, and an active

seismic zone. Aligned spikes in rose diagrams from the active seismic zone
'

provide information on the strike of the crypto-fractures,
t

t Gravity and Macnetics

Sumner (1975) compiled gravity data for the Newark-Cettysburg basin and

contoured a simple Bouguer gravity map (Figure 15). 4500 gravity stations were

plotted with a station spacing of 1-5 km over the basin and 2-10 km over

adjacent areas. The standard error is about 0.2 mgals.
The density contrast between the various Triassic and Paleozoic rocks'

underlying the area is very small, with the exception of the diabase (Sumner,

1976,1977). Therefore,lt is difficult to detect near-surface faulting within
these rocks. Nevertheless, on the simple Bouguer map (rigure 15), there is

i some evidence for a N-S fault zone in the area of the Fruitville fault of
Lancaster County. The contour lines appear warped within this area,in contrast

to their parallel, equally spaced regional trend on both sides of the proposed

fault zone (Figure 15).
Bromery and Griscom (1967) compiled an aeromagnetic map of SE

Pennsylvania based on several 15-minute quadrangle surveys. The quadrangles

of interest, within the proposed Lancaster seismic zone (Figure 3), are, north to

south, the Lititz quadrangle (Bromery and Zandle,1961), the Lancaster

quadrangle (Bromery and Zandle,1961), and the Conestoga quadrangle

(Bromery and Zandle,1959). The flight paths are N-S with a contour Interval of

25 gammas. These three quadrangle maps have been combined in figure 9.
Despite the large, regional scale of this aeromagnetic survey, there is clear

evidence of a disturbance in the magnetic contours as they cross the area of the

fruitville fault and its N-S extension (Tigure 16). Further south,in the

Conestoga quadrangle, the Martic Line contact creates an approximately 800

gamma, steeply dipping, shallow magnetic contrast (Figure 16) (Socolow,1974).

Along the southern extension'of the fruitville fault, this contact (as well as the

Martic Line) trends N-S. This is also the area of the 1984 earthquake.

31
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Likewise, this area in Conestoga is the part of the Martic contact of l

Pennsylvania which is most highly folded,and offset !n two step-like features

(Figure 1)(Berg, et al 1980). These step offsets are in harmony with the right-

lateral displacement along the fruitville fault and other N-S trendfrig faults of
the area. However, at this point no causal relationship can be established.

:

Finally, one must keep in mind that, as in the gravity case, the uniform

lithology of the Lancaster valley area makes it very difficult to identify |

structural features on the aeromagnetic data. The magnetization of the
f

Paleozoic and Triassic rocks,with the exception of the diabase,Is very uniform
S

and low because of the relatively uniform composition of these clastics and

carbonates (Sumner,1977). Thus, the aeromagnetic data for the Triassic and
,

>

j
Paleozole sedimentary rocks has a range of less than 100 gammas. I

Historical Seltmf eltv

Sharnberger and Howell (1985) did a study of the historical seismicity of

Lc.ncaster County and obtained the results of Figure 3 and Table 1. However,
[there is evidence that the location of the October 6,1978 event near the town i

of Lititz (Figure 3)is in error. The preferred location of this event is on the !

northern outskirts of the city of Lancaster (Figure 17). This is based on
|

Scharnbergen's (1978) Intensity maps for the two 1978 Lancaster earthquakes !

(Figure 18), and on the results of applying a relative location algorithm which !

used the locations of the July 16,1978 and the April 23,1984 earthquakes to

locate the Octooer 6,1978 event (Figure 18). Furthermore.although !

traditionally the March 8,1889 event, of intensity MM - V, has been located in I
York, Pennsylvania, new studies of newspaper records have been used to

,

relocate the event within the area around the city of Lancaster (Nottis,1983;

Armbruster and Seeber,1985). Based on these historical locations,it is clear

that a N-S trending seismic zone dominates Lancastpr County (Figure 10). '

The earthquakes of largest instrumentally-recorded magnitude within this
|

zone of seismicity, the Lancaster seismic zone (LSZ) are the recent April 23,

1984 event with a magnitude 4.2, and the May 12,1964 event which had a

published magntidue 4.5, but which was recalculated in this study to be of I

magnitude 3.6 (Figure 17). The other instrumentally-recorded events in the LSZ
|

are: The December 8,1972 event (magnitude 2.1; Dewey and Gordon,1984) at a

depth of about 3.5 km: the July 16,1978 event (magnitude 3.0; Scharnberger.

1978) at a depth of about 5.0 km; and the October 6,1978 event (magnitude 3.1,
Scharnberger,1978).
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Thus. it is apparent that historically the seismicity is clustered in a N-S

striking zone along the Truitville fault. The zone appears to be about 50-60 km

long,in the N-S direction, and 10-20 km wide,in the E-W direction. It runs iE
!

directly through the center of Lancaster County, Pennsylvania and parallels the
[ most recent faulting in the area, such as that of the Fruitville fault zone (Tigure

|
| 2).

1[ Conclusient
ji

Based on a multi-disciplinary approach, a neotectonic zone of

deformation, the Lancaster seismic zone (LSZ),is identified in southeastern |!
Pennsylvania. Historically several earthquakes have occurred in the N-S-

I
,

striking,50 km to 60 km long,10 km to 20 km wide zone. The largest recent
'

event of April 23,1984 was located in the southern end of the zone et a depth
of 4.5 - S.O km. The fault plane solution for the event indicates a N 10*E

striking fault plane with a 60'E dip, and a right-latera'l sense of motion. Field

geology identifies a N-S striking fault zone, the fruitville fault zone (frz),n

.which is coincident with the LSZ. Ths FTZ is in agreement with the location, the

sense of motion, and the fault plane solution for the April 23,1984 event.

Furthermore,it has proven to be the youngest structural feature in the area,
'

offsetting all surrounding structures arid lithologies, except one. These are the

Triassic-Jurassic diabase dikes. They parallel the youngest faults, such as the

FTZ, and may be genetically related to them. Finally, a preliminary study of the3

i

drainage patterns lineaments, and potential field data in central Lancaster

County suggests the presence of a N-S trending fracture system within the LSZ
and coincident with the FTZ.

t

!

b

,

)
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FLUVIAL TERRACES ALONG THE LOWER SUSQUEHANNA RIVER

Introduction
Fluvial terraces are preserved along the lower Susquehanna River from

Harrisburg to Havre de Grace at the mouth of the Susquehanna. The lower

course of the Susquehanna and the preserved terrace remnants transect them

southern area of historic seismisity in the Lancaster, Pennsylvania area, it was

therefore postulated that these terrace remnants could record any slow,long-

t- term, regional, crustal deformation resulting from neotectonic activity in the

t Lancaster area.

L
As many as six gravel-capped terraces (figure 19) occur along the lower

|l Susquehanna (Stose,1928). To constrain rates of crustal deformation across the

b Lancaster seismic area, these terrace remnants must be accurately correlated

j and subsequently dated. Uplift rates can then be calculated by two possible
methods. The first method estimates the up!!ft rate from the difference in

elevation between terraces or between a terrace and the modern stream level,

it assumes that stream incision to the present level is only a result of tectonic

uplif t and neglects stream incision caused by either custatic sea-level change

or changes in sediment load resulting from climatic change, among others.

However, along the lower Susquehanna all three processes have operated

during the Quaternary to affect stream incision. Uplift rates calculated from the

i ' first method could only yleid maximum values if the terrace age is well

constrained.
The second method estimates upilft magnitude and rate by calcuir. ting the

difference in terrace elevation along any 2ng terrace. This method is most

useful where individual terraces actually develop an upstream slope as a result

of tectonic deformation in that case, the magnitude and rate of crustal

deformation can be accurately estimated if the terrace age is well constrained.
Although terrace remnants are preserved along the lower Susquehanna,

two significant problems must be addressed in order to estimate magnitude,

rate, and age of crustal deformation; the terrace remnants must be correctly! ,

' correlated along the length of the river and the terraces must be accurately

dated.

>

*
This analysis was carried out by T. Gardner.
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Distribution and Ane of Tattraret
Two detailed studies reporting the distribution of terrace remnants along

approximately 100 kms.of the lower Susquehanna have been reported by Stose
,

!n (1928,1930) and Campbell (1929), At least six, gravel-capped terrace levels f
I

that are of potential use in this study have been mapped (Tigure 19) and
|,

! tentatively dated. These include, from lowest to highest, the Talbot, Wicomico, j

Sunderland, Sub-Brandywine, Brandywine, and Bryn Mawr, They range in

elevation above the river from less than 20 feet (Talbot) to approximately 300i

;

' feet (Bryn Mawr).i

! The three lowest terraces (Talbot,Wicomico and Sunderland) whfch are also |

|
the best preserved and most continuous have generally been assigned a late ,

Pleistocene age (Stose,1928; Schlee,1957) and tentatively related to glaciel and :

,,

periglacial processes in the headwaters of the Susquehanna. These terraces }

generally have a longitudinal profile that is parallel to the modern river profile.
Therefore,in calculating uplift rate, the first method can be used to estimate t

possible maximum up!!ft rate,
,

. The upper two terraces (Brandywine and Bryn Mawr) commonly referred to .

as the " Upland Gravels" occurs as scattered remnants of boulder strewn, flat f
uplands that can be found up to three miles from the modern river course.

>

These gravel are mineralogically distinct from the lower terraces. Clast .

>

composition consists of a mature suite of orthoquartzites and cherts quite ,

distinct from the less mature glacial gravels of the lower terraces, j
!The Upland Gravels generally consist of isolated, rounded, exotic boulders
}

and cobbles preserved in a residual soll developed on local bedrock. Because I
:

these terrace deposits are poorly preserved and deeply weathered, no dateable 4

materials have been found in them. Tentative age assignments are based on

degree of weathering and possible correlation to related marine units in the ;'
i

coastal plain. Assumed ages range from earliest Pleistocene to middle Pilocene
;

f(Schlee,1957) or late Tertiary (Stose,1928).
An attempt was made to constrain the age of these Upland Gravels using a

micropaleontologic method. Samples were collected from nearshore marine j

sediments from the head of Chesapeake Bay that are correlated to these Upland f

Gravels. These include samples from the Sand Hill Quarry (elevation 60 f t., Rte. [

7 north of Hauredegrace), Cecil Brothers Quarry (elevation 420 ft.. Rte. 275), and [i i

York Brothers Quarry (elevation 400 f t., Belevedere Rd.). However, all

i

i
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samples were devold of palynomorphs (see letter frorn Travspore Inc.). Other

studies have also reported similar unsuccessful results. Therefore, the age of

these * Upland Gravels"is very poorly constrained at this time. The poorlyg

;

constrained age estimates will not affect estimates of magnitude of crustal
{

deformation, but will affect all rate calculations based upon these Upland r

Gravels.
,,

Terrace Correlation

To estimate the magnitude and distribution of possible crustal deformation

along the lower Susquehanna River, terrace remnants must be accuratley

correlated along the length of the river, Because of the poor preservation of
,

Upland Gravel terrace remnants along the hwer Susquehanna, the only two

detailed studies of that area (Campbell,'1929 t.1d 1933; Stose,1928,1930) have
[produced rather disparate views on the nature of the correlation. The relevant
{controversy involves correlation and inferred deformation of the oldest gravel-
|capped terrace remnants, the Bryn Mawr Terrace of assumed earliest Pleistocene
i

or Pliocene age (Schlee,1957). Campbell's (1929) correlation of the Bryn Mawr i
Terrace remnants shows a distinct upward bulge in the Bryn Mawr surface

[
(l'igure 20) centered near Safe Harbor,in the general vicinity of historic seismic !

-

-

activity around 1.ancaster. Contours drawn on this warped surface produced 4

the Westminster Anticline (l'igure 21) with nearly 100 feet of closure that

extended from the Potomac River in the southwest to the Schuylkill River in the
northeast! However, Stose (1930) questioned the accuracy of the terrace,,

j
correlations, suggesting that the Bryn Mawr was miscorrelated by Campbell. i

Stose's (1930) correlation showed no deformation along the Bryn Mawr surface. f
Given the poor preservation of the Bryn Mawr terrace gravels,it is not possible

f
to determine the correct correlation at th'e present time. Therefore, uplift rates !
based on both correlations will be calculated for the lower Susquehanna.

fNeotectonic Deformation Alore The Lower Susouchanna
j

Given the above limitations on age and correlation of terrace remnants, uplift
!

and possible uplif t rates have been calculated for the lower Susquehanna.c
('

(Table 2). Maximum possible uplift rates vary over an order of magnitude, but f
are consistantly quite low ranging from 6.5 X 10-2 mm/yr to 2.8 X 10~ 3 mm/yr.

However, these low rates could be expected for crustal deformation along a
f

passive, continental margin. Importantly, uplif t rate calculated from closure on
|the Westminster Anticline is centered 1,1 the vicinity of historic seismic activity

,

f

h r

;

<
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near t.ancaster and may reflect deformation associated with that activity over" "

the last several million years. However, upilf t rates calculated with the first i

method using terrace elevation above modern stream level, may reflect a more

regional uplift pattern, extending along the entire course of the lower |

Susquehanna. This type of broad crustal deformation may be mote reasonably [

related to regionalisostatic uplift resulting from slow but steady erosion of the f
Piedmont. However, the presence of distinct convex-up tributary stream ;

segments (Thompson,1985) and associated geomorphl: features (Hack,1982)

support the notion that neotectonic uptlit may be occurring over a more narrow a
i

region of the Piedmont upstream from the Coastal Plain. This would tend to
!

support the deformation model suggested by Campbell (1929).
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' Table- 2. : Possible Uplif t Rates along the . lower Susquehanna River. -
- _.,

>z-

.

-

Method Terrace Elevation Difference Time Interval Uplift Rate
~ AZ(meters) - ~At(years) (aun/yr)

Closure on Westminster Bryn Mawr 65 1 million ~ 6.5 K 10-2;
__

Anticline (Campbell, 1929)I.

Elevation of Bryn Mawr Bryn Mawr- 100 2 million
-

3.0 K'IO'1~ 2above modern river level .
(Stose, 1930).

-

Elevation of Sunderland Sunderland 38 100,000 313 K 10-2~2above modern river level .
(Stose, 1930).

Elevation of Wicomico Wicomico 20 70,000 2.8 K 10-IA above modern river level .2

(Stose. 1930).
'

-

1. using method 2 in text
2. using method 1 in text
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rRAYSPORE. INC.'

1

' a. o. s. som see 4;

v=n op.m. n .....
i' v... . ,

22 December. 1986'
,

'
.:.

i
; Dr. Thomas Gardner
Dept. of Geosciences '

303 Deike Building
, University Park PA 16802 >

Dear Tota

We have completed'our study' of the four (presumably) Neogene samples j.~

, "3 you gave us to wock on, per your letter of 16 October. ;
,

I very much regret to report .that the samples are utterly devoid, not ,

only of palynomorphs, but of organic matter at all. The samples consist
primarily of' clean clay--knolinite or montmorillonite probably.. There are '

'some silt-size particles which I assume must be quartz from the observed
reactionst

'1.no reaction in 15% hcl (therefore no carbonates)
,

2. violent. reaction (explosive) in $2% HF

3.n_o enc 1, (sp. gr. 2.1) float (this is really quite unusual. for
*

silty clay samples). |
,

'l believe you should look for a darker gray color in the field (these are .,

practically white)--in my experience, this would indicate the probability ''!
. of' organic matter being present. Also, be sure to look for siltstone (these I

- present samples are barely gritty to the teeth but are probably mostly clay?). |
It might be helpful to have me help do the collecting? j

Per my original quote (my letter of 23 October,1986), I enclose an
iinvoice at $50/ sample = $200.

.,.
.7

. : s
,. .

Yours very truly, J
i

. ...s . >

$
d

Alfred Traverse'

President r
:

;
1

AT/et
L enc 1: invoice

t

47 ['

.

.
b| , j ',

-.- . . - -



_

i

|

TRAVERTINE AS AN INDICATOR OF RECENT FAULT MOVEMENT |
Summarv |

Based on Thornton's hypothesis travert'ne deposits such as those found in i
~

central Virginia, are associated with recent fault movements in carbonate |
terranes. Therefore, travertine deposits should now be forming in the Lancaster j

seismic zone. As predicted a ground-based survey revealed the presence of |
travertine deposits on small streams crossing the Lancaster fault zone in i

Lancaster, PA. Present deposition occurs downstream from the inferred f ault |

trace which cuts the carbonate bedrock. This suggests that the seismically |
active fault may be mylonitizing the country rock and acting as a conduit for ;

the calcium-carbonate-rich groundwater which supersaturates the runoff

streams. It appears that this causative association of travertine with (

nectectonic fault movement can be used to locate and identify recently active

faults in the northeastern U.S.
'

Raekaround
Travertine (or tufa) deposits are located along many streams in the ;

Shenandoah Valley of Virginia,in many (and perhaps in all) Instances just !

downstream from the points where these streams cross the outcrops of thrust

faults. Most of the deposits with which have been investigated (by Thornton)

are not forming at the present time, but are being cut into by the streams that

they have dammed. Along Holman Creek,between Forestville and Quicksburg, f
deposition of travertine was followed by a period of alluviation, so that some of

*

the deposits are overlain marginally by stream sand and slits. This indicates

that the period of travertine deposition there ended some time ago,yet the

travertine is still younger than the origin of the present valley of Holman Creek.

Appendix B gives further deta!!s concerning the nature and origin of these

deposits.
Localization of the travertine dom, stream from the fault traces is taken to ,

Indicate that the source of the calcium carbonate-saturated waters was the
.

fault zones, along which crushing of the limestones has resulted in their

higher-than-normal solubility (Thornton's hypothesis). However,it seems ;

unlikely that this crushing dates from tne time of' origin of these faults some

250 m.y. ago-the supply of crushed limestone produced at that time should

long since have been exhausted. The most probable alternative is that f
geologically-recent movement has occurred along these faults, producing a new ,

49
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supply of crushed limestone for the circulating ground water to act on. On this

hypqthesis, the ages of the travertine deposits would reflect the times of most .

recent movement along these faults.

A number of large and rather spectacular examples of these deposits are i

known in Virginia, such as along Tumbling Run south of Strasburg, along Marl |
Creek just east of Steeles Tavern, along South River near Cornwall, and at

falling Springs north of Covington (Thornton,1959). However, the !
stratigraphile and chronologic relationships are probably better dispiayed in
some of the less spectacular occurrence such as those along Holman Creek

.

mentioned above and those along Sn.ith Creek east of Tenth Legion.
Discussion

Lancaster, Pennsylvania has been the region of recent seismic activity

(Figure 17). The earthquakes,with a maximum magnitude of 4.2 (April 23,
1984), appear to be concentrated within a seismic zone which is 10-20 km wide t

and 50 km long. As discussed earlier, the Lancaster seismic zone,is associated !

with a reverse fault, the Fruitville fault, which strikes NNE through central .

Lancaster County (figure 17). !

As discussed earlier, on April 23,1984 a magnitude 4.2, Intensity VI

earthquake occurred at a depth of 4.5 km along the southern extent of the fault !

zone (Figure 17). The main event was followed by several aftershocks which
,

clear!y indicated a NNE strike of tiie rupture (Figure 22). However, the faulting *

did not break the surface.
Ground surveys in the area carried out as part of this project revealed that

the southern trace of the Fruitville fault zone is associated with preferential
north-south drainage of the major streams in the area, the occurrence of

springs,and presently active travertine deposition (Figure 22).
The ground surveys revealed fourlocations of present travertine

,

depcsition (Figure 22). Site 1 is located on a small stream at the southeast

boundary of Millersville University campus. The source of the stream appears

to be a spring near the inferred fault trace (Figure 22). The travertine is

depositing within a small waterfall created by an outcrop of bedrock. The

deposit is up to I cm thick and covers the bedrock and presently-growing

algae. Site 2 is at the mouth of Stehman Run where a very thin coat (less than i

0.2 cm) of travertine is being deposited on cobbles, logs, and algae within the
turbulent parts of the stream. Site 3 is on the north branch of Stehman Run.
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The travertine forms a layer up to 0.5 cm thick on tops of cobbles which form

small dams and agitate the stream, it is also depositing on growing algae. Site
4

4 is on the south branch of Stehman Run where a travertine layer of similar

. thickness covers dead branches and cobbles within small waterfalls. j
All of the locations have several common traits, in all cases the travertine

is precipitated in agitated water, such as a small falls within the stream, it

always appears dcwnstream from the inferred fault trace of the Gruitville fault.. ,

Finally,in this region the travertina forms only thin veneers up to 1 cm thick

which coat rocks, organic debris, and actively growing plants and algae. In

. other regions of Pennsylvania (Carlisle and Chambersburg) and in Virginia

recent ground surveys revealed dams of travertine up to tens of meters high-

associated with faulted carbonates. However, most of these ind'cated ne

present deposition as did the above-mentioned sites in the Lancaster seismic

. zone.

Although this survey is not extensive or exhaustive, the occurrence of the

travertine deposits downstream from the Fruitville fault trace, the presence of

springs aligning with the fault trace, and the recent seismic activity (Figure 22),

suggest the following possible explanation. The seismically active faults in the

LSZ may be rnylonitizing the country rock and acting as a conduit for calcium-

carbonate-rich groundwater which supersaturates the runoff streams and

precipitates travertine near points of exit where there is turbulent flow

dvwnstream from the active fault.
Thus, association of travertine with active faults suggests that by locating

travertine deposits in the northeastern U.S. (or elsewhere) one can identify
nearby faults which are associated with neotectonic deformation. The

technique should be tried in other zones of recent seismicity where carbonate i

ro'cks exist, i

It should be noted that after this project was completed travertine deposits ,

were discovered (by C.P.Thornton)in Giles County, VA, the site of one of the 1
1

!argest (about magnitude 6) historic earthquakes in the eastern U.S. This .j
deposit was discovered based on the prediction that travertine should be

present in this area of major earthquake activity, although it had not previously

been reported. i

While the presence of travertine implies nearby neotectonic fault

movement it does not necessarily imply seismogenic faulting. T sumably j
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slower (non-seismic) fault movements would allow the same travertine-
generating process to operate. However, the identification of those faults in
eastern North America which are experiencing activity of any type vs dormant

faults is very important in understanding the nature and origin of neotectonic

deformation and associated hazard.
Ane Datine of Travertine DeoosEs

if the association of travertine deposits with fault movements is correct

then the ages of these deposits should represent the periods of past fault

activity. Hence age dating of travertine deposits should provide a time history

of active faulting in each area. Towards the end of this project an initial

attempt was made to date the travertine deposit on Holman Creek near

Quicksburg,VA described originally by Thornton (1959 and Appendix B). This

site was chosen because the travertine's development is well-constrained

geologically. The sequence of development was: valley cutting, followed by

travertine deposition, followed by valley filling with alluvial deposition over the

travertine, followed by the re-excavation by streams. There was no further

travertine deposition after the alluvial cover was deposited. Therefore, to fix a

minimum age for the last travertine deposition at this site samples of the

gastropod shells (calcium carbonate) found in the overlying, layered alluvium
were sent to a radiocarbon age dating laboratory for analysis. The carbon in the

gastropod shells would represent atmospheric carbon and hence not be

potentially biased by the carbon in carbon dioxide derived from host rocks.

This age determination gave 4210 * 60 years which means that the most recent

nearby fault movement would have occurred earlier than this date. Because of

time and budget constraints, age determinations on the travertine deposit itself

were not made. It remains to be determined whether the carbon in the
travertine reflects the age of deposition, the age of the parent carbonate rock or

some combination of the two. If it is the former, then one must use

carbonaceous material entrained with the travertine when it was deposited or

material in underlying and overlying alluvial deposits as in the case just

described. it is quite possible that bimodal ages will be found, one

representing the age of deposition of the travertine and the other the age of

deposition of the parent carbonate rock. Follow-on studies of this nature are

clearly needed to establish the potential for reconstructir g the history of

neotectonic activity areas where travertine deposits are found.
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NEOTECTONIC, GEOCHEMICAL AND LINEAMENT STUDIES OF THE MOODUS i'

1''
- SEISMIC AREA -

-

-

W in an attempt to identify neotectonic, geochemical, and lineament'

characteristics of a second seismically active area in the northeastern United

States, studies were conducted during the late summer and fall of 1987 in and

/ around the Moodus, Connecticut, area. This project focused on a six quadrangle

region centered on the *Moodus seismic area" an area of anomalously high f
seismic activity in recent and historic times.1 ,g

The study included a review of the relevant literature, particularly with .i

regard to features that might be related to the seismic activity, and field work j
1

_

to locate and examine those neotectonic features. Also, the local drainage |
,,

network was examined and water samples were taken to assess their degree of ;

saturation by chemical species which might indicate deep fluid movement along ,

active faults or fractures. Finally, remote sensing Imagery at four scales

(1:250,000 SLAR radar imagery, 1:100,000 SPOT satellit'e image, 1:80,000 high- j
altitude photography, and 1:18,000 low-altitude photography) were examined

for the presence of lineaments on other features that may reveal bedrock

fracturing and tectonic stress orientations.
. .

,

No unambiguous evidence of neotecton;c features has previously been -

.g |reported for this area. No evidence of tectonically disturbed glacial drift or -

stream deposits appeared in previous reports covering the area, except possibly

in one study where the critical outcrop was regraded and obscured. The ;

geochemical studies in the present study revealed no evidence of mineral

precipitt tes or superseturated species in 33 stream bottom samples and 8 water
'

|i samples. Lineament analysis of the six-quadrangle area at the three smaller

scales and the Moodus quadrangle at the 1:18,000 scale produced varying

distributions of feature orientation, frequency, and length. These orientations'

5 are concentrated in the northwest quadrant, although secondary peaks occur in ,

'

the north-northeast and east directions. The similar distribution of lineament
orientations produced from the SPOT imagery and high-altitude photographic

:
i:',

!Images, indicates that these similarly-scaled remote-sensing products are

sampling a common set of lineaments. The differences between the

distributions may be a result of stereoscopic viewing of the aerial photographs. .

The prominent lineament orientation peaks at azimuths of 80 -90* and 340*- |

L
350 are nearly parallel and perpendicular, respectively, to the direction of the -

|

l'
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( ' maximum compressive stress (a g) as determined from in situ stress and

b earthquake focal mechanisms in the area (Woodward-Clyde Consultants,1988).
,

v,

< This association suggests a causal association with the present thrust stress

,:
.

regime.1.lneament frequency was observed to increase in the Moodus'

.
.

. :a .

i>
~

.

quadrangle relative to adjacent study quadrangles, suggesting an increase in |

!
,

r fracture density in the vicinity of the seismic zone.
.

b' The variation in the orientation of lineament features appears to be

compatible with a first , second , and third-order shear couple model. |Ic b

I" Lineament frequency was observed to increase on the radar, SPOT, and high- c;

h' altitude photography tu the Moodus quadrangle block relative to adjacent

[$ quadrangles. This indicates that a higher degree of fracturing may be present ;
in the vicinity of the active sels'mic area. In addition, scale phenomena j*'

h' functions related to the lineament analysis were developed. They show: 1) an
.

p exponenttal decay in lineament frequency per unit ' area with increasing scale j
f|

number, and 2) a linear increase in average lineament length with increasing !
<

y scale r.tmber,
,

''

Details of this study are contained in a report by C. Shuman' presented in -

'
Appendix C.E> "-
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SUMMARY AND CONCl.USIONS,

I or the Lancaster seismic zone the multifaceted investigation revcaled

several manifestations of near-surface,neotectonic deformation. Remote

sensing data together with surface geological and geophysical observations, and

recent seismicity reveal that the neotectonic deformation is concentrated in a

NS-trending fault zone some 50 km in length and 10-20 km in width.

Anomalies associated with this zone include distinctive lineament and surface -
erosional patterns; geologically recent uplift evidenced by elevations of stream

terraces along the Susquehanna River; and localized contemporary travertine

deposits in streams down-drainage from the inferred fault zone,
in the Moodus seismic zone results of previous ground-based geological

studies were combined with remote sensing observations (aetial photography,

SLAR imagery, and SPOT imagery) and used to look for evidence of near-

surface deformation associated with the zone of recent seismicity. Lineament

frequency was observed to increase in the Moodus quadrangle compared to

adjacent areas and dominant lineament directions were observed that are

perpendicular and parallel to thenrientation of the maximum horizontal stress
direction (N80-85E), recently determined from in-situ stress measurements in

a 1.5 km-deep borehole in the selsmic zone and from well-constrained

earthquake focal mechanisms. These dominant lineament orientations are those

expected in the present thrust stress regime which has generated recent

earthquakes in the Moodus area. No geochemical anomalies or travertine

deposits were found to be associated with the zone of seismicity. The only

potential source of travertine in the area is one metamorphic rock unit, which

upon weathering produces calcium carbonate. However concentrations

necessary to cause precipitation of travertine were not found in any of the

streams sampleo.
One of the most important general results of this study was the

identification of travertine as a possible new indicator of neotectonic fault

movements in areas underlain by limestone and dolomite. The working

hypothesis (developed originally by C.P.Thornton)is that water reaching the

surface along fault gouge zones will emerge satulated or supersaturated in

carbon dioxide and then will quickly precipitate in nearby small streams to
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[ produce readily-observed travertine (tufa) deposits. No such deposits are

expected to be associated with dormant faults because the high surface area to

- volume carbonate material in the fault gouge will have been dissolved and

carried away shortly after the last fault movement. If this hypothesis is currect

and generally applicable, then recently-active faults should be found just '

upstream from observed trevertine deposits. Alternatively stated, travertine

deposits are predicted to occur downstream from the surface projection of,<

active faults hi carbonate-rich terranes. Guided by this theory a ground-based

survey was carried out in the Lancaster seismic zone and contemporaneour |

travertine deposits were discovered just downstream from the Fruitville fault

which is associated with the major earthquake activity in the area; none had

previously been reported for this area. The travertine is presently being-
deposited at all the sites where it was found.

The possibility of age-dating travertine deposits suggests that the time
history of nearby fault activity might be reconstructed as well. Late in this

!
study an attempt was made to age-date a travertine deposit from the '

Quicksburg,VA area using a radiocarbon method. The date obtained was 4210

't 60 years, which represents a lower bound for the age of last fault movements

producing the deposit. However, travertine is presently being deposited
I

approximately 5 km upstream indicating recent fault movement there. This ;

. area has experienced historic earthquake activity indicating that neotectonic
rdeformation is occurring. The travertine found in the Lancaster seismic zone is

currently being deposited as evidenced by twigs and other debris entratned in

the deposit and by its coating of stream pebbles. Further investigation of this

new Indicator of neotectonic fault movement is clearly warranted.
| Appendix D contains copies of published abstracts of papers presented at

technical meetings describing the results of this study,
i

i

|

|
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ABSTRACT

This study is fo'eused on the contemporary tectonics of the
Lancaster Seismic Zone in southeastern Pennsylvania. The

neotectonic deformation associated with recent seismicity

in this zone is inferred by consideration of source

mechanisms of recent earthquakes and the inferred principal
. stresses, and geological and geophysical observations in

the Lancaster area.
The hypocenter of the largest recent event in the '

Lancaster, Pennsylvania region, the magnitude 4.2, MM VI
earthquake that occurred on April 23, 1984, was.at a depth
of 4,7 km, determined through cepstral analysis, and at a

latitude and longitude of 39.940 - N, 76.3250 W near
Marticville, about 10 km. south of Lancaster. The event was

magnitude 3.0, MM IV foreshock located nearpreceded by a
McCalls Ferry, about 8 km directly south of the mainshock.
It was followed by several aftershocks oriented in a

north-south trend over a 2 km zone. The focal mechanism of
the 'mainshock also indicates a NS-striking fault plane.

This strike is perpendicular to the dominant EW structural
grain of the Appalachians within the Pennsylvania salient
and of the Martic Line. Upon closer observation it is

revealed that the youngest structures in the Lancaster

region are all north-south trending and not EW-striking

like the dominant Paleozoic features. Based on
cross-cutting relationships, the youngest rocks present are
the NS-striking Triassic-Jurassic diabase dikes, and the .

the NS-trending cross-faults |
youngest faults present are
which offset all other structural features and lithologies i

(|| of the area. The April, 1984 event is within the dominant
l' zone of these faults. The historical seismicity and

relocated, instrumentally recorded, events also define a ;'

1.
NS-trending zone, the Lancaster Seismic Zone. It is

'

approximately 50-60 km in length and 10-20 km in width. The
seismic zone is parallel to the fault sone. The drainage !

pattern of the major streams is also predominantly |

h NS-trending near Lancaster. Potential field (aeromagnetic t

and gravity) anomalies and prominent remote sensing !"

lineaments provide further evidence of the presence of the |

| cross-structural zone inferred from the geology and ||

i

L
seismicity, including evidence for large scale basement
features.'

L
1
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INTRODUCTION

!

Lancaster County is the most seismically active area
in Pennsylvania, with several magnitude 3.0 or greater

earthquakes in the past 25 years. The goal of this
'

investigation is to understand the present tectonic

conditions and associated neotectonic features of this,

region,'- and, thus, shed- light upon the cause of this

seismicity. .
_

Pennsylvania
,

On April 23, 1984 Lancaster County,
experienced one of the largest earthquakes'in its recent
history. It registered a magnitude of 4.2 and a maximum
intensity of' MM VT. This mainshock was preceded by a 4

magnitude 3.0, Mb IV foreshock, on April 19 of the same

year, and followed by several aftershocks which lasted
until September, 1984. Immediately after the mainshock, the ,

i

Pennsylvania State University and the Lamont-Doherty

Observatory set up a temporary network of seismometers to
record the aftershocks, and for six days recorded 10

events, the largest being a magnitude 2.1 (Armbruster and
Seeber, 1985). These aftershocks lined up in a N-S trending >

zone approximately 2 km long near Martiev111e, about 10 km !

south of tne city- of Lancaster. Armbruster and Seeber -|
fault plane solution baned on the first(1985)- obtained a i

- arrivals from the mainshock and the aftershocks, which

appeared to have the same epicenter. The fault plane

solution suggested a N 100 E preferred fault plane with a
dip of about 60 degrees toward the east. The motion on the
fault plane appeared to be right-lateral reverse, with the
maximum axis of compression in the ENE direction, analogous
to the maximum principal stress orientation predicted by >

Zoback and Zoback (1980) and Zoback (1986) for this region. '

This information prompted an investigation of the
i region, and of the possible source of the April 23, 1984

earthquake. The findings of this investigation are summed'

They were obtained by a thorough searchup in this paper.
of some 200 publications dealing with the geology,

structure, geomorphology, gravity, magnetics, remote

sensing and the seismicity of the Lancaster region, and of
S.E. Pennsylvania, in general. Furthermore, the April 23,
1984 event, and the April 19, 1984 foreshock were located
independently and relative to each other through a

HYPOINVERSE (Klein, 1978; Lahr, 1980) absolute location
algorithm and through a relative location algorithm
(Baumgardt, D.R., 1977 & 1985). These locations were
compared to the maximum intensity locations for the two
events obtained by Scharnberger and Howell (1985), and were

!' found to match within the 95% confidence error ellipses for|

the location algorithms.
The findings of the above investigation indicate

A15 ,
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a N-S striking zone of seismic activity, approximately
50-60 km in length and 10-20 km in width, through the

.
center of Lancaster County. This sone, the Lancaster'

Seismic Zone, appears to be associated with N-S trending
( dikes and' faults in the area, in particular the Fruitville

Fault Zone (Figure 1). Furthermore, cross-cutting
relationships, along with radiometric dating of the dikes,
indicate that the N-S striking features are the youngest.

Thus, these youngest, N-S faults may be presently
reactivated, in a reverse right-lateral sense, by the'ENE
maximum compressional stress predicted by Zoback and Zoback

.

'

(1980,- 1986), for this region. This would create
! earthquakes such- as- the April 23, 1984 event. If the ENE

maximum compressional stress regime is ubiquitous for the
entire region, such N-S trending faults.may act as seismic
source zones in other regions of the northeastern U.S.

Finally, in order to get a better idea of the source
depth for the April 23, 1984 event, a cepstral analysis was '

conducted on . data from this event received at 13 stations
in- New York State. The cepstral analysis predicted a 4.7 km-
depth for the mainshock which was in general agreement with
the 4.4-4.7 depth for the aftershocks obtained through
local. monitoring by the Pennsylvania State University and
the Lamont-Doherty Observatory in the epicentral area

b (Armbruster and Seeber, 1985). '
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GEOLOGY

General Ancalachian Tectonieg

The tectonic provinces of the Eastern United States
outlined and described by King (1951) as three separateare

regions. They are the central stable region, the

Appalachian orogenic system, and the Coastal Plain. King's
outline of the three regions is as follows:

I.) Central stable region
a.) Laurentian shield (part of Precambrian

Canadian shield)
b.) Interior lowlands (bordering platforms'

covered by younger rocks) .

II.) Appalachian orogenic system or tectonic province
a.) Fold belt (roughly the Valley and Ridge -

'

physiographic province) .

b.) Blue Ridge belt (Blue Ridge physiographic
province)

c.) Piedmont belt (Piedmont physigraphic
province and part of the Bluo Ridge
physiographic province)

d.) New England - Maritime belt
III.) Coastal Plain (post-orogenic deposits

overlapping the Appalachian system)
from (Hadley & Devine, 1974)

The central Appalachians, in which Lancaster County,
Pennsylvania is located, were affected by three Paleozoic
orogenies. The first was the Taconic orogeny which occurred
in the middle to late Ordovician (450-470 m.y.), followed

by the Acadian orogeny of the early and middle Devonian
400 m.y.) and the Alleghenian orogeny of the(360 -

Pennsylvanian and/or Permian (230 - 280 m.y.). The South
Mt. anticlinorium and the lower Paleozoic rocks of the

Great Valley and the Conestoga Valley (region surrounding
Lancaster in Figure 1) were mainly deformed by the

Alleghenian orogeny. This event was composed of several

stages of deformation. The first was the thrust along a

decollement of Precambrian rocks over lower Paleozoic ones
in the Martic line region. This contact-(Figure 1) strikes
east-west through southern Lancaster County. This was

followed by the folding of the decollement, and finally,

flat thrusting of the decollement terrane in the western
margins of the Blue Ridge (Drahe,1980).

This type of deformation may be quite si.allar to that
of the Southern Appalachians. Gwinn (1964) claims that "the
tectonic style of the Central Appalachians is entirely

analogous to that of the Southern Appalachians" According

A17
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to this popular idea, the Valley and Ridge and theAppalachian ' Plateau are folded,. NW moving, thin, thrust
sheets, allochtonous for hundreds of kilometers on a solethrust (decollement zone), which occurs largely withinincompetent strata of middle Cambrian; upper Ordovician,
upper Silurian, and middle and upper Devonian age.

General Geolorv 91 1h2 Lancaster h
The Lancaster area is within the major salient of the

Appalachians. The tectonic grain in the region has a
east-west strike (Figure 1) (Wise and Kauffman, 1960).
Crystalline carbonate rocks underlie nearly half of thecounty (Meisler and'Becher, 1971), and clastic sedimentary
rocks and schists dominate south of the Martie line (Bria,
1978). Quartsites, carbonates, and pelitic sedimentscomprise the general stratigraphy'from the basement upward
within the lower Paleozoic rocks of the Conestoga Valley.However, in the middle Ordovician there is a gradual change
fr'om dominantly carbonate to dominantly clastic sediments
(Wise and Kauffman, 1960). These Paleozoic rocks arestrongly folded by at least two generations of folding.
Further to the north, near the border of Lebanon County arethe clastic sediments of the Newark - Gettysburg Triassic
basin. These are intruded by large diabase sheets anddikes. These diabase dikes, which are predominantly N - NE

1 striking (Figure 4), intrude all surrounding rocks of the
region and are thus the youngest (Bria, 1978). ,

Poth (1977) offered a more detailed summation of thelocal geology. He mentioned that Lancaster County lies in
the Piedmont physiographic province (Figure 1), which he
divided into three sections, as follows: !,

Triassic lowlands nection - This region occupies
the northern tenth of Lancaster County. It is underlain by
the shales and sandstones of the Gettysburg-Hammer Creek

,

'

formation and the New Oxford-Stockton formation, as well as
diabase sheets and dikes.

Conestoga Valley section - This section occupies
the central half of the county. It is chiefly composed of'
carbonate rocks and shales, with minor amounts of
quartsite, phyllite, and schist, as mentioned above.

iOrdovician rocks (youngest to oldest)
- Cocalico formation : a fissile shale
- Conestoga formation crystalline limestone.

containing clayey, graphitic, and micaceous laminae, k

and a basal carbonate-rock conglomerate
- Beekmantown Group limestones', interbedded-

limestones and dolomites, and dolomites
Cambrian rocks (youngest to oldest)

- Conococheague Group
- Elbrook-Cooks Corner formation interbedded-

limestones and dolomites
|

A18
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- Ledger formation : dolomite
- Kinzers formation : shales with beds of limestone

'

and dolomite s

- Vintage formation : dolomite .

- Antietam, Harpers & Chickies formations : Quartsite, |
~

,

phyllite, and schist i

Piedmont Uplands section - This region is the
southern part of the county. It is underlain by Precambrian
and lower Paleozoic metamorphic rocks of the Peters creek
Schist, and the Wissahickon formation. These are schist and
quartzite, and schist, respectively. ;

Newark - Gettysburg Triassie Basin

The Triassic sedimentary rocks of the Newark Group
, outcrop in elongated' basins along the Atlantic coast from
| Nova Scotia to South Carolina. Two of.the largest of these

basins are in Connecticut along the Connecticut River, and
in Pennsylvania and New Jersey. They are thought to share a .

common structural history, the Palisades disturbance (King, !

1961; Bria, 1978). The Newark-Gettysburg Basin .of.

Pennsylvania (Figure 1) is approximately 225 km, long and
6-50 km wide. It trends in the ENE direction across the SE
corner of the state. It is the largest Triassic basin in
the United States. It has a possible aggregate thickness of "

more than 6 km (Stcee, 1932; Beck, 1965; Bria, 1978). The
~

sediments. of the Newark Group were deposited by streams and
rivers from nearby uplands. Variation- in topography and
climate. resulted in mostly poorly sorted lenticular beds.
The fluviatile formations are red in color and the
lacustrine . formations are- grey shales. These formations ,

include conglomerates,- shales, sandstones, siltstones and
argillite. Furthermore, they contain Triassic-Jurassic

<

sills, dikes, and irregular cross-cutting bodies whose ,

thickness varies from less than 1 m to 1000 m. Igneous
activity occurred in the late stage of deposition with some
dikes being intruded after deposition ceased (Stose, 1932;
Johnston, 1966; Shaub, 1975; Bria, 1978). The sedimentary '

rocks' themselves are upper Triassic in age, based on faunal
i

data (Willard et al, 1959).
The Newark-Gettysburg Basin follows the regional grain'

of the Appalation structures (300-500NE), although in
the Lancaster County area it strikes due east-west. The dip
of the Triassic sediments is on average 100-200NW., but
locally it may differ widely due to warping and faulting
(Van Houten, 1969). A set of faults in the basin's NW
border indicate as much as 5,500 m of stratigraphic

,

displacement. This is possibly due to gradual subsidence of'

the basin during sedimentation, culminating in block
faulting immediately after the diabase intrusion (Stose,
1949; Bria, 1978).

However, it is more likely that this stratigraphical
A19
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displacement along the northern border fault was caused by
tensional crustal thinning and graben formation (Beck,

h 1972; Bott, 1976). .This conclusion is reinforced by
evidence that much stratigraphical displacement also

. occurred along flanks of the SE border of the basin. This
r probably occurred' along a fault- zone, possibly a set of

faults, not clearly -expressed in the exposed rock terrain
(Van Houten, 1969). A 864 ft. borehole (core) in
Thomasville, west of York, Pennsylvania, was taken on the
SE border of' the basin. It drilled through an apparent i

growth fault which is covered by the overlapping New Oxford '

,

formation. Cloos and Pettijohn (1973) concluded that this'

was evidence that the SE border of the basin was not a :

: simple onlap, but probably a major faulting border, as
'

appears to be the case along the' northern border. Thus,
E they ' supported the full graben model.for the origin of the

Newark-Gettysburg Basin.
i

.In fact, the origin of the Triassic basins has been'
,

very controversial up to the present. The three dominant ;
theories are:

1. Full graben (Sanders, 1963)
2. Half graben faulted on the north side (Stose &

Jonas, 1939)
3.. Crustal downwarp with no major fault boundaries

(Faill,1973)
Since this is a very extensive debate that is not too
pertinent to the Lancaster Seismic Zone, we shall not dwell

,

on it any longer. Some useful references on the subject
; are: (Stose & Jonas, 1939; Stose, 1949; Willard et al,
'

1959;. Sanders, 1960,1963; Beck, 1965; DeBoer, 1967;
Van Houten, 1969; Phillips & Forsyth, 1972; Faill, 1973;
Cloos '& Pettijohn, 1973; Shaub, 1975; Bott, 1976; Bria,
1978;. Olsen, 1980; Daniels et al, 1983; Klitgcrd et al,
1983). However, one thing most of these authors do agree on
is that the Triassic basins of the eastern United States,
like the Newark-Gettysburg Basin, formed during the onset
of the rifting of the present day Atlantic Ocean and are

.

somehow associated with it. !

The Piedmont
;
'

The Piedmont physiographic province in the Lancaster
area is composed of metamorphic rocks in the south and
sedimentary rocks, mostly carbonates, in the north. The |
exact stratigraphy of the region is given in Appendix 1, |
according to Wise and Kauffman (1960).

The bulk of the recrystallization of the Piedmont
|

appears to be around 300-350 m.y. ago, in the early to '

middle Paleozoic, based on radiometric dating. The presence
of ' alpine' peridotites and of serpentinites in the Inner
Piedmont suggests that the region is part of the axial cone

|
|
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of the Appalachian mountains. Such serpentine belts follow i
the Appalachian trend along the entire length of the 1

,

mountain chain The western limit of these serpentine |>-
.

belts crosses the Susquehanna River in SE Pennsylvania at
about the Maryland state line (Wise & Kauffman, 1960).

There is a decreasing metamorphic intensity.across the
Piedmont from SE to NW, The gradient of metamorphism in the
Piedmont of this region'is as follows (from greatest degree.
of metamorphism to the least degree): .

1. A. zone of extensive granitization and/or intrusion,
,

with extensive basement flowage and mantle gniess
domes in the Baltimore area

2. A schist belt with serpentine bodies in it 7c
3. A zone with tightly folded Cambro-Ordovician

icarbonates with steeply dipping axial. Planes in
the Lancaster Valley,' accompanied by some basement

!uplift
4. A sone of NW recumbent folds and flowage,

accompanied'by some basement uplift
5. The Triassic basin, graben-like structure (not part

of Piedmont)
6. The: Valley and. Ridge Province of folded

.

;

Appalachians (not part of Piedmont)
from (Wise & Kauffman, 1960)

,

'

!

,

A21
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' '* STRUCTURE !
!

c Malar Structures at Lancaster f.22n2 !
'

V'
. I

The' geology of the Lancaster area can be' divided into |, ,

several structural provinces. Starting at the no thern part ;/,

of the overall region (Figure 1), we encounter the Great i
1 ". Valley. This geological province is one large synclinorium !

'

with itz. southern limb overturned (Grey et al, 1958). South !
of the Great . Valley is the Newark-Gettysburg Triassic i

' Basin. This trough appears to be confined by normal, border'
>

faults on the north and south end. The Triassic basin, '

which is ' narrow and highly faulted in the Lancaster County
region, follows the east-west trending structural grain of.

the region. It is dominated by several large diabase sheet :

intrusives within its red beds. South of the Triassic basin )
is the Lancaster or Conestoga Valley. This carbonate valley

|1s dominated by recumbent folding and thrusting in the ;
north, al.d tight isoclinal folding in the south. As in the i

-Triassic basin, the youngest faulting in the region is t

north-south ' striking and the youngest rocks .are the.

north-south striking Triassic-Jurassic diabase dikes. South
,

of this carbonate valley is the Martic Line contact where / "

the Wissahickon schist of the Glenarm series overlaps the
Conestoge limestone of the Lancaster. Valley. .This Martic
Line' contact .appstes to be an early Paleozoic zone of i
imbricate thrustine which has later been folded (Jonas & I

Stose, 1930, Cloos & Heitanen, 1941; Meisler & Becher, f
1971; Bria, 1978)'. i

More locally the Lancaster Valley region surrounding
|the city of Lancaster (Figure 2), can be subdivided into >

three regional, struttural domains (Meisler & Becher, !
1971). .The . northern regional domain is characterized by

<v nappe structure consisting of recumbent ' folds, thrust~

faults, and gentle south-dipping axial plane cleavage. The
scentral regional domain has variable fold-geometry -and i

intricate faulting.in which the north-south striking faults 1are the youngest. Finally, the southern regional domain is
|dominated by upright, near-isoclinal folds and steeply 3-dipping axial plane cleavage.
i

Based on their field observations, Meisler and Becher j(1971) postulate the structural history of the area. They i
suggest that multiple events occurred beginning early in i
the Paleozoic and continuing up to at least the Triassic

ie and Jurassic. Thus, epeirogenic movements caused ;"
pre-Conestoga and prc-Coca ico unconformaties. These are jthe earliest structural events (mid-Cambrian to r

L mid-Ordovician) recorded in the carbonate rocks of the i
ancaster Valley. This was followed by the deposition of i

t the Conestoga and Cocalico formations in the early j
Paleozoic (Meisler and Becher, 1971).

! ,
'
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The first period of deformation resulted in the 3

development of the nappe structures and the axial plane
| cleavage, which dominate the northern zone of recumbent
| folding. This was accompanied by thrust faulting, minor

thrusting and shearing on the overturned limb of the
L[ Manheim Anticline (Figure 2). Furthermore, in the initial
j stages of deformation, there occurred some strike-slip
i faulting and local warping of the axial plane cleavage

(Meisler and Becher, 1971).
f The second major deformation, which may have
i overlapped the first, produced the following results. In
L the southern part of the Lancaster Valley it produced

isvelinal or near isoclinal folds, steeply dipping axial
plane cleavage, and reverse faults with fairly constant
strike and steep dip across the Maryland and Pennsylvania
Piedmont. This deformation also formed more open folds such
as the Eden Syneline and Chestnut Hill Anticline in the
south (Figure 2). In the recumbent folding region it seemed
to produce open folds in the cleavage and the bedding, or'

broad arches such as the Brunnerville Arch (Figure 2). The
variability of the fold types, ranging from broad, open
folds to tight isoclinal ones, is proba'oly due to the
different lithologies, and to the locally different
intensity of basement deformation. Finally, " faults as late
as the Triassic age nre probably present in the carbonate
rock" (Meisler & Secher, 1971).

Diabase Intrusions
Ir_ tan ig-durassie Diabase Sheets

Within the Newark-Gettysburg basin of southeastern
Pennsylvania are various diabase intruzions varying from
dikes, flows, and irre gular cross-cutting bodies to the
dominant sheet (sill) form with its contact metamorphism of
dark hornfels (Beck 1965). These Triassic sheets occur in
three predominant bodies (Figure 4), the Gettysburg, the
York Haven, and the Birdsboro Diabase. They have oval and
elliptical outcrop patterns, and are commonly discordant
with the surrounding sedimentary rocks. 'Therefore, they
rarely represent true sills (Hots, 1952). The few sills
that do exist appear as west-dipping ring structures in the
southeastern part of the basin and change into
cross-cutting bodies in the north and northwest parts of
the basin. They extend to the northwest edge of the basin
where they are terminated by a boundary fault (K6uffman,
1967; Smith et al.,1975). At depth they appear saucer
shaped with a thickness of 60 - 600 m. (Smith et al, 1975;
Bria, 1976). This curved, basin shaped form may be due to
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near horisontal fractures in the Triassic sediment (Hots,
1952; Bria, 1978).

The diabase is believed to have originated from deep
reservoirs below the Triassic sedimentary rocks, asesnding

in vents such as stocks, dikes, and cross-cutting features
(Smith, 1931; Bria, 1978). The main feeder fissures are
thought to be concentrated near the northwest edge of the
basin, where it is the deepest, and where the cross-cutting
features and the faulting is more abundant (Kauffman,

1967).

IIiAssic-Jurassie Diabase Dikes
Dikes in the Lancaster County region ere marked by

long, low-lying, often forested ridges known as "irorstone
tidges", and the presence of scattered diabase boulders
known as the " float". In fields which have been cleared,
they appear as soil coloration changes. Furthermore, there
are steeper slopes in the vicinity of the dikes due to the
differential ' weathering between the diabase and the
surrounding carbonates. Some streams are also diverted by
the dikes in the area (Lanning, 1973; Bria, 1978).

The diabase dikes usually are at most few tens of
meters wide and fine grained. Some have flow

differentiation and minor alteration to chlorite and
sericite (Smith et *1.,1975), but on the whole the

.

Pennsylvania diabases are essentially unaltered (Bria,

1978).
These dikes and associated stocks have a large content

of their original magnetite, which is a component of deep
seated magma. This suggests that the magma rose up direct
channels produced by faults, which extended at least some
6-7 km. to the bottom of the thick sedimentary accumulation
in the region (Van Houten, 1969). The dikes.that filled
these fissures cut across the Triassic and Paleosoic rocks.
Thus, they are of late Triassic age or younger (Jonas and
Stose, 1930). In fact, the dikes are the only form that the

! diabase intrusives take in the older rocks that border the
Triassic basin in Pennsylvania (Bria, 1978).

The dikes occupy steeply dipping fractures with a
predominantly north to northeast strike and extend over
long distances-(Van Houten, 1969; Bria, 1979). "Most of the
outlying dikes intrude the metamorphic and plutonic rocks
of the Piedmont province, although a few extend northward

| into the Paleosoic rocks of the Valley and Ridge province

| near Harrisburg, Pa. Southeastward many of the dikes extend
to the edge of the Atlantic Coastal Plain, where they pass
unconformably beneath Cretaceous and younger strata."

|
(King, 1961). Several dikes trend in the N-S direetdon for
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more than 150 km., and magnetic surveys indicate that many
continue at depth (DeBoer. 1967). Van Houten (1969) sums it ;

up. as follows: "within the Triassic basin in SE ,

Pennsylvania, long, slender steep-dipping, N to NE trending i

dikes are common throughout. These are discordant to i

enclosing rocks.....much straighter .than the sinous basin ,

'

trends, and commonly extend beyond the basin border but are
not offset by its faulted margin". Furthermore, some of the

-dikes appear as offshoots of massive diabase stocks and i
'

sheets within the basin (King, 1971)

6111 21 1.h1 lieso oie DJul.gg.ggaa

Most of the diabase sills and dikes in southeastern
Pennsylvania appear to be late Triassic to early Jurassic j

in age (180-200 m.y.) (Van Houten, 1969). Although this ;

general age for all the intrusions is well agreed upon, the i
'

exact sequence of emplacement for the various sheets and -

dikes, and thus their relative ages, is not. !

A late Triassic date for the diabase sills in the !

Gettysburg Basin is supported by faunal evidence (Willard i

et al.,1959) 'and radiometric K-Ar dating (DeBoer, 1968). ;

However, paleomagnetic evidence suggests that the "fessil !

magnetic directions of the dikes coincide neither with the i

late Triassic nor the early Cretaceous paleomagnetic |
directions, which suggests a Jurassic age for the ;

intrusions" (DeBoer, 1967). This opinion, that the N-S !
trending diabase dikes are the youngest rocks in the region -

is echoed by many authors. Lapham and Gray (1972) observe ;

that the dikes intrude Precambrian, Paleozoic and i

Triassic rocks of SE Pennsylvania, and appear to be the !
last phase of magmatic activity which was preceded by the

'

flows and sheets. Likewise, Van Houten (1969) stated that
'

the dikes commonly extend beyond the (Triassic) basin"
;

borders but are not offset along its faulted margin. Thus, :

these dikes are younger than the sills and flows, their i

subsequent tilting, and the major faulting of the basin ". !
'

Because the dike trends and distribution appear to be
structurally, independent of the sheets (sills), King (1961) i

concluded that the dikes were intruded after the sheets. -

However, most of the above reasoning was based on the [
popular half graben models for the origin of the Triassic !

basin. There was one obvious hint in the geology, which !

pointed toward a more complex age relationship between the [
dikes apd the sheets, than the simple sequence of sheet i

intrusion followed by dike intrusion. Although the dikes !

appear to transect all the igneous and sedimentary units of I
'

the Triassic basin and the sedimentary and metamorphic
rocks of the Peidmont, there are very few chilled margins :

where the dikes are in contact with the sheets (Gray et
'

al., 1960). Furthermore, Smith (1973) found an absence of
crustal contamination in all the diabases. This suggested

,
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L that the magma was not ponded in the crust for long periods,

of time, but rather that the . sheets, dikes, and flows
appeared synchronous. Thus, the prevailing theory, is that

L the. diabase sheets and dikes are the youngest rocks in SE
Pennsylvania, but that they were intruded synchronously, in'

three consecutive phases, during the late Triassic and
early Jurassic (Smith et al, 1975).

These are the three types of Triassic diabase in SE
,

Pennsylvania based on chemical composition (Figure 4) '

(Smith et al., 1975):
Quarrvville tE23 - oldest

- occurs as an olivine.
,

tholeiite dike swarm i
York Haven tree - intermediate in age !

-

- quartz tholeiite sheets, i

dikes, and flows |
Rossville tree - youngest |

- quarts tholeiite sheets and |
dikes .

Within the same diabase type, there is a very uniform !

compositionz Based on calculated cooling rates, i
homogeneities in each magma type, and paleomagnetier, Smith j
et- al (1975) concluded that there was a short period o* (

intrusion for each disbase type. |Field evidence in the form of cross-cutting ;

relationships supports the above age classification. The !

Quarryville dike group (Figure 4) partially intrudes the '

Triassic basin. Therefore, it is younger than late Triassic .

age (Smith et al., 1975). It also contains a cleavage !

structure at, at least, half the locations (Lanning, 1972). ,

This deformational structure is not present in the -

approximate!y 500 samples of Rossville and York Haven i

dikes,- sheets, swarms, or flows (Smith et al., 1975). The '

Rossville type dike intrudes the Quarryville swarm. Based j
on float distribution, Lanning (1972) concluded that a :

Quarryville dike is cut by a Rossville dike. Therefore, the !
Quarryville diabase type is older than the Rossville !
diabase type. Likewise, in the Gettysburg sheet near the j
town of Gettysburg (Figure 4), "the chilled contact of ;

Rossville (type diabase) cutting across York Haven diabase ;

shows that the Rossville is younger then the York Haven by j
at least the few thousands of years required for the i

cooline of the York Haven magma as found from heat flow '

calculations" (Smith et al., 1975). Just south of
Ge*.tysburg, near Greenmount, a York Haven diabase sheet is
cut by a Rossville diabase dike with chilled contact. ;

Southwest of Birdsboro (Figure 4) a NE-trending dike of ?

Rossville age also cuts a T-shaped York Haven type dike. |
All the sheet intrusives of the Triassic basin are of York !
Hasen age, except for the inner part of the Gettysburg ;

sheet, which is of Rossville age (Figure 4) (Smith et al., !
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1975), and the St. Peters - Birdsboro sheet (Figure 4),

which approaches the age of the Rosaville intrusives based
on radiometric aging (Beck, 1965).

The age distribution above is also supported by

paleomagnetic data for the Lancaster region. The Rossville
and the ' York Haven type diabase differ in their respective
magnetic domain structure. Paleomagnetic studies place

.Rossville type diabase at a 185 m.y. age which is

approximately the late Triassic and early Jurassic

boundary. The study reveals that it is the youngest,

recognized diabase in the area (Volk, 1977).
Fanale and Kulp (1962) used muscovite from a contact

chlorite schist to date the York Haven type sheets atzone,
older than the Rossville type195 m.y. Thus, they are

diabase.

Orientation el iht tiesorpig pikes

The diabase dikes are distributed along the entire
length of the Appalachian mountains. Locally the dikes have
a common trend, but regionally it varies with latitude
(Figure 5). In the 400 mile segment of the Appalachians
from Alabama to North Carolina the dikes trend NW. In
southern Virginia this trend changes to NNW, in Virginia to
N, in Maryland and SE Pennsylvania to NNE, and continues NE
through New England. In eastern Canada, northern Maine, and
Nova Scotia the diabase dikes extend for large distances in
the ENE direction (King, 1961,1971; DeBoer, 1967).

The dikes are nearly vertical,and have not intruded
into rocks of Cretaceous age or younger. They occur in
relatively narrow zones, and their trend ts everywhere

discordant to older structures. In fact, they are often '

cutting perpendicularly across the Appalachian trend (King,
|1961; DeBoer.1967; Bria, 1971).

Likewise. "in Pennsylvania and adjacent states, the !

dikes are not deflected by the marked sinuosities in the !

trend of the Newark rocks and their associated .

'

faults"(King, 1961), but trend across them (Figure 4).
They have thicknesses from about 10 m to 80 m in the ;

Triassic basin, and often extend into the surrounding i

Paleozoic rocks (Socolow, 1968). !

In general, the dikes in the Lancaster area strike N - |

NNE (Figure 4) (Socolow, 1966; Smith, 1973; Olsen, 1980), i

!

Thers are several of these diabase dike swarms in Lancaster
County and eastern York County. They are of all three ages ;

S zone of crustal(types), thus proving that this N -

reactivated during all three of the intrusive ,

weakness was
events (Figure 4). The strike of the three separate ?

Iin Rose diagrams of Figure 6,diabase types can be seen
(Smith, 1973) with the average values as follows:

Quarryville dikes strike : N 270 E
!
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York Haven dikes strike : N So E , N 320 E
E
I (bimodal)Rossville dikes strike N 200 E ,Thus, all three types of dikes have a NNE strike with the

York Haven ones having a timods1 distribution. This is
[ misleading because one of the main York Haven dikes, the

Rockhill (Safe Harbor) dike, with its 65 km length of
exposure (into Maryland), strikes approximately N 200 E,
which fills the minimum between the two maxima s the Rosediagram. It is this dike which is worth consideri..g in more
detail because of its proximity to the area of interest,

|within Lancaster County. '

: Ihs Rockhill Isafe Harbor) Elka
|

As mentioned above, this diabase dike is of ths York !
Haven type. It is 65 km long and changec strike from Nh? in !

Maryland and York County to N in the area of intersst |(south of the city of Lancaster) to NNW in northwesterc !Lancaster ' County (Figure 4) (Smith et al., 1975; Grey et '

al., 1980). The overall variation in its strike is from N
140W to N 130E and in width from 2 - 12 m (Bria, 1978).

iIn the area of interest (Figure 4), near the April 23, t

1984 earthquake, the Rockhill dike is in a wooded area of '

ironstone with a maximum relief of 42 m (Lanning, 1973
Bria, 1978). In outcrop, it dips 65-80 degrees to the west.

!A magnetic ground survey by Bria (1978), using ten !traverses perpendicular to the structure, suggests a 10 m
!wide, nearly vertical dike in this region. The dike diverts !the Conestoga Creek, which runs N - S parallel along it !

until it enters the Susquehanna River (Bria, 1978; Grey et !al.,1980).
!

Ihaeries en ihr Emelacement 21 the Meroseie pikes !

'Many theories abound on the intrusion of the diabase i

dikes in the Late Triassic and early Jurassic. Most of !

these theories associate the dike intrusion with theopening of the present Atlantic Ocean. However,'much of the
agreement ends there.

One popular theory is that well after the initiat.'.on '

of rifting and basin formation along the proto-Atlantic
margin, a set of basic dikes was injected radially, with j

,

its center located off of the coast of the S.E. United '

States in the vicinity of the Bahama platform and the Blake
plateau (Figure 7). This is in agreement with the radial
distribution of these diabase dikes along eastern North

.America, northwestern Africa, and the coast of northern !

South America (Figure 7) (May, 1970, 1971; King, 1971;
K11tgard, et al., 1983; Armtruster and Seeber, 1985). ;

There are several other theories which are also based
on diabase intrusion due to the extensional stress regime

,
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associated with rifting, (King. 1961: Siedner and Miller,1968; Van Houten, 1969; Diets and Holden. 1970; Smith and<

i- Hallam, 1970; Rogers, 1970; Lapham and Gray, 1972; Bria,
i 1978). All these are basically a variation on the firstidea,

An alternative theory is proposed by DeBoer, (1967).
| He believes that the dikes may have been intruded in a
! regime dominated by shearing stresses, rather than an

extensional regime. The pure shear system would be
associated with sinistral rotation along NE trending fault
zones. The idea is backed by paleomagnetic rotations in i! Newfoundland and New Brunswick (Block, 1964).

!Finally, in a more local study, Volk (1977) proposed as

reconstruction of the tectonic history and diabase iintrusion of S.E. Pennsylvania, through paleomagnetic data i
in association with the geochemical and relative ages !i'
obtained by Smith, et al. (1975). Her reconstruction is as

|fo13ows:
1. Deposition of sediments, probably in a crustal

!downwarp '

2. York Haven type diabase dikes and sheets !

int'uded while Triassic sediments remainedr '

relatively undeformed i
3. Approximately a 10 degrees NW tilting of the

Triassic basin and possibly of the surrounding
area by rotatiot, on small fault blocks. :

4. Rossville type diabase intruded in dikes and
:sheets

5. Folding along NW trending axis and continued NW
tilt of blocks -

e The folds in the last phase are temporally and spatially f

related to the N to NE trending dikes, suggestive of a NE
to SW axis of principle compression which persisted during .

'

the rifting of the North American and European plates. The
fault block rotation model (step 3, above) can explain the,

nonuniform rotations observed within the basin that neither
the full, the half graben, nor the downwarp models for the

!Triassic basin formation can explain. The NW tensional jstress, during dike intrusion and early Atlantic rifting, '

is in agreement with that found by Diets and Holden (1970)
in their reconstruction of the continents during the late

|Triassic, the period of the initiel breakup of the Pangean i

supercontinent.

.:Erecambrian Metadiabase 21 S E. Pennsv1vania (
Precambrian metadiabase occurs in the form of

batholiths, lentes, and especially dikes (Bascom and Stose,
1938). These metadiabase dikes are dark gray, fine grained' ,

intrusives. Locally, in S.E. Pennsylvania, their minerology ,|
is altered, and they appear greenish in color. They are '

located in the Precambrian granitic and hornblende gniesses

A36



.r
F

/ >

s .

!

i

.

!>

F of the. Reading. Prong, and within a small exposure north of '

! the town- of Lancaster, just north of the thin neck of the
' Newark-Gettysburg Triassie basin (Figure 4). Here, they

I strike primarily in the N and NNE directions. They also

appear in the Precambrian gniesses within an exposure just ',

r north of Downington, Ps. (Figure 4). Here in Chester County |

they have a more NE to UNE trend (Berg, et al., 1960). ;'

These metadiabase dike swarms, with their N to NE i

strike, are ancient zones of weakness which seem to

underlie the Paleozoic and Triassic sedimentary rocko of

| Lancaster County and vicinity. They appear to cut all of f

i the Precambrian rocks. Thus, they are probably associated ;

!period of diabase intrusion in the late Prceambrianwith a
(Breg, et al., 1980).

The N to NE strike of the Precambrian metadiabase ,

dikes of the Lancaster area is the same as that of the
Triassic-Jurassic diabase dikes of the same region (Figure

4). This parallel trend suggests a possible reactivation of ;

a preexisting structural zone of weakness within the ;

basement and the cover rock. The Triassic-Jurassic diabase '

!

could have utilized these weakness planes, and could have
been confined to them (Smith, et al., 1975). .

Similar intrusions are found associated with !

Precambrian gniesses throughout the Atlantic belt. They ;

form important parts of the Precambrian complex of the i

Adirondacks. They, also, appear in the Highland of New .

| Jersey where they are described as Losee gniess (diorite) [n

and Pchuck gniess (gabbro) (Bascom and Stose, 1938). ,|'

,

Faults ,

t

Introduction is Eaultans h ihn Lancaster county Regun
Most of the known faults in the Appalachian area are

believed to extend to relatively shallow depths, probably

less than 7 to B km (Hadley and Devine, 1974). Therefore,

they are not projected into tne basement (Hadley and
Devine. 1374). However, these " presently inactive faults,

associated with past tectonic occurrences, may indicate an
inherent weakness in the area. An active surface trace is
not required inasmuch as a fault may tend to be active at
depth without surface evidence." (Fox, 1970).

The first set of faults in Lancaster County is a E-W
striking set of thrust faulte of Paleozoic A6e. The largest
of these appears to be the the Martic Line contact in
southern Lancaster County (Figure 1). However, it is not
the- only one. Several other E-W striking thrust fault occur
north of the Martie line (Figure 2).

The second and younger set of faults in Lancaster
County is the N-5 striking set. These faults are

perpendicular to the geologic trend, and offset all the
lithologies as well as structural features, including the
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b E-W striking thrust faults (Figure 2). Thus, they are often
L termed " cross faults" in the liturature. They appear to
L, have formed iaitially as normal faults associated with the
' period of extension in the late Triassic and early
! Jurassic. Subsequently they appear to have been reactivated
L as oblique reverse faults in the present stress regime.

It is important to remember that faults in theLancaster area are difficult to confirm and many more mayo
be present. This difficulty results from the sparsity of

j, bedrock exposures in this well farmed region, and the lack |

! of distinctive mappable lithologic units (Secolow, 1906).. ||

Iht Martie king )
!

The Martic line is a contact which is traced for |hundreds of kilometers along the Appalachians (Wise and !Kauffman, 1960). In Lancaster County, it separates rocks of '

known Paleozoic age in the north from uncertain age rocks !
of the Glenarm series to the south (Figure 1) (Anderson, et t

al., 1965).
There are two major opinions on the nature of the :contact, stemming from the undetermined age of the Glenarm |

series. The first theory is that the Glenarm series is !
Precambrian, and that the Martic Line is a large, far :travelled overthrust separating Precambrian rocks from !Lower Paleozoic ones. The second theory is that no majori L

overthrust exists, and that the Wissahickon schist of the -

Glenarm series is a highly metamorphosed facies of theOrdovician Martinsburg shales which rests normally above
,

,

the Ordovician. limestones. Thus, both of these theories try ;
to explain the fact that the Wissahickon schist clearly

'

rests on eop of the metamorphosed. Conestoga limestones and
other Lower Paleozoic formations (Cloos and Heitanen,
1941). In recent years the thrust fault theory has become
popular in much of the literature but this may change.

.This theory, that the Martic Line is a major thrust, ;
is the older of the two ideas. When the area was first imapped in detail, in 1929, Knopf and Jonas (1929) described i
it as the "Martic overthrust". They said that it was the '

major ' fault of Lancaster County, which "seems to place
Wissahickon schist (Precambrian or Lower Paleozoic) of the
S.E. Piedmont northwestward over the Paleozoic sediments of i
the Lancaster Valley" (Knopf and Jonas, 1929). They also -

estimated the displacement along this thrust to be about
33 km.

The Paleozoic structures associated with the Martic !Line strike E-W (Armbruster and Seeber, 1985). These
structures are folds and small scale thrust faults, which :
result in a five-fold repetition in the stratigraphic +

sequence. However, in the field, there appears to be no
evidence of mylonitization, brecciation, or any other trace
of extensive movement. In stead, "the repeated section has

'A38

,

,-



been thoroughly deformed after repetition by a uniform act
of folding which overturned all folds southward and

unique cleavage which dips to the north" (Cloosproduced a
and Heitanen, 1941). 7).us, all the deformations cross the ,

Martic Line without change, indicating that this thrust ,

|predates all the major folding in the Lancaster region &zone
(Cloos and Heitanen, 1941; Freedman, et al., 1964). Thus,

!
the Martic Line does not separate structural provinces,
since all structures transgress it or are parallel to it. ,

The stages in the development and deformation of the ;

-

Martie line are best summed up by Wise (1970) as:
1. Thin-skinned imbricate thrusting +

2. Regional metamorphism and flow to the NW, with [

major basement folding and thrusting
3. Brittle movement of large basement blocks near the i

line, with folding of earlier basement thrusts ,

:4. More brittle behavior with locally intense folding
:5. Development of kink bands and joints

Thus, the Martic Line is either a Lower Paleozoic facies
- '

change or a Lower Paleozoic thrust zone which has been ;

extensively deformed in the later Paleozoic, and which has t

t

been inactive ever since. ;

'

t
Ea1221212 E-3 Trendlag Thrust Faults

i

There are several E-W trending thrust faults, in the .

'

Lancaster County region, which are Paleozoic in age. They

appear to be associated with the formation of the
Appalachian Mountains, and thus, of the same age as the E-W '

trending folds of the region (Berg, et al., 1960).
The first of these major E-W trending thrust faults is ,

the Stoner Thrust (Figure 1). It lies on the south side of
York valley and crosses the Susquehanna niver into f

Lancaster County west of the town of Lancaster (Figure 1). e

Here, in the Susquehanna River gorge, the lower beds of the .

Chichies formation are thrust against the Conestoga- |

limestones. Thus, there is considerable horizontal |~
shortening. A31 the rocks of the Stoner thrust are closely

folded. Furthermore, the fault's sinuous outline (Figure 1)
|

indicates a low angle dip, which was folded during and ii

after thrusting. This deformation involved all the i'

Paleozoic rocks. The magnitude of these folds and thrusts. .

and their parallelism with those of the Great Valley, |

indicates that they were formed during the Alleghenian ;

,

orogeny (Kauffman, 1967). [
I A second major thrust fault in the area is the

Chickies thrust (Figure 1). This fault emerges from under |

| the Gettysburg Triassic basin in northern York County and,

L crosses the Susquehanna River, with an E-W strike, into

! Lancaster County. There, as in the case of the Stoner
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]' Thrust, it becomes unrecognizable in outcrop within the
Conestoga limeLtone, west of the city of Lancaster. The,

t fault is. diagonal to the regional folding, truncating the
Chichies Rock, Accomac, and Trout Run anticlines

.

(Figure 1). Based on the outcrops, the diagonal movement is
! in part a thrust, and in part a horizontal shear along the

bedding. The Chickies thrust cuts out several thousand
meters of section, and apparently marks a major line of

; demarcation between the sedimentary facies to the north and'

to the south. There is no exposure of Conestoga limestones
,north of this zone (Figure 1)(Gray, et al., 1960; Kauffman, l

1967; Grey, et al., 1980),
j

Th9 third major Paleozoic thrust fault in the area is
;the Yellow Breeches thrust, just south of Harrisburg, and i! just north of the Triassic basin (Figure 1). It truncates
!

c the plunging nose of the South Mountain anticlinorium,
4

strikes E-W across the Susquehanna River, and disappears in |the carbonates of the Great Valley. It separates the '

lithology 'and structure of the Cumberland Valley from that i

of the Lebanon Valley to the east. There are vast ,

differences in the facies across the trust, but only minor '

differences within each sequence. The thrust is nearly
horizontal, even north dipping at times, with thrusting
juxtaposing distant sequences of a pre-deformational, ,

depositional be. sin. The thrust is associated with minor
steep faults (Gray, et al., 1960; Kauffman, 1961; Berg, et i
al., 1980). .

'

On the more local map of the north-central part of ;
,

Lancaster County (Figure 2), there are several smaller
thrusts which may be associaned with the larger Stoner and
Chickies thrusts mentioned ebove. They, too, strike E-W ,

with the south side allochthonous and are accompanied by
overturned folding.

iIn the northern section of Figure 2, between Manheim ;
and Litits are the Kissell Hill thrust and the
Fairland-Millway thrust. The Kissell Hill thrust dips south
and strikes E-W, and has a maximum stratigraphical throw of
about 1300 m, with the displacement established at several
kilometers. Some of this displacement may be due to
reactivation of the fault in the Triassic. North of this
fault is the Fauland-M111way thrust which also dips to the '

south, and strikes E-W. It has a displacement of about 1.7
km. To the south is another E-W striking thrust, the
Mechanicsville thrust, which is also south dipping and E-W
striking. All of these faults are e.'fset by N-S striking ,

cross faults which will be discussed below (Gray, et al., ,

1960; Meisler and Becher, 1971; Berg, et al., 1980).
!
P
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IIL11112 Eerder Faults j

The faults bordering the Triassic basin are E-W :

striking, parallel to the structural grain. Although the |
'

amount of displacement along them, and thus their

importance in relation to the Triassic basin is still

disputed, a northern border fault is well documented |

(Figure 1). The southern border fault, if it exists at all, !

is not as clear in outcrop, for most of it appears to be (
covered by sediments. . It is typically thought to be a few :

'

kilometers north of the end of the Triassic onlap (Sumner.
'

1975). For more details on the geology of the Triassic

basin see the section titled " Newark-Gettysburg Triassic ,

|,

Basin" above.
!

L Post-Triassic Cross Faults
The youngest Ltructural features of the Lancaster,

Pennsylvania region are the north-south trending, .

Post-Triassie normal faults. They offset all of the '

lithologies in the region, as well as the east-west
striking Paleozoic- folds and thrust faults (Gray, et al.,

'

1960; Berg, et al., 1980). The strike of these youngest

faults is analogous to that of the Triassic-Jurassic dikes, ,

and the faults appear to be associated with the dike swarms |
i(Smith, et al., 1975).

These normal faults run continuously through the !

Triassic rocks of the Newark-Gettysburg basin and the !

surrounding Paleosoic rocks. Their formation appears to be |

contemporaneous with the Mesozoic rotation of the Triassic ;

basin during the initial opening of the Atlantic Ocean. The
!downthrown side of these l'aults is on the SE side (Root and
,

Maclachlan, 1978).
Jonas and Stose (1930) first described the cross ,

'

faults of Lancaster County as follows: " The northerly .

system (of faults) is apparently the most recent, for the !

faults of this system offset all the others. This is very '

strikingly shown by the north-south fau3t through |

Fruitville." This Fruitville fault is the largest of the ;

cross faults mapped by Jonas and Stose (1930), with a right
lateral separation of about a quarter of a mile (400 m).

<

Furthermore, it is located at the center of the north-south
trending cone of seismicity (Figure 3), and is thus of |

considerable interest in this study.
A smaller fault, the Marietta Junction fault of Jonas ,

and Stose (1930), parallels the Fruitville fault to the ,

1

west, and also displays right lateral separation (Figure

3).
The above interpretations of the post-Triassic

faulting, done by Jonas and Stose (1930), were used on the
1960 Geologic Map of Pennsylvania (Gray, et al., 1960) :

1
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(Figure 3). However, Meisler and Becher (1971) mapped
several smaller cross faults, with strikes varyin6 from NW
to NE, in place of the larger faults of Jonas and Stose
(1930). These faults were mapped within the more resistant
ridges of clastic rock, but along the same north-south !
fault zone as the Fruitville fault, and with the same right
lateral separation (Figure 2). This is the interpretation
placed on the 1980 Geologie Map of Pennsylvania (Berg, et jal., 1980). In short, the lengths of the cross faults<

differ on the two maps, but both agree that they are the '

youngest structural features, associated with primarily -

right lateral separation, and striking in a predominantly )north-south direction (Figure 2).
The apparent discrepancy in the two maps is rather to

be expected considering the lack of outcrop in this Ihistorically very agricultural region. Furthermore, as Fox '

(1970) states, Although active faults are not common in"

;

the eastern U.S., presently inactive faults associated with
past tectonic occurrences may indicate an inherent weakness
in the area. An active surface trace is not required
inasmuch as earthquakes originate at depth; a fault may
tend to be active at depth without surface evidence." The
inherent weakness, which Fox (1970) mentions above, is i

indicated by the predominantly north-south strike of not ;
only the post-Triassic normal faults, but also the

'

predominantly north-south strike of the Frecambrian and [Triassic-Jurassic diabase dikes swarms associated with them ;
(Gray, et al., 1960; Berg, et al., 1980).

Further evidence for a north-south trending sone of
weakness within the Lancaster area is the large density of
cross faults, of a N-S strike, within the narrow neck of
the Newark-Gettysburg Triassic basin. This area is within

;

the northern part of the seismically active region of |Figure 3 (Gray, et al., 1960; Perg, et al., 1980), i

When the Triassic basin is divided into domains, based
on areas where the bedding attitude is relatively constant,
there is a region, within the narrow neck, where thebedding domains are small numerous and very random in dip, !
direction. This area coincides with the area of highestfaulting, mentioned above (Faill, 1973).

Most of the faults in this block faulted, narrow neck
of the basin are steeply-dipping, N-S striking, normal
faults which are nearly at right angle to the E-W trending ,

;

basin (Kauffman, 1967; Faill, 1973; Bria, 1978;. As early :
as 1938, Bascom and Stose (1938) noticed that the" '

faulting presumably involved in some degree both theunderlying and the adjacent Paleozoic and Pre-Paleozoic
rocks. Such faults have been traced in the Pt.leozoic iformations, but because of the absence of well-defined
beds, it is not possible to trace them for any great |distance in the Pre-Paleozoic crystalline rocks." They

i
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fault in the region where movement occurredidentified one
after the red Triassic sediments were deposited and

intruded by the diabase, since " the Triassic rocks here |

adjacent to the diabase are red and are not baked by the i
!

diabase, as they would be if the diabase intruded them."
Likewise, north of Manheim (Figure 2), in the northwestern

.

part of the seismically active area of Figure 3, is a !

I north-south trending fault which offsets, with a right

lateral separation of a few hundred meters, both a York ,

Haven type diabase sheet and a Triassic border fault [

(Jehnston, 1966). Finally, in the Cornwall area (Figure 3), '

several small faults, and one major fault, offset all the e

lithologies including the diabase. The major fault is 3 km '

in outcrop. Therefore, the crosscutting relationship

indicates that the north-south trending normal faults are
generally younger than the surrounding late Triassic
sedimentary and igneous rocks (Lapham and Gray, 1972).

All the drainage of the region, within the narrow neck
of the Triassic basin and within the northern part of the

seismic zone (Figure 3), including Hammer Creek (Figure 2)
appears to follow the N-S striking faults. Most of these

faults have displacements of a few hundred meters but two
have throws of thousands of meters (Gray, et al., 1958).

The largest displacement in the area is associated with a
N-S striking diabase dike, about 1.7 km west of Hammer
Creek. The strata is offset about 2.4 km in a right lateral
direction across the dike, with a throw of about 1,500 m

upward on the west side. The strike of the Triassic ridges
on either side of the dike is discordant by fully 30

degrees (Gray, et al., 1958).
Lanning (1973) found petrographic evidence that shear

displacement occurred along the Quarryville and York Haven
type diabase within the Fiedmont. Due to the lack of

shearing in the youngest diabase of the Rossville type, he
concluded that the shearing accompanied the intrusion of
the Rossville. This is further supported by evidence of
offset of 100 m of beds along a large Rossville dike near
Doe Run, east of Lancaster. The fracture cleavage within
the Quarryville and York Haven diabase is in the

north-south direction, which parallels the orientation of
the dikes and youngest cross faults of the region (Lanning,
1973).

i

paastal ElatLt Faulting
Due to a lack of post-Triassic rocks in the Lancaster

region of Fennsylvania, it is difficult to date more recent
movement along the faults observed in outcrop. However,

'

there is evidence within the Coastal Plain sediments that
i faulting is a continuous, ongoing process along the Eastern,

U.S.
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The geographically closest example of recent faulting |

f within the Coastal Plain comes from a study done in Prince !

George and Charles Counties of Maryland, about 15 to 25 km |

SE .of Washington D.C. (Jacobeen, 1972). Seismic evidence |

indicates two east dipping, north-south trending, high

angle, reverse faults .within the Coastal Plain. This
system, the Brandywine system (Figure B), is divided into
two enechlon faults, both extending to the north and to the
south beyond the study area. The maximum throw on the i

southern- fault, the Danville fault, is over 75 m at the (
top of the granitic basement and the top of the lower !

Cretaceous Arundel formation (Figure B). The throw on the ,

northern fault, the Cheltenham fault, is about 30 m, Both '

of the faults indicate reverse faulting with the SE block
upthrown. Stream anomalies and lineaments are clues to the
fault location at the surface. However, recent drilling i

shows no rupture reaching the surface. The fault i
i

displacement is absorbed upward, and only folding occurs in
the Tertiary sediments (Jacobeen, 1972). However, based on i

seismic profiles across the area, the Danville fault comes ;

very close to the surface, since near surface beds appear i

to be offset. Furthermore, it was clear that the faulting
occurred from the Cretaceous to the Miocene, since the ,

fault cuts basement and Cretaceous rocks, and flexes Eocene 1

and Miocene sediments. These sediments are up to 550 m |
thick, Coastal Plain faulting activity is not unique to .

these two faults. Other faults cutting upper Potomac and i

younger sediments have been observed at the surface in the
Washington, D.C. area (Jacobeen, 1972).

d2iDia .

The jointing pattern observed in the Lancaster, [
Pennsylvania region is fairly consistent with the fold |

pattern. Wise and Grauch (1967) examined 100 master joints ,

in 14 different areas of the Piedmont in Lancaster County, i

Their findings are shown in the Rose diagram of Figure 9. '

The cross joints, which are perpendicular to the nearly ,

east-west fold axis, strike N 15-350W. They are the major
'

symmetry plane of Figure 9, with conjugate fractures which
strike NNE and NW. The strike joints, which parallel the :

trend of the folds, strike N 65-800E (Wise and Grauch
,

1967).
The dynamic interpretation of this joint pattern in

based on traditional brittle yield theory. Wise and Grauch -

(1967) state that "the conjugate pair of joint sets

represent conjugate shears with their acute bisector

| pointing in the direction of maximum compression ,

| (N 15-200W). Any pure shearing parallel with the

compression direction would tend to form fractures parallel -

'

with the acute bisector (N 15-200W). With relaxation of
.
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compression, expansion fracturing would occur at right .

'

angles to the former compression, producing the distinctive
set of obtuse bisector joints at N 65-800E." c

|Cloos and Heitanen (1941) examined 200 joints randomly t

throughout southern Lancaster County. They found a dominant
joint set striking at N 100W and conjugate' joint sets to

the NW and NE, analogous to those of Wise and Grauch (1976) f
*

abov'e. Rios (1966) looked at jointing in Quarrrville,
*

Pennsylvania, SE of the city of Lancaster, within Lancaster
!

County (Figure 1). He found a well defined pair of joint

sets which dominated the Glenarm series and the Paleozoic
irocks near the Martic Line. The joint sets had strikes of

N 80W and N 32oW with dips of 760E and 880E |
'

respectively. Kink planes were associated with the joints

but the displacement sense may have been considered normal
,

or reverse.
Therefore, the joint sets seem to reflect the ,

Paleozoic deformation associated with the last stage of |

folding in the region (Rios, 1966). However, since they are ,

zones of weakness within the rock fabric, it is important
-

to note their dominant strike directions.
Dig Relative Asia d ha structural Features d hansAalst

1

County

The cross-cutting relationships between the main
'

structural features of the area, the E-W striking faults,

the N-S striking faults, and the diabase, suggest the

following relative ages (oldest to youngest):
1. The E-W striking, credominantly thrust faulta are ;

cut by all the Mesozoic diabase intrusives and ,

'

offset by the N-S striking cross faults. They
are, therefore, the oldest structural features,
other than the few Precambrian metadiabaseintrusives. These E-W striking faults appear to
be the result of the Paleozoic orogenies which
formed the Appalachian mountains.

2..The Mes2soic diakase bodies were intruded inthree separate episodes within the Late ,

Triassic-Early Jurassic period of rifting. The
oldest is the Quarryville diabase, then the York [

Haven diabase, and finally the Rossville (Smith,
1972). They are all predominantly N-S trending
and cut across all the E-W striking features. Of
the three diabase types, only the youngest, the
Rossville, is not clearly offset by the N-S -

'

striking cross faults. Although, it is on
occasion bordered by them (Johnston, 1966; Lapham
and Gray, 1972). Therefore, the diabase silis and
dikes are older than the N-S striking f aults.
with the possible exception of the Roseville

A47

- ._



,.

,

diabase, which may be contemporaneous.
3. The N-S girikins eress faults appear to be the

;
youngest structural features based on the ;

cross-cutting relationships. They are
|consistently right lateral in offset (Berg, ;

et (1., 1980), and appear to be originally '

normal faults, associated with post-Triassic
rifting.
In the area of seismicity within Lancaster County '

,

(Figure 3), the Fruitv111e fault zone runs north-south,
parallel to the 76020' longitude line. This fault offsets !
all the lithologies. Spacifically, it outcrops on a '

quartzite ridge, in the Neffsville anticline, 3 km north of
the city of Lancaster, where it right-laterally displaces ,

the ridge (Figure 2) (Jonas and Stose, 1930; Meisler and
;

Becker, 1966). Further north it offsets the Cocalico shales *

(Ordovician) and the Kisse11 Thrust, just'SW of the town of -

Lititz (Figure 2) (Jonas and Stose, 1930; Heisler and
Becher, 1966). This displacement is also right lateral. ,

Thus, this is the youngest fault in the region, and the one '

along whose ' length the historical seismicity clusters
(Figure 3).

It may be possible that at least some of the youngest,
N-S trending faults may be currently reactivated as high
angle, right-lateral, reverse faults by the present ENE
striking maximum compressional stress derived by Zoback and
Zoback (1984) for this region of the country.

;

;
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GEOMORPHOLOGY ;

!Ihs Isrerraohr and ihm Drainare 21 Lancaster County
Carbonate rocks dominate the Lancaster County region, !

and so does the gentle rolling topography. The maximum '

relief in the carbonate rocks is approximately 75 m with :

local relief of 6 m - 60 m. The relief is controlled by the !
'

erosional resistivity of the various rocks. The dominant
carbonate group in the area, the Conestoga formation, has
gre&ter relief.than the surrounding formations, and is more :

finely dissected by streams. These differences may be due i

to lithologic contrast and emphasized by the near-vertical ;

dip of the cleavage and the bedding within the Conestoga !
:(Meisler and Secher, 1971).

A preliminary look at the drainage pattern of the i
Lancaster area 'shows the larger streams generally flowing i

in the north-south direction (Figure 2 ) . A study of over i

300 straight segments of stream channels in central and (

southern Lancaster County, the area dominated by L

carbonates, shows two major channel directions. One i

direction (approximately N 800E) is parallel to bedding, |

the other direction (approximately N 100W) is nearly ;

perpendicular to the strike of the bed: (Figure IO) |
(Meisler and Becher, 1971). !

In the northern part of the Lancaster region, within !
'

the area of the Lebanon County line the drainage pattern

is distinctly trellis in the north-south direction. It is .

clearly controlled by the N-S striking cross faults within :
this narrow neck of the Newark-Gettysburg Triassic basin. !

Here, the streams flow along the N-S faults which offset ;

all other features in the area. This region is north of the ;

towns of Lititz and Manheim. The dominant stream, the r

Hammer Creek, also has a several-kilometer-long N-S !

trending straight segment in this area (Gray, et al., 1958; !
'

Meisler and Becher, 1971). Interestingly, it is a direct .

continuation of the Fruitville fault zone (Figure 2) . |
As early as 1929, Knopf and Jonas (1929) observed that j

"the Holtwood Dam (on the Susquehanna River) has utilized a '

natural falls or rapids known as Cullys Falls". Recently, ;
.

Thompson (1985) has observed evidence for large preglacial i!

falls on the Susquehanna in this same area of Holtwood. -

Pennsylvania. He calls them the " Great Falls of the

Susquehanna". These falls are directly south of the N-S
striking Fruitville fault zone and its associated N-S i

,

trending seismic zone (Figures 1 & 3). Preliminary evidence *

L
| suggests that the falls may be due to preglacial faulting i

or flexuring in the area (Thompson, personal communication)
indicating recent uplift along the Fruitville Fault :ene.
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GRAVITY AND MAGNETICS ;

Gravity S u r .*e y gf Lancastgr County

Sumner (1975) compiled gravity data for the i

Newark-Gettysburg basin and contoured a simple Bouguer
gravity map (Figure 11). Over 4500 gravity stations were
plotted with a station spacing of 1-5 km over the basin and
2-10 km over adjacent areas. The standard error was about
0.2 mgals. |

The density contrast between the various Triassic and :

Faleozoic rocks is very small, with the exception of the
diabase (Table 1) (Sumner, 1976,1977). Therefore, it is .

difficult to pick up near surface faulting within these
rocks. Nevertheless, on the simple Bouguer map (Figure 11),
there is some evidence for a N-S fault zone in the area of i

the Fruitville fault of Lancaster County. The contour lines
'

appear warped within this area, in contrast to their '

parallel, equally spaced regional trend on both sides of f

the proposed fault zone (Figure 11) (Sumner, 1975). |

dArnetis Survey ,qi Lineaster County

Bromery and Griscom (1967) compiled an aeromagnetic I

map of S.E. Fenns'ylvania based on several 15-minute
quadrangle surveys. The quadrangles of interest, within the
proposed Lancaster seismic zone (Figure 3), are, north to !

f
south, the Lititz quadrangle (Bromery, et al., 1961), the
Lancaster quadrangle (Bromery, et al., 1961), and the s

Conestoga quadrangle (Bromery, et al., 1959). The flight
paths are N-S with a contour interval of 25 gammas. These
three quadrangle maps have been combined in Figure 12. ;

Despite the large, regional scale of this aeromagnetic
s u rvey , there is clear evidence of a disturbance in the

'

| magnetic contours as they cross the area of the Fruitville
fault and its N-S extension (Figure 12). Further south, in

: the Conestoga quadrangle, the Martic Line contact creates
,

! an approximately 800 gamma, steep dipping, shallow magnetic
contrast (Figure 12) (Socolow, 1974). Along the southern
extension of the Fruitv111e fault, this contact (as well as

| the Martic Line) trends N-S. This is also the area of the .

! 1984 earthquake. 1

| Likewise, this area in Conestoga is the part of the
. Martic contact of Pennsylvania which is most highly folded,

| and offset in two step-like features (Figure 1) (Berg, et <

al., 1980). These step offsets are in harmony with the ;

| right lateral displacement along the Fruitville fault and
other N-S. trending faults of the area. However, at this
point no causal relationship can be established.

Finally, as in the gravity case, the uniform lithology
of the Lancaster valley arec makes it very difficult to
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!. identify structural features on the aeromagnetic data. The
magnetization of the Paleozoic and Triassic rocks, with the"

exception of the diabase, is very uniform and low (Table 1)"

because of the relatively uniform composition of these
clastics and carbonates (Sumner, 1977). Thus, the

,

aeromagnetic data for the Triassic and Paleozoic'

sedimentary rocks has a range of less than 100 gammas.
,

O Socolow (1974) sums up the problem, in the Lancaster
region, well, when he says, " Considerable faulting and
folding are involved in the area, but the sediments have
such similar magnetic properties that the structures are

t. not indicated by the magnetic data." A ground magnetic
survey, with its higher resolution, may be useful to help
verify the proposed fault zone.

,

Basement Structures

' There is mounting geophysical evidence that the<

eastern U.S. is characterized by large, NW striking,

basement blocks. Regional gravity, magnetics, LANDSAT
imagery, and geological information suggest several such
blocks in the Pennsylvania and New York area (Gold, et al,'

1974;. Lavin and Alexander, 1981; Lavin, et al., 1982). The
major lineaments defining the block boundaries can be seen
in the simple Bouguer anomaly map of the area (Figure 13)
-(Lavin and Alexander, 1981; Lavin, et al., 1982). They are
defined according to offsets in the gravity anomalies.
These inferred fracture zones appear to penetrate deep into
the crust, possibly the mantle. This is suggested by their -!
continuation through a variety of geological terrains and
geophysic61 expressions, as well as their great length and
linearity. The more prominent of these inferred fracture
zones are- the Tyrone-Mount Union (TMU) and the
Pittsburgh-Washington (PW) lineaments (Figure 13). "The
extensions of the Tyrone-Mount Union and the
Pittsburgh-Washington lineaments bound a distinct crustal
block (the Lake Erie-Maryland block) over 100 km wide and
probably more than 600 km in length" (Lavin, et al., 1982).

!During the Precambrian to Lower Ordovician, this block may
have moved NW at least 60 km, with later movements being
predominantly vertical with respect to the surrounding

,

blocks. Similar structures are identified in New York State ,

(Diment, et al., 1980). j

Further evidence for the Lake Erie-Marylaad crustal ;

block comes f rom an of f shore gravity and magnetic study by j

Taylor et al., (1968). They found a major magnetic feature ;

which runs offshore, down the east coast, approximately
parallel to the coast line, and located directly over the
continental slope. This magnetic feature coincides with the
+30 mgal Bouguer gravity anomaly. However, the magnetic
feature deviates from the continental slope between the

,

'
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39th and 40th parallel, where it take's a bend landward, and-
is possibly offset. .This offset is. consistent with the NW
offset on. the Lake Erie - Maryland crustal block mentioned
above.

Kihberlite structures in Pennsylvania, New York,-
Kentucky, 'and Tennessee appear to be at intersections of
the'~ Rome . Trough (NE trending), with its down-to-the-east
basement faulting, and the major structural (NW trending).
' lineaments. mentioned- above. The- himberlites' radiometric
ages decrease from Mississippian-Permian in Tennessee to
mid-Jurassic' .in ,New York "perhaps reflecting the gradual
opening of. the modern ~ day Atlantic Ocean" (Parrish and
Lavin, 1982).

It is -noteworthy that the dominant of.these.NW
trending lineaments, the Tyrone-Mount Union lineament, runs
through the' vicinity of the Lancaster area (Figure 13). As
. yet there has been no. direct correlation of the seismicity
of this region and the lineament. However,'it represents a
crustal-wide- inhomogeneity that may serve to concentrate
stresses in the area. This remains to be. investigated.
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LINEAdEEIS

Lineamenta in ths Hartheastern Un11sd States9

As early as 1904, Hobbs (1904) foor ANW trending ,

lineaments, by observing that many of tw |arge scale ;

; rivers and lakes in the NE U.S. aligned th=Eselves in a !

given direction for several hundreds of kilomsters (Figure <

14). He defined a' set of NNE striking linear features and a
'

set of NW- striking ones. The NW lineanents are very
analogous- to the NW lineaments geophysically identified by
Lavin, et al., (1982) (Figure 13),- above. Likewise,
Wheeler, et al., (1974) used detailed ' mapping and .

4
structural analysis to describe 17 NW striking lineaments

'

L in the Plateau Province. They discovered 5 lineaments in
'

Pennsy]vania, and 12 in West Virginia. They varied in
i

2ength from '13 km to 172 km, averaging 71 km. They strike
from N 90W to N 91oW. with an average of N 530W-
(Wheeler, et al., 1974). Based on field studies, all these <

cross-structures in the NE U.S. are not simple tear faults
or joints, but rather complex sones of closely fractured &

rocks (Wheeler, et al., 1978).
Wise (1974) used shadou methods on raised plastic

relief maps- of the NE U.S. to produce psuado-radar photo
maps, and to analyze them for linear components. He
concluded that the most pervasive ' fracture systems,"

striking N 200E, N 250W, and N 700E, extend at least ,

L from Lake Ontario to Pennsylvania to Maine. These
'

topographic linears, ranging from 20 km to 200 km in ;

length, are ubiquitous, independent of rock type, local

| geological provinces or curvatures of the mountain system,
and do not change patterns near the coastlines." (Figure
15). This suggests that these linears are the latest ,

"

deformation superimposed on all the structures. A detailed
area in NW Massachusetts was used to compare these linears
to ~groand measured brittle fractures and to ERTS (Earth
Resource Technology Satellite) imagery lineaments (Wise,

1974). The study concluded that a strong correlation in the
strike directions of 'the fractures and the linears does
exist.

In the Lancaster, Pennsylvania area Wise (1974)
identified three lineament directions using the above
method (Figure 15). One N-NNE in strike, the second EFE in
strike, and a weaker striking NW. The ENE striking

L lineaments seem to reflect the Paleozoic structural trend
of the Appalachian mountains in the region. The weaker NW
trending lineaments are possibly those described by Wheeler

* f
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et al. (1978) and Lavin, et al., (1982), above. Finally,

[(
the N-NNE lineament may be associated with the cross faults
of the region, such as the Fruitville fault and the seismic
cone around it (Figure 3).

Linementa in ihm Lana ster Canns.z Beginn,

Lineaments have the same morphological characteristic
as fracture traces except that they are wider, longer, not'

at all obvious in the field, and exert a major influence on
the topography (Gold, et al., 1973). This is also the case
for.the lineaments identified in Pennsylvania, i

Gold, et al. (1973,1974) located major lineaments
4 (greater than 80 km) in Pennsylvania based on EhTS-1 (Earth

Resource' Technology Satellite 1) images. Most of these-

lineaments were straight and appeared independent of
regional structural trends. Many are nearly perpendicular

,

'

to the NE-SW Appalachian belt (Figure 16).
Kowalik, et al. (1975) studied the intermediate ,lineaments (10- .80 km) in Pennsylvania, also based.on "

D. ERTS-1 data. In the Lancaster region (the thich bordered
square of Figure 17), they recognized several lineament
directions with the N-S direction dominant.

Both the intermediate and long lineaments in SE
Pennsylvania appear to be " underlain by zones of fractured
and jointed ' rocks and represent zones of deformation "
(Gold, et al., 1973). They transgress Precambrian through
Triassic' age lithologies, and "must represent either a
rejuvenated crustal fracture system..., and in a sense are
a reflection through the cover rocks of active crustal
" joints"" (Gold, et al., 1973). They are often reflected by
straight valley se gments , abrupt changes in valley
alignment, gaps in ridges, gully and sink hole alignment,
localized springs, diffuse seepage areas, and drainage
patterns (Gold, et al., 1973, 1574).

Wise (1967) used topographic maps to identify
topographic linears of the Susquehanna Fiedmont (Figure

,18). He found that the orientations of these lineaments
'

(Rosette B, Figure 18), did not match the strikes of the
1400 ground measured master joints (Rosette A). Thus, the

1lineaments represent an "apparently different system"
(Uise, 1967) of fractures. It is noteworthy that Wise
identified a set of N-S striking topographic lineaments as
clearly dominant within the Lancaster region (Figure 18).
These topographic lineaments clearly define the Fruitville
fault (Figure 1) and the Lancaster seismic one (Figure 3),
(note the location of the 1984 earthquake in Figure 18).
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The preliminary investigation of-LANDS'AT-4-imagery. .

'

"
'(30; m. resolution) reveals that- clearly- the dominant
' lineaments- in Lancaster County are those of the Appalachian |

structural -trend (nearly E-W striking):and those defining
'the .Fruitville fault zone which trend N-S..-(Figure 19). The |

Llatter .are defined by gaps and drainage through the. |
'

Triascic rocks, stream drainage within the Paleosoic rocks,.
and the right lateral offsets in the E-W striking ridges of ,

the Conestoga Valley-(Figure 2).
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Mayor Fracture Orientations of the Northeastern
United States on a quadrangle-by-quadrangle basis
using a topographic shadow technique. The contrasting
line types are used to suggest correlations among
the various fractures. The quadrangle with the dark
bordera la the one which includes Lancaster,
Pennsylvania. (after Wise, 1974)
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ERTS-1 satellite lineaments of Pen 1sylvania and the
location of historic epicenters of earthquakes,
including ' th'e April 23, 1984 event shown by the
triangle. (after Gold, et al., 1974)
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HISTORIC /.L SEISMICITY
' ^

;

Seismicity in ihm Northeastern United States j

'

-It appears that the historical earthquake activity and
-the- present seismic events bear no consistent relationship '

to tectonic provinces. Rather, seismic zones usually cut

acrose their boundaries (Hadley and Devine, 1974). -

'
Furth.cmore, "for smal) magnitude events, about half of the
instrumentally recorded earthquakes that have been studied, ,

o
are in persistant source r.ones. The remainder.are more than i

20 km from other earthquakes" (Diment, et al., 1983). There !

is mounting evidence that one of these source sones is the
area of Lancaster County in the vicinity of the Fruitville ;

ofault (Figure 3).
'

i
-Seismicity in ihm Lancaslar County Region

The Lancaster area has been shaken by several distant .

earthquakes (Table 2), the largest of which have had
!

intensities o'f up to MM IV. However, Pennsylvania has had a '

fair amount of reismicity of its own (Table 9; Table 4)

(Nottis, 1983; Scharnberger and Howell, 1985), and it is !

the local activity that has created the highest intensities i
'

felt in Lancaster (intensity MM VI).
Sharnberger and Howell (1985) did a study of the

. historical seismicity 'of Lancaster County and obtained the
results of Figure 3 and Table 5. However, there is evidence a

i that the location of the October 6, 1978 event near the,

town of Litit: (Figure 3) is in error. The preferred

location of this event is on the northern outskirts of the
city of Lancaster (Figure 20). This is based on
Scharnberger's (1978) intensity maps for the two 1978
Lancaster earthquakes (Figure 21), and on the results of ;

applying a relative location algorithm which used the
'

locations of the July 16, 1978 and the April 23, 1984 .

earthquakes to locate the October 6, 1978 event (Figure

22). Furthermore, although traditionally the March 8, 1889
event, of intensity MM V, has been located in York, -

Pennsylvania, new studies of newspaper recordt have been
used to relocate the event within the area around the city
of Lancaster (battis, 1983; Armbruster and Seeber, 1985). )

Thus, it is apparent that the seismicity is clustered
in a N-S striking zone along the Fruitville fault. The zone
appears to be about 50-60 km long, in the N-S direction,

and 10-20 km wide, in the E-W direction. It runs directly
through the center of Lancaster County and the city of

Lancaster, Pennsylvania (Figure LO). Armbruster and Seeber
(1985) have called this zone, the Lancaster Seismic Zone

L The earthquakes of largest instrumentally recorded'
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magnitude within the LSZ are the recent April 23, 1984
event with a magnitude 4.2, and the May 12, 1964 event
which had a prsvious magnitude 4.5, but which was
recalculated, in th s study, to be of magnitude 3.6 (Figure
20). The other instrumentally recorded events in the LSZare: the December 8, 1972 event (magnitude 2.1, Dewey and
Gordon, 1984) at a depth of about 3.5 km; the July 16, 1978
event (nagnitude 3.0, Scharnberger,. 1978) at a depth of
about 5.0 km; and the' October 6, 1978 event (magnitude 3.1,
Scharnberger, 1978).

Armbruster and Seeber (1965) conducted a systematic
search of newspapers from the years 1750-1900, and found 13
new epicenters for known and previously unknown
earthquakes. 'They showed a N-S trending reismic zone (the
Lancaster' Seismic Zone) _ which completely overlaps and
matches' the one identified by Scharnberger and Howell
(1985) in Figure 3. However, they presented the new
location of several events not on Scharnberger and Howell's
map. They are as follows:

29 November 1800 magnitude 4.1-

21 August 1820 magnitude 3.4
|

-

5 February 1834 magnitude 4.0- '

8 March 1889 magnitude 4.3 (new location).-

The location of these earthquakes is seen in Figure 23 &
Figure 24. It is clear that a N-S trending seismic zone -

dominates Lancaster County (Figure 20 & Figure 24) and
parallels the most recent faulting in the area, such as
that of the Fruitville fault zone (Figure 20).

,
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CHRONOLOGICAL L!$ TING OF DIS 7 ANT EAR 7HQUAKES Wh!ON MAVE
AFFE07ED 7hE LANCASTER REGION OF DENNSYLVANIA ;

Date Lat. Long. Esteentral Di st ance fets sate

'SL- - 19.1-- 101:0111x. Lettatttt intut 1:It:111x-
Feo.5,1663 47.6 70.1 x tio NE !!!*!V e

.

Dec.la,1737 40. 8 74.o V12 150 E IV +

Nov.18,17:: 42.9 70.6 VI:! sto ENE !!! *

'

Dec.16,1811 st. 6 89.6 x!-x!I 710 wsw !v .

u Jan.23,1412 36.6 a9.6 xt-xt! 7tc wSw IV .
;

Foo.7,1812 36.6 89.6 XI-XII 710 WSw IV + r

Mar.9.162B 37.5 76.0 VI Ato SW !!! e
>

Aug.10.1864 60.6 74.0 VII 145 E IV u, s ,

kus.31,1866 32.9 80.0 IX-X 540 S !!!-!V m,s

may 31,1697 37.3 Bo. 7 VIII 190 SW 11-!!! #
i

t

Ace.9.1918 38.7 78.4 V-v! 140 SW !!-!II a

li Nov.t,193 4 9.. A 79.1 VII 475 NNW !!=Il! e,5

l' Sect.4,1944 44.9 74.9 VI!! 340 NNE !!-:!! wis -

l'

| ---------.--.--------------------------------------~~--~~---~~~-----
|
' + Intensity estimatec.

;|
. in,. .,t, c.,e ., .. f .. .....,.. 1 .....

6 Intensity cetermanec fee. local accounts.

(after Mcit, 1972) .
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| IEELE_3
'

EARTHGUAKE5 OF PENNSYLVANIA

Muum .

Dev Yant Place latensur Reference
Oc 1 17:4, Philaselphia 1 Wiatler.1978
Des. ? 1738 Dauphin Co. ? Wintier 1978
Ca. 30 - 1743 Sucks County ? 5(one.1943
A p'. 2! 1772 Delaware Vajley IV Winkler.1978
Nov.:: A 23 1777 ' Phitaaetonia ? Winkler.1978 '

Nov. 29 1780 Bucks Couniy 7 Stone.1978
Nos . 29 1783 Philade phia IV.V Winkler.1978
Nos. 30 . 1783 Philadelphia IV Winkler.1978 '

Mat. 37 1799 Philadelphia 7 Winkler.1978 'i
Mar.17 1800 Philadeiphia 1 Coffman Von Hake,1973
Mar. 29 1800 Philadelphia 1 Winkler.1978

,

Nov. 20 1800 Dauphin County i Winkler,1978
Nov. 29 1800 Phitaaelonia IV Coffman. Von Hake.1973 s
Nov.12 1801 Philadelphia i Winkler.1978

'

Dec. 8 18|| Philatalphia Vll Winnier.1978
Mar.14 1818 Pitt:Dur8h !!! IV Winkler.1978
Nov. It A 14 1840 Philaselphia IV *inaler.1978
Aul.17 1873 Sharon. Pa. IV Fredenck.1979
May 31 1884 Allentown Y Coffman. Von Mate.1973
Mar 8 1889 Yort V Landsberl.1938e

;' Mar. 9 1889 York i Lanesbert,19380
I, May 31 1908 Allentown VI Coffman. Von Hake.1973

Oct. 29 1934 Ene V Coffman Von Hake.1973
,

Nov. J 1934 NW Ps. 111 Neumans.19J6
Aus ,26 '1934 Mercer county !!! beumann.1916

| June 8 1937 Readin 8. Pa. t Neumann.1940
July 13 1938 Blair County VI Lanoseer8.1934

| A u8. 28 1938 Philacetchia ? $ione.1943 I
Apr. I 1939 Lancaster 1 Bodie,1941
Nov.13 1939 Philaceipnia i Stone.1943
Ma r :8 1940 Hamseur8 1 Neumann.194:
Oct. le 1941. Centre County 7 $iene 1943
Nov. 23 1951 Allentown 1 Mu9hy. Coud,1913

| Jan.7 1954 Sinains Sonns VI Murtny. Coud.1936
| (many aftershocksi

Fet. 21 1934 Wilkes.narre Vll Murphy. cous. 4956
i Fen. 23 1934 Wilkes. Barre VI Murphy. Coud 1936
|i Jan.19 1933 Buts County IV Murphy, Cloud 1937

Sept.14 1941 Lehi8h Valley V Lancer Cous.1963
Da. 27 1941 Pa..N.J. Barce V Lancer. Clove.1963
Sept. 7 1962 Fulton Coumy 7 U.3.C.C.3. lis
Oct.10 1963 Fulton County 7 U.S.C.C.S. list

I Feo.13 im Blair County V News reports
May 1: IW CornwaJI VI Von Haat. Coud.1964
Da, 7 197 Lancaster County V Coffman. Von Haas.1974 '

Feo. 28 1973 NJ & 3. Phina. V.vl 3bar ei al.1973
' July 16 1978 Lancaner County V Person.1979

Oct. 6 1978 Lancaster County V News reports

Where intensity u not listes, it was small. -

(af t er Howell, 197?)
.

A72

_ _



_ _ _ _ _ _ _ _ _ _ _ .

,
,

9
. ~

,

10 ELE _$
_
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IIISTORICAL SEISMICITY OF' llE LANCASTER REGION

Dele _ __ L9EEII9D- __Me!'EBill_lDtgesily_ CommeD st

1865 ' Lar. caster / II-III
Lebanori

Mar.8,1889 York or V-VI strevigly felt t re
Lancaster both locations

Apr.26,1893 Larcaster III

Apr.1,1939 Lancaster II

May 12,1964 Lebaron VI M = 3.6

Dec.7,t972 Lancaster V-

Jeal.16,1978 Larcaster V

Oct.6,1978 Larcaster V

. _ _ __ _.

(esodified afLer Sharnberger & Hotee 11, , 1985)
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OGURE_ 2O Map of the seismicity of Lancaster County in reietion to the
Fruitv111e Fault Zone (dark line). Inserted is- the . upper hesiephere

solution obtained by Armbruster and Seeber
projection of the fault piene '

(1985) for the April 23, 1984 earthquake. (modified after Scharnberger &
Howell, 1985)
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LANCASTER EARTHQUAKE -APRIL. 1984-

On April 23, 1984 at 1:36 U.T. (6:36 pm, 22 April
EST), Lancaster County experienced one of the largest

recorded earthquakes in' Pennsylvania. It was felt from
Westchester County, New York to Cambria County, in western
Pennsylvania, to Washington, D.C. and Sussex County,

Delaware. .The. region of maximum intensity (MM = VI) for

this event occurred south of the city of Lancaster, near
Martieville (Figure 25). Seismic records of the event give
a magnitude of 4.2, with a strong audible component !

1(Scharnberger and Howell, 1984).
<

This mainshock was preceded by a foreshock of
magnitude 3.0 on April 19, at 4:55 U.T. (11:55 pm, 18 April

EST). The. region of. maximum intensity (MM :IV) occurred in
the southern portion of the mainshock maximum intensity
area, south of Martieville (Figure 25) . The epicenter for
the foreshock based on all the intensity data, appears to
be several kilometers south of the mainshock (Scharnberger
and Howell, 1984).

The April _23 mainshock was followed by many
aftershocks which lasted well into September, 1984. They
were of varying magnitude, the largest a magnitude 2.1
(Scharnberger and Howell, 1984). Ten of the earliest of
these aftershocks were recorded by a temporary seismic
network, set up in .the mainshock region, within a day of
the event, and operated for several days by the

DohertyPennsylvania State = University and the Lamont -

Geological Observatory (Armbruster and Seeber, 1985). The

network consisted of 9 portable seismographs (3 from Penn ['
State and 6 from Lamont-Doherty), including smoked paper

!and digital recorders. The location of these 9 stations and
the location of the 10 recorded aftershocks is seen in I

Figure 26. Armbruster and Seeber (1985) observed that these |
aftershocks created a zone about 3 km long and N-NNE in
strike. The length of the zone is significantly larger than r

the location error of - 0.5 km. Therefore, the N-S fracture !

,
suggested by the aftershocks appears to be real (Armbruster I

h' and Seeber (1985). The epicenter of these aftershocks is ,

near Martieville the area of the maximum intensities !

' observed for the April 23, mainshock (Figure 25). |

Furthermore, Armbruster and Seeber (1985) report that i'
'

' all the aftershock hypocenters fall in an insignificantly
wide range (- 0.5 km) about the 4.5 km depth. They state

L that "this depth does not correspond to a discontinuity in i

| the assumed velocity structure and the narrow depth range
'

cannot be solely an artifact of the location procedure".
A double couple fault plane solution based on 37 first

motions from the mainshock and the aftershocks indicates a
seismogenic fault with a NNE strike of about N 100E,

L dipping about SOCE, with reverse and right-lateral

|
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displacement (Figure 27) ( Armbruster and ' Seeber, 1985). This
solution. is generally supported by 20 first motions for the
April 23, mainshock recorded by the NE U.S. Seismic Network
obtained in this investigation (Figure 27). The fault plane
solution of ' Figure 27 has a P axis which is nearly
horizontal and strikes ENE. This is consistent with the ENEmaximum compressional stress for this part of the U.S.,

; based :on other earthquake generated focal mechanisms, on
geological- data, and on in situ crustal stress measurements(Zoback and Zoback, 1980; Zoback, 1986).

. The surface projection of the seismogenic fault (dashed"
line in Figure 26), based on the aftershock data and thefault plane solution, falls near the town of Conestoga,about :2 km east of the aftershock epicenters. This inferred
fault is in direct line, along strike, with the Fruitville-
fault none, which outcrops about 15 km to the north. The two

. features have about the same strike, approximately N-S,which is also the approximate strike of the preferred plane
on' the focal mechanism solution (Figure 20 & Figure 26,
insert). .Thus,. the mainshock and its aftershocks indicate aseimogenic fault several kilometers south but on-strike withthe youngest of the geologically mapped faults in the area.
The faults strike between N OCE and N 120E (Figure 20),

Furthermore, 2 km west of the projected outcrop of theaftershock-inferred fault is a Triassic-Jurassic diabasedike, of the same strike (Figure 26). This dike, the. Rockhill dike, and the many other N-S striking dikes in theLancaster area (Figure 4) may be indications of a N-Strending, historically persistent, zone of weakness, which- is favorably oriented to be activated in the present stress
regime,>
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(QQATION OF THE APRIL. 1984 FORESHOCK AND MAINSHOCK

, As the intensity data suggest -(Figure 25), the
'foreshock of April 19, 1984 was centered'several kilometers i

south of the mainshock of April 23 (Scharnberger and Howell,
1984). Furtheraore, the epicenter, obtained from the
intensity . data for the mainshock, fell 2 km SS of the'

aftershock zone (Armbruster and Seeber, 1985).
In order to verify the. locations of the foreshock and

the mainshock, the hypocenter location program, HYP0 INVERSE
(Klein, 1978; Lahr, 1980) was used. The travel time data for

| various stations in New York, New Jersey, Delaware, and
! Virginia were used for the mainshock locations and data from

Pennsylvania and New Jersey stations were used for the
L foreshock location.

To reinforce the validity of the results obtained by
HYPOINVERSE, a relative location algorithm (Baumgardt, D.R.,+

1977 & 1985) was applied. The HYPOINVERSE mainshock location
was used .to predict the foreshock location. The locationL

error for the HYPOINVERSE program is given by a 95%

i confidence ellipse. The location error of the relative
L: location program is about -2 km or less, which is based on

the .use of this program in the location of the two 1978
Lancaster earthquakes (see Historical Seismicity)
(Alexander, personal communication).

In order to utilize the HYPOINVERSE and the relative
location algorithms, one needs a body wave, regional,
crustal velocity model. Several velocity models for the

,

Pennsylvania area and for the Piedmont geological province
have been published, among them: Kats. 1955; Birch, 1961:
Abriel, '1978; Isaacs, 1979; Sienko, 1982; and Bollinger and
Sibol, 1985. Of these various velocity models, the ones
which best located the Lancaster, April 23, 1984 mainshock,
in relation to the felt area shown by the intensity maps

L (Figure 25), were the following:
Lancagitr_Mrdel I 2pfkm/s) Ygihm/gl lhiek.(km)

h (Alexander, 1984) 6.1 3.55 18
; 6.75 3.92 22

8.1 4.71
2 1hmZ11 ihigh_ihG1kan2A11gr Medel_ll 2pihmZ11 3

(Sienko, 1982) 6.1 3.55 28
6.75 3.92 12
8.1 4.71

2 (kn/gl iblek.(km)Bollinger..Modtl 2pihmZ11 3
(Bollinger & 6.09 3.53 15

E Sibol, 1985) 6.50 3.79 16
8.18 4.71

The Lancaster I and Lancaster II velocity models vary only
in the thickness of the two crustal layers. The Lancaster I
model uses a thinner upper layer relative to the lower
layer, and the Lancaster II model has a thicker top layer.
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The results of the HYPOINVERSE algorithm and the
relative location algorithm are seen in Figure 28 and

i listed in Table 6.
The absolute locations (RYPOINVERSE) for the mainshock ;

-indicate that it was located in the same area as the i
aftershocks of Figure 28. The velocity model of Bollinger !

y and Sibol (1985) for the Piedmont and the Lancaster I !
' velocity model (Alexander, 1984)-located the mainshock in |
L the center of the maximum intensity area of Scharnberger !
'

and Howell (1984) (Figure 28). The Lancaster II velocity |

model (Sienko, 1982) located the event too far north j,

relative to the intensity data (Figure 28). The 95%
'

confidence ellipse for these locations had a N-S axial !
length of less than 3 km and an E-W axial length of less

,

than 2 km (Figure 28; Table 6).
The absolute location (RYPOINVERSE) for the foreshock ;

! is approximately 10 km south of the mainshock and the !
aftershocks (Figure 28). This more southern location of the
foreshock is also indicated by the intensity data (Figure !

25). Based on these intensities, Scharnberger and Howell
(3984) concluded that the foreshock is " centered several
kilometers south of the mainshock". The Lancaster I and the |
Lancaster II velocity models used in the RYPOINVERSE <

algorithm result in foreshock locations on the southern !

part of the maximum intensity area (Figure 28) near i

Holtwood, Fennsylvania. The error ellipses for these two :

locations had a N-S axis less than 11 km in length and an i
E-W axis of less than 6 km in length. The increased size of

,

these 95% confidence ellipses relative to those of the ;

mainshock, is primarily due to the fact that a smaller ;
number of stations was used in the foreshock location than .

in the mainshock location. The Bollinger velocity model'

failed to predict a satisfactory solution relative to the
intensity data. -

The relative location algorithm, which located the :
'

foreshock relative to the RYPOINVERSE mainshoch location
for each velocity model,.also indicates that the foreshock :
was located several kilometers south of tho mainshock and, ,

aftershock zor s. Like the absoluto location (HYPOINVERSE) !

for the fore , hock, the relative locations also fell in the :
Holtwood area. The two solutions for the two methods, and i

their error bars, overlap (Figure 28). Thus, within the !

error margins, the solutions are nearly identical. The
Lancaster Il Model gave a foreshock solution which was too
far south relative to the intensity data. *

Therefore, in summary, the location of the April 1984 |
seismicity is as follows. The absolute locations !

(HYPOINVERSE) indicate that the mainshock is centered near -

Martieville (in the area of the aftershocks), and that the .

'
foreshock is centered 10 km south. The results of the
relative location algorithm for the two events confirm this '

as do the maximum intensity locations of Scharnberger and
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i ' Howell, (1984). All the events, the foreshock of April 19
the mainshock of April 23 and the aftershocks recorded by i

Armbruster and' Seeber (1985), fall along the projected :

continuation. of- the N-S striking Fruitv111e fault sone, I

which. outcrops near the city of Lancaster. The closest !

geologically mapped outcrops of this fault are- i

approximately 10 km north of the Martiev111e, mainshock
1

-.
location (Figure.28), 1

Finally, of the three crustal velocity models used, |

the ones with the thinner upper velocity layer, the !

Lancaster, I and' the Bellinger models, performed better in i
;

establishing locations which agreed with the intensity
data,' than did the Lancaster. II model with the thicker |''

upper velocity layer (Figure 28. Table 6).,-
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Error bara are included (see Table 6). 'he two large
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foreshock) as obtained by Scharnberger and Howell
(1985), see Figure 25.
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ADSQLUTE (MYPCINVERSE) AND RELAT!VE LOCATlCNS FOR j
THE ADRIL 13, 1964 MA!NSMOOK kND T4E ADRIL 11, 1164 FORE 5kC0K '

velocity becatton Destm Erete Ellisse Ames i

mecel Lat. (km.) (15% certatety)

Long. Leegth of Auls (km.) l

(Deg.) A31muth (Deg. )
Die (Leg.) -

!
- - . . - . . . . . . . . ~ . . . . - . . . . . - . . . -

++++++++++++++++ A& SOLUTE LCOATION OF M A I N S M C 0 K + + ++ + + + + + ++ ++ ++ + +^*
I

Lancastee ! 31 26.5&' 7. 12 1.14 1.54 5.13 !

76 &3.12' O 27E 103 !

O 30 74 |

Lancastee !! 25 31.74' 7.01 1.71 0.70 4.61 h
76 14.11' 0- 275 464 !

0 10 &E
,

I
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0 32 65 ;

i

++++++++++++++++ AE03LVTE LOCA710N CF FORE 5 HOOK +++++++++++++++++++ j

Lee.c a st ar ! 21 50.21' 4.12 10.31 3. 37 1&.62
76 29.768 0 15L 57

0 7 70 |

Lancast er !! 31 41.3&' 4.14 E.14 1.14 31.06
76 i' t . 31' 0 270 212 |

C 11 45 ;

bo111egee -- NC 300D -- ;;

1.

++++++++++++++++ RELATIVE LOCAT!DN Or FORESMOOK +++++++++++++++++++ !i
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IHRQUGH CEPSTRAL ANALyfilE j

i

The April 23, 1984 earthquake offered an ideal
opportunity to test the use of cepstra in identifying P-pP

,,

and P-sP arrival time delays, and, thus, predicting a depth' ,

for the event, using previously established body-wave,

crustal velocity models. The aftershocks of the April 23,,
1984 event, which occurred in the same location as the
mainshock and predicted the same f a 4t plane solution
(Atubruster and Seeber, 1985) as the mainshock, indicated a
depth of 4.4-4.7 km. As shown above and in Table 6 the
absolute location algorithm. HYPOINVERSE (Klein, 1978;
Lahr, 1980), and the relative location algorithm
(Baumgardt, D.R., 1977 & 1985) for the mainshock, also

' indicated a shallow event. Therefore, the mainshock's
hypocent.er is well-constrained to a depth of 4-5 km. The
cepstral analysis of 17 seismograms for the April 23, 1984.
mainshock, received at 13 stations operated by '

Woodward-Cl> de Consultants in the New York State area
(Figure 29, Table 7), was conducted in order to try to

obtain an independent depth estimate for t.he event. ;

Ihtsrz cf Deptb Determinati2n ibroush Cepstral Analvsis
The following is an overview of the cepstral theoty,

and its use for depth estimation. It is especially useful
for shallow earthquakes where the pP and sP phases are not ,

obvious by inspection of the seismogram (Bogert, 1963). .

*

Let z(t) be a time signal composed of the direct
P-wave arrival f(t) plus a pP and a sP phase, delayed by Tp
and Ts, respectively.

r

c(t) : f(t) + A f(t-Tp) + 2 f(t-Ts) C-1 :
|

where Tp : tpp - tp or the difference in the arrival
| times of the pP and P phases,

and where Ts : tsp - tp or the difference in the arrival
I

times of the sP and P phases,
and where A and B are scaling constants (-1 I A,B 1 1). ;

Take the Fourier Transform of the time serier to obtain:
(t)e-iWt dt'

F.T.(:(t)) : Z(w) =

F(w)(1 + Ae-1wTP + Be-iwTs } C-2:

|
1 where F(w) is the spectrum of f(t).

|
|

'
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used in the copatral analysis cf the April 23,
1944 earthqueke. These stations are operated by
Woodward-Clyde Consultants, of Weyne, N.J.
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I CCORDINATES OF THE SE!SMIC STATIONS U$ED !

| IN THE CEFS7RAL ANALYS!$ j

i

i Stat 14e ID Latituse Lens t t uc e Elevat tem Wc.cattre !

I 'ISEs' 'ES$$1.. . 1283R:31. .. .............

I

|
A&RN 41.1963 N 74.64E3 W 124 AU)U RN, NY ,

ELNV 41.2000 N 74.43$4 W 313 ELLENV!LLE, NY j
i

i

{4ERM 62.1570 N 73.8113 W && SEFMANTOWN, NY
.

LONA 43.6442 N 7C.9160 W 316 LACONA, NY

L!LM f1.1113 N 77,$172 W 111 LIMA, NY

CNT4 43.2734 N 77.3047 W 44 CNTARIO. NV '

my
N

'

CSW3 43.3170 N 76. 6161 W $4 OSWE30, NY

p>EL A2.9542 N 77.0110 W 144 DM EL PS , NY

'

ROTD 44.$E20 N 76.0473 W 183 RCT*ERCAm, NY ,

i

SONY 43.1111 N 76.$667 W 112 50DUS. NY
Y

| WEST 43.1635 N 73.6400 4 167 WESTMORELAND, NY

!

| WMNY 43.3560 N 76.0313 W 154 WEST MCNROC, NY

W7VE 6L.16&C N 73.327% W 426 WATERV!LLE. NY

.- -..... . - . . . . . - - . . . .

L (af t er Foley, et al., 1146)
!

'
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' V The power spectrum is:

: Z(w) Z(w)* : )Z(w j2 C-3F(w)

: lF(s 12 {1 + A2+B2 + Ae+1WTp + A,-iwTp
'

+ 3,+1wTs+ 3.-iwTs + ABe-iw(Ts-TP)

+ ABe+1w(Ts-Tp))

where Z(w)* is the complex conjugate of I'w).
From equation C-3, it is apparent that if Tp, for

sexample, equals 2 sec., the power spectrum peaks for the Tp
dolay times will have a periodicity of 0.5 Hz.

The logarithm o:.' the power spectrum is not taken in
the cepstral analysis applied here. This whitening of the
spectrum ideally should increase the number of ' cycles' of .

the sought-after modulation pattern in the cepstrum by
converting the multiplicative terms of equation C-3 to ,

additive terms. However, for a practical case of a ' noisy' I
spectrum, it increases the number of weaker periodicities '

(Cohon, 1970). Thus, it has the negative aspect of creating |
additional harmonics that are introduced by the sharpening

e of the spectral nulls :Kemerait and Sutton, 1982). The
:

cepstrum of the logarithmic power spectrum was tried for
several' seismograms of the April 23, 1984 event, but as in !
the case of Kemerait and Sutton (1982), the additional :harmonics created obscured the results. Thus, best results
were obtained when the simple power spectrum was used in :
the cepstral analysis. !

The cepstrum was obtained by taking the Fourier
Transform of the simple power spectrum:

|

,F.T.(P(w)) : C(u) =j[P(w) e-iwu dw C-4

2 + B )h(u)2a (1 + A Ah(u + 7p)+

+ Ah(u - Tp) + Bh(u + Ts) + Bh(u - Ts) |

YSh(u + (Tp - Ts))+

+ ABh(u - (Tp - Ts)
;

where F.T.tIF(wX2) = h(u) C-5$-

,\
i where u is the quefrency domain which is in seconds.

|
For only the positive values of quefrency (seconds),

one gets the following equation for the cepstrum:

i

p

h
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l

2 + B )h(u) + Ah(u - 7p) j2C(u) (1 + A
i

+ Bh(u - Ts) + ABh(u - (Ts - Tp)) C-6
|

Thus, the cepstrum is a net of values in the quefrency

(secon?s) domain corresponding to the P-pP and P-sP delay ,

times ac ell as their differences.
The cepstral theory was tested on a time series which

consisted of a simple cosine and a 2 second delayed smaller
scaled cosine (see TEST in Figure 30), and on a time series

I which was compored of a repeating set of cosines (see
TEST-R in Figure 30). When the copstrum of the 2 sec !

delayed cosine of the ' TEST' signal was taken, the

resultant cepstrum had a peak at 2.0 see in quefrency (see
.in Figure 31). This peak was equivalent to the 2.0 seeTEST ~

delay in the cosines of the time series (see TEST of Figure
.

t

30). When the copstrum was obtained for the repeated *

cosines ' TEST-R', it revealed peaks at ali four
i

combinations of the delay times ie. 2 sec. 5 sec, 7 sec.

and 9 cee (see TEST-R of Figure 31) between the cosine
peaks of the original time series (see TEST-R of Figure |

30). >

In order to enhance the delay time peaks on the i

cepstrum rulative to other information, or noise, the ;

cepstra for all th*e stations were added together, and -

multiplied together. However, because the largest peak, i

which occurs at zero seconds of quefrency in each station's '

cepstrum, has ne information on the delay times, it was e

removed from each case. This was done by setting the first
0.5 seconds of each cepstrum equal to zero. Then, each ,

cepstrum was normalized so that the highest remaining peak
was equal to one. After this, the cepstra for all the
stations 'were summed along quefrency in one case, and

multiplied along quefrency in the second case. The

,

resultant peaks should occur at quefrency seconds equal to
the pF-P and the sP-P delay times and/or their sums and .

'

diff erences.
These delay times can be used to estimate the depth of '

| the earthquake given a crustal velocity model for the area.,

| The abov- steps are performed on each seismogram. If all
L the statzens are at regional distances, say within 500 km ,

'

| of the esrthquake epicenter, the PP-P and the sP-P delay
I times can be assumed to be the same for each station, since

the distan:e the ray travels is about the same for each
station.

App 1ic.n11pm and Etisiin

The theo.v and procedures, mentioned in the previous
section, were uoed in order to determine the depth of the

,
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April 23, 1964 earthquake in Lancaster, Pennsylvania. A set,

of seismograms from 13 stations of the N.E. United States
Seismic Network's Mid Hudson Area Network and North Central
Area Network were used fer the copstral analysis cf the i
event. All these stations are located ln New York State
( Fi gure 29 Table 7), and operated by Woodward Clyde

s Consultants (Woodward Clyde Consultants, ;985). They are
' all within 500 km of the Lancaster earthquake.

The first 40 soccnds of the seismograms for the April
23, 1984 event are shown for each station in Appendix 2.
The ONTR station of Ontario, N.Y. and the OSWG station of
Oswego, N.Y. have all three components of the seismogram
(ONTR & OSWG radial, ONTR2 & OSWG2 : tangential, ONTR3 &
OSWG3 : vertical). The remaining stations have only the
vertical component of the data (Appendix 2).

The power spectrum of each seismogram was taken at
three different time windows. The first time window was
only in the noise interval of the time series, before the
first P arrival. The noise energy spectrum was smoothed
over a 5 see interval and normalized through division by
the time domain window length to obtain the power spectral
density (PSD). The resulting PSD's were plotted as the
dashed lines in the plots of Appendix 3. Furthermore~ the,

signal from each station was windowed at a 10 see and a 20
see time window (listed in Appendix 3). The energy spectra,
thus obtained, were normalized through division by the 10
see and the 20 see time windows, respectively, in ; + der to
produce thw PSD. The resulting PSD's for each seismogram
are shown in the top and bottom plots of Appendix 3. All
the plots for a given station are normalized relative . .o
the largest value present within both the pure noise, Lnd
the two windowed signh1 and noise PSD's. It is worth noting
that the amplitude of the noise PSD is low relative to tha*.
of the windowed signal and noise PSD in all cases (Appendix
3). Although for some stations (A3RN, GERM, & LCNA) the
magnitude of the noise speccrum is significant in frequency
band less than 1.0 Hz, it is worth noting that the PSD of

! most of the windowed signals have a clear per' dicity of
I 0.5 H. This is due to the periodicity of the cosine

components of equation C-3 in the previous section. This

L suggests a dominant P-pP or P-sP delay time of about 2 sec

| within most of the time series used.
I After the two windowed PSD's art obtained for each of
| the s ei smogrs.ms , they are windowed in the frequency band

I where the magnitude of the PSD of the noise relative to
|- that of the signal is minimal. These frequency windvws are

listed in Appendix 4. As in the case of windowing in the
| time domain, above, all the frequency windows are padded

with zeros to an equal length, which is a power of 2 and is
larger than the widest sampling window used, before they
are Fourier transformed. Furthermore, a 10% taper is
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applied to both ends of each sampling window, in time and
in frequency, before Fourier transforming. After Fourier !

transforming from the frequency domain, one obtains the |

cepatra in the ;uefrency domain (seconds) for each station. !

They are plotted in Appendix 4. The top plot in Appendix 4 !'

for each station, is the cepstrum of the 10 see time

. windowed signal and noise, and the bottoa plot is the
!cepstrum of the 20 see time windowed signal and noise.

Af ter e.aal'/ zing the cepstral plots of Appendix 4, it

is difficult to pick out dominant peaks that are common to *,

l all the stations. In order to get a better idea of these

| peaks, the sum and the product of the cepstra of all the :

20 see time windowed signals are computed. The cepstra of ,

the larger windowed signals are chosen since they include
substantial cepstral peaks beyond the quefrency of 2 sec. |

i

Therefore, they contain information on longer delay tines

than the cepstra of the 10 see time windowed signals. In >

fact, the 10 see time window appears to be too small for ;

obtaining copstral peaks above 1.5-2.0 see in quefrency, f

and, thus, delay times longer than 1.5-2.0 sec. |

Because the largest pea 4 in each station's cepstrum, ,

which occurs at zero seconds in quefrency (Appendix 4), has i

no information on the delay times, it is removed in each !
t

case. This is done by setting the first 0,5 see of each
cepstrum equal to zero. Then, in order to equally weight ;

the input of each etation, the remaining maximum peak of |

each station's cepstrum is normalized to 1.0. Following

this, the cepstra of all 17 seismograms are summed (top
plot of Figure 34) and multiplied (bottom plot of Eigure !

'

34). The same is done for the cepstra of the "Best Six"
original seismograms (ABRN, ELNV, ONTR3, PHEL, ROTD, SONY).
The "Best Six" seismograms were chosen based on the clarity |

'

of the two P phase arrivals on the trace. The; all appear
time lag of approximately 2.0 see (Appendix 2).to have a

They act as a check of the cepstrally defined time lags for ,

'

the two P phases. The sum and the product of the cepstra of
these "Best Six" seismograms are shown in Figure 32. Both
plots indicate a peak centered at 1.9 see in the quefrency

.

domain. The same approach used for the "Best Six" cepstra,
; above, was applied to the "Best Twelve" cepstra ("Best Six"
I plus GERM, LILH, ONTR, ONTR2, CSWG, OSWG3). The "Best
| Twelve" cepstra were chosen because they are dominated by a

few large, low frequency peaks, rather than many small, ;

| high frequency ones. The sum and the product cf the "Betc
.

Twelve" cepstra are plotten in Figure 33. The sum, and

I especially the profuct, show one dominant peak. This td.me

L it is centered at about 1.95 see, or 0.05 so higher in the
quefrency domain than the peak for the "Best ..x" cepstra.

Finally, when the sum and product of all the stations'
normalized cepstra is taken, one obtains the results of

|-
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[1gggg,33 The sum and the product of the copatre for the "Best '

'Six" stations which recorded the April 23, 1984
event. <
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in the copatral analyala of the April 23, 1984 '
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earthquake.
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h Figure 34. It is clear that the plots of Figure 34 are'

! double staked. The peak at 1.95 see remains, and a second
I peak appears at approximately 1.0 seconds in the quefrency

domain.In order to evaluate these capstral peaks, and the lag
times they may represent, we must determine the presence

ar.d the relative significance of the pP and the sP arrivals
at the stations used in the cepstral analysis (Figure 29).
Thus, we must calculate the relative displacements and the
lag times for the P pP, and sP arrivals at each station.

The distance of the stations, in Figure 29, from the
epicenter of the April 23, 1984 earthquake is'between 250
km (2.25 degrees) and 450 km (4.05 degrees), and the event
is at a depth of 4.0 - 5.0 km, based on aftershock data

(Armbruster and Seeber, 1985). This is well within the top.
8 km, Paleozoic layer. Thus, we may apply the equations for
cylindrical displacements at teleseismic distances for a
point source dislocation arbitrarily oriented in a

given by Langsten and Helmberger (1975). Thehalfspace, as
total vertical. displacement of the P-wave is:

W = Rps (U (t)+Rpp*U (t-dti)+(Rsp*(np/ns))p p

* Us(t-dt2}} * S(t) * I(t) * Q(t) R-1 !

where S(t), I(t), and Q(t) represent the far field source
time function, instrumental response, and attenuation i

|
operator, respectively. ;

Since only the relative magnitudes of the displacement )
|

for the P, PP, and sP -waves are of interest at each i

i

station, the above equation (R-1) may be broken down into
the P. pP, and sP far-field displacement components. Thus, :

the S(t), I(t), Q(t), and Rpz (receiver functiun) are not
;

considered, and the relative displacement for the direct |

F-wave (Wp) is given by the following equation: :

R-2 )Wp = Up ,

where U is the P-wave displacement potential:p

3 ,

Mo/(4Tp)*)[[A(s,r.d)*C*{H(t-R/Vp)/R) ,

Up: 1 i E'3 |i:1 ,

where V is the P-wave velocity. 'pThe relctive displacement for the PP-wave is:

Wpp = Rpp * U (t - dti) R-4 |,p
is the time lagwhere U is the same as above, and dtip

of the pF arrival relative to the direct P arrival. This
P
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l' time lag is given byt

dti : 2*h*np E-5,

where h is the depth of the event and ne is the slowness
for the P-wave, as defined below. Finally, the relative
displacement for the sP-wave is:

Wsp = Rsp * (np/n ) * Us(t - dt2) R-6s ,

where Us is the SV-wave displacement potential:
3

Mo/(4'"/)*[A(s,r,d)*SV*{H(t-R/V3)/R),Us : i i

1:1 R-7

and V is the S-wave velocity and dt2 is the time lags
of the sP arrival relative to the direct P arrival. It is
given by:

dt2 : h*(np + ng) R-8 >

where h is the depth and np and n are the slowness for
"

e
the P and S -wavec, respectively.

Since we are concerned with only the magnitudes of the
relative displacements, the displacement potentials of

,

equations R-3 and R-7 become: ;

,

3 !,
'U s p_j A (s.r,d)*Ci R-9ip

and
3

Us=)[]A(s.r.d)*SVi i R-10 1

1:1

respectively. The three terms in the summation i = 1,2,3
represent the fundamental dislocation terms, vertical '

strike-slip, vertical dip-slip, and a 45 degree dipping
dip-slip. The A (s.r.d) describe the horitental radiationi
pattern, and they are given by:

1 sin' ( 2s )A (s r.d) : * cos(r) * sin (d)
+ 0.5 * cos(2s) * sin (r) * sin (2d) R-11

A (s.r.d) : cos(s) * cos(r) * cos(d)2
- sin (s) * sin (r) * cos (2d) R-12

A (s,r.d) = 0.5 * sin (r) * sin (2d) R-13 $3
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i- |where. t

a: strike from the'ond of the fault plane |

rake angle measured from the horizontal upward' t?ir r:
d :. dip angle of the fault.

* The Ci and SV - describe the vertical radiation pattern r
i '

for the P and SV -wave potentials, respectively.
[
iC1: .p2, syg = E*p*ns
t

2C2 : 2*E*p*np SV2: (np2 - p .)s

. :| 0
C3: (p2 - 2*np2) SV3 = 3*E*p*ng ;

T
* ,

where,
,

/ z>h (down-going ray) i

1 +1
lE :

1 z<h (up-going ray) |
|

compressional velocity at the source ,

V :

shear velocity at the source |p
V, :

!
p i sin (i)/Vp ray parameter-

incidgnce a glei :

{(1/v-) - p }1/2 ;
ny :

Mo .is the seismic moment. A is'the density, and 1/R is ,

the geometric spreading factor. In the relative magnitude 1

calculations for the displacements, these three factors are |
1 eft out of the potential equations R-9 and R-10. ;

lRpp and Rsp are the P -> P and S -> P free surface
I

reflection coefficients, respectively. The two dimensional
'

Cartesian reflection coefficients are given as

4*np*n *P2 - (n - p )2 I2
s s R-14 tRpp :

i
2-p2)2 |2+ (ns4*np*n *p' s 'I;

and |

|| -4*n *P* (n 2 - p2) -i
s s '

R-15 jL Rap :

4*np*n *p2 + (n 2 - p2)2 ;
s s

The study assumes a homogeneous source structure, and is ;

only concerned with the far-field medium response for the j
| F-wave. ,

#In order to determine the P, pP, and sF displacements1

at the various stations used in the cepstral analysis, we ;
i

A107
,

;

>

_ _.



._ _ _ -.

L n
i

must :obtain the incidence angle for the P pP, and sPk, ' - -waves, . tho' velocity structure, the fault plane
orientation, the station locations, and estimate the depth. !

,

,

Let- us
b first look at the incidence angles and the velocity

structure. ,

I

The distance of the statiens from the epicenter of theo
l April 23, 1984 carthquake is between 250 km (2.25 degrees) i

and 450 )cn- (4.05 degrees) north. 'At this distance, the |

,

Pn-wave, refracted from the Mohorovicie discontinuity, is' '

the first arrival according to the Herrin tables of P-wave
. travel times (Herrin, et al., 1968). ' v

'

[L The best fitting velocity model, based on the location iresults .above, is- the Lancaster I velocity model. This
[ model predicts a depth of 40 km to the Mohorovicie ;discontinuity, and an average P-wave velocity of 8.1km/sec '

below
model . it. In the top crustal layer, the source layer, this

predicts an S-wave velocity of 3.5 km/sec.Furthermore, Abriel (1978) and Sienko (1982), both assign a
! P-wave velocity of 5.0 km/see to the top 8 km of Paleozoic i
f

'

rocks in the Lancaster, Pennsylvania region.
Using these velocities, and Snell's Law, we can find

the. ray' parameter and the incidence angle of the ray which'

critically refracts at the Mohorovicie discontinuity,
i

,

[ p = 1/V : sin (1 1)/Vp R-16
,

m
r-

where p is the ray parameter, and is constant for all the lvelocity; layers. V is the P-wave velocity below the tm
i Moho, and V is the P-wave velocity at the source. Using-p *

tha above expression and the above values for thevelocities, we obtain the following incidence angle for thee
Pn-wave: ,

'
<

.

1 1: sin-1(V /V ) sin-1(5.0/8.1). f
:p m

: 08.10 R-17 !

This incidence angle is the same for the pP ray, which
.

originates in the upper hemisphere of the focal sphere.
Likewise, the incidence angle for the sP ray can be;

derived through Snell'a Law using the P-wave velocity
.

i(Vp) and the S-wave velocity (V3) for the Paleozoic lsource layer, as given above.
i

:p: sin (i i)/Vp: sin (1 2)/Ys * E-10

where p is the ray parameter, and 1 1 and 1 2 are the i
incidence angles for the P and S-wave, reapectively.

,

Solving for 12:

1 2: sin-1(V *p) = 25.60 R-19
'

3 ,
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one obtains an incidence angle of 25.60 for the sP ray.
.!Having obtained the incidence angles and the velocity ,

structure, we must determine the fault plane orientation ~, I

the depth of - the event, and the azimuth between this f

fault plane and each station. ;
iThe fault plane solution derived for the April 23,

1984 event by Armbruster and Seeber (1985) (Figure 27 )

'.
indicates that the preferred fault plane strikes
approximately N 100 E, dips about 600 E, and has a rake
of 1400 The location of the earthquake is 39.940 N and

70.320 W, and the location of the seismic stations used
in the cepstral analysis is given in Table 7. Using the
N 100 E strike of the fault plane and the station
locations, we calculate the a:imuth between the fault plane
and each station. These azimuths are shown in Table 8 for
the New York State stations of Figure 29. They are measured
from N 100 E in a clockwise direction. Finally, the depth
of the April 23, ovent is estimated to be between 4.4-4.7
km based on aftershock data (Armbruster and Seeber, 1985).
The cepth of. 4.5 km was used as a rough estimate of depth
for the calculations.The above strike and depth information, combined with
the incidence angles, the velocity structure, and the fault
plane orientation data, was applied to the equations of

displacement listed above in order to predict the relative
displacement magnitudes, and the time lags for the direct
P, PP, and sP-waves on each station's vertical seismic
record. These relative amplitudes and time lags are listed
for each station in Table 9.In Table 9, the 'RpP' column is the relative amplitude
of the pP arrival with respect to the direct P arrival. The
.very small values of the relative pP amplitudes indicate

that looking at the seismic records for the stations, we

would not expect to pick out the pP phase for the April 23,
1984 earthquake. Plotting the azimuth and incidence angles
for the pP rays, received at the 13 stations of Figure 29,
on the fault plane solution, reveals that the pP rays

originate on or very near a nodal plane (see the smal.1
squares in Figure 35). Therefore, again, we would not

expect to see the pP phase on the seismic records. The
direct P phase is expected to be apparent since most of the ,

stations plot away from the nodal planes, and within the
compressional quadrant (see the small circles in Figure

35). Comparing the values of the direct F-wave amplitudes

(' AMP' column in Table 9) with their incidence locations en
the fault plane solution (small circles in Figure 35), we

that the stations closer to the nodal planes, such
, can see
L as' GERM, ELNV, and ROTD have the smallest direct F-wave
L amplitudes, as expected if the fault plane solution is

L correct.
Although the pP phase doer not appear to be veryl

|
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I&tkE t
AEIMUTHS BETWEEN THE FAULT PLANE

OF THE APRIL 23, 1944 EARTHQUAXE AND THE
STATIONS USED IN THE CEPSTRAL ANALYSIS

tha11tn_lh Ansis_in destate
ABRN 344

'

ELNV 23
,

GERN 25 !

LCNA 354
}

,

LILM 334

CNTR 339 '

;

| CSWG 349 '

PHEL 341
;

ROTD it

SONY 343
1

|WEST 344
i

WMNY 354

WTVE 3 '
,

!

,

h

.
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RELATIVE P. pp, & sp AMPLITUDE RESPONSES AND LAG TIMES '

' PREDICTED FOR THE THIRTEEN STATIONS OF TABLE 7
-

GIVEN Th3 FOLLOWING PARAMETERS:,,

FAULT PLANE ORIENTATION:
STRIKE = N 10*E . DIP = 60*E RAKE = 140*

; ESTIMATED DEDTH OF EVENT = 4.5 km.

INCIDENCE ANSLE OF P-WAVE = 38.12'
*

i

CRUSTAL VELOCITY MODEL:
9-WAVE VELOCITY (TOR LAYER) e 5.0 km/sec

,

5-WAVE VELOCITY (TOP LAYER) 3.5 km/see=
>

p-WAVE VELOCITY (BELOW MOHO)-= 8.1 km/see
t

t

Ita11eD Ba2 B32 til #12 ETE
,

AaRN 0.308E-03 1. 48 1.42 1.87 .347E-01
ELNV .730E-02 1.62 1.42 1.87 .140E-01

,

GERM .823E-02 1. 65 1.42 1.87 .127E-01

LCNA .278E-C., 1.49' 1. 42 1.87 .319E-01

LILH 0.926E-03 1 1. 42 1.87 .330E-01 |
*'

ONTR '0.819E-03 1.46 1.42 1.87 .378E-01
OSWG 0.225E-0.4 1. 46 1.42 1.87 .343E-01 #

PHEL 0.742E-03 1.48 1.42 1.87 .372E-01
i.

ROTD .535E-02 1.57 1.42 1.87 .173E 01 <

I:' ?

n SONY C,544E ~3 1.48 1. 42 1.87 .366E-01
L

WET 4 0.308E-03 1.48 1.42 1.67 .347E-01
WMNY .27BE-03 1.49 1.42 1.87 .313E-01

WTVE .153E-02 1.51 1.42 1.67 .263E-01

l'
|
|

1
, s

l-
I
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significant on the seismic records, the relative amplitudes
of the sP arrivals, column 'RsP' of Table 9, with values of
1.5 2 0.2 observed for all the stations, indicate that the
sP phase should be clearly present in all the seismic '

records. In fact, they' should be approximately 1.5 times
the amplitudes of the direct P-waves, whose values are |

'.isted in the column labeled ' AMP' in Table 9. Thus, the sP
phase should dominate the seismic record in comparison with-
the pP phase, which is indistinguishable from the noise
level at each station.

Furthermore, the time lags for the pP-P and zP-P ,

phases- have been predicted using equations R-5 and R-8
above,- and are - listed in Table 9 in columns 'dti' and
'dt2', respectively. One should note that the P-sP lag time
is 1.87 in Table 9. This is close to the value of'1.95 see
of the cepstral peak given by the sum and product of the
cepstra in Figures 32, 33, and 34. Thus, the 1.95 see
cepstral. peak appears to represent the SP-P lag time for
the April 23, 1984 event. Assuming the same ray parameter

'

for the P, PP, and sP waves, the zP-P time lag can be given
by: ?

) R-20 {dt2 = h * ( np + ns .

The depth (h) of the earthquake based on the 1.95 see sP-P
lag time obtained through the cepstral analysis can be
estimated by:

,

h: dt2 / ( np + ns) R-21.

where np and n3 are the slowners for the P and S waves,
respectively. They are defined, as above, by: '

(1/v2 - p2)l/2 3 22ny = ,

where 'v is either the P or S-wave velocity in the source
layer, and p is the ray parameter. Using a P-wave velocity
of 5.0 km/sec, an S-wave velocity of 3.5 km/sec, a ray
parameter of:

p = 1/(8.1 km./sec.) R-23 !,

snd th- cepstrally derived sP-P time lag of dt2 : 1.95
sec, at above, equation R-21 gives a cepstrally predicted
depth (h) of:

h = 4.7 km R-24

for the April 23, 1984, Lancaster earthquake This depth is
in agreement with the 4.4-4.7 km depth obtained through the
aftershock data by Armbruster and Seeber (1985). Thus, the
mainshock appears to have occurred at the base of the
aftershock activity.

Finally, the significance of th first peak at 1.0 see
in the product of all the station'; :epstra (Figarc 34) is
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unclear. This peak is unlikely to be the PP-P lag time,
since the pP phase is negligible on the seismic records for
our set of stations, and has a predicted lag time of 1.42
sec, as obtained by the direct P, pP, and sP responsa
calculations performed above. This is reinforced by the i

fact that the pP incidence rays from the earthquake to our
. stations all fall on, or very near, one or both of the ;
nodal planes of the P-wave focal mechanism (Figure 35). Nor
is. this peak likely to be the sum or difference between the

4

PP-P and the sP-P delay times, since the amplitude of the. !

'pP arrival is so small. This peak does not seem to dominate
the cepstral product plots of the 'Best Six''and 'Best iTwelve' stations (Figure 32 and 33, respectively). Not
until the LCNA, WMNY,. WEST,.and WTVE stations are added to ,

the data set, does this peak become apparent in the
cepstral product. Since all four of the stations are within
the same region, this peak may be due to reverberations
along a local crustal anomaly, or some other local
phenomenon.

Discussi2D

The use of cepstra as a means of obtaining tne depth
of an earthquake appeared to work in the case of the April .'

23, 1984 Lancaster, Pennsylvania event. The sP-P delay time
obtained was about 1.9 1.95 sec. The cepstral peak-

corresponding to this sP-P delay time was most clearly
visible when the cepstra of all the seismograms were
normalized to a maximum value of 1.0, and multiplied ;together over each Pecond in the quefrency domain. The
resultant composite iepstrum (bottom plot of Figure 34) .

produced two main peaks. The peak at 1.9 - 1.95 see appears '

to correspond to the sP-P arrival time delay. This was
verified by a comparison to calculated amplitude responses
and time lags using ray theory, for the P pP, sP arrivals,
given the foult plane orientation, station locations,
velocity model, and a rough estimate of the depth of the
earthquake, based on the aftershock data. A P-wave velocity
of 5.0 km/see and an S-wave velocity of 3 5 km/sec uere
used for the sourc's layer. The second peak appears at 1.0
seconds of quefrenc/ in the cep.=trum product (bottom plot
of Figure 34), when stations LCNA, WMNY, WEST, and WTVE are
added. This peak does not appear to be due to the PP-P lag
time, or the sum or difference of the pF-P and sP-P delay
times. Rather, since all four of these stations are in the
same region of New York State (Figure 29), this peak may be
duo to reverberations along a local crustal anomaly.

The 4.7 km depth for the April 23, 1984 mainshock
obtained by the cepstral analysis indicates that it
occurred at- about the same depth as the aftershocks which
were located at a depth of 4.4 - 4.7 km based on local
aftershock monitoring.

.
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SUMMARY AND CONCLUSI0E

Although the Lancaster, Pennsylvania area is dominated
F by an E-W striking structural trend associated with

Paleo=oic deformation, there is evidence that the less
triking structural features have been theobvious N-S s

dominant sones of tectonic activity from the Mesozoic into
the present.

A closer Icek at the geology of the Lancaster,
Fennsylvania region results in the observation that the'

youngest structural features are the N-S striking ones, and
not the' E-W striking ones, such as the Martic Line (Figure
1). Based on cross-cutting relationships, the youngest

rocks of the area are the N-S striking Late Triassic -
Early Jurassic diabase dikes. Likewise, the youngest faults ;

sets of.N-S trending cross faults. The :in the region are
!

dominant of these sets of faults is the Fruiteille Fault
Zone, which outcrops just north of the city of Lancaster,
and continues north, almost up to the Triassic basin f
(Figures 1 &. 2). These cross-faults offset all the other
structural features and lithologies in the area. Historical
seismicity and relocated instrumentally recorded events

to cluster around this main set of cross faults theappear
Fruitville Fault Zone of Lancaster County (Figure 20).

The April 23, 1984 earthquake, which was a magnitude
4.2 and a maximum intensity of MM:VI event, fell along the
southern extension of this Fruitville Fault Zone at

| 39.940N and 76.325CW. The April 19, 1984, magnitude
3.0, intensity MM:IV foreshock also was located at the i

southern extension of this fault zone (39.840N, !

76.350W) (Figure 20), as were the 10 aftershocks (Figure

26). This N-E trending, seismically defined o .no , the
Lancaster. Seismic Zone, is approximately 50-60 km .in length
and 10-20 km in width. The April 23, 1984 earthquake was
among the largest events along this zone, which is

characterised by events of maximum intensit/ MM:VI (Figure

20).
The drainage pattern of the major streams is N-S.

trending in the Lancaster area (Figures 2 & 10). In |
'dition, there is evidence that along the southern i

<

ex;ension of the Fruitville Fault Zone, there had been a |
pre-glacial falls on the Susquehanna River, called the-

Great Falls by Thompson (1985). These falls may have been ;

due to a fault scarp and/or an anticlinal uplift 11. the |
|area. There is some geophysical evidence that the Fruitville |
J

Fault Zone extends to the basement. There are some N-S
trending gravity and magnetic anomalies in the area of the
fault none (Figures 11 & 12). However, due to the i

similarity of the carbonates on either side of the fault, a

;
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more precise' ground survey may be necersary to clearly
define the fault,

7

t Various remote sensing methods, including,

topographical studies (Wise, 1967), and LANDSAT-1 and
LANDSAT-4 images, have revealed major N-S striking
lineaments 'through the Lancaster region. The satallite

r detected lineaments and the potential field data, also,
suggests one of several largo scale basement features,
possibly faults, striking NW through the recion (Lavin, et
al., 1982).

As mentioned, the April 23, 1984 mainshock and tne

f,

April 19, 1984 foreshock, both fell.along the Lancaster
Seismic Zone. These locations were based on maximum

i intensity areas (Scharnberger- and Howell, 1985), on
' absolute location using. HYPOINVERSE (Klein, 1978; Lahr,
1980), and on the results from a relative location
algorithm (Baumgardt, 1977 & 1985). The mainshock and the- !
aftershocks were located near Martieville, approximately 10
km south of the city of Lancaster. The foreshock was
located some 5-10 km south of the mainshock, along strike
of .the Lancaster. Seismic Zone, near McCalls Ferry and
Holtwood (Figure 28).

The aftershocks of the April 23, 1984 event were
observed to be at a depth of 4.4-4.7 km determined from the
records of 10 such events. These were recorded by a -

temporarily assembled local network of 9 stations'(3 from
Penn State and 6 from Lamont-Doherty) located directly over
the location of the mainshock near Martiev111e (Armbruster
and Seeber, 1985).

A cepstral analysis of 17 seismograms from 13 stations ,

'

of the N.E.U.S. Seismic Network (Figure 29, Table 7),
revealed a depth of approximately 4.7 km for the April 23,
1984 mainshock. Therefore, the source of the mainshock
appears to be located at about the .same depth as the
4.4.4.7 km ceep source of the altershocks. These results
were based on a 5.0 km/sec, P-wave velocity, and a 3.5
km/sec. S-wave velocity for the top 8 km Paleocoic layer
(Abriel, 1978; Sienko, 1982; Alexander, 1984).

The fault plane solution (Figure 27) based on the
first arrivals from the mainshock and the aftershocks,
predicts a preferred fault plane which strikes
approximately N 100E and dips 600E. This fault p_ane
solution indicates that the motion along this fault was
right-lateral reverse for the April 23, 1984 event and its
aftershocks. The strike of this seismogenic fault is
analogous to that of the cross faults within the Fruitville
Fau)t Zone, and its overall N-S trend (Figure 20).
Furthermore, these cross-faults, like the fault plane
solution for the April, 1984 mainshock and aftershochs,
reveal a right-lateral component of motion, based on their
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E offsets of all the other structural features in the region.
'The F-axis of the fault plane solution (Figure 27) is in ,

the ENE direction. This is the same direction as the strike
of the maximum compressional stress axis for the N.E.
United States, as obtained from other fault plane
solutions. .from in situ stress measurements, and from
geological data (Zoback and Zoback, 1980; Zoback, 1986)..In
situ stress measurements in the Kent Cliffs research well
of southeastern New York also indicate a maximum
compressional stress direction of N 500E (Zoback, 1986).

E Data from fault plant solutions for several events nearby i

Annsville, New York, also, suggest ENE maximum compression
(Seborowski, et al., 1982).

Therefore, this suggests that the Lancaster area of
S.E. Pennsylvania is in a ubiquitous ENE maximum
-compressional stress regime, with the youngest N-S trending
faults, seemingly of Mesozoic age, being reactivated in a ,

"predominantly reverse sense with a right-lateral component.,

'

This conclusion is supported by the previously-mentioned
fact that the historical seismicity within Lancaster '

County, Pennsylvania appears to be confined to a N-S
trending zone, approximately 50-60 km long and 10-20 km

,

wide zone, which we have named the Lancaster 5eismic' Zone.
At the center of this zone is found the highest

,

concentration 'of the youngest faults which form the N-S
trending Fruitville Fault Zone (Figure 20).
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APPENDIX 1

PIEDMONT STRATIGRAPHY NEAR
'

THE SUSQUEHANNA RIVER

(after Wise and Kauffman, 1960) i
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PICf.CNT STRATICRAPhY NEAA iME
SUSCJEXANNA RIVER ,

*n . Marvin E. Kauffman
Franklin and Marshall College !

:
,

rR: Ass:C L

Upper Triassic
Gettysburg fermation

,

1

L Shale member - sof t red sh31e with intertedded ,

coarse red sandstone and conglomerate tongues~

which become the Roossen conglomerate in Chester
County.

,

Elizabeth Furnace congl@. orate member - basal-
pebbly sandstone and conglomerate up to 2*00 feet .

t

thick,

N' w Cxford formation (s Stockton f ermation of easterno
areas)

Arkoses, ranging frem very coarse to fine-grained, '

with some quartz pebble congiceerstes, minor amounts
of shale, siltstone, and some impure nocular lime-
stone and limestone conglomerates.

!

cR:Cv:C:m

Upper Crdovocian

Conestoga. limestone (exactayeuncertain,possibly
I

l

equivalent in part to Mart.nsburg-Cocalico)
-

i

i ' Blue limestone, closely f olded, thin-bedded..

| argillaceous, with dark graphitic shale or slate
1 and coarse conglomerate and breccia of limestone '

j f:tagments in dark argillaceous and calcareous
I

matrix. (more than : *.'" f ee t . thick ). Contains
Strechomena g n .;ts unconformably on

81eekmantown and as old asa eforma nons as p.s i
Antietam.

Martinsburg formation
' Gray to black shale, argillaceous sandstons, with

purple and red shale near baset contains volcanic
contributions in Jonestown area; Cocalico shale of
1ancaster County is probably equivalent to the,s

Martinsburgt it also contains bluish-black and<

dark gray fissile shale with seme pu.ple, green,
and red shale near the base, possibly derived from
volcanic ash (?). Contains some graptolites.

|
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> Middle C:dovician

.

Hershey limestene
i!

, ,

Oark gray black, thin bedded limestenes weathers
r to brownish.9:ay surf ace and shows well devel ecleavage (200-350 feet thick in Lacanon area) ped. j3

pi- Myerstown li.nestene t
'

' Gray-tan, thin bedded limestene, grachitic at0 base, usually medium to finely crystalline (250 1
*

feet thick in Lebanen area).
,

Annville limestone -

Light gray, high calcium 'limestene, massive c
th.ck-becced, weathers t6 white sugaiy-appearing
surface (450 feet thick in Lecanen area).

Lower C:devician
t

Beekmantown group

Cntelaunee, toler, Rickenbach and Stccehenge a

f ermations comprise this grouc in the Lecanon area.
' Light to drrk gray limestone and dolemite with
crystalline anc fossilifereus bees: seme dark gray
chert and edgewise ecngicmerate (2000-2500 feet
thick).. Centains Iseemilina seelvi (Whitfield),Turrit:aa se. , Oehd eta sc. Leenoseirit sc., '
c :v u eet erus sc. , Cre seire , sp. , us e :urit e s ee e e nus ,
crvete:een M . ,

CMGRIAN

Upper Cambrian

Conococheague limestene

Imeure, dark-blue limestone, with bands cf black
chart, colites, ed
cryptecocan reefs:gewise conglomerates, andcentains several dolcmite beds.(Suedivided into f ollowing mem ers in nc:thern
Lancaster and adjacent counties: Richiend, M111 bach,
Schaefferstown, Snite Creek, end Buffalo Scrings
mar.e s::.) Ccntaina Orvetereen troliterum and C
uneulatum (1000-1$05 :ee nacxt.

a
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Middle Cambrian
'

Elbrook limestene
,

Thin-bedded, shaly. laminated fine-grained
ar-illaceous limestone and dolenite weathers tobu}f surf ace (approximately 1000 f eet thi:k).

Lower Cambrian

Ledger dolomite

Light gray to white coarsely crystalline dolemite:
weathers to rough sugary surface (apprcximately |

-|
| 1000 f eet thick).
|

!

f. Kinzers f ermation
I. Cark banded argillaceous delomite, spotted marble,

and dark calcareous shale; contains many Lcwer
Cambrian fossils including Bennie, cleaellus,
Wanneria, and Paedemis s (0-ICD seet snacss.

Vihtage delomite
Gray thick hadded, knotty dolemite with argillaceous
partings and marble at base. ).Contains fa!teret t acenica.(up to 600 feet thick ;

O

Antietam quart:ite q

Gray-tan quart:ite and quart: c: mica schist wich |
ia calcar cus, f erruginous, vit ecus, granular

cuart:ite at the too (200-800 feet thick). Centains
Clemellus , Ca-ere lls , Cbelella , Hvelit he s_, Se c11t hus. ;

r

:Harpers phyllite
I
'

Fine- gray-green, cuart:ese
phyllgrained albite schist,.te, dark shale and slate (app;cximately 1000 l

!

|- feet thick).L

|
Chickies quart:ite

.!
!

-

Thick 'oseded , light colored, vit:sous quart:ite;
ilocally schistose with sericite partings and
>inter:edcoc black slate. Ccnfains Sestithus lineeris.

(500-6C0 feet thick) i

McIlam congicmerate (not well develeped in Lancaster !

County ) |
! ,

;Milky-cuart pebbles up to six inches long in finer
quart:-sericite matrix; scme peccles and cobbles of j

red and black jasper and quart:ite and scme bluish- ,

g:een qua:::.
;

.
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PRE AMBRIAN
,

Crystalline basement complex

Ealtbnere gneiss, Syrum gneiss, Pickering
Pochuck yneiss, metaciabase, gabbro, graphyr.eiss,. tic gneiss,
ancrthos.te, granocierite, quart: men:cnite, ano '

serpentine.
,

|

RCCXS CF CUESTICNABLE AGE (Probably Lower Palectoic)

Glenarm Series :

iPeach Bottom Slate ~

Cark bluish-gray to bluish black slate, consisting
of muscovite, quartz, an5alusite, and graphite with j
some magnetite and pyrite.

.Cardiff Conglomerate
'

Quart: pebbles in schistese fine quart:, sericite,
and chlcrite matrix. -

Peters Creek Schist

Chlorite and sericite cuart: schists with schistose
quart:ites and conglomerates.

Wissahickon fermation '

Light gray to bluish gray mica schist with abundant
biotite, muscovite, quart:, e:idete, oligoclase.

.

albite, heinolende, and chicrite, I

Cockeysville Marble

White to light bluish gray marble.
Setters Fcemation

White feldscathic cuart:ite with gray mica gneiss
and schist.
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SEISMOGBAMS FOR THE APRIL 23, 1984
EARTHQUAKE

The following plots are the first 40 seconds of the
~

seismic signal used in the cepstral analysis of the April
,

23, 1984 eerthquake of Lancaster County, Pennsylvania . The
,

seismograms are from stations in the Mid-Hudson Area
Network and the North Central Area Network of New York
State. They are operated by Woodward-Clyde Consultants of
Wayne, New Jersey. The four letter identification code for
a particular station appears in the upper left-hand corner
of each seismic trace. The location of each station is
given in Figure 29'and Table 7. The maximum value for the
first' 40 seconds of each seismogram appears above.the
center of each trace. The signals are plotted on a scale of
5 seconds per tick mark.

NOTE: Stations ONTR and OSWG have all three components
plotted. The identification is as follows:

ONTR = RADIAL component from station ONTR
ONTR2 : TANGENTIAL component
ONTR3 : VERTICAL component

RADIAL component frem station OSWGOSWG =
OSWG2 = TANGENTIAL component i

OSWG3 = VERTICAL component

The remaining stations have only the VERTICAL
component plotted, and only this component was used

,

in the cepstral analysis.i
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APPENDIX 3

' POWER SPECTRA FOR THE AFRIL 23, 1984
EARTHQUAKE
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POWER SPECTRA FOR THE APRIL 23, 1984
EARTH 9 HAKE

,

The following plots are the first 10 Hertz of the
. power spectra for the stations used in the cepstral

analysis of the April 23, 1984 earthquake of Lancaster
County,, Pennsylvania. Two plots are given for each station.
The top plot shows the smoothed noise power spectrum

(dashed line), superimposed onto the signal and noise power
spectrum for a 10 second time window. The lower plot shows
the smoothed noise power- spectrum (dashed line)
superimposed onto the. signal and noise power spectrum for a
20 second time window. The maximum values for the 10 second
and the 20 second windowed power spectra are listed in the
upper' right-hand corner of the top and bottom plot

respectively. The three power spectra for each station are
plotted on the same vertical scale which is determined by

the maximum value of all of them. The time windows used for
each station is listed on the following page.
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The following plots are the first 10 quefrency seconds ;

of the copstra for the windowed power spectra frem the |

stations used in the copstral analysis of the April 23, !
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plots are shown for each station. The top plot is the
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power spectrum was windowed in the region were the noise to i
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the table on the following page. }
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1=10 Mt.FRE:. MINCOM e

-

1

[[gMB[_3-16 The copatrue for's to see window (top)
and a 20 eec window (bottoa) of station WMNY.
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$ OUEFRENCY (SEC, )
!

;

!
!
;

CEPSTRUM (10 SEC. f!ME MINDONI I

FREQ. N!NDON e 1-$ MZ.
-

,!

!--

!
'

HTVE

;

I I
U

I
f | MI l | i
O 1. 0 2. 0 3. 0 4. 0 5. 0
CL

i

d QUEFRENCY (SEC. ) ;

;

i

CEP3fRUM (20 SEC. f!r.t alND H) |
,

FRE0. MINOCM 1-8 MZ.e

!

ElGMRI.3-12 The copatrum for a 10 see window (top)
and a 20 see window (botton) of station WTVE.
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| The-relative location. algorithm works in the following i

|- manner: ;

.

P

if

O,b,Z,T unknown parameters=
,-, ;. .

'

G* A* I 'Ia t n reference event parameters=

*
;. ,

i
[, 'where 6 la'the latitude, h is the longitude, Z is the 't
t. 1

[. . depth, and'T 'la-the origin time, and if
f. '

f i

t[ N' travel times observed for the unknown event=

.

-

r tag
.

N travel times observed for the reference eventa
,

;

| then f. '
1,

'
; .-

t, ta,-

-

At = t t-
g ha

! t
(5-1)*

.
'9

'
-

L .

t ta, I-
, g

. -
,

~

where 4t la the relative time difference vector, and
!

* ,

h

s
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t

9 ea-
:

X - Kg. (5-2) - !AP .

si-

!

T. |T -

where o P is the perturbation vector, and where

~ *
. .

O R6
s-

h (5-3) Pg Ag (5-4) t.P .

'

x zg
I

T Te
,

. .. .

are the parameter vectora for the unknown and the reference ,

p.

events, respectively. Thus,'-

~
.

i
,i i i

Jt. dt, dt, 'i dt,

de dA d2 di , ;a g ,

: : : :'

*
; ; I (5-5)A .

e,

I I I
6tt ett dtt dtt t

de dA OZ SIa t g a ;

, . .

where A is the condition matrix, ans
=

re; ,e;...... .!) (5-e>e .

<

-
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'

where I la the error vector. The relative time difference
. i

vector . A t', thus equals:
:
i
:
1.m.
!At e A*AP * e (5-7) !an .,

.;
.

?

!The least squares solution la obtained by minimizing the
|
\O norm .(X) with respect to the perturbation e P:

|!
,

- T v -(g.A)..AP = *A*At (5-4),
;

and the norm is given by:
L

. t -

X= At * At (5-9)
'

.

..

l
.

The estimated location of the unknown event la:

!

y .i

F ( A * A) * A * At Pg (5-10)- +
,. . .

and the estimated travel time difference vector is:

g ge( IAt = g Pg ) (5-11)-
.

.

The estimated travel time difference standard deviation is:

~* T -7g. 1/(N-2) * C At - At3 * I at * 'tlg t

= 1/(N-2) * (At At ) (5-12)-
.

fag

The variance - covariance matrix of the estimated
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h
.

i

. perturbation ( OP) ist |
'

|+
'.
t
i

I[+ C A
(5-13)A3 ,EU e **

,

.

a

where E is the error matrix:
,

,s :
* -

e,8 +

(5-14)*

E = .,
*

0* '
!.?

. , ,= .

7; la the estimated travel time variance at station 1.,and :

The equation of the confidence ellipse ist

Y .s ~ s
S + AP e C (5-15) !

eP * 3
,

C,a is the sujtable statisticswhere

for the F-distribution:

I'

||
a 2/(N-2).* F t 100*(1-a): %,N-23 (5-16)

C,t
I^

using two degrees of freedom, and for the chi-squared

factor:

)(1 C 100=(1-=): 23 (5-16)1
C, =

t

using two degrees of freedom.
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For this relative locetion algorithm, one needs two'

;

events which are located within approximately 1 degree of I

each of each other. Otherwise, the two events may have

drastic dissimilarities in their travel paths.

The relative location algorithm removes earth rodel
and travel time path errera from the calculation since the
same travel path is assumed for both of the events.

~
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.
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EXCERPT FROM PROFESSOR C.P.THORNTON'S PH.D. THESIS
DESCRIBING FAULT-ASSOCIATED TRAVERTINE DEPOSITS IN VIRGINIA
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Tufa Dsposits. ,

.

Tuf a. according to Pettijohn (1949, p. 308), is a spongy porous
~

''

limestone,that forms a thin surficial deposit about springs and seeps and

exceptionally in rivers. . .It' is to be distinguished from travertine, which is
' '

The deposits found in the Valley of Virginia'are.: .

more cense and banded.y

commonly-called travertine by workers there, but are actually tufa according

f . to the definition given above.' The tufa occurs in two different ways,'

although in both cases it is a stream deposit.- Large amounts of the material

are deposited as dams across some of the smaller streams at points'where.the4

stream chainel widens abruptlys such dams are rather spectacular features,

reaching httights of up ta four feet. Tufa is also deposited in concretionary
,

masses, genarally formed around small pebbles or pieces of wood so that the"

floor of the stream channel appears to be covered with white pebbles oficather

uniform size.

Within the Mount Jackson quadrangle, tura dams are found along Smith

Creek and Holman Creek west of the Massanutten Ranges tura pellets occur along

a small tributary to Passage Creek in the northern Massanutten Range.

Holman Creek tura. The first tuf a dam crosses the stream at the east' side of
.;

Forestville just below the abandoned mill on State Road 767. The dam appears

' ' to'be still growing. It is composed of soft, porous limestone, apparently of

algal origin, which forms the rounded structures of which the dam is built.

In some cases imprints of leaves and other apparently organic structures such

p'' as root molds are found. The surface of the. dam has a greenish yellow color

due to the presence of a thin flim of algae over the damp parts of the rock.

Pockets and basins along the front of the dam contain dark-green fillmentous

algae of undetermined identity. The occurrence of this first tufa dam appears

to be controlled by an outcrop of Edinburg limestone that crosses the stream

Ujust above the dam.

sf |
_ h~
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I

l'
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'

/. The second dam occurs about half a mile downstream from the first one.

f It is about one foot high, i.e., water flowing over it falls a distance of '

)/ about one foot, and in other respects it is quite similar to the first one. '

-

j No tuta occurs through the next two miles of the stream's course. The
'

next dam is found a few hundred feet downstream from the point where State
s

Road 698 crosses the creek, and from this point to the Southern Railway bridge

over the cresk a series of tuta dams can be seen. The first cam in the series
r

is four to five feet high and apparently lacks any stratigraphic control. lit
_ is composed of soft brown or yellow porous limestone, locally containing

4

impressions of leaves of sycamore trees such as are still growing along the

banks of the stream. At places parts of this dam are overlain by as much as '

four feet of alluvial clay, but other parts of the dam seem to be still

Crowing. About eighty feet downstream is a second dam, this one only about -

t

. one foot high. At the edge of the stream channel it is overlain by seven feet

of alluvium. At places the tufa is conglomeratic, consisting of stream

gravels cemented by travertine. This dam does not appear to be actively

growing at present. Other dams, with approximately the same features, occur

downstream all the way to the railroad bridge.

In the case of these dams near Quicksburg the situation is somewhat

uni que. Just below the first dam in this group, the dam east of State Road

698, Holman Creek turns abruptly to the South, cutting its channel through a

fill terrace, then turning slowly northward until it again flows to the east.

Further investigation shows that the former stream channel is a rather

straight east-west extension of its course above the first tufa dam. At some

time in the historio past a dam was built across the creek just below the

first tufa dam and the water of the stream was diverted into a millrace

northeast of the stream to operate a small mill that lay downstream from the
|
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artificial dam,.From this mill,-now . g g

represented only by its stone foundations. .\ g
.

,. ,

4 the water was returned to the stream. The 1I f
p*--Das I

f
., ,

stream has since succeeded in bypassing the ..;

1 1

dam, however, by overflowing.onto the. fill f |I

,

''

,

iD W 200 i t,terrace to the southwest and cutting a new

{Scaleinfeet g ;

channel down through this fill. 'In the
'

.. . g |

sWeam
' i,[. process of cutting its new channel, however, '

e ,
,

f|the stream has uncovered a series of tura.
if'

,

dams. Which were formerly buried beneath- the l(
t ,

f,

| Ialluvium in'the fill' terrace. It would'thus /

appear that most of the tufa dams now exposed / |_ , _ .

4

along'the creek near Quicksburg are ancient ones, the building of'which was

followed by a period of alluviation. No such alluviation is indicated in the

case of the tufa dams farther upstream, however, and deposition would appear!

to be limited to the mouthward parts of the stream.

Smith Creek tufa. The tufa dams along Smith Creek are not so numerous as

those along Holman Creeks they are, however, more impressive in both height"

and' width. The dams occur along the creek from a point just south of State
fRoad 608 to a point about half a mile south of State Road 698. Thus tufa

formation here is restricted to a smaller part of the stream's course than |
,

along Holman Creek. f
-i

The terraces here are much like those along Holman Creek in the |
1

character of the material of which they are constructed. Like the Holman

Creek dama, they are in some cases overlain by alluvium along the banks of the |
!
!

stream, although this alluvial cover is generally only about one foot thick.
IThe creek here is wider and the dams are thus longer. The trace of the dams
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c [, ,across,the stream is'often quite sinuous +

-

[
'

and the dams are generally formed just a
.

4 ..

Q, few feet' upstream from especially wide
'l

' "

3'- s ,
. a

=

parts of the stream's channel.- The i- U
t. - a sn <

4 . height of these dams is generally about
''

w. .

four feet; they were visited during a- -

.s 1; r .

y, period of high water, however, and they ; ,,J
'

,
,

.. s ; . . t

(; , f may be larger than this. . i ' .Y1

'h * ',
.. '

*
,

- '

F The first of these dams, that is, '

Q :i, . , . , .< !j|'e
. ; i

'

the one farthest upstream, is located ' f, . /
'

-

+.
' ,.

: .just south of the bridge on State Road 1'; 't .- Tufa -
,

'608, from which it is clearly visible. i ..J
r.
>

i '.
The'second tufa dam, apparently the largest

o - !
'

.

..t..,.

;

of the group, is located about 400 yards I - d

upatream from.the' bridge on State' Road
. . . _ . . . , . _ . . . . . .

698. 'Its form is shown in the diagram
,

produced above. Downstream from this bridge three more tuta dams are found,

only. the last one being of any appreciable size.

f fe,rt Valley tura. A much smaller, but somewhat different deposit of tufa was i

<
,

found along an east-flowing tributary to Pasage Creek about a half-mile

northeast of Camp Roosevelt. The stream is small and intermittent, but the

-
deposit is of some interest. Small tufa dams have been formed at various

points along the stream and are apparently still actives they are controlled I
i

'in occurrence by outcrops of the Romney shales. In addition the floor of the I'
i
'

!stream is covered by vast members of small white pellets ranging in size from i
'

two to fifteen millimeters. These pellets show a rather poorly developed ,

I

concentric structure and have at their centers grains of sand or, sometimes,

B8
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pieces of wood. The deposition of tufa is brought about by even the slightest

irregularity in the stream channels roots, leaves, sticks, pebbles, etc., all

have at least a thin covering of the material.

Source of the tufa. In all three areas of tuf a deposition the material is

deposited from a stream at points downstream from where the stream crosses a

fault. In two of the' cases (Holman and Smith Creeks) the f ault actually cuts

through limestone layers where it outcropst in the third case, it is probable

that the f ault cuts or at least shatters limestone f ormations below the

surface. The calcium carbonate is brought to the surface by underground

waters circulating in the fault plane or fault zones the crushed condition of

the limestone makes tt.eir solution easy. Travertine terraces have not been

found in this quadrangle along streams which cross these same formations where

they are not affected by faulting and they have not been found along these

same streams headward from the fault tones.

The cause of deposition of the tuta is another problem. Along Holman

Creek in many cases the dams were found to be cosered with algae, which may or

may not be responsible for the formation of the tura. The algae may be

present because of the aburdance cf dissolved calcium carbonate. Some of the

dams appear to be controlled by bedrock outcrops. Water saturated in calcium

carbonate would lose some of its dissolved carbon dioxide on flowing over

irragularities in the ettnnel, and this in turn would reduce the solubility of

the calcium carbonate, causing some of it to be deposited. The process would

be self-accelerating; the higher the dam is built, the more tufa will be

precipitated. In other cases the tuf a dams are associated with wide spots in

the stream channel. Sudden widening of the stream vould expose more of the

water to the air and to the sung this increase in heated surf ace would cause

some reduction in the dissolved carbon dioxide and pernaps bring about

deposition of tufa. 39
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ABSTRACT ,

'
In an attempt to identify neotectonic, geochemical, and lineament
characteristics of a seismically active area in the northeastern United
States, studies were conducted during the late summer and fall of 1987
in and around the Moodus. Connecticut, area. This project focused on a -

six quadrangle region centered on the "Moodus seismic area", an area of
anomalously high seismic activity in recent and historic times.

'

This study included a review of. the literature, particularly for mention
of features that might be related to the seismic activity, and field
work to locate and examine those neotectonic features. Also, the local
drainage network was examined and water samples were taken to assess
their degree of saturation by chemical species which might indicate deep,

fluid movement along faults or fractures. Finally, remote sensing |

imagery at four scales (1:250,000 SLAR imagery, 1:100,000 SPOT satellite
L image, 1:80,000 high-altitude photography, and 1:10,000 low-altitude

photography) were examined for the presence of lineaments that may
reveal bedrock fracturing and tectonic stress orietitations.

The results of this study are limited, but the techniques involved do
offer an interesting approach which may be applied in future studies of
seismically active zones. No distinct, positive evidence of neotectonic .

"

features or activity was found during this study. No evidence of
tectonically disturbed glacial drift or stream deposits appeared in
previous reports covering the area, except possibly in one study where
the critical outcrop was regraded and obscured. The geochemical studies
revealed no evidence of mineral precipitates or supersaturated species
in 33 stream bottom samples and 8 watei samples. Lineament analysis of
the six quadrangle area at the three smaller scales and the Moodus
quadrangle at the 1:18,000 scale produced varying data on lineament
orientation, frequency, and length. The lineament orientations are '

concentrated in the northwest quadrant, although secondary peaks occur
in the north-northeast and cast directions. The similar distribution of
lineament orientations produced from the SPOT and high-altitude images,
incicates that these similarly scaled products may be sampling a common
set of lineaments. The differences between the distributions may be a <

result of stereoscopic viewing of the aerial photographs. The overall
orientation of lineaments is reasonably compatible with other lineament
studies in this region, as well as, the contemporary state of stress in
the subsurface. An easterly orientation peak at 080 degrees correlates
well with the orientation of the maximum compressive stress (oi)
determined from recent in situ stress and seismic data analyses.

|-
.

The variation in the orientation of lineament features appears to be|

compatible with a first , second , and third-order shear couple model.'

Lineament frequency was observed to increase on the radar, SPOT, and
high-altitude photography in the Moodus quadrangle block relative to
adjacent quadrangles. This indicates that a higher degree of fracturing
may be present in the vicinity of the seismic area. In addition, scale
phenomena functions related to the lineament analysis were developed.
They show: 1) an exponential decay in lineament frequency per unit area
with increasing scale number, and 2) a linear increase in average
lineament length with increasing scale number.
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| 1.0 INTRODUCTION

This report summarizes a study of an area of anomalous earthquake
r

4

activity, the' Moodus seismic area (Barosh et al,1982; London,1987).'

This region of Connecticut has been the site of numerous, generally
low-intensity events in recent years and has a record of seismic
activity dating from New England's colonial era. Scientific efforts to
investigate the cause of this activity have ranged from detailed

>< geologic mapping of the area '(London,1987) to drilling deep (1000'+)-
research boreholes (Connecticut Geological and Natural History Survey
(CGNHS) 1987). This study complements those projects and provides data
and techniques that can be used for analyses of other seismic cones.

1.1 Purpose of Investigctions

As part of a larger study on seismically active areas being conducted by
the Pennsylvania State University's Department of Geosci9nces, this
investigation of the Moodus seismic area was to: review the literature
discussing the area's neotectonic and geologic features; sample local
streams for geochemical indicators of deep fluid movement; and examine

- various scales of remote sensing imagery and aerial photography for
lineaments and fracture traces in an effort to identify fractures in the
bedrock. . Although this project was limited in scope, it does provide a
preliminary assessment of the neotectonic activity of the site as well
es an approach that may be useful for the study of other seismic areas.

1.2 Scope of Investigations

The study area for this project is not defined by any natural or
man-made boundaries but it is roughly centered on the town of Moodus,

JConnecticut. The study area extends from this point across six 7.5 '
minute quadrangles covering nearly 1940 square kilometers. The study |

area quadrangles are (from west to east in two rows): (1) Middle Haddam*
!

(2) Moodus; (3) Colchester; (4) Haddam; (5) Deep River; and (6) Hamburg.
Although portions of the project examined larger or smaller areas, this ;

1group of quadrangles was always the focal point of this study. I
i

1.3 Review of Literature i

Because of the varied nature of this project, a review of selected
sources of data is necessary. However, as this report concentrates on
lineament and fracture trace analyses, this area will be covetM more ;

|extensively than will be the review of neotactonic featured and
geochemical studies.

The primary sources of information useo to provide a review of
|background data for this repot t are Weston Geophysical Corp. (1982a;

1982b), Barosh et al. (172), and London (1987). These reports include i

data on any investigations concerned with neotectonic, geochemical,
Otherlineameet, and other geologic features in the Moodus area.

studies have attempted to identify neotectonic features that may be
related to active subsurface faults ot- uplift areas. Of these,
LaFleur's (1980) study was concerned specifically with identifying
surface features which could be attributed to modern tectonic and

C11
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seismic activity. Many disturbances of glacial overburden deposits were -
identified in this study and in the Weston reports, but all were .

attributed to, or were indistinguishable from, deformation related to
ice-marginal melting and sediment slumping or the movement of ice masses'
over preexisting glacial deposits. In addition, LaFleur notes that
glacial terraces (as mapped by Flint (1978) and O' Leary (1975; 1977))-
along the Connecticut hiver and its tributaries are spatially restricted
and not sufficiently continuous laterally to allow identification of -
offsets caused by motion on bedrock structures. Where they were 1

observed. LaFleur notes that undeformed glacial ~ deposits overlie
deformed bedrock. This conclusion is compatible with our assessment
from the available information on glacial deposits in this area.

London (1987) identifies a site to the southwest in the study area (see
Plate 1) where stratified sand outwash became unstratified towards its

i. contact with a sheared, granulated, and stickensided bedrock surface of
,

I

L the " Rely Fault". If this site has been characterized accurately, then !
evidence for post-glacial fault movement probably exists. However, this '

site may be the result of post-glacial isostatic rebound instead of
tectonic stress and fault movement. Unfortunately, the exposure has
been found in a field inspection to be regraded and covered, making it
unavailable for assessments of other potential causes of the feature.

~

As other studies have indicated, the lack of distinctly positive
evidence for fault movement and disturbance of overlying recent deposits,

L related to earthquake and neotectonic activity does not mean that such
evidence does not exist. It does mean that exposures capable of

| providing this evidence are not currently available. This may be the
result of few exposures and the relative instability of glacial depositsi

| in this setting.

|
Although London's detailed study of the Moodus area gathered a great
deal of information on the geochemistry of the local bedrock units and
structures,'it did not gather data on stream water chemistry. While
this type of data' is more likely to be affected by seasonal variables
and sampling factors (Drever,1982), the chemistry of surface waters has
proven to aid investigations of subsurface structural conditions in

other areas (Hubbard et al.,1985). In addition, a recently published I

work by Costain et al. (1987) ascribes some seismic activity to deep
fluid movement and transient hydrologic surface loading. This indicates
the importance of' studying hydrologic variables in the future as they
may provide clues to subsurface structures and seismic activity.

Hubbard et al. (1985) and Thornton (1953) detail the presence of
travertine-marl deposits downstream from major faults in the Ridge and
Valley province of Virginia. Other workers also have documented such
deposits in other areas of similar litho-structural setting (Thornton,
pers. comm.1987). These deposits apparently result from the influx,
along permeable fractures or faults, of carbonate-saturated ground water
into the surface streams. The dissolved carbonate then precipitates on
stream bottom materials whenever turbulent flow and or aeration occur.
Because of these studies and the presence of a carbonate-bearing schist
within the Hebron Formation (London,1987), a search for travertine-marl
deposits was initiated in the Moodus area. Due to the relatively minor
amounts of carbonate in the subsurface, it was expected that these

C12
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depestts would not be as significant as in areas with abundant carbonate i

bedrock. Therefore, water samples were taken across the study area in j
'

addition to examining the stream rediments for the presence of carbonate ;
'

deposits. - Due to the limited scope of this project, other hydrologic'

'

variables were not examined for their possible relationship to faults
and fractures, or to recorded seismic events.

t

Because of the controversial nature of the lineament analysis, it is

appropriate to review the technique and how it was applied to the- ,'

different types of imagery available to this study of the Moodus area. '

The purpose of lineament analysis is usually the identification of'

linear features which may characterize tectonic' fractures, faults and
joints, and provide clues to the present and past structural setting of
an area. This technique is also used for more practical geotechnical
purposes. It should be noted that the results of lineament analyses
must be investigated by field techniques in order for these features to
be positively distinguished from non-fracture related geologic or
man-made linear features.' ,

The importance of linear features observed on maps or photographs of the
earth's surface was only alluded to in ttie earliest studies of these j
features (Hobbs, 1905; 1911; Rich,1928; Blanchet,1957; Lattman,1958;
Lattman and Matzke,1961). These . authors discussed the occurrence of
joints, faults, and weathering zones. associated with linear features, as
well as the relationship of these features to regional stresses.
Generally, linear traces up to a mile in length (1.6 kilometers) are
termed fracture traces, while longer structures are called lineaments ;

(Lattman, - 1958). (For the purpose of convenience, all features mapped |
!in this study will be referred to as lineaments.) Although these

workers did establish some of the general subsurface structural ;
!characteristics of these features, other studies investigated more

specific aspects, such as their relationship to increased hydrogen,
I

1

helium, and radon gas movement from the subsurface (Banwell,1986'
IRodgers and Anderson,1984). Lavin et al. (1982) notes the offset of

geophysical anomalies along one major feature. In addition, lineaments j

have been related to major and minor ore body emplacement in a variety ;

of terranes (Keim,1962; Krohn,1976). Other studies has e related j

; fracture traces and lineaments to zones of vertical to near-vertical- !
,

L zones of fracture concentration and to increased well yield (Lattman and '

parizek, 1963; 1964; Siddiqui,1969; Siddiqui and parizek,1971).
Although some authors (Wise,1982; Taylor,1980) are critical of the
lineament analysis and believe that non-fracture-related geologic
structures and human errors in interpretation create unacceptable |
difficulties, the technique is still generally considered to be useful ,

for regional fracture analysis, structural studies, and water resource
i
! assessments. For details on how the technique is applied in water _

1resource studies, see Meiser and Earl (1982) and parizek (1976).

With regard to lineaments mapped in the Moodus area, Barosh et al.
!

L (1982) records the presence of numerous lineaments with a dominant
!

northwesterly trend as well as other orientations. They also identified
i the Salmon River as a major, probably fault controlled, lineament that

connects with the possibly fault controlled Connecticut River valley.
The Weston Geophysical Corp. studies (1982a; 1982b) also document

C13
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northerly trending lineaments in this area and relate them to currant'
and relict stress conditions in the crust. Further discussions of
lineament relationships will be included in a later section of this ,

report.

2.0 SETTING OF STUDY AREA

The physiographic and geologic setting of the six study quadrangles
,

' discussed in the first part of this report will be described briefly in !

order to provide a suitable basis for subsequent discussion. Where they
are appropriate, references to important physiographic snd geologic
study area features will be made. j|

|

2.1 physiographic Setting -

The Moodus area lies largely within the Eastern Highlands province of
Connecticut. This area has a rolling, irregular topography which is.
characterized by narrow valleys, eteeply sloping hillsides, and rare,

| broad uplands. The region has been extensively modified by glacial
| activity (from the north-northwest) as is evidenced, by the numerous

lakes, swamps, and deranged drainages that are visible on maps of the
! area (Flint,1978; o' Leary, 1975; 1977). Variations in topography are

probably a result of changes in glacial scour direction and till
..

|. deposition, as well as the composition and structure of the underlying
bedrock. The eastern portion of the six-quadrangle study area extends

1. into Connecticut's Central Lowlands province. This topography of this
area is generally more subdued in elevation and land surface features
are largely obscured by human development, although it does contain some
significant ridges.

In the study area where these two provinces contact, the Connecticut
River crosses from the Central Valley into the Eastern Highlands in a
narrow channel. This major drainage system has two major tributaries in

L the study area, the Salmon River and the Moodus River, both of which
drain to the west. Other minor streams flow in northwest-southeast and
north-south directions (see plate 1). The orientation of these drainage
channels may be related to fault and fracture patterns in the subsurface
(Weston Geophysical Corp.,1982b).

2.2 Geologic Setting

The study area is underlain by an assemblage of largely metamorphic
units in a complex structural pattern (see Figure 1). Structural and
stratigraphic relationships between these units have been the subject of
a number of studies over the years. Earlier workers, through quadrangle
by quadrangle bedrock mapping, have managed to derive a coherent model
of the geological evolution of the area.

Lundgren (1963; 1966; 1972; 1979; and et al.,1971) identified the major
stratigraphic and structural elements of the Eastern Highlands and had
succeeded in connecting them to adjoining areas in New England. Large
anticlinal and synclinal structures were identified on the basis of

symmetry of mappable units about their fold axes. In sequence, the
| Monson Gneiss - Middletown ( Ammonoosuc) Formation - Collins Hill

C14
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Formation'- Hebron Formation, was regarded as a relatively complete |
stratigraphic package which recorded the emplacement of probable lower
paleozoic units onto an Avalonian age basement complex (Weston ;

Geophysical Corp.,1982b). This has been challenged by other workers. '

particularly London (1987), who by detailed mapping at the 1:12.000
,

scale in the' Moodus area has been able to show the discontinuous,
chaotic, nature and lack of symmetry of the mappable units in the area. |

London supports the overall tectonic picture of the area but discards
'

. the previous mapping units and concentrates on identifying the major *

metamorphic structures of the area. Previously identified major thrust
,

and other fault systems still appear to define the boundaries between
tectonically emplaced paleozoic rocks and the probable Precambrian
basement rocks. Evidence for= the. presence of a major fault boundary was
supported by data derived from drilling logs of the Moodus Deep Hole
(CGNHS, 1987 ). In addition to the complex Paleozoic and earlier ,

deformations, superimposed Mesozoic structural features are present in
the area. This overprinting is largely brittle in nature and therefore

'can commonly be distinguished from earlier ductile deformations (London.
1987). The most obvious Mesozoic feature in the study area is the major
border fault which separates the Eastern Highlands from the Central

.

'

Lowlands region.

!3.0 GEOCHEMICAL STUDIES OF STREAM WATERS

In an attempt to identify areas of anomalous water chemistry in the
Moodus area that might be related to recent and historic seismic

i ,
i activity, local tributary streams were examined during August of 1987.

'

( In some carbonate bedrock areas (such as central Virginia or Lancaster,
b pennsylvania), saturated, effluent ground waters, possibly produced by

| the dissolution of fault gouge, have been identified in streams by the

l' presence of travertine-marl deposits and anomalous concentrctions of -

| related dissolved species downstream from some fault traces. These
| deposits are thought to be produced by precipitation of saturated

chemical species in turbulent, aerated stream riffles (Thornton, pers.
comm.,1987; Hubbard et al.,1985). Because stream sampling was
restricted in scope the significance of these results is also limited.

3.1 Methodology
|

| By visual inspection, 33 stream points throughout the Moodus seismic
area were examined for the presence of carbonate deposition during the,

1: course of this study (see plate 1). Stream bottom sediments were
|. examined during late summer, low flow conditions, when it was thought

that the presence of saturated ground waters discharging to the surface
streams might be more easily detected. In addition, stream water i
samples from 8 selected sites were collected in order to provide some
background data on stream water chemistry (see plate 1 and Table A).'

These samples were analyzed and concentrations of specific anions and
cations common to stream waters were determined. The concentration
values were then used to calculato the ionic balance of each sample as a
check on laboratory accuracy. These and other field data were then used
to calculate the degree of saturation of the calcium carbonate in the
stream waters.
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3.2 Discussion of Results

The results of the analyses were interesting but they did not show
anomalous concentrations of dissolved species. While this is not overly
surprising, the degree of undersaturation (100 to 1000 times) of the
calcium carbonate and other species was more extreme than expected
(Machesky, pers comm.,1987). The results of the sample analyses, as- ,

well as the analysis parameters are shown in Figure'2. Note the one E

value that was apparently affected by laboratory error. In general, the
stream waters had very little mineral content and appeared to be well
buffered, perhaps by the glacial overburden deposits. Although these
data reflect only one isolated sampling of stream waters, the lack of
precipitated minerals'on stream bed materials in the area, as well as
the highly undersaturated nature of the dissolved species in the water
samples,' indicates that potentially saturated ground waters are not
discharging to surface streams in this area.

This may be the .esult of several factors that are related to the nature
and distribution of geologic materials in this area. If the streams are
not receiving any mineralized, deep circulating waters from fractures,
faults, or other discharge points, then there may not be any dissolved
species in the streams to be precipitated. However, the previously
noted glacial deposits which cover this area may prevent saturated
chemistries from flowing directly into surface streams. If saturated
species are present, they may simply precipitate within some permeable
zone of the overburden after being discharged from their bedrock
source. . An additional possibility is that low-flow and depressed.
water-table conditions in the summer produced the observed absence of
anomalous water chemistries. Heavy precipitation and dilution of the
concentration of the available species is another, although less likely,
possibility. However, it is likely that if significant amounts of
mineralized waters are in this area, then some indication of their
presence would have been discovered by this aspect of the study.

.

To further investigate the possible association of mineralized ground
water and seismic activity in the Moodus area, variable depth monitoring
boreheles should be installed, sampled, and analyzed for a similar set
of parameters on a regular basis. This would allow seasonal factors to
be evaluated and the effects of surficial glacial and soil deposits on
effluent ground waters to be eliminated. Although such an undertaking
was beyond the scope of this project, future researchers might make use
of the deep research boreholes that have been drilled in this aree to
conduct geochemical studies (see Plate 1).

4.0 LINEAMENT ANALYSIS OF STUDY AREA

In order to provide an evaluation of the orientation, " frequency", and
length of lineaments present in the six-quadrangle study area, several
scales of imagery were examined for the presence of linear topographic,
tonal (shadow), vegetative, or combination features. As these mapped
linear features have been correlated in other studies with zones of
fracture concentration, aligned ore bodies, offset geophysical
anomalies, faults, and zones of increesed ground-water yield, lineament
analysis is a commonly used technique for general, macroscopic scale,
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site studies. In this study, the analysis was designed to yield data i'
'

revealing regional fracture directions and other information on
subsurface conditions in the Moodus area. It should be noted here that i
determining the age relationship (s) of the mapped lineament features is ;

critical to their use as indicators of the tectonic hiatory nf an area. >

in addition, as mentioned previously, all linear features mapped in this
study will be termed lineaments for the purpose of convenience.

,

72 ,

A( - 4.1 Methodology

Through the use of techniques adapted from Lattman (19581 and Meiser and
( Earl (1982), the 1:250 000 scale SLAR side-looking aerial radar imagery,3

1:100,000 scale SPOT satellite image, 1:80,000 scale high-altitude and
1:18,000 scale low-altitude aerial photographs were examined for the
presence of lineaments (see !?igure 3). These products, single images;i

for the SLAR and Sp0T, and multiple stereo pairs for the aerial
photographs, were covered by clear acetate overlays to provide a
permanent base for the analysis. Soft-tipped pens were then used to
mark the ends and to number each observed linear feature. By making
pairs of elongste marks on the overlays, the entire feature can be"

identified without obscuring or biasing the observation of subsequent
; features. The acetate overlays are also marked for identification and

to allow accurate repesitioning over the study area.

Identifying the lineaments of interest to the study is somewhat
subjective and accounts for the general variability in the results.
However, through careful anaiysis of individual and stereo pairs of
images, linear alignments of topographic, tonal, vegetative, and
combination features can be readily identified. Varying the angle of
'the incident lighting of the imagery and the use of magnifying lenses is
also beneficial to the analysis, in the opinion of the author,
extremely subtle features should be avoided as should features even
.possibly related to the works of man. Cultural features such as
abandoned farm fields, pipelines, right-of-ways, drainage ditches, and
old fence lines are r.ot of interest to a study of this sort. The
orientation and length of each feature mapped on the overlays is then
determined. This is done by determining the direction of true north and
the scale of the photograph and then measuring the bearing and length of
the features on the overlay acetate. (Unless the imagery has been
orthographically rectified, the orientation data may be subject to some
distortion (see Lillesand and Kiefer,1979).) A base map may be used to
determine the scale and north direction of each photograph,

The preceding discussion describes the general technique used to produce
the lineament analyses presented in the following sections. probably

',
the most important aspect of any analysis is maintaining objectivity
about what constitutes a lineament feature. By examining the in.agery
for short intervals during a longer period of time, objectivity can be
best maintained. This is critical because of the subjective nature of
lineament analysis and the ,otential, at any scale, for confusing
cultural features with geological lineaments. Again, it should be noted
that results of imagery-based lineament analyses should be field checked
for accuracy and to eliminate cultural features from the data.
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4.2 Side-Looking Aerial Radar Imagery

*The radar imagery used in this portion of the study was produced by the
U.S. Geological Survey (USGS) for the CGNHS in May 1984. The look ;

direction for this product is to the east and its small scale allowed i

the entire state of Connecticut to be viewed on one sheet. Radar is ;

iespecially suited to analyses of this sort because the emitted radar
beam can penetrate atmospheric phenomena and some vegetative cover
before being reflected to the receiver. This provides an extremely
detailed representation of the land surface that is sensitive to i

morphological features. However, the radar image can bias 18.neament :

analysis because the radar signal will reflect relatively poorly from ;

linear features that are oriented parallel to the look direction and .

strongly from those features oriented perpendicular to the look i

direction (Lillesand and Kiefer,1979).

In all, 48 lineaments were identified within or interaecting the
six-quadrangle study area.* These features, ranging in length from 6 to i

27 kilometers, may identify first-order tectonic fractures largely in
the Eastern Highlands province. Interestingly, the Salmon River " fault"
and the Moodus River both appear as lineaments and intersect in the
vicinity of the Haddam Neck Station (see pbte 1). Another feature
mr.rks the border fault at the edge of the Central Valley area. Other
features may identify stratigraphie or other linear non-fracture,
geologic features. However, the results of this study compare well to
an analysis prepared by the CGNHS on a radar image at 1:125,000 scale

|(Altamura,1985). In the area covered by this study, there was about
I70% spatial coincidence with this earlier work.

The azimuthal half-rose orientation disgram of the radar lineaments t's
shown in Figure 4. This diagram reveals that lineaments observed in the :

stx-quadrangle study area have a primary orientation maximum to the
northwest between 340 and 350 degrees. A secondary orientation maximum
is also in the northwest quadrant, between 300 and 320 degrees. Other
peaks are present but are not as dominant. This compares generally to
lineament analysis results included in the Weston Corp. documents
(1982al 1982b). They also note the potential for look-direction bias in

ithe radar imagery, which may explain the overall lack of east-west
trending lineament structures. ;

4.3 SPOT Satellite Imagery

This imagery was selected for this study because of its ability to
provide extremely detailed images of the ground surface from space. Itj

! has only recently become available and has approximately a 10 meter
ground resolution in the black and white panchromatic band. The study

| area was examined from a cloud-free portion of an image at the 1:100,000,

. scale taken in March of 1986. However, as a result of the spacing of i

the satellite's scenes, only the three upper quadrangles were covered by
the available product. While the SPOT image provides a superior image
of the actual land surface (roads, fields, streams, urban areas, and
other features are recognizable), the penetrating nature of the radar is
lost,

f C21
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Over the three quadrangles covered, a total of 37 lineaments were i

mapped.A These features ranged from about 4 to 10 kilometers in length, t

and included some possible lithologic strike lines as well as probable ,

fractus e features. As with the radar imagery, most of the lineaments i

were mapped in tne metamorphic rocits of the Eartern Highlands, with only '

a few being mapped in the heavily urbanized Central Valley.

The roce diagram of Sp0T lineament orientations (Figure 5) reveals ar 'different distribution of observed features than the radar imagery.
, '

i This distribution records two primary peaks: a broad one to the ,

t

i: northeast between 020 and 040 degrees and a narrow peak to the northwest
i

t- between 340 and 350 degrees that coincides closely with the maximum
found in the analysis of the radar image. Secondary peaks are less !
distinct and may not be significant.

'

! ,

*The 340 to 350 degree peak, common to both the SLAR and SPOT data sets.
may be significant due to its orthogonal relationship to the present ;

stress field (maximum compressive stress, oi = 080) (Alexander, pers.
; comm.,1987). These values, derived from borehole stress measurements !

and earthquake focal mechanism solutions, indicate that faults and i

fractures at 90 degrees to os, or 350 degrees, me.y be under a reverse !

(thrust) stress regime. Therefore, it is like'.y that tne lineament :

orientation peak between 340 and 350 degrees may be a function of the ;

contemporary stress field present in the !$loodus area. However, the ';
absence of an east-west orientation peak at this scale in support of the

.

>

field evidence is notable. |

The cause of the difference between this data set and the observed radar
lineaments is uncertain. It may be due to the theoretical relationship
between first- and second-order shear structures discussed in Canich and
Gold (1971) or it may be simply a function of the scale of observation
and the imagery look direction. The orientation of the northeasterly
primary peak may be due solely to the subdivision of the Salmon River
lineament into a number of smaller northeast trending lineaments.
However, the Weston Geophysical Cerp. eeport (1982b),also notes some
north and northeast trending lineaments to the southeast of the Salmon
River.

4.4 High-Altitude Aerial photography

Fourteen 1:80,000 scale,1980 flight, aerial photographs were required
to cover the six-quadrangle study area.+ In all,113 linear features
were observed on the stereo-pairs of aerial photographs used to analyze
this area. These features ranged in length from about 2 to 13

|
kilometers and revealed aspects of the structural nature of the area.
The Salmon River lineament, observed on both the SLAR and SPOT imagery,
was revealed as a number of discontinuous, shorter features and the
Moodus River feature was similarly divided. Other lineaments apparently
correlate to the Central Valley border fault and to other lesser

p structural features. In addition, a number of nearly parallel features
| were observed near where the Connecticut River crosses into the Eastern

Highlands terrane.

L
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The orientation of the lineaments mapped on the high-altitude serial
photographs (Figure 6) compares closely to the SPOT imagery lineament
distribution. The rose diagram reveals a narrow northeast primary peak
and a broader northwest peak. The northeast maximum is criented between
030 and 040 degrees whereas the northwest maximum lies between 300 and
350 degrees. Northerly orientations between these two peaks are
represented by secondary maxima. The reasonably close correlation
between the SPOT and aerial photograph data is interesting because it
suggesta that these two scales of imagery are capable of sampling the
same set of f)stures, although with differing degrees of sensitivity.

4.5 Low-Altitude Aerial Photography

Because of the time and manpower limitations of this study, only the
Moodus Quadrangle was subjected to the 1:18,000 scale lineament
analysis. However, as 05 stereo aerial photogruphs from a 1965 flight
were required to provide adequate stereo coverage of the quadrangle, the
analysis was still considerable. In all,159 linear features, ranging
in length from 1 to 2 kilometers, were observed in this area.* In some
cases these features could be correlated with major lineaments observed
at the other, smalle r scales. However, some of the features show no
distinct re'.ationship to the major lineaments. These short lineaments
are thought to be related to joint and fault traces, lithologic
variabihty and strike, and possibly glacis.1 scouring directions (Weston
Geophysical Corp.,1980b). In other terranes, foliation directions have
also been observed on low-sititude photography.

The or.cntation diagram for the low-altitude lineaments is quitei

distinct frcm the previously observed distributions (Figure 7). These
data show a pair of primary maxima; one between 320 and $30 degrees and
one between 080 and 090 degrees.. The first peak is about 10 c'erreer off
the dominant northwest maxima (340 to 350 degrees) observed on the SLAR
and SPOT imagery and close to the high-altitude photography lineament
maximum (330 to 350 degrees). However, the easterly peak was a new
orientation for lineament features in this study, but one that is
compatible with the previously mentioned ai direction of 080, In
addition to these two peaks, indistinct maxima (possibly noise in the
data) to the northwest, north, and northeast directions are also
present. Overall, these features may be indicative of the disturbed
nature of the subsurface in this area.

4.6 Discussion of Results

Besides examination of the overall distribution of the lineament data,
the features which are present within the Moodus Quadrangle can be
investigated specifically. By preparing orientation rose diagrams for
each scale of mapping and plotting them adjacent to each other (Figure
8), the variation in orientation maxima can be compared. Again, the
overall trend of lineaments is dominantly to the northwest, but only
some of the maxima are consistent with the other results. The secondary
peaks to the north-northeast and east are distinct, but have not been
correlated with known subsurface features. However, the recent data
from in situ borehole stress testing at the Moodua Deep Hole (see Plate
1), as well as earthquake focal mechanism solutions for local October
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!1987 earthquakes, have indicated a 080 degree direction for the m
!maximum compressive stresses in this area (Alexander, pers, comm.,

1987). This orientation correlates well with the results of the :
(

low-altitude survey and indicates that these smaller features may be !

extensional joints formed or opened parallel to the current maximum i

stress. The lack of an easterly peak at the other scales indicates that
these 080 features may be overprinting an older, northwest oriented,

stress field. As mentioned, the 340-350 degree maximum may also be
related to, or reactivated by, the present tectonic stress regime.

Additional analysis results, produced by subdividing the data for the
j- small-scale imagery on a quadrangle basis (Figure 9), indicate a
<

.

possible reason for the seismic activity that is er.demic to the Moodus
! area. At all three scales examiaed in this study, the Mcrodus quadrangle
i was observed to have a higher number of lineaments intersecting or

within it.' This measure of lineament " frequency" indicates that the!

Moodus area may be more fractured than adjacent areas, possibly
contribut.ing to, or as a result of, higher numbers of seismic events.
While this frequency value is probably real, it may possibly be theI

result' of operator. bi .s. In either case, it appears to characterize
spatial, neotectonic features that may be related to the contemporary
stress field and seismic activity in the area.

While lineament annlyses are limited in the degree _ of detail they can'

provide about an area, they do offer a means of identifying pntentially
major structural features and Indications of the orientation of the
contemporzry stata of stress. Thir. is usually accomphshed by examining
one, poss4bly two, scalez of imar9ey. However, this study may have also
produced some less specific, but morn interesting results by examining

4' ' and reesamining the same area at four different scales. Across the six
quadrungle study area, data on the general frequency and Icagth of
lineaments per unit study area wen s;athered. When these data were
exnnined, soma interes. ting relationships regarding lineaments and scala
ti o%ervation were revealed.

f

Figure 10 shows the observed relationehip between the average number of
lineaments intersecting a quadrangle bloch and the ccale of the imagery
used in the analysis. The plot shows the exponer,tial decay of observed
lineament frequency with increasing scale number. This indicates that
as the size of the lineament feature increases, then fewer features of
that size will be observed in a given area. Intuitively, this makes
sense because joints, which are observable only at a large scale, are
much more numerous than multi-kilometer lineaments, which are observable
oniy at a small scale. canich (1976) and Canich and Gold (1977) used
this as the theoretical basis for a model of the relationship between
first , second , and third-order shear structures.

!

I' An additional relationship for the multi-scale data is illustrated in
E Figure 11. When the average lineament length observed at each scale is

plotted against the scale of the imagery, a distinct, positively sloped,
linear trend results. This relationship indicates that there may be an
appropriate scale for the observation of particular size features. This
may be the result of the imagery resolution or the perception of the
observer. In any case, the linear relationship argues for a length
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relationship that is consistent over different scales of geologic
phenomena. It should be noted that appropriate observation scales for
various geologic phenomena have been investigated (Gold,1980).

The potential benefit of these relationships may only be revealed after
further study on why and how they exist. If these relationships
describe the characteristics of lineaments, then they may be used to
predict the number or average length of featurco likely to be observed
in a given area for a given scale of imagery. Likewise, they may be
able to indicate the appropriate scale imagery to use for examination of
particular scale features. Another interesting possibility is the
variation of these relationships with changes in age, tectonic, and
lithologic setting. As this study focused on an seismically active,
highly deformed area, the data obtained in this area may not be
representative of other younger and more stable areas. In actuality,
there may be comparably systematic, but different, scale relationships
that depend on the strain effects of the past and present stress fields.

5.0 CONCLUSIONS AND RECOMMENDATIONS

Although it is obvious that a great deal of additional work will be
necessary to fully understand the Moodus seismic area, this study is
able to offer specific conclusions and recommendations which may benefit
further studies of this area. Those conclusions and recommendations may
also benefit research in other seismically active zones, as well as'

geolcgic investigations of other regionc.

5.1 Conclusions

The principal eenclus, inns that can be drawn from this study of the
Movdus setemic ares are:

1. No distinctly pos'tive evidence of neotectonic disturbances of
the land surfe::e or of glacial deposits was recorded. Both field and
literature studies were unable to identify evidence of recent land
surisce distut bances that could be attributed to tectonic acMvity.

2. The liraited geochemical s.tudies of stream botton materials nr.d
water samples in the Moodus area produced no evidence of saturated
dround watees being diccharged to ourface streams. In other seismic

|
arcas, the location of faults and fracturas have been identified by the
presence of anomalous carbonate deposition on stream bottoms and theI

presence of associated carbonate-rich water chemistries.
3. Lineament analysis of the study area was conducted through the

use of 1:250,000 scale radar imagery, 1:100,000 scale SPOT satellite
imagery, and 1:80,000 ecale high-altitude aerial photographs. The
Moodus quadrangle was also examined with 1:18,000 scale low-altitude
aerial photographs. The results of these studies revealed varying
distributions of 1.tneament orientation, frequency, and length.

4. Lineament orientations are concentrated in the northwest
quadrant, although other distribution peaks occur to the northeast and
east. The easterly (080 to 090 degrees of azimuth) peak correlates well
with the resultc of recent in situ stress and earthquake focal mechanism
solutions which indicate an 080 degree orientation of the maximum

compressive stress, probably on. This regime would favor the
formation or opening of fractures oriented parallel to the maximum
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stress and high shear (reverse) stresses on faults or fractures at 90
degrees to this orientation. This may account for the orientation of
numerous lineaments oriented between 340 and 350 degrees. These

; lineaments may also be reactivated features, orfrinally formed by a
,

previous principal stress regime oriented to the northwest.
! 5. The SPOT imagery (1:100,000 scale) and high-altitude serial

photographs (1:80,000 scale) appear to sample a common set of lineanient'

; features, although with differing degrees of sensitivity. The serial
photography's higher sensitivity may be the result of their ability to
be viewed stereoscopically.

6. An increase in lineament frequency was observed over the Moodus
!

quadrangle on the radar, SPOT, and high-altitude serial photographs.
This indicates the seismic area may be more fractured than surrounding
regions in the present stress field, possible ss a result of higher
seismic activity. i

7. Average lineament frequency per quadrangle block and average
!lineament length vary with imagery scale. The former exhibited an
<

exponential decay in average lineament frequency with increasing scale
number, and the latter exhibited a linear increase in average lineament ;

length with increasing scale number.

5.2 Recommendations |

In order to refine the analysis conducted during this project, several >

specific recommendathns for additional work can be made: '

1. The " Rely Fault" expo sure sheuld be reexcavated and examined for
its possible neotectonic significance. !

2. Regular geochemical sar;pling of attem snd well waters i;hould be
conducted to evaluate ihn hydrogeochemical factors at work in the Moodus !

Thermal d4ttr. asscciated ulth this sampling may also prove ofarea.
interest. '

3. Compilation of all hneament dots on s suitatie bsse map is also
suggested. This information can then be checked for supporting field
evidence (such as increasea well y' elds, suot,urface gr.n migration, ;

aligned ore bodies, or earthquake foci) that will indicate !f the mapped -

linear features are related to sucsurface Inciuros aW. pe=ribly to
seismic activity.

'4. The observed lineament data illustrating the relationship
between average lineament f requency per unit e.rea r.nd lineament length

,

ver. sus imagery scale should be further inve.stigated. ,

5. As stream systems appear to be tectonically sensitive, drainage
networks could be profiled and monitM ed for ceotectonic changes.

6. Joint studies should be conducted on all .:vailable outcrops for
evidence of current and previous stress field orientations. l

|

i
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''

RESULTS OF CEOCHDt! CAL WA7ER ANALYSES

PARAMETER XEY - Block 1 - SMPs sample number - DATE sampling et..te - LAB ;

PH 1aboratory pH - AUML1 alkalinity in mg CACO 3/1 (milligrams per >

liter) - ACIIrrY acidity in mg CACO 3/1 - SP CND specific conductance in ;
,

micromohs - HCO3 bicarbonate in mg/l - NO3 nitrate as N in mg/l - SO4
'

sulfate in mg/1' - C1 chloride in mg/l - Block 2 - SMP8 as above - TD1P
sample temperatum degrees Celsius - FLD PH field pH - Ca calcim in
mg/l - Mg magnesi m in mg/l - Na sodium in mg/l - X potassium in mg/l - ;

SiO2 silica in mg/l -
CATION cation product and ANION anicn product both in milliequiv/1 - .

!

EP.g M LAB TH ALXALI ACHm' SP CND }@.2 ti.;l EQ.4 G t

01 8/30/87 7.39 13.45 2.73 50.1 16.40 0.21 9.53 4.01 .

02 8/31/87 7.30 12.69 2.51 48.0 15.47 0.31 4.78 7.53 !

03 8/31/87 7.22 33.70 1.80 62.8 41 09 0.21 8.16 12.73 i

04 8/31/87 7.15 9.09 1.85 36.1 11.33 0 17 6.44 3.41 j
05 A/31/87 7.46 15.07 2.60 100.1 18.37 0.30 9.74 24.02
06 8/31/87 7.63.18.85 1.67 91.2 22.98 0.45 13.34 14.23 t

'
07 8/31/87 7.19 10.26 1.58 70.7 12.51 0.29 6.87 15.70
08 8/31/87 7.23 9.94 2.00 72.5 12.11 0.30 6.45 15.79 |

t

ET.! 1TE FLD TH Q tlg En *f 1.L92 Q&TJS,3 M1.QS -

01 17.5 6.82 6.22 1.33 3,01 2.02 0.7 0.60 0.58 [
02 18.5 6.91 4.75 1.33 4.80 1.49 0.3 0.59 0.57 i

03 18.5 7'.24 4.68 1.35 7.57 1.34 0.4 0.71 1.01 '
04 17.5 7.28 3.12 1.17 3.61 1.07 0.7 0.44 0.42 ,

05 21.0 7.20 7.78 2.26 12.00 2.20 0.4 1.15 1.19 i
OS 27.0 7.10 9.00 2.22 8.21 2.59 0.3 1.06 1.06 :
07 19.0 7.29 5.12 1.3R 9.15 1.20 0.3 0.80 0.80 !

08 19.0 1.29 5.15 1.43 9.32 1.39 0.3 0.82 0.78
'

;
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TABLE B'
'

'
-

- DATA ON SIDE-140 KING RADAR IMAGERY LI.WAMENTS
. -

PARAMETDt KEY - LINE# lineanent number - ORIENT lineanent orientation
(azimuth) - L.NG'DI lineament length (kilometers) - WADS quwirangles

. intersected -
.

LINE4 ORIEtn 1.NOTH WADS
1 005 24.7 2

2' 358 14.2 3
.3 018 12.0 3

4 344 14.9 2

5 016 16.1 2

6' 018 16.8 1,.
,

7 023 19.9 1

.8 318 17.4' 2
9- 311 13.9 2

10 293 11.7 1,2
11 308 9.5 1,1

M '12 280 9.2 3
13 345 14.9 3

~h 14 059 6.3 3
15 347 8.5 3,6
16 348 12.0 2.5

.
17 344 17.7 3,6

* 18 056 *0.1 2,5.

19 060 14.9- 2,4
.

20 284 12.7 1
" '

. . .*
21 053 15.2 1

T 22 339 27.5 4
E" 23 '356 16.8 1

'

24 305 12.0 6
25 343 14.6 6
26 312 .19.9 4

27 041 9.2 1.4
28 343 12.3' 4

'29 341' 11.7 4

30 038 25.3 1,2,4

31 357 13.3 5

32 003 12.7 5

33 055 13.0 5,6

34 042 15.5 6
35 019 12.0 5,6
36 317 14.9 5
37 289 9.5 4,5

38 341 17.1 4

39 041 16.8 4
'

40 310 15.2 4

41 038 13.3 4

42 022 13.6 4

43 306 17 4 2,3

44 302 11.7 1,2
45 305 18.7 2.5,6
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TABLE B (continued)

LIhT* ORIENT LNGTH GUADS
46 312 11.7 4,5
47 043 12.7 1 ;

48 339 9.5 6
|

|
-

j
1
|
.f

4

)
i

f
4

f.} 'I

y
*c

g

,

4

k! f'a- ;

'
&

.}
"

.

1

< t
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TAELE C

LATA ON SPCfr SATELLITE D%GERY LIhTATNTS r

.

PARAMETER KEY - LINT # lineament nsaber - ORIENT linesment orientation-
(azimuth) - 1.NGTH linemment, length Ikilometers) - QUADS quadrangles j

intersected - |
.

t

LIhT* CRIENT LNGTH QUADS
1 026 5.5 1 ,

2 354- 8.3- 2 '

3 344 9.6 2~

4 014 8.6 2 ;

5 025 6.3 2,3 r

6 341 7.1 3 i

7 015 5.8 3 .:

.. 8 023 8.3 3- i
* 9 310 7.3 3 [

10 348 10.6 2 !-

11 051 5.5 2,3 !

12 305 4.5 1,2 ;
'

~13 014 5.3 1 !

14 293 6.0 1 .

15 350 5.5 1 |
'

16 298 4.8 1

17 306 6.8 1.2 ]
18 029 6.5 1,2 :

19 021 4.0 2 |:o '

20 181 3.5 2

21 347 5.0 2

22 283 6.0 3 ['

23 055 6.3 3 ;

24 027 7.8 3,6 !

25- 346 6.5 3 f

26 006 5.3 2,5 ;

27 058 9.3 1,2 '|
28 352 5.5 2 3

29 040 5.3 2 J

30 087 7.3 1,2 ;

31 014 5.0 2,4 >

32 008 5.3 1 1

33 292 6.3 1 (
34 310 4.0 2,4 ';
35 332 5.5 3,6 .;

36 331 5.3 1 j

37 010 6.5 1 5

I
.

P

, I

I

'I

i
r
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. TA31.E D ,

,

DATA ON HICH-ALTITUDE AIRIAL PHC@ GRAPHY LINT. AMENTS

PARA'9T. IR KEY - LINES lineament number - ORIENT lineament orientation 'l
(azimuth) - LNG 1H lineament length (kilometers) - GUADS quadrangles [
intersected - .;

LINE# ORIENT LNGTE QUADS j

1 341 3.4 1
,

'

2 074 3.8 1

3 359 2.4 1 ,

4 000 5.1 1 L

5 024 3.8 1

6 331 7.6 1,2

7 055 5.1 1
!

8 355 4.3 1

9 016 13.4 1 ,

10 349 8.2 1,4 ,

11 010 4.5 1

12 013 4.0 1 i
'

13 344 5.6 1,2,5 ,

14 358 4.7 1

15 289 3.8 1 r

16 281 3.0 1

17 294 3.4 1 ;

-18 314 4.6 1,4 |

19 359 6.8 1,4 -

20 276 2.6 1.2
21 334 6.6 2 >

22 020 7.7 1,2
23 335 5.7 2 ,

24 355 3.1 2 ,

25 346 6.2 2

26 002 4.0 2 ,

27 331 5.2 2 - i

|
28 338 4.6 2

?
29 002 4.1 2

30 282 4.6 2 |

31 021 2.7 2
|

32 004 3.7 2
I

33 308 5.5 2,3
34 346 4.3 2 i

35 043 3.3 2 !
!

36 025 4.3 2

37 310 3.2 2 {
38 086 7.1 1,2
39 299 4.2 2

40 333 6.8 2,3
41 350 9.9 2,5
42 358 4.0 2

43 290 2.0 2

44 043 3.2 2

45 011 5.0 2,5

C47
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p)p yf,Gij'a, T'
,

;
u, .m
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,'[ .h TABLE D (continued)
-i,

'
,

o s

J'4' LINE# ORIE!C - LNGTH - QUADS
h ,. [) 46 .289 8.0 2,3,6, ,.

T A 47- 054 4.7 .2.5-
'

;! ' " 48- "'029 7.0 2,31'

49 008 3.4 .3,

'

50 343 5.7 38 '"
51 316- 4.7- 3'"'*

| 52 '319 4 '. 4 3 '
,

i
'53 ; 338- 2.9 3

'"

- :; 54 282 7.2 3
55 ' 346 6.0 ' 3 WI.~

'

'56 358 3.3- 3.

57' 359 8.1 3,6 'I4 4

<

58 025 .7 9 3,6 !
'

,

.

59- 060 5.6 3 {_,
a- '60 340 3.2 3- !

'

1, 61' 020 7.6 3,6 !
,

f, 62^ 299 3.9 3,6 !1 63 044. '6.3 4 !

'

64 '. 000 5.1 44

65 001 4.9 4
'

.66 004~ 4.7 4 d*
67 004- 5.1 4 i

g
"'

.
68' 057 4.5 '4 1

69 084 7.4' 4' 'l-
,

70 045 7.9 4
'
im

. 71' 051 4.4 4 L

72 331 3,4 4,

73 018 5.5 4' .!,
,

'74 021 '5.4 4 !
.

75 022 5.6 4 - i

76 341 6.2 4 i'

77 089 1.9 4' ;s
'

'

78 324' 3.8 4
: *'

79 338 5.2 4' |'

80 029 .3.5 4 !

81 295 3.8 4,5
'

,

'
82 022 3.7 4 :

-

83 036 4.8 4 i
84 330 2'7 4.

85 321 2.7 4 j
86 273 4.5 4,5

3f, 87 324 4.3 5
'

88 309 5.0 5 |
89 279 4.2 5,6.

'' r"
90 016 5.5 5>

,
4' 91 042 3.4 5 :"

92 342 3.1 5 '

93 330 8.4 5 '!

94 347 4.5 5 5

95 005 8.3 5 I
96 324 2.9 5
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TABLE. D-(continued)g i(-" '

. |g#
, ,

. ,

..;..
,

l

LI.\Th ' ORIDff MG1H ' GUADS
. t ,'e i

W:P: , , '

'97) 286'- 4' 1' 5G.y ' , ;
' >

. <.

98. 350- 6.4 '6'-E" *

csc ., . . .

045-- 7.2 6.R M , eg
,

J.100-'
,

F s g9. y, ,

; i. f 295 - 5. 4 ' 6-"
'

J00 '101' 271- 3.8- :6., ,

,m .,
102' 'I' 013 7.3 67'

' -
<

~103- 069 .3.2- . 6-a

$!;
?-

- 104- 076 '7.9 ' 5,6'-,
-'

- ''

105 022 6.3. 6'
'.1064: .c '; ,

043 7.4- 6W.y^ i-

107 080' 5.9 6
'

hf :"
',

'108: 336- 5 . 2 :< .6', ..'' ,

.s

f,m.
._

:109 285- 4.2 .6
.

w' '
,

', 110 . .020. 5.5 5,6'

,,
'111 .045 4.9. 6-#* ..

112 033 2.9 6
*.,

" <

.

@ 113 087 6 '. 7 ' 6''

-;; d,Q
, s

,Myt ,

, * . . ' '' .Ig i j

s

1,
, i .,

0 Ov' S

s u ,. A

7 #

I \ .
1 [gi1

"

f s

'
N e' i t

' 's Y 1 ,

,s , ' t.

,, - - ,

'
? ! O, .

,
.xi

\

-{' 4

L, '

..g*

r' #
.

I

e

4

r . ,-

.

'.,(

, ..

! , I
,

!

i

i

.

)- I
,

1J'.
.-Ir

'

i

4 1

'

-.|*.,

'
s

:
i

l ' ' , ,| ' , 'l )''
j

t
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TABLE E .

L. ' o . >
. . . .

f
DATA ON LIM-ALTITUDE AERIAL PHCTIOGRAPHY LINEAMENTS <qp.)

'

, .

ip-

F' PARAMETER KEY - LINE# lineament number - ORIENT lineament orientation i

y. (azimuth) - 1.NGnl lineament length (kilometers) - QUADS quadrangles |,

P" intersected - (Moodus Quadrangle.Only)
'

;'

s ,r. ,

LINEt ORIENT- LNGTH QUADS j
1 023 1.5- 2 .!

!2 087 1.7 2 '

F ,

h 3. 336 1.8 2' i

4 046 1.5- 2 !
S' 333 1.1, 2 d
6 .355 1.2 2 .,

[ i
7 011 1.2 2O '

[- 8 080~ 1.5 2 ..

E 9' 053 1.1. 2 1

10: 031 1.2 2 1,

m
L' '11 304 1.3 2> :

12 287 1.7 2 .I
;j

p :13 003 1.4 2 ,

14 039- 1.2z 2
' ' 15 089- 1.6 2 -3

J 16. 302 1.3 2- ;

17 283 1.2 2. !'' ' <

18 345 1.6- 2 i

f' 19 351 1.1 2 Lj,

20 046 1.9 2 i'

21 011 1 '. 8 -2 ,

'22 082 1.4 2= ..j,

'23 010 l '. 6 2 -

'

24 088 1.4 2g . '

25- 335 1.1- 2

26 028' 1.3 2 .-
27 292 1.2 2- !

28 052 1.4- 2 1

^29 277 1.8 2 ;

30 012 1.1 2 -

31 340 1.2 2 ;

32 014 1.8 2 ,

33' 294 l'.1 2. ;'

,

34 330 1.0 2 ;

35 310 1.2 2 I

36 325 1.3 2 ;

' 37 036 1.5 2 |
38 343 1.0 2

39 331 2.2 2 .

7
' 40 350 1.4 2 .!

''

41 004 1.5 2

42 087 1.7 2 <

43 033 1.4 2

44 356 1.6 2
,.

45 065 1.6 2 :

C51
i
.

$

,,i.. ._ - -. . , _ , . _ -. _- ,

' '



"
, :, . .:x ,

,, y . ;9:
'" l

'

. 0: ' %,: '. . . .
m' (:i ' , i ;c;

.

.t

, |
' '

;' ' ". . t 3,,

|,. 4 ( ,k

m .,4- ' u, c ,

;

I; ; .y TABLE. E (continued)
'f,,'o -

,

@ LINE# ' ORIENT LNGTH - GUADS
'

t,

i ' ''

g '46 016' 1.5 2, '

.47 076 l'. 7 - ~2'
-' ''u

48 284 1;7 '2
o '

- ,

E J
. 49 .009 1.1 2~

'

50- 089 2.1 2'
'

| , '

51 ,287' 2.0' 2-
h; 52 333 1.7- 2- J

['S[
1 ~$3 083 2.2 2. o

'

154 005 1.9- 2 i'
,

' '55 009 '2.6: 2- .i
,

.

g ;|, ' s '56 075 1.2: 2' i

57 315 .1.2 .2 :

c c" , 58| 290 2.1 2 !'

59 005 1.8 2 .{'> 60 350 1.3 2 !''
' '

. 61' 006 2.5 2
'

.~ 62 022 1.5 2 i'R* 63 296 1.4 2 |

1 . 64 316 1.6 2 i
65 1085 1.6 2 LF

'

66 025 1.6- 2 .i
67 346 1.9 2 L
68 339 1.9 2 i

69 051 2.9 2
4

70 321 1.0'

71 J004 1.3 2 I
72 317' 1.4 2 .!
73 '309 '1.3~ 2 !

74 283 1.7 2 i,

75 348- 1.6 2
76 270 1.7 2 [

.

77 328 1.1 2 +

' 78 ' 330 2.1 2 i>.

79 036 1.5 2
80 089 1.6 2 -

81 007 1.9 2
82 083 1.6 2 !

,

83 341- 1.4 2 -

84 320 1.6 2
85 082 2.3 2
86 344 1.5 2 !

'

.s : 87 016 1.1 2 i
D

88 309 2.4 2 |
89 024 .1. 3 2 ,

"A 90 031 1.6 2 ;'

91 049 1.0 2 :
). 92 050 1.4 2 iI' 93 337 1.6 2 i

'

94 089 1.7 2
95 342 1.1 2
96 061 1.8 2 .

i
C52 '
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TABLE E (continued)

LTAE# ORIENT LNGTH QUADS
97 '323 1.5 2

98 027 2.4- 2

99 274 1.5 2

100- 330 2.1 2

101 048 2.8 2

102 326 1.5 2

103 298 1.9 2

104 011 1.9 2 ;

105 065 0.9 2

106 350 1.5 2

107 325 1.9 2
'

108 357 1.1 2

209 334 1.5 2
110 335 1.2 2 z
111 021 1.4 2

112 347 1.5 2
-

113 294 1.0 2

114 339 1.6 2 .

115 045 0.7 2

116 345 2.2 2 i

117 341 1.2 2 ;

118 021 3.4 2

119 035 1.4 2

120 339 1.5 2 :

121 081 2.3 2
'

122 339 1.6 2

123 317 1.9 2

-124 076 2.0 2'
*

125 334 0.7 2

126 295 1.3 2

127 019 1.4 2

128 273 1.8 2

129 013 1.2 2
'

130 084 1.1 2

131 326 2.0 2

132 332 2.1 2

133 349 1.3 2

134 326 1.6 2

135 330 1.9 2

136 310 3.4 2

137 276 1.5 2

138 042 2.4 2

139 277 1.9 2

140 306 2.5 2

141 359 1.6 2

142 088 2.5 2

143 359 2.5 2

144 045 2.0 2

145 358 1.9 2

146 304 1.0 2

147 054 2.3 2 ,
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LTABLE. tE_(continued)
"

"'<

hqh ,, , , ",,b'
y';; : *

e

g g.g V .
. m.,. ,

. J. .

,' LLINE6 LQtIENT - : LNOTH
.

" , ;' ,.': . sr > r '. .. t< '

. .
- iy,- -

(g 4
..

'

-069 :1.5: 21
.

W)UMFV,e m , <148? 'T' 069i 11.1' ~
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'

''2, , '

7 7349; .c.
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y a
75,eJm , s 154: ' 351- 1.4L 2; ''

c

g V' - , f ' 155 031 2.3: ' 21.
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:,pq m , ,,
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PLATE 1. Location map of study area features
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CtM0pu 1C INbt:ATOLs of NICTICTUNIC A:TIVITY IN TEE N! I15507LG ASTtt AFJ.A. PtNH5nve1A-
W, katyan. Oct, hue Chung, and 00' S. David F., Departmer.; et seo-

sciences. The Pennsylvania f tste Univ., University Park. FA 16802
There are no reports of any persanent surf ace manifestation of the

; setstas acttvity, tecorsed in recent and hastette tsmes, f ree the ept.
center area nest Lancaster. Pennsylvania. The lack of any f aultatelated
f eatutes such as scarpe, stream of f sets, and seg pones in the Lancaster
sees, suggests that there were no tectonic dispiacements at the surf ace.

,[- of that af there were any. they were small ns rapidly obliteteted by
' agriculturel practices, however, the first ordet streams in modern

eraansge networe.s have been shown alsewhere to be sensitave to small
lateral and vertical displacements of the ground surf aca in response to
neotectonat events.

A systematic study of the first ordet drair. age pattern and gully
senstty ustns AS 5 low altituse eersal photographs (scale 1:20.000)
flown an 1966 was initiated f or Lancaster Cougty. Cully censsty varied
0 60 per esen pnoco-cell of approutmately 9 tz*. A eenstty of more
inan 30tpnoto-cell was consteered ancealous. Three high denssly cell
areas are asentified, vit.. (1) a dispetsed southern atos ateund Wane-
field and*Quarryv111e, (2) an atcuate central anomaly to the south and
west of Lancasset. and (3) en northeta, duneell-enaped pattern centered
on Elisaoethtown. b'Nt tiending' Triassic diaDase dikes ate azposed in
the anos41ous areas. and the H.S trending epicentets of totent earth-
euskes lie 3.5 to ) km beneath the central stes. A nusber of Palectoit
intutt f aults also are exposed in the central area.

Cullys exnibst ryo decanent ernentations: a sharp spike on NS't, ans
a broad peak on N2C k'. Although there is e H.s elongatson to sany of
tne anomalias, sney collectively estine a h-W trend suoparallel to tne
Susquenannan River. be sugges t that these anomalies represent the
intersectaen of neotectonic soforsation tones with a subtle taver
terrace. p. 20

LA.v.AsTtR. FDrN3nVM1A st15X1C 10Ntt EY.LT30t TOR A N! 11550Btrist m t A:T vt test or stA o ts:
sTO:xAA. nvid v. ane A:.t: cants shelter. s. Dept. of caosstences.

The Pennsylvanta State University. Dr.tversity Park. FA 16802
vistorical seissatity and telecated snetrumentally recoteed events
eef sne a north-south trencing sone of setssac activity. It is approxi-
sately 30 km in length and 10 km in width. encompassing the central
reston of Lancaster County and the ci;y of Lancaster. Recent activity.
such as the April 23. 1931 (ratg 4.2. !Ot VI) sainsnock at a depth of
4.5-3.0 km and asseatated foresnocks and aftetsnocks near Mattiev111a.
soout 10 km south of the city of Lancaster is attributed to this
seassac zone.

structural cross-cutting relationships Lndicate that the youngest
rocas present are the north-south striking Triassit* Jurassic etasase
dikes. and the youngest f aults present are the north-south trending

|cross f aults which of f set all other structural isstures and 11thologies. I

The recent and historical setssa:: actvity appears to be concentrated !

along the most desar. ant of tae:e cross f ault senese the fruitville Tault |
2one. +

Resote sensing linessents and potential field (gravity and aero-
|sagnetic) anosalies support the struttural and seissic evidence for a

nottesouth def ormatiocal sone. Likewise the trainage pattern cf trie ,

c.:|tr nues=s is stecre:r.ary r.r.rtn-soutn trending rent tne c ut of i

Tana11y. pts 1&sar.ary sts.dtes it.d uate up to *, a cf uplu s
j

within the Klocene to recent Sustwehanna River tetraces of Lancaster {
:.ca s t e r .

i

County. The mastmus uplift appears to be neat late Harbor. PA. i
p. 60
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ABSTRACT OF PAPER PRESENTED AT THE SOUTH;ASTEM.SECTION (36th Annual Meeting)
25-27, 1987.

Oy THE GEOLOGICAL SOCIETY OF ' AMERICA, Norfold, Virginia, March'

_Vol. 19,;No. 2, p. 133.
,

TLTA/ MAR 1, DEPOSITS AS INDICATORS OF NECTICIONIC ACTIT.TT No 132204THORNION, Charles P. , Depar: ment of Geosciences, The
-

Pennsylvania State University, University Park, PA ".co02; GOLD,
David P. , Deparrment of Geosciences. The Pennsylvania State Uni-
versi:y, University Park, PA 16802; HERMAN, Jane: S., Departsent'

of Enviren: ental Sciences, University of Virginia, Charlottes-c

vil*.e, VA 22003
Holocene deposits of calcium carbona:e (tuf a and/or =arl) occur along

.many streams in the Shensndoah Valley of Virginia and in the southern
Cumberland Valley of Pennsylvania, in many (and perhaps in all) cases

just downstream from points where these strea=s cross faults or where
they cross lineaments that intersect faults at depth. Many of the depo-
sits are for=ing at the present time, but others are inactive and are
being erodedL by the streams. Along Holman Creek between Forestville and
Quicksburg, Virginia, deposition of tuf a was followed by alluviation,
and the deposits are overlain marginally by up to 3 m of sands and silts,
yet.the travertine is still younger than :he establishmen: of the
present vally of Holman Creek ~. Localization of the deposits downstree:
from faul: cr lineament traces seems to indicate the souret of the
CaCOe-saturated waters' o be the faul: :enes, along which : rushing of
the'lisestones resulted in their higher-than-normal solub111:7 However,,

1: seems unlikely that this crushing dates from the :ime of origin of
these faults some 250 m.y. ago: the supply of crushed limestone pro-
duced a: that time should long since have been exhausted. The =cre pro-
bable alternative is that recen: movement along :hese faults has pre-
duced a.new scoply of crushed limes:ene f or the cir: is:in ground wc:t-
:: .ac: :n; :he age cf a ispaci: then ref"..::s the : me of ::s: recer.:
movement along the fault, in one case, the Saumsville fault in the
Shenr..doah Valley, this hypothesis is supported by the systematic right-
lateral off set of CaC0 -depositing s:rea=s crossing the f ault, evidence

2move:ent has occu. red aleng this fault since the tide of establish- ' ;
tha: i

cen: of the presen drainage pattern.
~

Also reprinted in Oklahoma Geology Notes, Oklahoma Geol. Surv. , Vol. 47, No. 4,
| 1987, p. 194-195.
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SEISMOLOGICAL RESEARCH LETTERS v.58, No.4 1987

ABSTRACTS (Alphabetical Order) ,

EARTHQUAKES. INJECTION WELLS AND SPECTRA .1
;Tile PERRY NUCLEAR POWER PLANT, ALEXANDER, S.L. and TANC, L., Department of .

CLEVELAND. OHIO Ceosciences. Pennsylvania State U niv ersity, ,

( - AHMAD Moid U., Profuner of Hydrogeology. Ohio University Park, PA 19802
University, Athens, OH 45701 -

Application of an empirical approach to correct observed 3

On January 31, 1986, an earthquake of magnitude 4.9 La spectra for propasstion efects gives estimates of
'

'

occurred about 11.3 km south of the Calhio injection source excitation spectra for Soviet explosions. Path
wells. Accelerometers on site at the Pury Nuclear Power attenust.on is secounted for by using Q mtimates

. F' ant (PNPP) recorded accelerations as high as 0.19 to derived from average et oal slopes for a suite of events f
0.23 s. A large number of instruments tripped due to of di5erent magnitude is a given source area or by a
high amplitude vibrations. There sums to be a possible sourcerath receiver decomposition when authetent
correlation between abnormally high annulus pressures observing stations are avalable. Yield estimates are then
and the time of earthquakes. This same correlation obtained by comparing attenuation corrected source spec-
extends to the two 1983 earthquakes recorded in the tra with theoretical source spectra for explosions of
area. Micronetworks have recorded 6 earthquak es diferent yield. Tectonic release eReets do not appest to g

around the injection well with focal depths ranging from bias these estimates, if frequencies above about .5 Hs are
0.5 to 2.2 i m. A hydrological model of an anisotopie used. Under the partially conormed assumption of tran,
reservoir 6.44 km wide and 17.7 km long indicates a sportability of empirical relationships developed in North :)
pressure build up betwna 53 bars at the epicenter and America, direct estimates from mq provide an alterna-
118 bars at the injection well. The simulation matched Live means of estimating Soviet yields that agree well
average yearly preuvre data and displayed a good corre with thou obtained by this spect?al approach and with
lation. The assumption of an anisotropic reservoir is Nuttil's coda-Q estimates using Ls.
consistent with available geophysical and geological data.
The indicated pressure buildup is similar in magnitude to
that resulting in the Denver earthquake of 1962. This CllARACTERIZATION OF SEISMICALLY.
critical value is interpreted as the pressure bulldup above INDUCED LIQUEPACTION SITES ASSOCI.
which laduced earthquakes rrsy occur in this area. ATED WITil THE 1886 CllARLESTON, S.C.

EARTHQUAKE
AMICK, D.C. and MAURATH. C.. Ebuco Services

'TRAVERTINE AS AN INDICATOR OF Incorporated, 2211 West Meadowview Rd..
NEOTECTONIC DEFORMATION IN THE Crnasboro, NC 27407
LANCASTER. PA SEISMIC ZONE AND OTl!ER Recent studies'or paleoliquefaction features in the epicen.
AREAS tral area of the Ig86 Charleston, SC earthquake suggest ,

ALEXANDER. S.S., STOCKAR, D., and THORNTON, that this area has been the site of several large prehis- !

C.P., Department of Geosciences Pennsylvania torie Holocene earthquakes (Cohn et et,1984: Obermeier ^

State University, University Park, PA 16802 el el.,1985; Talwani and Cox.19g5, Wums of si.,1986;
The vicinity of Lancaster, Pennsylvania has bun a region and Obermeier et al.,1986). The time betwnn successive
of persistent recent seismic activity. Earthquakes there, large events is estimated to be 1200 to 1800 years. In I

with a maximum magnitude of 4.2 (April 23,19g4), light of this relat,vely long recurrence Interval. the U.S.
appear to be concentrated within a NS. trending seismic Nuclear Regulatory Commission is presently funding a
zone which is approximately 20 km wide and 50 km long. systematic search for similar prehistoric paleoliquefaction
This sone, the Lancaster Seismic Zone, contains a reverse features in other areas of the Eastern United States. The
fault, the Fruitville . Fault, which strikes NNE through objective of this study is to determine whether or not
central Lancaster County, along which most of the recent seismically laduced paleoliquefaction features are present
earthquake activity is concentrated. elsewhere in young sediments of the Atlantic Coastal
Recent ground based studies in the area have revealed Plain or within late Quaternary or Holocene river depo-
that the southern trace of the Fruitville Fault Zone is sits. If they are present, the study will attempt to detee-
associated with presently active travertine deposition, mine the size and frequency of the causative earthquakes.
preferential north south drainage of the major streams in Initial investigations center on cataloging the charac-
the area and the occurrence of springs. Travertine depo- teristics of earthquake induced liquefaction features in
sits have been found at four separate locations in small the Charleston, SC area and identifying the criteria by
streams crossing the Lancaster Seismic Zone. Present which similar features outside the mesoseismal area of
deposition occurs downstream from the inferred active the 1886 event could be identined. To date a total of
fault trace which cuts carbonate bedrock, It is postu- 103 liquefaction sites in the Charleston tres have buh ,

lated that the seismically active fault (s) may be myloni- identined. Of these,63 sites were identined based on the
tising the carbonate country rock at depth and acting as authors' evaluation of both published and unpublished
a conduit fo, the calcium carbonate rich groundwater to historical accounts of the 1886 earthquake,28 have bun
reach the surface where it super saturates in nearby identined as a result of ongoing Reld studies by the U.S.
streams and precipitates as travertine. This association Geological Survey,4 were identined during past Reid stu-
of travertine with geologically rennt fault movements dies carried out by investigators of the University of
was Srst suggested by Thornton (1953) based on neid South Carolina and B were identined by the authors dur- 6

studies in Virginia, and there appears to be numerous ing reconnaissance 6 eld studies conducted as part of
other such occurrences globally. It la potentially very these investigations. Each of these 103 sites have been
impornnt in studies of paleoseismicity in relatively ase- located on topographic maps, county soil maps, available
lamic areas such as the eastern United States. remote sensing imagery, and available geologic rnaps. In

addition, the authors conducted conntmatory neld inves-
Ligations at 32 of the sites. This information has been

YlELD ESTIMATES OF SOVIET EXPLOSIONS used to characterite each site's depositional environment.

FROM PROPAGATION. CORRECTED Lg age of host and liquined materials, hydrogeologie setting,

90
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9'** ** "a e en f ee t ree ens. i n to e.tain ee. its inee,ennent

o"f
"'n"t'"**"**"r.

as to se penaear rene eso ruin.at evINVER510N OF OEODETIC DATA FOR SPAllAL DISTRIDUTION
OF FAULT SLIP OF THE ;N6 N ANKAIDO EARIHOU AKE *L*"* *******a"a". The sere'=ausa in ne merinatalYADUKl. T.. and M AT5U'URA. M., Geuphvs6 cal Institute. Faculty

of $uence. The University of Tokyo. Tokyo 4 0. Japan Pa*a' ****** 8 l'e" 5" #8 8"to oa the strame she f ev6ts is
**a****'*d- Tnve th* p'***** *e to sanevasie the eisptecoment etengWe have developed a general method for obtaining tomographic images of
t" ' "' ******'t of * 'M 6*a las A *d aae ***v easteestneas in at 6*asismes sources from surf ace dispiacement data, using Akaike's Davetian

Information Criterion (ADIC). In the present study we apply thns method t ***' "* 4 *a* 3 e l* ** L 8 6 t V t he*'Y . Teena6 eves of conf ormet mappang

to aero. frequency data. Given a slip distribuuon on a fault surf aca we can *****'** *3au*a* *** to 0.8.sm"e r*seta are 4eteo euring the'' aa en wethe*e. .
vse theosy as appnies to the ecalcular surface displacements due to an earthquate by integrating

solutions to point sources cver the scurts region. We represent the slip
past es. a na en the etnme.st s, te. ate .auan the nonene totaad.

distnhution oy a weighted sum of a 6nue number 04 known bas 6s J 8 8** * f** ' * ** l t 68 ''*P***d '6 La En**e (88* other eeueees. sect
*'P''*****'8"*'' 8'"' F 'functions. By replacing :he order of inte ration sad summation the surf ace

dieptscement can be espressed as a we;g ted sum of the displaceme.its due 15:15to the slip distrLbutimos prescribed by the basis functions. Then the anverse
problem sa stated as the prob 6em of determinent the weights la ptAf t BOUNDARY DETCAMaTION IN CALITORNI A INTERitt0 FROM
superposttaon of the besta functeuns from observed surlace dispixements. CEODCTIC DATA
l'ho problem is highly nonunique in general We lacorporace prior JAcka0N. D.D., Departoont of rarth and space
information about the smoothness of spatial varianon of fault slip into sc&ence. UCLA. Los Angeles CA 900te, and Narata,
observed data . sad construct a Bavesian model with hyper parameters N., Coophyst641 Inst &tute. University of Tokyr'.
wh6ch control the degree of the smoothnesi. Usin6 ADIC, we can select the Toky , 113. Japan,
best model among the f am61y e.' parametnc models contfulled by the We model tectonne deformation in Califormas in terms of
hyper. parameters. We demonstrate the applicability of this method to elastas blocks which can tras. elate, rotate, and oef orm
actual observed data through the analysis of geodetis data sanociated with elastica!!y because of stresses 1pposed at their edges,
the 1946 Nankaido carthquake, whica 6s une of the greatest earthquakes We then deterstne the rates of rotation. trant:staor.
that occurred at the boundary between the Eurasian plate ens' the and boueidsry displacement f ree geologicstly datorp anoJ
Phdippine be plats, fault displacement rates as well as fault creep,

E.ral.ateration, triangulatnon. VLBf. and Gps data.t
tt ating the above quanittses beceses a linear14:30 inverse poblem,wnen the f ault geoneuy is known,eeutlawic, costlantc. ano poststisett svaract 66 roe =4tions

"la te tecto"n'***"e"ory"and'~with g"eologic"al ay"d"etern"t n"ed~ *6*** * " *** f ** *

iam . . Ang.a t := sout .ssv Jam
asax,3,9 ., gy,i,t. ,vue aeus satouc rion p ic th

, 4g , I '** ' #8 I I" N'"' ** '' D'I' ***
pepennent of teeta suences. Ineren un.wersetv. Jeven ge'odet ic'"r a te s"a re'much lo''e"r'. Geo"d'e t t' o'd i splacene fit t .w

the prose.cois, esse nssie, end posteentmas enanges sa the aurine
L'xc*ptP It'd'' the'T'r'an"*sver se 'O 'e's"9

'I *"II'I I'' "A \0%'I I
ma'ler " fault a''e ".eie 4tsen an eeutnwee t Japan. enaen aev aseostated oath the Wd" e e an aangsn s

muassee wasntavsee inae.J a. the 4*s ee e udvet soa esetnques, at tav where the displacement appeare roughly unsfore. The
vau daar eet.een the Asian ano rn.t appme see ptases, ne * u t h* " * * ' 8 " ""

"*a l * * a ** u "* * * ". "* *ad * * * "" * t h' * * "'a n '
np64te

e n . .n ee. v*e.e .enen.ena .re enaine. e res ine e ie n oeave a a'"!**ie.eim d.u e.f re tne pened en ta$o i .o en ne ... ee an ei.cn "cu'ut**''ce *of f aults with .ncooplete geologie data,*19aitscan
, n en ..id nn .d.an.eu .ui,sntne pee.e....e n oo mu s.nue ni-~nen .s enes.eur ned '' 15:30troneneere Li t t ing an the eastera gre a t of snituse and the use at4A*SJRraCf EW10titCE Dr ut'JttCfou!C 0(r08Hafl0N |N 6tt 4ttakt,1 aCT!Vt
peanneele. whaen een to in t e r pe e t ess as tease et a steade state atta$ 14 THE NQRTWatsTIR4 utility Taf ts.
e edvetaen of the enitappane see plate. ine cese ssm ae (1944/194 ALitse0tA. 8.8.. STCJEAA. 3.L ene sirJwu C 4.. paartment or

in enese regsens endientes enardetee nst see et En'''
ggg,,,,,lenc,es . , Pena $,t,a,te u,nivore,n,s,.,Uniwes,in,g Pare .,94, g ,,,,,, , g , 6 4,0 2,,,

1sus tate sevement Cease
seternation due to low angte enrust f aouing. on the einee none. tno g ,gg ,,,g, ,,g ,,,, , ,,,g, ,,

western part of antaeau en tf ore t eem oese vegaene in the sortaca a u ent m prM uno u msw W
,,, g ,,, ,, ,,,m,,,, g ,,,u,m er ce, ,,,,,,,g ,, , , p, p g ,, g g ,,de f oe mat aen pa tt erna st igns up46 f t du r i n. the prese:emic pee ned. 4ma , ,,,,,g,,,

sagnitaeant evoegdence at the ties et sne eartnevase. swem .e ,,, ,,,,, g g , ,,g g , ,,,,, g, ,g ,, ,,,, , ,,,, g , 3,p p g,,.,,,,,3,,,,, ,,

regaenal dif f eresse as also escognacea n corn 6aq the post swanaer ,,,,,,,,,,,g g,,,,,,,,,,,,,,gggg,,,, , , ,,, , g g
,,,,g, ,,,,,,7,

,,,,,,, ,,,,,,
estevnetsen. Moreover. even e tyre of regsevel etif oreaev noee=ca

,,,,,,, g ,, g ,,,,,,, g g ,,,e g u,,e a,,,,s ta,gro,o,ne ,s, eses,go,,g;egie s,t and
g,,,,* y t n e

atee reported enen respect to the setemienie in the c?vst. ,, g g ,g g, g g,,, g

Conseeven t l y, it can se sesd that tsere erg saae reesec44 eit teressee teetestea117 retent nese surrae* eeroemas sen. In tse Lanesste* Sensent
in tne **en nase et owwastaen el the Phi b s.eine se.i plate. 2m Hum ensny ne mwn m'% neum ureme

eteesuon enementes, and tne seevreenee er toestisee travertine ,

ceposits all aepear to te saiiadily associatae eith the etengsted j

14%$ (*40:10 mal. MS-teenetne acae er sessetetty. In tne Moneua sensete 2ew 1

***"""'" "*""#"'' " * ' " " " " " ' ' " " " ' '" """ " " " "
Dtfita:IT 5(XAtCf. lHlWTRfitA 0F T4 51 * *ht) WBslDDd;L-a 1931 thnLl4 EM. NLV ItAIMD* " ' " " *" # " ' ' *
Lurt1Wul flui fliL Nfira 01 ||19 It'l * "s"tre'"a condtttons nn tne ar"a of re"ee"ms sens" ate ac"tiettg. ""Festares- s e

M! hts. A.J.. Seasmolog tui thervatory. Ceopnysus Otvaston, D$1R. ,,,,,g,, ,,,penetsulae to the sa atene norisontat st*ess asseaa en a L L
hollangton, how ;ealand. ,,,g ,, ,g g ,,,y eni t e anose t je t at s ? ) or t ent ed para n n e t to Lnts

he 1931 etantes Bay eartneaekt as the second largest that has occurred
etren.u,a a,re s,,om can,t,on n,i,sm reson,etten aertal paetogespas., ,gg,LA Aew *ealand dursng the AP) years of European settlement. Because of g,,,,.,,, , ,,,, g g ,, ,,g ,,g , , , ,, g ,,,, g g ,,,,,,gg,

4ts pros 1Jnnty to the catv of hapaur at man also the sost destrta;tiv
Liarked up44f t and stesadence more observed over an area of tre order'o'f recent sensate,ity i,n the mooses sees are t*eatly nesseees Dy near*,,, g ,,, ,g g e,g ,, ,,,nt glaci ot ten , these seeresenes nas prootse a -

108 hsna surrending Napier. Dough posnt values of vertacal dasplace' .|
sent are not known suf ficaently accurately to Justify full formul means o,f Locating aae enacasteet sing sones er,,gestos,te,aa,n,y reeent

-

,,,,,, ,,g g , g g , ,,,,, ,, g ,,, g ,,, ,, ,,, y ,, g , , , , ,g , , , , , , , ,
anverston for sourte repertae nncludant the aredi distratnatnon of "I'"#'fault d6eplaceewne , e pottern of upatit and subs.Jence is well enough
estabitshed for ti.e sean propertnes to be de.luced. The suavam fault
dnaplacemefst was close to 10 m, casnatstang of 36 sular armunts o' 15:45
reverse 4tp slip and destral strake slap sovement on a steeply dipping FAULT f'All Ahttttits AND slit' Distr.10UTton Ur THE tets. Avtt1 ann.
crustal fault striking to the same darection as the Pacasic plate ITALY EAftTHQUAKE DElifVED rROM GtODCitC 00sEftV47tnNS!athosphere sutnhected betwath the horth Island. It 13 also dea.ced WARD.SN. i.emm e r...mu, e/ Cef m . su.. Du VALDsist. C . jthat the fault extensis do*fi to near the top surface of the subducted g,,,,,,, 3,,,,,,,, ,, g,,,t f u en,,u.,,,, ,,,f,,,, -

lithosphere 30 he beneath hapier. ne dislocation sexlels consistent Thd p* ***'ne d.u de .unim m.m d .ia tse A n.m. it.n ma .mewith the vertical deforuutton predact hortsontal displacements tha*. ( 8!' * 8 H *'l'"""*'r3 8 # 8 h* * "" ***
".m*.* o'** *e'"e n*m* e* a*s*.d** ~*'*' '* *" "."c"'dIn contrast, -.4 "C.an det fagree to enthin errors utth co, arse gewetas observations. ***""**"********..=.o..une.,y

to autch the geoisetac coserva aons sore enactly, sevement has been il*** l 80 %'* *******l ** ** * ha. l* lita*d i
postulated on the wterface bothecn the Pactits and overlynns Austra. T'd *''**'8 "'***** d **"***'"'8"

f*.m. na*a Ahne.ga ni , s ."c "nae 'a.e.nu '

***"***d*"**"****'*''% n
laan plates, as well as on the crastal fault. Such adJational novement

.u .,,w'** a.".'*s. ' .'* . .". ... .n.... ' l '.*.".#9'.*<H'.*..*.*.d'..s a.e w ..mt.o
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An investigation of the Lancaster, PA seismic zone using remote sensing data,
surface geology and recent seismicity has revealed that neotectonic deformation
is concentrated in a NS-trending fault zone some 50 km in length and 10-20 km ,

in width.- This zone is associated with lineaments and erosion patterns, recent
.

uplift along the Susquehanna' River, and travertine deposits downstream from the
inferred active fault zone. In the Moodus seismic zone it was observed that

'

the frequency of tectonically controlled lineaments increases in the Moodus
quadrangle compared to adjacent areas and that the dominant lineament i

directions are perpendicular and parallel to the maximum horizontal stress
direction (N80-85E) as determined from borehole measurements and earthquake !

focal mechanisms.

One of the most important results of this study is the identification of traver-
tine as a promising indicator of recent fault movements in areas underlain by
carbonate rocks. Using this theory, traver tine deposits were discovered just

1downstream from the Fruitville fault which is associated with the major recent
earthquake activity in the Lancaster area,

-
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