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ABSTRACT 

For the Lancaster, PA seismic zone a multifaceted investigation 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 active fault zone. 

In the Moodus seismic zone the frequency of tectonically-controUed 
lineaments 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 determined from in-situ stress measurements in a 
1.5 km-deep borehole in the seismic zone and from well-constrained 
earthquake focal mechanisms. 

One of the most important results of this study was the identification of 
travertine as a promising new indicator of neotectonic fault movements in areas 
underlain by limestone and dolomite. Using the theory, which predicts that 
travertine deposits will occur downstream from the surface projection of active 
faults in carbonate-rich terranes, contemporaneous travertine deposits were 
discovered just 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 

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 anomalies; 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 investigation 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 

studies were combined with remote sensing observations (aerial 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 the orientation of the maximum horizontal stress 

direction (N80-85E), recently determined from In-situ stress measurements in 

a 1.5 km-deep borehole in the seismic zone and from well-constralned 

earthquake focal mechanisms. These dominant lineament orientations are those 

expected in the present thrust stress regime which has generated recent 
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earthquakes in the Moodus area. No geochemlcal 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 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 

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

surface along fault gouge zones will emerge saturated or supersaturated in 

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

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 correct 

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 in carbonate-rich terranes. Guided by this theory a ground-based 

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. 

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 

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

producing the deposit. However, travertine is presently being deposited 

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

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

new indicator of neotectonic fault movement is clearly warranted. 
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INTRODUCTION 
Rationale for Choices of Areas of Concentrated Studv 

The Lancaster Seismic Zone 

The area around Lancaster, 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 was 

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 

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 

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 Mile 

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 geological, 

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 

mechanism solutions (some ENE, some WNW maximum horizontal compressive 

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 (NUREG/CR4623 EI-1126) 

indicate high horizontal stresses and WNW maximum compression. If these 

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

change between this region and the nearby 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-

constrained focal mechanism solutions in southeastern New York clearly 

establish a dominant ENE orientation for the maximum compressive stress in 

this neighboring region. The nature of near-surface neotectonic deformation 

5 



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 seismically active area in 

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

Electric Energy Corporation, Northeast Utilities, and EPRI, is highly relevant to 

the present study of near-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 Geologicallv Recent Fault 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 brecciated 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 hypothesis, the 
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ages of the travertine deposits would reflect the times of movement along 

these faults. 

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 

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

intervals of past active faulting. 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. 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 

search for such deposits elsewhere in the northeast using remote sensing 

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 
Summary 

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 

intensity VI earthquake. In addition, the principal stresses thus derived, 

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, 

encompassing the city of Lancaster. 

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 

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

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

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

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

description of this investigation represented by a M.S. thesis completed by 

David Stockar as part of the project. 
Rgggni; 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 

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 were 

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 nor th-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 strike of N lO '̂E, dipping eO^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 

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). 

Geological 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 WIssahlckon 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). 
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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 dominant 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 sheets 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. 

Several sets of Precambrian metadiabase 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. 

Geomorphology 

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 Lancaster 

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

80''E) is parallel to bedding. The other direction (approximately N lO '̂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 
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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 

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 River) 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 seismic 

zone, (Figure 1, Figure 3) which is discussed below. Preliminary evidence 

suggests that the falls are due to preglacial faulting and/or flexuring in the area, 

possible preglacial uplift along the Fruitville fault zone. 
Lingamgnts and Rgmotg Sensing 

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

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

and jointed 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 Piedmont (Figure 6). He found that the orientations of these 

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

measured master joints (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 

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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Topographic lineara of tha Lancaatar County area 
derived from topographic mapa. Roaetta A repreaenta 
ground meaaurementa of tha atrikea of 1400 maater 
jointa related to the late etage of folding in the 
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aap, apparently a different ayatam from Roaetta A. 
Tha dotted line repreaenta the Fruitville Fault Zone, 
and the large aolid dot ia tha epicenter of the April, 
1984 earthquake, (modified after Wiae, 1967).. 
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An investigation of LANDSAT-4 imagery (30 m resolution) carried out in 

this study 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 7). The latter are 

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

within the Paleozoic rocks, and the right-lateral offsets in the E-W striking 

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 

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 time 

scale in cultivated fields. Because of other variables that are cultural in nature 

(e.g.. ploughing direction) we have rationallized that density data are less 

am.blguous than strictly orientatlonal 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 

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

break. 

Air-photo analysis by Haiyan 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 analysis (Figure 9) using Landsat imagery two 

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

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 gullies 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 biasing the data by mapping the same 

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

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 in 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 oblique 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 

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 main factors controlling gully development, distribution and density 

are: 
(1) climate. Including rainfall 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 anthropomorphic 

adjustments, e.g., ploughing to remove rills; 
(4) soil thickness and type; 
(5) bedrock composition; 
(6) orientation and nature of bedrock fractures; 
(7) slope aspect and gradient; 
(8) tectonic activity (e.g. differential uplifts etc.) 

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

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, 

they need to be considered independently. 

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

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

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 

degree 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 

anomaly is located in the west-central part of the county, around the city 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 

anomaly is located in the northwestern part of the country, where Ordovician 

sandstones and limestones are overlain by Triassic Redbeds, intruded by 

diabase dikes and Triassic/Jurassic age. A common feature to these three 

anomalous areas Is the presence of generally north-south trending diabase 

dikes. 

Except for the anomalously low "gully-density" swath across the northern 

part of Lancaster county, which correlates with the forested terrain underlain 

27 



LANCASTER COUNTY,PENNSYLVANIA 

00 

SCALE 
0 

H I M H 

1:312,500 
5 10 MILE 

^ ^ ^ ^ ^ M 

DIAGRAM(IN 10 DEGREE INTERVAL) 

GRID SIZE = 5*5 SQ MILES 

GULLYS FROM AERIAL PHOTO INTERPRETATION 

Figure 13, 



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 

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

small size of the rosette in the cell/rose 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 soil types. 

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

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

terraces along the Susequehanna River. As a result of rapid uplift, headward 

erosion and downward incision are promoted until an equilibrium grade is 

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

Formation), with only a thin soil cover also enhance the gully development. 

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

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

transverse to the lithology, soil types, and uplift axis. The remaining factor of 

importance is a tectonic control of some sort. The north-south spike in the 

rose diagrams (see Figure 13) for the cells within this anomaly are transverse to 

bedding dip and slope and major drainage directions, suggesting a 

superimposed fracture control. The breadth of this anomalous belt suggests 

the presence of multiple north-south oriented fractures in a zone rather than a 

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 

dijces of Triassic age. 
The principal conclusions from this morphotectonic analysis are: 

(1) The northwest trend of high "gully-density" anomalies reflects the 

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

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

(Figure 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 faults Is similar to the modern strains manifest by gully development and 

the clustering of epicenters. 
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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 uplift 

and a seismically active fault zone. Moreover, the morphotectonic techniques 

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. 

Gravity and Magnetics 

Sumner (1975) compiled gravity data for the Newark-Gettysburg 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, it is difficult to detect near-surface faulting within 

these rocks. Nevertheless, on the simple Bouguer map (Figure 15), there is 

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 (Figure 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. 
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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, 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 

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

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

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

Paleozoic sedimentary rocks has a range of less than 100 gammas. 

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

Lancaster 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 

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 

Scharnberger'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 October 6, 1978 event (Figure 18). Furthermore, although 

traditionally the March 8, 1889 event, of intensity MM - V, has been located in 

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 Lancast.er 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 

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 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, Pennsylvania and parallels the 

most recent faulting in the area, such as that of the Fruitville fault zone (Figure 

2). 
Conclusions 

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 

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 at a depth 

of 4.5 - 5.0 km. The fault plane solution for the event indicates a N lO'̂ E 

striking fault plane with a eO Ê dip, and a right-lateral sense of motion. Field 

geology identifies a N-S striking fault zone, the Fruitville fault zone (FFZ), 

which is coincident with the LSZ. The FFZ 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 and lithologies, except one. These are the 

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

FFZ, and may be genetically related to them. Finally, a preliminary study of the 

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 FFZ. 
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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 the 

southern area of historic seismisity in the Lancaster, Pennsylvania area. It was 

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

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

Lancaster area. 

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

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

Lancaster seismic area, these terrace remnants must be accurately correlated 

and subsequently dated. Uplift rates can then be calculated by two possible 

methods. The first method estimates the uplift 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 

uplift and neglects stream incision caused by either eustatic 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 

first method could only yield maximum values if the terrace age is well 

constrained. 

The second method estimates uplift magnitude and rate by calculating the 

difference in terrace elevation along any one 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 Age of Terraces 
Two detailed studies reporting the distribution of terrace remnants along 

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

(1928, 1930) and Campbell (1929). At least six, gravel-capped terrace levels 

that are of potential use in this study have been mapped (Figure 19) and 

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

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

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

feet (Bryn Mawr). 

The three lowest terraces (Talbot, Wicomico and Sunderland) which are also 

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

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

possible maximum uplift rate. 

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

as the "Upland Gravels" occurs as scattered remnants of boulder strewn, flat 

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. 

The Upland Gravels generally consist of isolated, rounded, exotic boulders 

and cobbles preserved in a residual soil developed on local bedrock. Because 

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

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

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

coastal plain. Assumed ages range from earliest Pleistocene to middle Pliocene 

(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 

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

Gravels. These include samples from the Sand Hill Quarry (elevation 60 ft., Rte. 

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

York Brothers Quarry (elevation 400 ft.. Belevedere Rd.). However, all 
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samples were devoid of palynomorphs (see letter from 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 poorly 

constrained age estimates will not affect estimates of magnitude of crustal 

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

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 lower Susquehanna, the only two 

detailed studies of that area (Campbell, 1929 and 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 

or Pliocene age (Schlee, 1957). Campbell's (1929) correlation of the Bryn Mawr 

Terrace remnants shows a distinct upward bulge in the Bryn Mawr surface 

(Figure 20) centered near Safe Harbor, in the general vicinity of historic seismic 

activity around Lancaster. Contours drawn on this warped surface produced 

the Westminster Anticline (Figure 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 

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

Stose's (1930) correlation showed no deformation along the Bryn Mawr surface 

Given tlio poor preservation of the Bryn Mawr terrace gravels, it is not possible 

to determine the correct correlation at the present time. Therefore, uplift rates 

based on both correlations will be calculated for the lower Susquehanna 

Neotectonic Deformation Along The Lower Susquehanna 

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

and possible uplift rates have been calculated for the lower Susquehanna 

(Table 2). Maximum possible uplift rates vary over an order of magnitude, but 

are consistantly quite low ranging from 6 5 X 10"^ mm/yr to 2 8 X 10"' mm/yr 

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

passive, continental margin. Importantly, uplift rate calculated from closure on 

the Westminster Anticline is centered in the vicinity of historic seismic activity 
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near Lancaster and may reflect deformation associated with that activity over 

the last several million years. However, uplift rates calculated with the first 

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 more reasonably 

related to regional isostatic uplift resulting from slow but steady erosion of the 

Piedmont. However, the presence of distinct convex-up tributary stream 

segments (Thompson, 1985) and associated geomorphic features (Hack, 1982) 

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

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 Uplift Rates along the lower Susquehanna River. 

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

4^ 

Closure on Westminster Bryn Mawr 
Anticline (Campbell, 1929)^. 

Elevation of Bryn Mawr Bryn Mawr 
above modern river level'̂ . 
(Stose, 1930). 

Elevation of Sunderland Sunderland 
2 

above modern river level . 
(Stose, 1930). 

Elevation of Wicomico Wicomico 
above modern river level'̂ . 
(Stose, 1930). 

65 

100 

38 

20 

1 million 

2 million 

100,000 

70,000 

-2 6.5 X 10 

1.0 X 10-1 

3.8 X 10' 

2.8 X 10-1 

1. using method 2 in text 
2. using method 1 in text 
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Figure 20. Terrace profiles of Bryn Mawr (or equivalent) and lower 
surfaces for three major rivers in the northern Appalachian Piedmont. 
Note inferred deformation on the Susquehanna in the vicinity of Safe 
Harbor. (from Campbell, 1929). 



Figure i'l Distribution of the IJestninster 
Anticline shown by contour lines on the 
surface of the Bryn Mawr gravel. Data from 
Figure 20. Contour interval 100 ft; datum 
near sea level, (from Campbell, 1929). 
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TRAVSPORE. INC. 

R. O. 2 , BOX 3 9 0 

HUNTING^N, PA 1 6 6 5 2 

U.S.A. 

22 December, 1986 

Dr. Thomas Gardner 
Dept. of Geosciences 
303 Deike Building 
University Park, PA 16802 

Dear Tom: 

We have completed our study of the four (presumably) Neogene samples 
you gave us to work 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—kaolinite or montmorillonite probably. There are 
some silt-size particles which I assume must be quartz from the observed 
reactions: 

l.no reaction in 15% HCl (therefore no carbonates) 

2.violent reaction (explosive) in 52% HF 

3.no ZnCl„ (sp. gr. 2.1) float (this is really quite unusual for 
silty clay samples). 

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

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

Yours very truly, 

Alfred Traverse 
President 

AT/et 
end: invoice 





TRAVERTINE AS AN INDICATOR OF RECENT FAULT MOVEMENT 
Sqmmftry 

Based on Thornton's hypothesis travertine deposits such as those found in 

central Virginia, are associated with recent fault movements in carbonate 

terranes. Therefore, travertine deposits should now be forming in the Lancaster 

seismic zone. As predicted a ground-based survey revealed the presence of 

travertine deposits on small streams crossing the Lancaster fault zone in 

Lancaster, FA. Present deposition occurs downstream from the inferred fault 

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 

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

faults in the northeastern U.S. 

Ba':kgrQ»nd 

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, 

deposition of travertine was followed by a period of alluviation, so that some of 

the deposits are overlain marginally by stream sand and silts. 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 details concerning the nature and origin of these 

deposits. 

Localization of the travertine downstream 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 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 most probable alternative is that 

geologically-recent movement has occurred along these faults, producing a new 
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supply of crushed limestone for the circulating ground water to act on. On this 

hypothesis, 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 

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 

stratigraphiic and chronologic relationships are probably better displayed in 

some of the less spectacular occurrence such as those along Holman Creek 

mentioned above and those along Smith 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 

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 

clearly indicated a NNE strike of the 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 four locations of present travertine 

deposition (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 1 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 

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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FIGURE_22^ Map oi trevertine sites anc springs in relation to 
recent earthquake epicenters along the southern trace of the 
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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 is on the south branch of Stehman Run where a travertine layer of similar 

thickness covers dead branches and cobbles within small waterfalls. 

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 downstream from the inferred fault trace of the Gruitville fault. 

Finally, in this region the travertine 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 indicated no 

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 mylonitizing 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 

downstream 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 

rocks exist. 

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 

largest (about magnitude 6) historic earthquakes in the eastern U.S. This 

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. 

While the presence of travertine implies nearby neotectonic fault 

movement it does not necessarily imply seismogenic faulting. Presumably 
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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. 

Age Dating of Travertine Deposits 

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 reconstructing the history of 

neotectonic activity areas where travertine deposits are found. 
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However, in all cases where travertine deposition is presently occurring 

(e.g. Lancaster) associated geologically-recent movement on nearby faults 

(upstream) can be inferred. 
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NEOTECTONIC, GEOCHEMICAL AND LINEAMENT STUDIES OF THE MOODUS 
SEISMIC AREA 

In an attempt to identify neotectonic, geochemlcal, 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 

seismic activity in recent and historic times. 

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

regard to 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 

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

(1:250,000 SLAR radar imagery, 1:100,000 SPOT satellite image, 1:80,000 high-

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 neotectonic features has previously been 

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 

geochemlcal studies in the present study revealed no evidence of mineral 

precipitates or supersaturated species in 33 stream bottom samples and 8 water 

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 

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 

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°-

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

55 



maximum compressive stress {(r-,) as determined from in situ stress and 

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

This association suggests a causal association with the present thrust stress 

regime. Lineament frequency was observed to increase in the Moodus 

quadrangle relative to adjacent study quadrangles, suggesting an increase in 

fracture density in the vicinity of the seismic zone. 

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

Appendix C. 
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SUMMARY AND CONCLUSIONS 

For the Lancaster seismic zone the multifaceted investigation 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. 

In the Moodus seismic zone results of previous ground-based geological 

studies were combined with remote sensing observations (aerial 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 the orientation of the maximum horizontal stress 

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 

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 geochemlcal 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 sampled. 

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 saturated 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 correct 

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 in carbonate-rich terranes. Guided by this theory a ground-based 

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. 

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 

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

producing the deposit. However, travertine is presently being deposited 

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 

currently being deposited as evidenced by twigs and other debris entrained 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. 
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ABSTRACT 

This study is focused 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 39.94° N, 76.325° W near 
Marticville, about 10 km. south of Lancaster. The event was 
preceded by a magnitude 3.0, MM IV foreshock located near 
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 
youngest faults present are the NS-trending cross-faults 
which offset all other structural features and lithologies 
of the area. The April, 1984 event is within the dominant 
zone of these faults. The historical seismicity and 
relocated, instrumentally recorded, events also define a 
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 zone. The drainage 
pattern of the major streams is also predominantly 
NS-trending near Lancaster. Potential field (aeromagnetic 
and gravity) anomalies and prominent remote sensing 
lineaments provide further evidence of the presence of the 
cross-structural zone inferred from the geology and 
seismicity, including evidence for large scale basement 
features. 
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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. 

On April 23, 1984 Lancaster County, Pennsylvania 
experienced one of the largest earthquakes in its recent 
history. It registered a magnitude of 4.2 and a maximum 
intensity of MM VI. This mainshock was preceded by a 
magnitude 3.0, MM IV foreshock, on April 19 of the same 
year, and followed by several aftershocks which lasted 
until September, 1984. Immediately after the mainshock, the 
Pennsylvania State University and the Lamont-Doherty 
Observatory se.t 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 Marticville, about 10 km 
south of the city of Lancaster. Armbruster and Seeber 
(1985) obtained a fault plane solution based on the first 
arrivals from the mainshock and the aftershocks, which 
appeared to have the same epicenter. The fault plane 
solution suggested a N 10° 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 
region, and of the possible source of the April 23, 1984 
earthquake. The findings of this investigation are summed 
up in this paper. They were obtained by a thorough search 
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 
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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 zone, 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 
(Armbruster and Seeber, 1985). 
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GEOLOGY 

General Ap-palachian Tectonics 

The tectonic provinces of the Eastern United States 
are outlined and described by King (1951) as three separate 
regions. They are the central stable region, the 
Appalachian erogenic 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 Blue 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 
(380 - 400 m.y.) and the Alleghenian orogeny of the 
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 (Drake,1980). 

This type of deformation may be quite similar 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 
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to this popular idea, the Valley and Ridge and the 
Appalachian Plateau are folded, NW moving, thin, thrust 
sheets, allochtonous for hundreds of kilometers on a sole 
thrust (decollement zone), which occurs largely within 
incompetent strata of middle Cambrian, upper Ordovician, 
upper Silurian, and middle and upper Devonian age. 

General Geology of the Lancaster Area 

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 the 
county (Meisler and Becher, 1971), and clastic sedimentary 
rocks and schists dominate south of the Martic line (Bria, 
1978). Quartzites, carbonates, and pelitic sediments 
comprise 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 
from dominantly carbonate to dominantly clastic sediments 
(Wise and Kauffman, 1960). These Paleozoic rocks are 
strongly folded by at least two generations of folding. 
Further to the north, near the border of Lebanon County are 
the clastic sediments of the Newark - Gettysburg Triassic 
basin. These are intruded by large diabase sheets and 
dikes. These diabase dikes, which are predominantly N - N E 
striking (Figure 4), intrude all surifounding rocks of the 
region and are thus the youngest (Bria, 1978). 

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

Triassic lowlands section - 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 
quartzite, phyllite, and schist, as mentioned above. 
Ordovician rocks (youngest to oldest) 

- Cocalico formation : a fissile shale 
- Conestoga formation : crystalline limestone 
containing clayey, graphitic, and micaceous laminae, 
and a basal carbonate-rock conglomerate 

- Beekmantown Group : limestones, interbedded 
limestones and dolomites, and dolomites 

Cambrian rocks (youngest to oldest) 
- Conococheaque Group 
- Elbrook-Cooks Corner formation : interbedded 
limestones and dolomites 
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- Ledger formation : dolomite 
- Kinzers formation : shales with beds of limestone 
and dolomite 

- Vintage formation : dolomite 
- Antietam, Harpers & Chickies formations : Quartzite, 
phyllite, and schist 

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 Triassic 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 (Stose, 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 
data (Willard et al, 1959). 

The Newark-Gettysburg Basin follows the regional grain 
of the Appalation structures (30°-50°NE), although in 
the Lancaster County area it strikes due east-west. The dip 
of the Triassic sediments is on average 10°-20°NW., 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 
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displacement along the northern border fault was caused by 
tensional crustal thinning and graben formation (Beck, 
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 
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 
growth fault which is covered by the overlapping New Oxford 
formation. Cloos and Petti John (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, 
they supported the full graben model for the origin of the 
Newark-Gettysburg Basin. 

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; Klitgord 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 zone 
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of the Appalachian mountains. Such serpentine belts follow 
the Appalachian trend along the entire length of the 
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 
3. A zone with tightly folded Cambro-Ordovician 

carbonates with steeply dipping axial planes in 
the Lancaster Valley, accompanied by some basement 
uplift 

4. A zone 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) 
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FIGUREl Geologic Index nap of the Appalachian Plednont 
along the Suaquehanna River of Pennsylvania and 
Maryland, (nodlfled after Wise, 19&7> 



FIGURE 2 

Structural nap of the northern Lancaster County 
area. The Fruitville Fault Zone napped by Stose & 
Jonaa (1930) is superimposed on to the map aa a 
dashed line, (nodified after Meisler & Becher, 
1971) 
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STRUCTURE 

Major Structures of Lancaster County 

The geology of the Lancaster area can be divided into 
several structural provinces. Starting at the northern part 
of the overall region (Figure 1), we encounter the Great 
Valley. This geological province is one large synclinorium 
with its southern limb overturned (Grey et al, 1958). South 
of the Great Valley is the Newark-Gettysburg Triassic 
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 
is dominated by recumbent folding and thrusting in the 
north, and tight isoclinal folding in the south. As in the 
Triassic basin, the youngest faulting in the region is 
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 
Conestoga limestone of the Lancaster Valley. This Martic 
Line contact appears to be an early Paleozoic zone of 
imbricate thrusting which has later been folded (Jonas & 
Stose, 1930; Cloos & Heitanen, 1941; Meisler & Becher, 
1971; Bria, 1978). 

More locally the Lancaster Valley region surrounding 
the city of Lancaster (Figure 2), can be subdivided into 
three regional, structural domains (Meisler & Becher, 
1971). The northern regional domain is characterized by 
nappe structure consisting of recumbent folds, thrust 
faults, and gentle south-dipping axial plane cleavage. The 
central regional domain has variable fold-geometry and 
intricate faulting in which the north-south striking faults 
are the youngest. Finally, the southern regional domain is 
dominated by upright, near-isoclinal folds and steeply 
dipping axial plane cleavage. 

Based on their field observations, Meisler and Becher 
(1971) postulate the structural history of the area. They 
suggest that multiple events occurred beginning early in 
the Paleozoic and continuing up to at least the Triassic 
and Jurassic. Thus, epeirogenic movements caused 
pre-Conestoga and pre-Cocalico unconformaties. These are 
the earliest structural events (mid-Cambrian to 
mid-Ordovician) recorded in the carbonate rocks of the 
Lancaster Valley. This was followed by the deposition of 
the Conestoga and Cocalico formations in the early 
Paleozoic (Meisler and Becher, 1971). 
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The first period of deformation resulted in the 
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 
Manheim Anticline (Figure 2). Furthermore, in the initial 
stages of deformation, there occurred some strike-slip 
faulting and local warping of the axial plane cleavage 
(Meisler and Becher, 1971). 

The second major deformation, which may have 
overlapped the first, produced the following results. In 
the southern part of the Lancaster Valley it produced 
isoclinal 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 Syncline 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 probably due to the 
different lithologies, and to the locally different 
intensity of basement deformation. Finally, "faults as late 
as the Triassic age are probably present in the carbonate 
rock" (Meisler & Becher, 1971). 

Diabase Intrusions 

Triassic-Jurassic Diabase Sheets 

Within the Newark-Gettysburg basin of southeastern 
Pennsylvania are various diabase intrusions varying from 
dikes, flows, and irregular 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 (Hotz, 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 (Kauffman, 
1967; Smith et al,,1975). At depth they appear saucer 
shaped with a thickness of 60 - 600 m. (Smith et al, 1975; 
Bria, 1978). This curved, basin shaped form may be due to 
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near horizontal fractures in the Triassic sediment (Hotz, 
1952; Bria, 1978). 

The diabase is believed to have originated from deep 
reservoirs below the Triassic sedimentary rocks, ascending 
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). 

Triassic-Jurassic Diabase Dikes 

Dikes in the Lancaster County region are marked by 
long, low-lying, often forested ridges known as "ironstone 
ridges", 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 al.,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 Paleozoic 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, 1978). "Most of the 
outlying dikes intrude the metamorphic and plutonic rocks 
of the Piedmont province, although a few extend northward 
into the Paleozoic 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 direction 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 
dikes are common throughout. These are discordant to 
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 
sheets within the basin (King, 1971). 

Ages of the Mesozoic Diabases 

Most of the diabase sills and dikes in southeastern 
Pennsylvania appear to be late Triassic to early Jurassic 
in age (180-200 m.y.) (Van Houten, 1969). Although this 
general age for all the intrusions is well agreed upon, the 
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 
et al.,1959) and radiometric K-Ar dating (DeBoer, 1968). 
However, paleomagnetic evidence suggests that the "fossil 
magnetic directions of the dikes coincide neither with the 
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 
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 
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) 
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 and the sheets, than the simple sequence of sheet 
intrusion followed by dike intrusion. Although the dikes 
appear to transect all the igneous and sedimentary units of 
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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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 
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 tyrpes of Triassic diabase in SE 
Pennsylvania based on chemical composition (Figure 4) 
(Smith et al. , 1975) : 

Quarryville type - oldest 
- occurs as an olivine 
tholeiite dike swarm 

York Haven type - intermediate in age 
- quartz tholeiite sheets, 
dikes, and flows 

Rossville tyT>e - youngest 
- quartz tholeiite sheets and 
dikes 

Within the s^me diabase type, there is a very uniform 
composition. Based on calculated cooling rates, 
homogeneities in each magma type, and paleomagnetics. Smith 
et al (1975) concluded that there was a short period of 
intrusion for each diabase 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 
approximately 500 samples of Rossville and York Haven 
dikes, sheets, swarms, or flows (Smith et al., 1975). The 
Rossville type dike intrudes the Quarryville swarm. Based 
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 
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 
at least the few thousands of years required for the 
cooling of the York Haven magma as found from heat flow 
calculations" (Smith et al., 1975). Just south of 
Gettysburg, 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 
Haven 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 Rossville 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 
zone, chlorite schist to date the York Haven type sheets at 
195 m.y. Thus, they are older than the Rossville type 
diabase. 

Orientation of the Mesozoic Dikes 

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 is 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 
Paleozoic rocks (Socolow, 1966). 

In general, the dikes in the Lancaster area strike N -
NNE (Figure 4) (Socolow, 1966; Smith, 1973; Olsen, 1980). 
There are several of these diabase dike swarms in Lancaster 
County and eastern York County. They are of all three ages 
(types), thus proving that this N - S zone of crustal 
weakness was reactivated during all three of the intrusive 
events (Figure 4). The strike of the three separate 
diabase types can be seen in Rose diagrams of Figure 6, 
(Smith, 1973) with the average values as follows: 

Quarryville dikes strike = N 27<̂  E 
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EI5yBl_§ Roae diagrams for the strikes of Rossville, York 
Haven, and Ouarryville-Type Dikes. The scale is 
0.1 cm per 1.6 km of dike for Rossville and 
York Haven, and 0.1 cm per 0.48 km of dike 
for the Quarryvilla-type. (after Smith, 1972) 
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York Haven dikes strike = N 5° E , N 32° E 
(bimodal) 

Rossville dikes strike = N 20° E 
Thus, all three types of dikes have a NNE strike with the 
York Haven ones having a bimodal 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 20° E, 
which fills the minimum between the two maxima in the Rose 
diagram. It is this dike which is worth considering in more 
detail because of its proximity to the area of interest, 
within Lancaster County. 

The Rockhill (Safe Harbor) Dike 

As mentioned above, this diabase dike is of the York 
Haven type. It is 65 km long and changes strike from NNE in 
Maryland and York County to N in the area of interest 
(south of the city of Lancaster) to NNW in northwestern 
Lancaster County (Figure 4) (Smith et al., 1975; Grey et 
al., 1980). The overall variation in its strike is from N 
14°W to N 13°E'and in width from 2 - 12 m (Bria, 1978). 

In the area of interest (Figure 4), near the April 23, 
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). 

Theories on the Emplacement of the Mesozoic Dikes 

Many theories abound on the intrusion of the diabase 
dikes in the Late Triassic and early Jurassic. Most of 
these theories associate the dike intrusion with the 
opening of the present Atlantic Ocean. However, 'much of the 
agreement ends there. 

One popular theory is that well after the initiation 
of rifting and basin formation along the proto-Atlantic 
margin, a set of basic dikes was injected radially, with 
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; 
Klitgard, et al., 1983; Armbruster 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; Dietz and Holden, 1970; Smith and 
Hallam, 1970; Rogers, 1970; Lapham and Gray, 1972; Bria, 
1978). All these are basically a variation on the first 
idea. 

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 
Newfoundland and New Brunswick (Block, 1964). 

Finally, in a more local study, Volk (1977) proposed a 
reconstruction of the tectonic history and diabase 
intrusion of S.E. Pennsylvania, through paleomagnetic data 
in association with the geochemlcal and relative ages 
obtained by Smith, et al.,(1975). Her reconstruction is as 
follows: 

1. Deposition of sediments, probably in a crustal 
downwarp 

2. York Haven type diabase dikes and sheets 
intruded while Triassic sediments remained 
relatively undeformed 

3. Approximately a 10 degrees NW tilting of the 
Triassic basin and possibly of the surrounding 
area by rotation 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 

The folds in the last phase are temporally and spatially 
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 
stress, during dike intrusion and early Atlantic rifting, 
is in agreement with that found by Dietz and Holden (1970) 
in their reconstruction of the continents during the late 
Triassic, the period of the initial breakup of the Pangean 
supercontinent. 

Precambrian Metadiabase of S.E. Pennsylvania 

Precambrian metadiabase occurs in the form of 
batholiths, lenses, 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 
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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 Triassic basin (Figure 4). Here, they 
strike primarily in the N and NNE directions. They also 
appear in the Precambrian gniesses within an exposure just 
north of Downington, Pa. (Figure 4). Here in Chester County 
they have a more NE to ENE trend (Berg, et al., 1980). 

These metadiabase dike swarms, with their N to NE 
strike, are ancient zones of weakness which seem to 
underlie the Paleozoic and Triassic sedimentary rocks of 
Lancaster County and vicinity. They appear to cut all of 
the Precambrian rocks. Thus, they are probably associated 
with a period of diabase intrusion in the late Precambrian 
(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 
Adirondacks. They, also, appear in the Highland of New 
Jersey where they are described as Losee gniess (diorite) 
and Pchuck gniess (gabbro) (Bascom and Stose, 1938). 

Faults 

Introduction to Faulting in the Lancaster County Region 

Most of the known faults in the Appalachian area are 
believed to extend to relatively shallow depths, probably 
less than 7 to 8 km (Hadley and Devine, 1974). Therefore, 
they are not projected into the basement (Hadley and 
Devine, 1974). 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 faults of Paleozoic age. 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 Martic line (Figure 2). 

The second and younger set of faults in Lancaster 
County is the N-S 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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E-W striking thrust faults (Figure 2). Thus, they are often 
termed "cross faults" in the literature. They appear to 
have formed initially as normal faults associated with the 
period of extension in the late Triassic and early 
Jurassic. Subsequently they appear to have been reactivated 
as oblique reverse faults in the present stress regime. 

It is important to remember that faults in the 
Lancaster area are difficult to confirm and many more may 
be present. This difficulty results from the sparsity of 
bedrock exposures in this well farmed region, and the lack 
of distinctive mappable lithologic units (Socolow, 1966). 

The Martic Line 

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 
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 major 
overthrust exists, and that the Wissahickon schist of the 
Glenarm series is a highly metamorphosed fades of the 
Ordovician 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 top 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 
mapped in detail, in 1929, Knopf and Jonas (1929) described 
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 
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 
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been thoroughly deformed after repetition by a uniform act 
of folding which overturned all folds southward and 
produced a unique cleavage which dips to the north" (Cloos 
and Heitanen, 1941). Thus, all the deformations cross the 
Martic Line without change, indicating that this thrust 
zone predates all the major folding in the Lancaster region 
(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 
Martic 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 

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 fades 
change or a Lower Paleozoic thrust zone which has been 
extensively deformed in the later Paleozoic, and which has 
been inactive ever since. 

Paleozoic E-W Trending Thrust Faults 

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., 1980). 

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 River into 
Lancaster County west of the town of Lancaster (Figure 1). 
Here, in the Susquehanna River gorge, the lower beds of the 
Chickies formation are thrust against the Conestoga 
limestones. Thus, there is considerable horizontal 
shortening. All 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 
after thrusting. This deformation involved all the 
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). 

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 
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 limestone, west of the city of Lancaster. The 
fault is diagonal to the regional folding, truncating the 
Chickies 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 fades to the north and 
to the south. There is no exposure of Conestoga limestones 
north of this zone (Figure l)(Gray, et al., 1960; Kauffman, 
1967; Grey, et al., 1980). 

The third major Paleozoic thrust fault in the area is 
the Yellow Breeches thrust, just south of Harrisburg, and 
just north of the Triassic basin (Figure 1). It truncates 
the plunging nose of the South Mountain anticlinorium, 
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 
of the Lebanon Valley to the east. There are vast 
differences in the fades 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 basin. The thrust is associated with minor 
steep faults (Gray, et al., 1960; Kauffman, 1967; Berg, et 
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 associated with the larger Stoner and 
Chickies thrusts mentioned above. They, too, strike E-W 
with the south side allochthonous and are accompanied by 
overturned folding. 

In the northern section of Figure 2, between Manheim 
and Lititz 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-Millway 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 offset by N-S striking 
cross faults which will be discussed below (Gray, et al., 
1960; Meisler and Becher, 1971; Berg, et al., 1980). 
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Triassic Border Faults 

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. 

Post-Triassic Cross Faults 

The youngest structural features of the Lancaster, 
Pennsylvania region are the north-south trending, 
post-Triassic 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 
(Smith, et al., 1975). 

These normal faults run continuously through the 
Triassic rocks of the Newark-Gettysburg basin and the 
surrounding Paleozoic 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 faults 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 fault 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 zone 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 
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) 
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(Figure 3). However, Meisler and Becher (1971) mapped 
several smaller cross faults, with strikes varying 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 Geologic Map of Pennsylvania (Berg, et 
al., 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 
historically 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 
indicated by the predominantly north-south strike of not 
only the post-Triassic normal faults, but also the 
predominantly north-south strike of the Precambrian and 
Triassic-Jurassic diabase dikes swarms associated with them 
(Gray, et al., 1960; Berg, et al. , 1980). 

Further" evidence for a north-south trending zone 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; Berg, et al., 1980). 

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 the 
bedding domains are small , numerous and very random in dip 
direction. This area coincides with the area of highest 
faulting, 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 the 
underlying and the adjacent Paleozoic and Pre-Paleozoic 
rocks. Such faults have been traced in the Paleozoic 
formations, 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 
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identified one fault in the region where movement occurred 
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 
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 
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 
(Johnston, 1966). Finally, in the Cornwall area (Figure 3), 
several small faults, and one major fault, offset all the 
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 Piedmont. 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). 

Coastal Plane Faulting 

Due to a lack of post-Triassic rocks in the Lancaster 
region of Pennsylvania, it is difficult to date more recent 
movement along the faults observed in outcrop. However, 
there is evidence within the Coastal Plain sediments that 
faulting is a continuous, ongoing process along the Eastern 
U.S. 
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The geographically closest example of recent faulting 
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 8), is divided into 
two enechlon faults, both extending to the north and to the 
south beyond the study area. The maximum throw on the 
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 8). 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 
shows no rupture reaching the surface. The fault 
displacement is absorbed upward, and only folding occurs in 
the Tertiary sediments (Jacobeen, 1972). However, based on 
seismic profiles across the area, the Danville fault comes 
very close to the surface, since near surface beds appear 
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 
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 
younger sediments have been observed at the surface in the 
Washington, D.C. area (Jacobeen, 1972). 

Joints 

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. 
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 15-35°W. 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 65-80°E (Wise and Grauch, 
1967). 

The dynamic interpretation of this joint pattern is 
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 15-20°W). Any pure shearing parallel with the 
compression direction would tend to form fractures parallel 
with the acute bisector (N 15-20°W). With relaxation of 
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FIGyRE_9 Strike of najor joint aets in the inner Piedmont 
of Pennsylvania. Dota represent the strike of 
38 major joint aets. Numbers indicate population 
of dota falling within a 15 degree aector. Obtuse 
bisector joint ia indicated by closer spaced dot 
pattern, (after Wise & Granch, 1967) 
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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 65-80°E." 

Cloos and Heitanen (1941) examined 200 joints randomly 
throughout southern Lancaster County. They found a dominant 
joint set striking at N 10°W and conjugate joint sets to 
the NW and NE, analogous to those of Wise and Grauch (1976) 
above. Rios (1966) looked at jointing in Quarryville, 
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 
rocks near the Martic Line. The joint sets had strikes of 
N 8°W and N 32°W with dips of 76°E 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. 

The Relative Ages of the Structural Features of Lancaster 
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, predominantly thrust faults 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 metadiabase 
intrusives. These E-W striking faults appear to 
be the result of the Paleozoic orogenies which 
formed the Appalachian mountains. 

2..The Mesozoic diabase bodies were intruded in 
three 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 sills and 
dikes are older than the N-S striking faults, 
with the possible exception of the Rossville 
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diabase, which may be contemporaneous. 
3. The N-S striking cross faults appear to be the 

youngest structural features based on the 
cross-cutting relationships. They are 
consistently right lateral in offset (Berg, 
et al., 1980), and appear to be originally 
normal faults, associated with post-Triassic 
rifting. 
In the area of seismicity within Lancaster County 

(Figure 3), the Fruitville fault zone runs north-south, 
parallel to the 76°20' 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 Kissell Thrust, just SW of the town of 
Lititz (Figure 2) (Jonas and Stose, 1930; Meisler 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 

The Topography and the Drainage of 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 ra 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 
greater relief than the surrounding formations, and is more 
finely dissected by streams. These differences may be due 
to lithologic contrast and emphasized by the near-vertical 
dip of the cleavage and the bedding within the Conestoga 
(Meisler and Becher, 1971). 

A preliminary look at the drainage pattern of the 
Lancaster area shows the larger streams generally flowing 
in the north-south direction (Figure 2). A study of over 
300 straight segments of stream channels in central and 
southern Lancaster County, the area dominated by 
carbonates, shows 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 the strike of the beds (Figure 10) 
(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 
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 
"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 
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 
trending seismic zone (Figures 1 & 3). Preliminary evidence 
suggests that the falls may be due to preglacial faulting 
or flexuring in the area (Thompson, personal communication) 
indicating recent uplift along the Fruitville Fault zone. 
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GRAVITY AND MAGNETICS 

Gravity Survey of Lancaster County 

Sumner (1975) compiled gravity data for the 
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 
Paleozoic 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 
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 11) (Sumner, 1975). 

Magnetic Survey of Lancaster County 

Bromery and Griscom (1967) compiled an aeromagnetic 
map of S.E. 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, et al., 1961), the 
Lancaster quadrangle (Bromery, et al., 1961), and the 
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 
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 (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 Fruitville fault, this contact (as well as 
the Martic Line) trends N-S. This is also the area of the 
1984 earthquake. 

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 area 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 
elastics and carbonates (Sumner, 1977). Thus, the 
aeromagnetic data for the Triassic and Paleozoic 
sedimentary rocks has a range of less than 100 gammas. 

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 
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 
geophysical 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) . 

Further evidence for the Lake Erie-Maryland crustal 
block comes from an offshore gravity and magnetic study by 
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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FIGyRE_13 Simple Bouguer anomaly map (contour Interval 
equal to 10 mgal) of Pennaylvanla ahowing large 
crustal lineamenta. Heavy lines are the Tyrone 
- Mt. Union (TMU) and Pittsburgh - Waahington (PW) 
crustal lineamenta. The Kane (KA), Scranton (SGH), 
and Newport (NE) gravity highs are labeled. The 
triangle ia the approximate location of the April 23, 
1984 earthquake, (modified after Lavin et al, 1982) 
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39th and 40th parallel, where it takes a bend landward, and 
is possibly offset. This offset is consistent with the NW 
offset on the Lake Erie - Maryland crustal block mentioned 
above. 

Kimberlite 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 kimberlites' 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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LINEAMENTS 

Lineaments in the Northeastern United States 

As early as 1904, Hobbs (1904) found NNW trending 
lineaments, by observing that many of the large scale 
rivers and lakes in the NE U.S. aligned themselves in a 
given direction for several hundreds of kilometers (Figure 
14). He defined a set of NNE striking linear features and a 
set of NW striking ones. The NW lineaments 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 
structural analysis to describe 17 NW striking lineaments 
in the Plateau Province. They discovered 5 lineaments in 
Pennsylvania, and 12 in West Virginia. They varied in 
length from 13 km to 172 km, averaging 71 km. They strike 
from N 9̂"'W to N 91<̂ W, with an average of N 53°W 
(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 zones of closely fractured 
rocks (Wheeler, et al., 1978). 

Wise (1974) used shadow methods on raised plastic 
relief maps of the NE U.S. to produce psuedo-radar photo 
maps, and to analyze them for linear components. He 
concluded that " the most pervasive fracture systems, 
striking N 20<-̂ E, N 250W, and N 70OE, extend at least 
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 ground 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 ENE in 
strike, and a weaker striking NW. The ENE striking 
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 
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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 
zone around it (Figure 3). 

Lineaments in the Lancaster County Region 

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. 

C7old, et al. (1973,1974) located major lineaments 
(greater than 80 km) in Pennsylvania based on ERTS-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 
ERTS-1 data. In the Lancaster region.(the thick 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 segments, 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, 1974). 

Wise (1967) used topographic maps to identify 
topographic linears of the Susquehanna Piedmont (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 
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 dominant within the Lancaster region (Figure 18). 
These topographic lineaments clearly define the Fruitville 
fault (Figure 1) and the Lancaster seismic zone (Figure 3), 
(note the location of the 1984 earthquake in Figure 18). 
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The preliminary investigation of LANDSAT-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 
latter are defined by gaps and drainage through the 
Triassic rocks, stream drainage within the Paleozoic rocks, 
and the right lateral offsets in the E-W striking ridges of 
the Conestoga Valley (Figure 2). 
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FIGyRE_14 Topographic lineamenta of the Atlantic Border 
Region in relation to Lancaster, Pennsylvania 
(after Hobba, 1904). 
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FIGyRE_15 

Ma^or Fracture Orientations of the Northeaatern 
United States on a quadrangle-by-quadrangle basis 
using a topographic ahadow technique. The contraating 
line types are used to suggest correlations among 
tha various fracturea. The quadrangle with the dark 
bordera ia the one which includea Lancaster, 
Pennsylvania, (after Wiae, 1974) 

A63 



E D i c e n t e r 

L i n e a m e n t 

FIGURE 16 

ERTS-1 aatellite lineaments of Pennsylvania and the 
location of hiatoric epicentera of earthquakaa, 
including the April 23, 1984 event ahown by the 
triangle, (after Gold, et al., 1974) 
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FIGURE 17 LANDSAT-1 intermediate length lineament orientationa aummarized in 
roae diagrams for ceils on a grid acroaa Pennaylvanla. The dark bordered 
cell ia the one for the Lancaater area. The acan line direction, aun 
azimuth, and general atrike of bedrock are superimposed on the diagram. The 
denaity of lineamenta in one cell can be judged by the aum of their lengtha, 
recorded in kilometers in the lower corner, (after Kowalik & Gold, 1974). 



FIGyRE_18 

Topographic linears of the Lancaster County area 
derived from topographic maps. Rosetta A represents 
ground measurements of the strikes of 1400 maater 
joints related to the late etage of folding in the 
Piedmont,of Pennaylvanla. Rosetta B represents the 
eight directions of the topographic linears on this 
map, apparently a different aystem from Roaetta A. 
The dotted line repreaenta the Fruitville Fault Zone, 
and the large aolid dot is the epicenter of the April, 
1984 earthquake, (modified after Wiae, 1967).. 
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• LEBANON 

FIGyRE_19 

Map ahowing major LANDSAT-4 lineamenta (dark linea) 
obtained in a preliminary aurvey of the Lancaater 
County area. The aolid dot ia the epicenter of the 
April 23, 1984 earthquake. 
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HISTORICAL SEISMICITY 

Seismicity in the Northeastern United States 

It appears that the historical earthquake activity and 
the present seismic events bear no consistent relationship 
to tectonic provinces. Rather, seismic zones usually cut 
across their boundaries (Hadley and Devine, 1974). 
Furthermore, "for small magnitude events, about half of the 
instrumentally recorded earthquakes that have been studied, 
are in persistant source zones. The remainder are more than 
20 km from other earthquakes" (Diment, et al., 1983). There 
is mounting evidence that one of these source zones is the 
area of Lancaster County in the vicinity of the Fruitville 
fault (Figure 3). 

Seismicity in the Lancaster 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 seismicity of its own (Table 3; Table 4) 
(Nottis, 1983; Scharnberger and Howell, 1985), and it is 
the local activity that has created the highest intensities 
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 
that the location of the October 6, 1978 event near the 
town of Lititz (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 records have been 
used to relocate the event within the area around the city 
of Lancaster (Nottis, 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 20). Armbruster and Seeber 
(1985) have called this zone, the Lancaster Seismic Zone 
(LSZ) . 

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 previous magnitude 4.5, but which was 
recalculated, in this study, to be of magnitude 3.6 (Figure 
20). 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). 

Armbruster and Seeber (1985) 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 seismic 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 LISTING OF DISTANT EARTHQUAKES WHICH HAVE 
AFFECTED THE LANCASTER REGION OF PENNSYLVANIA 

Date Lat. Long. Eoicentrai Distance from Site 

Feb.S,1££3 

Dae.IS,1737 

Nov.IS,i7;s 

Dec.18,1311 

Jan.23,1812 

Fee.7, 1812 

Mar.3,laas 

Aiig. 10, 1&S4 

Aug.31,1886 

May 31,1837 

Apr.9,1318 

Nov.1,133S 

Sept.4,ISA* 

47.6 

40. a 

4£, 3 

3o. S 

38. 8 

38.8 

37.5 

4<i. S 

32. 9 

37.3 

38.7 

48.8 

44.9 

70.1 

74.0 

70.6 

83. 6 

83.6 

83.8 

78.0 

74.0 

80.0 

80.7 

78.4 

73. 1 

74.3 

X 

VII 

VIII 

XI-XII 

XI-XII 

XI-XII 

VI 

VII 

IX-X 

VIII 

V-VI 

VII 

VIII 

810 

150 

360 

720 

720 

720 

210 

143 

540 

230 

140 

47S 

340 

NE 

e 

£NE 

wsu 

usu 

usu 

SU 

E 

S 

SU 

SU 

NNU 

NNE 

III-IV 

IV 

I I I 

IV 

IV 

IV 

I I I 

IV 

III-IV 

I I - I I I 

I I - I I I 

I I - I I I 

I I - I I I 

* 

* 

# 

# 

• 

• 

• 

* 

* 

• 

« 

s 

* 

n 

tt 

,s 

, » 

• I n t e n s i t y es-cirnated. 

» I n t e n s i t y detertninea from i s o s a i s m a l maos. 

* I n t e n s i t y determined from l o c a l a ccoun t s , 

( a f t e r Hol t , 1372) 
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ISeki_3 

EARTHQUAKES OF PENNSYLVANIA 

Mcrealli 
Div 

O c ? 
Dee.? 
Oa.30 
Apr.:j 
Nov. r i 23 
Nov. 29 
Nov. 29 
Nov. 30 
Mar. n 
Mar. 17 
Mar. 29 
Nov. 20 
Nov. 29 
Nov. 12 
D e c ! 
Mar. U 
Nov. 11 i 14 
AU|. 17 
May 31 
Mar. J 
Mar. 9 
May 31 
Oci.29 
Nov. i 
Au(. 26 
Junes 
July 13 
Au{. 21 
Apr. 1 
Nov. 13 
Maya 
O n . 16 
Nov. U 
Jan. 7 

Feb. 21 
Feb. 23 
Jan. 19 
Sept. 14 
Dec. 27 
Sept. 7 
O c . 10 
Feo. 13 
May 12 
Dec. 7 
Feb. 2S 
July 16 
Oct. 6 

Year 

1728 
1738 
1763 
1772 
1777 
1780 
1783 
1783 
1799 
1800 
1800 
1800 
1800 
1801 
1811 
1828 
1840 
1873 
1884 
1889 
1889 
1908 
19J4 
1934 
1936 
1937 
1938 
1938 
1939 
1939 
1940 
1941 
1951 
1954 

1954 
1954 
1935 
1961 
1961 
1962 
1963 
1964 
1964 
1972 
1973 
1978 
1978 

Place 

Philadelphia 
Dauphin Co. 
Buck] County 
Delaware Valley 
Philadelphia 
Bucics County 
Philadelphia 
Philadelphia 
Philadelphia 
Philadelphia 
Philadelphia 
Dauphin County 
Philadelphia 
Philadelphia 
Philadelphia 
Pittsburgh 
Philadelphia 
Sharon. Pa. 
Allentown 
York 
York 
Allentovm 
Ene 
NV/Pa. 
Mercer County 
Reading, Pa. 
Blair County 
Philadelphia 
Lancaster 
Philadelphia 
Harrisburg 
Centre County 
Allentown 
Sinking Spnng 

(many aftershocks) 
Wilkes-Barre 
Wjlkes-Barre 
Berks County 
Lehigh Valley 
Pa.-N.J. Border 
Fulton County 
Fulton County 
Blair County 
Cornwall 
Lancaster County 
NJ A S. Phila. 
Lancaster County 
Lancaster County 

Intensity 

7 

7 
7 

IV 
7 
7 

IV-V 
IV 
7 
7 
7 
7 

IV 
7 

VII 
III-IV 

IV 
IV 
V 
V 
7 

VI 
V 
HI 
III 
7 

VI 

^ 
7 
7 
7 
7 

^ 
VI 

VII 
VI 
IV 
V 
V 
7 
7 
V 
VI 
V 

V-Vl 
V 
V 

Reference 

Winkler. 1978 
Winkler. 1978 
Stone. 1943 
Winkler. 1978 
Winkler, 1978 
Stone. 1978 
Winkler. 1978 
Winkler, 1978 
Winkler, 1978 
Coffman. Von Hake, 1973 
Winkler, 1978 
Winkler, 1978 
Coffman, Von Hake. 1973 
Winkler. 1978 
Winkler. 1978 
Winkler, 1978 
•Winkler. 1978 
Fredenck. 1979 
Coffman, Von Hake, 1973 
Undsberg, 1938b 
Undsberg. 1938b 
Coffman, Von Hake. 1973 
Coffman. Von Haxe. 1973 
Neumanj. 1936 
Neumann, 1936 
.Neumann. 1940 
Landsberg, 1938a 
Sione, 1943 
Bodle, 1941 
Stone. 1943 
Neumann, 1942 
Stone, 1943 
Murphy, Cloud, 1953 
Murpny, Cloud, 1956 

Murphy, Cloud. 1956 
Murphy, Cloud, 1956 
Murphy, Cloud, 1957 
Lander, Cloud, 1963 
Lander, Ooud. 1963 
U.S.C.G.S. list 
U.S.C.C.S. list 
News reports 
Von Hake. Cloud. 1964 
Coffman, Von Hake. 1974 
Sbaretal. 1975 
Person. 1979 
News reports 

Where intensity is not listed, ii was small. 

(after Howell, 1373) 
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TABLE A 

HISTORICfiL SEISMICITY OF PENNSYLVfiNIfi 

TEAR 
1800 
I t O O 
1 * 0 0 
I t t 4 
1 1 8 9 
1 * 0 / 
1 9 0 1 
1921 
1 9 ) 4 
1 9 ) 1 
1 9 ) 1 
1 9 ) a 
1 9 ) 9 
1 9 4 0 
1942 
1944 
1946 
I 9 S 0 
1 9 i l 
1 9 4 4 
1954 
1 9 5 4 
19S4 
l 9 S i 
1 9 6 0 
191.1 
1 9 6 ) 
1964 
1 964 
196$ 
1912 
I 9 ) a 
1 9 a 0 
i 9 a o 
i 9 a o 
i 9 a o 
i 9 a o 
1 9 8 0 
19110 

D t i f 
HQHiH 

NAR 
RAK 
NOV 
MAI 
RAR 
JAM 
HAI 
S i r 
OCI 
AUG 
JlIN 
JUI 
ArR 
RAT 
OCI 
F I R 
OCI 
RAR 
NOV 
JAM 
JAN 
AIIG 
Sf r 
JAN 
JAN 
S i r 
RAR 
f ( B 
RAT 
OCI 
OfC 
O t I 
MAR 
MAR 
MAR 
MAR 
MAI. 
MAT 
M«l 

DAT 
11 
29 
29 
) l 
0 1 
10 
31 
21 
2 9 
26 
09 
IS 
02 
2a 
24 
OS 
2a 
20 
2 ) 
0 1 
24 
11 
24 
20 
22 
IS 
02 
1 ) 
12 
08 
oa 
06 
02 
OS 
OS 
11 
I I 
02 
U2 

O R I G I N I I N E ( G R T ) 
H R . 

— 
— 
— 
— 
2 ) 
10 
I T 
04 
2 0 
09 
0 0 
22 
0 ) 
2 0 
I I 
16 
20 
22 
06 
0 1 
0 ) • 
0 ) 
11 
0 ) 
20 
02 
2 0 
19 
06 
02 
0 ) 
19 
11 
11 
1 r 
U6 
16 
I S 
19 

H I N . 

— 
— 
— 
— 
4 0 
00 
4 2 
) 2 
0 1 
0 0 
04 
4$ 
00 
06 
2 1 
21 
) 6 
45 
4S 
2S 
30 
4 0 
00 
00 
S ) 
16 
24 
46 
44 
I T 
0 0 
2S 
S4 
06 
20 
0 0 
16 
2 ) 
Ut 

SEC. 

._ 
4 0 . t o 
1 0 . 1 0 

) ) . 3 0 
4 1 . 4 0 
4 1 . 9 0 
S 6 . S 0 
) 2 . 4 0 
2 6 . 9 0 
OS.SO 
2 ) . S O 
2 4 . 4 0 

f r i C f N I f R 
N . l A I . 

3 9 . a o 
3 9 . a o 
) 9 . t O 
4 0 . 6 0 
4 0 . 0 0 
4 1 . 2 0 
4 0 . 6 0 
4 2 . 1 0 
4 2 . 0 0 
4 1 . 4 0 
4 0 . 3 0 
4 0 . 4 0 
4 0 . 0 0 
4 0 . ) 0 
4 1 . 0 0 
4 0 . a o 
4 1 . S O 
4 1 . S O 
4 0 . 6 0 
4 0 - 3 0 
4 0 . ) 0 
4 0 . 3 0 
4 0 . ) 0 
4 0 . ) 0 
4 1 . S O 
4 0 . a o 
4 1 . s o 
4 0 . ) a 
4 0 . ) 0 
4 0 . 1 0 
4 0 . 1 4 
4 0 . O S 
4 0 . 2 1 
4 0 . 1 1 
4 0 . l a 
4 0 . I S 
4 0 . 2 S 
4 0 . 1 6 
4 0 . 2 4 

U . LONG. 
I S . 2 0 
I S . 2 0 
I S . 2 0 
I S . S O 
1 6 . 0 0 
I T . 1 0 
1 5 . 4 0 
a o . 2 0 
a o . 2 a 
1 0 . 4 0 
I S . 9 0 
i a . 2 0 
1 6 . ) 0 
1 6 . 9 0 
I S - ) 0 
1 6 . 2 0 
1 6 . 6 0 
i s . a o 
I S . 4 0 
1 6 . 0 0 
1 6 . 0 0 
7 6 . 0 0 
1 6 . 0 0 
1 6 . 0 0 
I S . S O 
1 4 . 4 0 
1 4 . 7 0 
7 1 . 9 6 
1 6 . 4 1 
1 9 . a o 
1 6 . 2 4 
1 6 . 0 9 * 
i s . o a 
I S . 0 1 • 
I S . 0 1 » 
1 5 . 0 9 • 
1 4 . 9 9 • 
1 4 . 9 9 • 
1 5 . 0 ) • 

O t r T H 
( K R . ) « F . 

10 
1 1 1 

10 
10 
10 

1 0 1 
1 0 

1 0 1 
6 * 
7 1 
12 
4 1 

1 
74 

1 0 2 
1 0 2 
102 
1 0 2 

10 
1 0 2 
1 0 2 
1 0 2 
102 
1 0 2 

6 1 
79 
6 4 
12 
3 2 

1 2 0 
12 

1 ) 1 
1 1 2 
1 1 2 
1 1 2 
1 1 2 
112 
1 1 1 
I I ) 

HAGNITUDE 
V A L . 

3 - 4 
3 . 7 
3 . 6 
3 . 1 

3 - 4 

3 . 4 
3 . 2 
3 . 2 -
3 . 3 
3 . 4 
3 . 0 
2 . 1 
3 . 4 
3 . 1 
3 . 1 
2 . a 
2 . 1 
3 . 0 

i » r i 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
i 
t 
t 
t 

-
-
-
-
-
-
G 

-
G 
0 
0 
G 
0 
It 
H 
1-
I I 
I I 
H 
•I 
I I 

I N I E N S I 1 T 
< I I N ) 

4 

« 
3 
4 
2 
4 

4 

« 

4 

1 - 4 

4 - $ 
4 - 4 

R f r -
10 

1 1 1 
10 
10 
10 

101 
10 

101 

*» 
102 
102 

4 1 
102 
102 

10 
1 0 2 
102 
102 
102 
102 
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FIGURE 20 Map of the aalaaicity of Lancaater County In relation to the 
Fruitville Fault Zone (dark line). Inaartad ia the upper hemlaphere 
projection of the fault plane aolutlon obtainad by Arabruatar and Seeber 
(1985) for the April 23, 1984 earthquake. (Modified after Scharnberger & 
Howell, 1985) 



FIGyRE_21 Intanaity aap for tha July 16, 1978 and the 
October 6, 1978 earthquakaa in Lancaater County, 
Pannaylvanla. (after Scharnberger, 1978) 

A76 



FIGyRE_22 Maximum intanaity locationa and relative locationa 
for tha July 16, 1978 and tha October 6, 1978 
Earthquakaa. (modifiad after Gray, et al., 1960). 
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FIGyRE_23 Maximum intensity locationa obtained by Armbruater 
and Seeber (1985) for four large eventa during the 
1800'a. (after Armbruater & Seeber, 1985) 
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FIGyRE_24 Modified aeiamicity map for tha Lancaater area. The July, 
1978 and the March, 1889 eventa have been relocated, and 
fall north of the city of Lancaater. The aolid dota 
indicate the approximate locationa of the four eventa 
In Figure 23. (modified after Scharnberger S. Howell, 1985) 





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 
Marticville (Figure 25). Seismic records of the event give 
a magnitude of 4.2, with a strong audible component 
(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 Marticville (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 
Pennsylvania State University and the Lament - Doherty 
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 
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 
the location error of - 0.5 km. Therefore, the N-S fracture 
suggested by the aftershocks appears to be real (Armbruster 
and Seeber (1985). The epicenter of these aftershocks is 
near Marticville the area of the maximum intensities 
observed for the April 23, mainshock (Figure 25). 

Furthermore, Armbruster and Seeber (1985) report that 
all the aftershock hypocenters fall in an insignificantly 
wide range (- 0.5 km) about the 4.5 km depth. They state 
that "this depth does not correspond to a discontinuity in 
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 10°E, 
dipping about 60°E, 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 ENE 
maximum 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 the 
fault 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 zone, 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 a 
seimogenic fault several kilometers south but on-strike with 
the youngest of the geologically mapped faults in the area. 
The faults strike between N O^E and N 120E (Figure 20). 

Furthermore, 2 km west of the projected outcrop of the 
aftershock-inferred fault is a Triassic-Jurassic diabase 
dike, of the same strike (Figure 26). This dike, the 
Rockhill dike, and the many other N-S striking dikes in the 
Lancaster area (Figure 4) may be indications of a N-S 
trending, historically persistent, zone of weakness, which 
is favorably oriented to be activated in the present stress 
regime. 
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FIGURE 2 6 

Map of the location of the aftershocka for the 
April 23, 1984 earthquake, and their ralation to th* 
geological atructuraa within tha area. Inaartad la 
the fault plana aolutlon with tha preferred plana 
atrlklng NNE, parallel to the U n a of aftarahocka 
Tha daahed line la the aurface trace of thla plane, 
(modified a£tar Armbruater & Seeber, 198S). 
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data from the April 23, 1984 earthquake and Ita 
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flrat motlona for the mainahock, aa recorded by 
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LOCATION OF THE APRIL. 1984 FORESHOCK AND MAINSHOCK 

As the intensity data suggest (Figure 25), the 
foreshock of April 19, 1984 was centered several kilometers 
south of the mainshock of April 23 (Scharnberger and Howell, 
1984). Furthermore, the epicenter, obtained from the 
intensity data for the mainshock, fell 2 km SE of the 
aftershock zone (Armbruster and Seeber, 1985). 

In order to verify the locations of the foreshock and 
the mainshock, the hypocenter location program, HYPOINVERSE 
(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 
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 location 
error for the HYPOINVERSE program is given by a 95% 
confidence ellipse. The location error of the relative 
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: Katz, 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 
(Figure 25), were the following: 

Lancaster Model I Vp(km/s) Vg(km/s) thick.(km) 
(Alexander, 1984) 6.1 ~ 3.55 18 

6.75 3.92 22 
8.1 4.71 

Lancaster Model II V.p(km/s) Vg (km/s) thick, (km) 
(Sienko, 1982) " 6.1 ^ 3.55 28 

6.75 3.92 12 
8.1 4.71 

Bollinger Model Vp(km/s) Vg(km/s) thick.(km) 
(Bollinger & 6.09 ~ 3.53 15 
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 
listed in Table 6. 

The absolute locations (HYPOINVERSE) for the mainshock 
indicate that it was located in the same area as the 
aftershocks of Figure 28. The velocity model of Bollinger 
and Sibol (1985) for the Piedmont and the Lancaster I 
velocity model (Alexander, 1984) located the mainshock in 
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 
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 (HYPOINVERSE) 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 
(1984) concluded that the foreshock is "centered several 
kilometers south of the mainshock". The Lancaster I and the 
Lancaster II velocity models used in the HYPOINVERSE 
algorithm result in foreshock locations on the southern 
part of the maximum intensity area (Figure 28) near 
Holtwood, Pennsylvania. The error ellipses for these two 
locations had a N-S axis less than 11 km in length and an 
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 ETYPOINVERSE mainshock location 
for each velocity model, also indicates that the foreshock 
was located several kilometers south of the mainshock and 
aftershock zone. Like the absolute location (HYPOINVERSE) 
for the foreshock, the relative locations also fell in the 
Holtwood area. The two solutions for the two methods, and 
their error bars, overlap (Figure 28). Thus, within the 
error margins, the solutions are nearly identical. The 
Lancaster II 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 
Marticville (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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Howell, (1984). All the events, the foreshock of April 19, 
the mainshock of April 23, and the aftershocks recorded by 
Armbruster and Seeber (1985), fall along the projected 
continuation of the N-S striking Fruitville fault zone, 
which outcrops near the city of Lancaster. The closest 
geologically mapped outcrops of this fault are 
approximately 10 km north of the Marticville, mainshock 
location (Figure 28). 

Finally, of the three crustal velocity models used, 
the ones with the thinner upper velocity layer, the 
Lancaster I and the Bollinger models, performed better in 
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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FIGURE 28 Map of the abaolute and Relative locationa for the 
April 23, 1984 mainahock and the April 19, 1984 
foreahock, uaing three different velocity modela. 
Error bara are Included (aee Table 6). The two large 
clrclaa indicate the maximum intanaity areaa of the 
two eventa CM' ia for the mainahock & 'F' ia for the 
foreahock) aa obtained by Scharnberger and Howell 
(1985), aee Figure 25. 
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IfiiLS-S 
ABSOLUTE (HYPOINVERSE) AND RELATIVE LOCATIONS FOR 

THE APRIL £3, 1984 MAINSHOCK AND THE APRIL 13, 1384 FORESHOCK 

VBlocity Location Dapth Error Elliosa Axes 
Moaei Lat. (km. ) (9Sy. cariainty) 

Long. 
(Dag.> 

ABSOLUTE LOCATION OF nAINSHOCK 

Lancaster I 39 54.36' 7.12 
7£ £3.92' 

Lancastar II 39 53.76' 7.03 
76 18.11' 

BolUngar 33 56.48' 5-43 
76 £0.53' 

ABSOLUTE LOCATION OF FORESHOCK 

Lancaster I 39 50.29' 4.33 
76 20.74' 

Lancaster II 39 43.36' 4.34 
7£ £1.33' 

Len 

1.94 
0 
0 

£.71 
0 
0 

£.42 
0 
0 

10. 3£ 
0 
0 

£.98 
0 
0 

gth of Axis 
Azimutn (Dag 

Dip (Dag. > 

1.54 
273 
30 

0.70 
273 
£0 

1.66 
£68 
32 

3.37 
£38 

7 

2.98 
£70 
13 

(km. > 
. ) 

3. £3 
103 
74 

4. 43 
£44 
65 

6.38 
l£4 
£5 

1£. 4£ 
37 
70 

31.06 
£3£ 
85 

Bollinger — NO GOOD — 

«.«***«*Hi.«**Hi.Hi-*«.* RELATIVE LOCATION OF FORESHOCK 

Lancasier I 39 47.4' ;*. a error aoorox. - £ km in 
76 ££.2' the eoicentrai location 

(Olexanoer, personal 
Bollinger 39 49.£' 4.7 communication) 

76 19. £' 

Lancaster II — NO GOOD — 

*91y^^^ 





DEPTH 0? THE APRIL 23, 1984 MAINSHOCK 
THROUGH CEPSTRAL ANALYSIS 

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 fault plane solution 
(Armbruster 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 
hypocenter 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-Clyde Consultants in the New York State area 
(Figure 29,Table 7), was conducted in order to try to 
obtain an independent depth estimate for the event. 

Theory of Depth Determination through Cepstral Analysis 

The following is an overview of the cepstral theory, 
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. 

z(t) = f(t) + A f(t-Tp) + B 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 
times of the sP and P phases, 

and where A and B are scaling constants (-1 < A,B <, 1). 
Take the Fourier Transform of the time series to obtain: 

F.T.(z(t)) = Z(w) = /'3(t)e-iw't dt 

= F(w){l + Ae-i"Tp + Be-iwTs } c-2 

where F(w) is the spectrum of f(t). 
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0 ML 120 
0 Km. 200 

F;iGyRE_29 Location of the N.E. U.S. Selamic Network atatlona 
uaed In the cepatral analyala of the April 23, 
19d4 earthquake. Theae atatlona are operated by 
Woodward-Clyde Conaultanta, of Wayne, N.J. 
(modified after Woodward-Clyde Conaultanta, 1985) 
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ISSW£_Z 

COORDINATES OF THE SEISMIC STATIONS 
IN THE CEPSTRAL ANALYSIS 

USED 

Station ID 

ABRN 

ELNV 

GERM 

LCNA 

LILH 

ONTR 

CSWG 

PHEL 

ROTD 

SONY 

WEST 

WMNY 

WTVE 

Lar ituae 

4£.3363 N 

41.3000 N 

42, 1370 N 

43. £442 N 

4£. 3S13 N 

43.2738 N 

43.5170 N 

42.9342 N 

42,9S20 N 

43.1922 N 

43.l£33 N 

43.3360 N 

42.9460 N 

Longituce 
iSSSii— 

7£.4833 U 

74.4398 U 

73.8113 U 

73.92S0 W 

77.6172 U 

77.3067 W 

76. 416£ W 

77.0930 W 

7*.0872 U 

7£.9£47 U 

73.4800 W 

76.0313 W 

75.3272 W 

Ei evation 

££4 

323 

88 

396 

122 

84 

84 

188 

£33 

122 

167 

138 

42S 

uocarion 

AUBURN, NY 

ELLENVILLE, NY 

GEHMANTOUN, NY 

LACONA, NY 

LIMA, NY 

ONTARIO, NY 

OSWEGO, NY 

PHELPS, NY 

ROTTERDAM, NY 

SODUS, NY 

UE3TM0RELAND, NY 

WEST MONROE, NY 

UATESVILLE, NY 

(after Foley, et al. , 1984) 
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The power spectrum is: 

P(w) = Z(w) Z(w)* =)Z(w)l2 C-3 

= lF(w)(2 {1 + A2 + B2 + Ae+iwTp + Ae'iwTp 

+ Be+iwTs+ Be-iwTs + ABe-iw(Ts-Tp) 

+ ABe-^iw(Ts-Tp)} 

where Z(w)* is the complex conjugate of Z(w). 
From equation C-3, it is apparent that if Tp, for 

example, equals 2 sec, the power spectrum peaks for the Tp 
delay times will have a periodicity of 0.5 Hz. 

The logarithm of 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' 
spectrum, it increases the number of weaker periodicities 
(Cohen, 1970). Thus, it has the negative aspect of creating 
additional harmonics that are introduced by the sharpening 
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) = y^P(w) e-iwu dw C-4 

= (1 + A2 + B2)h(u) + Ah(u + Tp) 

+ Ah(u - Tp) + Bh(u + Ts) + Bh(u - Ts) 

+ ABh(u + (Tp - Ts)) 

+ ABh(u - (Tp - Ts) 

where F.T.( |F(w)|2 ) = h(u) C-5 

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: 
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C(u) = (1 + A2 + B2)h(u) + Ah(u - Tp) 

+ Bh(u - Ts) + ABh(u - (Ts - Tp)) C-6 

Thus, the cepstrum is a set of values in the quefrency 
(seconds) domain corresponding to the P-pP and P-sP delay 
times as well 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 
which was composed of a repeating set of cosines (see 
TEST-R in Figure 30). When the cepstrum of the 2 sec 
delayed cosine of the 'TEST* signal was taken, the 
resultant cepstrum had a peak at 2.0 sec in quefrency (see 
TEST in Figure 31). This peak was equivalent to the 2.0 sec 
delay in the cosines of the time series (see TEST of Figure 
30). When the cepstrum was obtained for the repeated 
cosines 'TEST-R', it revealed peaks at all four 
combinations of the delay times ie. 2 sec, 5 sec, 7 sec, 
and 9 sec (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 
cepstrum relative to other information, or noise, the 
cepstra for all th*e stations were added together, and 
multiplied together. However, because the largest peak, 
which occurs at zero seconds of quefrency in each station's 
cepstrum, has no information on the delay times, it was 
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 pP-P and the sP-P delay times and/or their suras and 
differences. 

These delay times can be used to estimate the depth of 
the earthquake given a crustal velocity model for the area. 
The above steps are performed on each seismogram. If all 
the stations are at regional distances, say within 500 km 
of the earthquake epicenter, the pP-P and the sP-P delay 
times can be assumed to be the same for each station, since 
the distance the ray travels is about the same for each 
station. 

Application and Results 

The theory and procedures, mentioned in the previous 
section, were used in order to determine the depth of the 
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April 23, 1984 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 for the cepstral analysis of the 
event. All these stations are located in New York State 
(Figure 29, Table 7), and operated by Woodward Clyde 
Consultants (Woodward Clyde Consultants, 1985). They are 
all within 500 km of the Lancaster earthquake. 

The first 40 seconds 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, 0NTR2 &. 0SWG2 = tangential, 0NTR3 &. 
0SWG3 = 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 sec 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 sec and a 20 
sec time window (listed in Appendix 3). The energy spectra, 
thus obtained, were normalized through division by the 10 
sec and the 20 sec time windows, respectively, in order to 
produce the 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 to 
the largest value present within both the pure noise, and 
the two windowed signal and noise PSD's. It is worth noting 
that the amplitude of the noise PSD is low relative to that 
of the windowed signal and noise PSD in all cases (Appendix 
3). Although for some stations (ABRN, GERM, & LCNA) the 
magnitude of the noise spectrum 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 periodicity of 
0.5 Hz. This is due to the periodicity of the cosine 
components of equation C-3 in the previous section. This 
suggests a dominant P-pP or P-sP delay time of about 2 sec 
within most of the time series used. 

After the two windowed PSD's are obtained for each of 
the seismograms, they are windowed in the frequency band 
where the magnitude of the PSD of the noise relative to 
that of the signal is minimal. These frequency windows 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 
cepstra in the quefrency 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 sec time 
windowed signal and noise, and the bottom plot is the 
cepstrum of the 20 sec time windowed signal and noise. 

After analyzing the cepstral plots of Appendix 4, it 
is difficult to pick out dominant peaks that are common to 
all the stations. In order to get a better idea of these 
peaks, the sura and the product of the cepstra of all the 
20 sec 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. 
Therefore, they contain information on longer delay times 
than the cepstra of the 10 sec time windowed signals. In 
fact, the 10 sec time window appears to be too small for 
obtaining cepstral peaks above 1.5-2.0 sec in quefrency, 
and, thus, delay times longer than 1.5-2.0 sec. 

Because the largest peak in each station's cepstrum, 
which occurs at zero seconds in quefrency (Appendix 4), has 
no information on the delay times, it is removed in each 
case. This is done by setting the first 0.5 sec of each 
cepstrum equal to zero. Then, in order to equally weight 
the input of each station, 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 Figure 
34). The same is done for the cepstra of the "Best Six" 
original seismograms (ABRN, ELNV, 0NTR3, PHEL, ROTD, SONY). 
The "Best Six" seismograms were chosen based on the clarity 
of the two P phase arrivals on the trace. They all appear 
to have a time lag of approximately 2.0 sec (Appendix 2). 
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 sec in the quefrency 
domain. 

The same approach used for the "Best Six" cepstra, 
above, was applied to the "Best Twelve" cepstra ("Best Six" 
plus GERM, LILH, ONTR, 0NTR2, OSWG, 0SWG3). 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 of the "Best 
Twelve" cepstra are plotted in Figure 33. The sum, and 
especially the product, show one dominant peak. This time 
it is centered at about 1.95 sec, or 0.05 sec higher in the 
quefrency domain than the peak for the "Best Six" cepstra. 

Finally, when the sum and product of all the stations' 
normalized cepstra is taken, one obtains the results of 
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Figure 34. It is clear that the plots of Figure 34 are 
double peaked. The peak at 1.95 sec remains, and a second 
peak appears at approximately 1.0 seconds in the quefrency 
domain. 

In order to evaluate these cepstral peaks, and the lag 
times they may represent, we must determine the presence 
and 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 
halfspace, as given by Langston and Helmberger (1975). The 
total vertical,displacement of the P-wave is: 

W = Rpz {Up(t)+Rpp*Up(t-dti)+(Rsp*(np/ns)) 

* 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 
operator, respectively. 

Since only the relative magnitudes of the displacement 
for the P, pP, and sP -waves are of interest at each 
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 function) are not 
considered, and the relative displacement for the direct 
P-wave (Wp) is given by the following equation: 

Wp = Up , R-2 

where Up is the P-wave displacement potential: 

3 
Up = Mo/(4'7T^)*2] Ai(s,r,d)*Ci*{H(t-R/Vp)/R} 

i=l R-3 

where Vp is the P-wave velocity. 
The relative displacement for the pP-wave is: 

Wpp = Rpp * Up(t - dt]_) , R-4 

where Up is the same as above, and dt]_ is the time lag 
of the pP arrival relative to the direct P arrival. This 
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time lag is given by: 

dt]_ = 2*h*np , R-5 

where h is the depth of the event and np is the slowness 
for the P-wave, as defined below. Finally, the relative 
displacement for the sP-wave is: 

Wsp = Rsp * (np/ng) * Us(t - dt2) , R-6 

where Ug is the SV-wave displacement potential: 

3 
Ug = Mo/(4V)*y]Ai(s,r,d)*SVi*{H(t-R/Vs)/R}, 

i=l R-7 

and Vg is the S-wave velocity and dt2 is the time lag 
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 
the P and S -waves, 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 
Up = 2 ^ Ai(s,r,d)*Ci R-9 

i = l 
and 

3 
Us = 2 ] ^ Ai(s,r,d)*SVj_ R-10 

i = l 

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 Aj_(s,r,d) describe the horizontal radiation 
pattern, and they are given by: 

Ai(s,r,d) = sin(2s) * cos(r) * sin(d) 
+ 0.5 * cos(2s) * sin(r) * sin(2d) R-11 

A2(s,r,d) = cos(s) * cos(r) * cos(d) 
- sin(s) * sin(r) * cos (2d) R-12 

A3(s,r,d) = 0.5 * sin(r) * sin (2d) R-13 
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where, 

s = strike from the end of the fault plane 
r = rake angle measured from the horizontal upward 
d = dip angle of the fault. 

The C^ and SVj_ describe the vertical radiation pattern 
for the F and SV -wave potentials, respectively. 

Ci = -p2 SV^ = -E*p*ns 

C2 = 2*E*p*np SV2 = (np2 - p2) 

C3 = (p2 - 2*np2) SV3 = 3*E*p*ns 

where, 

E = ( +1 2 > h (down-going ray) 
'̂  -1 2 < h (up-going ray) 

Vp = compressional velocity at the source 
V3 = shear velocity at the source 
p = sin(i)/Vp = ray parameter 
i = incidence angle 

{(l/v2) - p2)l/2 n V 

MQ is the seismic moment, _/> is the density, and 1/R is 
the geometric spreading factor. In the relative magnitude 
calculations for the displacements, these three factors are 
left out of the potential equations R-9 and R-10. 

Rpp and Rsp are the P -> P and S -> P free surface 
reflection coefficients, respectively. The two dimensional 
Cartesian reflection coefficients are given as: 

4*np*ng*p2 - (ng^ - p2)2 
Rpp = R-14 

4*np*ns*p2 + (ns2 - p2)2 

and 

-4*ns*p* (ns2 - p2) 
Rsp - R-15 

4*np*ns*p2 + (ns2 - p2)2 

The study assumes a homogeneous source structure, and is 
only concerned with the far-field medium response for the 
p-wave. 

In order to determine the P, pP, and sP displacements 
at the various stations used in the cepstral analysis, we 
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must obtain the incidence angle for the P, pP, and sP 
-waves, the velocity structure, the fault plane 
orientation, the station locations, and estimate the depth. 
Let us first look at the incidence angles and the velocity 
structure. 

The distance of the stations from the epicenter of the 
April 23, 1984 earthquake is between 250 km (2.25 degrees) 
and 4 50 km (4.05 degrees) north. At this distance, the 
Pn-wave, refracted from the Mohorovicic discontinuity, is 
the first arrival according to the Herrin tables of P-wave 
travel times (Herrin, et al., 1968). 

The best fitting velocity model, based on the location 
results above, is the Lancaster I velocity model. This 
model predicts a depth of 40 km to the Mohorovicic 
discontinuity, and an average P-wave velocity of 8.1km/sec 
below it. In the top crustal layer, the source layer, this 
model 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/sec to the top 8 km of Paleozoic 
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 Mohorovicic discontinuity. 

P = 1/Vjn = sin(ii)/Vp R-16 

where p is the ray parameter, and is constant for all the 
velocity layers. Vjjj is the P-wave velocity below the 
Moho, and Vp is the P-wave velocity at the source. Using 
the above expression and the above values for the 
velocities, we obtain the following incidence angle for the 
Pn-wave: 

il = sin-l(Vp/Vj„) = sin-l(5.0/8.1) 

= 38.1° 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's Law using the P-wave velocity 
(Vp) and the S-wave velocity (Vg) for the Paleozoic 
source layer, as given above. 

p = sin(ii)/Vp = sin(i2)/Vg , R-18 

where p is the ray parameter, and i]_ and i2 are the 
incidence angles for the P and S-wave, respectively. 
Solving for i2: 

i2 = sin~l(Vs*p) = 25.6° , R-19 
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one obtains an incidence angle of 25.6° for the sP ray. 
Having obtained the incidence angles and the velocity 

structure, we must determine the fault plane orientation', 
the depth of the event, and the azimuth between this 
fault plane and each station. 

The 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 10° E, dips about 60° E, and has a rake 
of 140°. The location of the earthquake is 39.94° N and 
76.32° W, and the location of the seismic stations used 
in the cepstral analysis is given in Table 7. Using the 
N 10° E strike of the fault plane and the station 
locations, we calculate the azimuth 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 10° E in a clockwise direction. Finally, the depth 
of the April 23, event is estimated to be between 4.4-4.7 
km based on aftershock data (Armbruster and Seeber, 1985). 
The depth 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 small 
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 P-wave amplitudes 
('AMP' column in Table 9) with their incidence locations on 
the fault plane solution (small circles in Figure 35), we 
can see that the stations closer to the nodal planes, such 
as GERM, ELNV, and ROTD have the smallest direct P-wave 
amplitudes, as expected if the fault plane solution is 
correct. 

Although the pP phase does not appear to be very 

A109 



TABLE 8 

AZIMUTHS BETWEEN THE FAULT PLANE 
OF THE APRIL 23, 1984 EARTHQUAKE AND THE 
STATIONS USED IN THE CEPSTRAL ANALYSIS 

Station __ ID ĵ  Angla^in^degraj 

ABRN 348 

ELNV 23 

GERM 2S 

LCNA 354 

LILH 334 

ONTR 339 

OSWG 349 

PHEL 341 

ROTD 18 

SONY 343 

WEST 348 

WMNY 354 

WTVE 3 

Alio 



FIGyRE_3S A plot of the incldenca of the direct P raya 
(aaall clrclaa) and the pP raya (aaall aquarea) 
received at the 13 atatlona uaed in the cepatral 
analyala, and auperiapoaed on to the upper 
heaiaphere fault plane aolutlon for the April 23, 
1984 mainahock. 
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ia§kg_3 

RELATIVE P, pP, i, aP fiMPLITUDE RESPONSES AND LAG TIMES 
PREDICTED FOR THE THIRTEEN STATIONS OF TABLE 7 

GIVEN THE FOLLOWING PARAMETERS: 

FAULT PLANE ORIENTATION: 
STRIKE • N lO" E DIP • SO'E RAKE - 140° 

ESTIMATED DEPTH OF EVENT -4.5 km. 

INCIDENCE ANGLE OF P-WAVE - 38. 12* 

CRUSTAL VELOCITY MODEL: 
P-WflVE VELOCITY (TOP LAYER) -5.0 km/sec 
S-WAVE VELOCITY (TOP LAYER) -3.5 km/sac 
P-WfiVE VELOCITY (BELOW MOHO) - S. 1 km/sec 

Sta-̂ jlgn 

ABRN 

ELNV 

GERM 

LCNA 

LILH 

ONTR 

OSWG 

PHEL 

ROTD 

SONY 

WEST 

WMNY 

WTVE 

SfiS 

0.30aE-03 

-.730E-02 

-.a23E-02 

-.27aE-03 

0.926E-03 

0. 8igE-03 

0.225E-03 

0. 742E-03 

-.535E-02 

0. 64AE-03 

0.3082-03 

-.27SE-03 

-.153E-02 

BsB 

1. 48 

1.62 

1.85 

1. 49 

1.47 

1.48 

1. 48 

1.48 

1.57 

1.48 

1. 48 

1.49 

1. 51 

dti 

1.42 

1. 42 

1.42 

1.42 

1. 42 

1.42 

1. 42 

1.42 

1. 42 

1.42 

1. 42 

1.42 

1. 42 

dt2 

1.87 

1.87 

1.87 

1.87 

1.87 

1. 87 

1.87 

1.87 

1.S7 

1. 87 

1.87 

1. 87 

1.87 

AMP 

-.347E-01 

-.140E-01 

-.127E-01 

-.319E-01 

-.330e-01 

-.378E-01 

-.343E-01 

-.372E-01 

-.173E-01 

-.366E-01 

-.347E-01 

-.319E-01 

-.S69e-01 
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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 + 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 
listed 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 sP-P 
phases have been predicted using equations R-5 and R-8 
above, and are listed in Table 9 in columns 'dtl' 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 sec 
of the cepstral peak given by the sura and product of the 
cepstra in Figures 32, 33, and 34. Thus, the 1.95 sec 
cepstral peak appears to represent the sP-P lag tirae for 
the April 23, 1984 event. Assuming the same ray parameter 
for the P, pP/ and sP waves, the sP-P time lag can be given 
by: 

dt2 = h * ( np + ng ) . R-20 

The depth (h) of the earthquake based on the 1.95 sec sP-P 
lag time obtained through the cepstral analysis can be 
estimated by: 

h = dt2 / ( np + ng ) , R-21 

where np and ng are the slowness for the P and S waves, 
respectively. They are defined, as above, by: 

nv = (l/v2 - p2)l/2 , R-22 

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 

and the cepstrally derived sP-P time lag of dt2 = 1.95 
sec, as 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 the first peak at 1.0 sec 
in the product of all the station's cepstra (Figure 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 response 
calculations performed above. This is reinforced by the 
fact that the pP incidence rays from the earthquake to our 
stations all fall on, or v^^ry 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 
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 
Twelve' 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. 

Discussion 

The use of cepstra as a means of obtaining the 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 second in the quefrency domain. The 
resultant composite cepstrum (bottom plot of Figure 34) 
produced two main peaks. The peak at 1.9 - 1.95 sec 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 fault 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/sec and an S-wave velocity of 3.5 km/sec were 
used for the source layer. The second peak appears at 1.0 
seconds of quefrency in the cepstrum 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 pP-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 
due 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 CONCLUSIONS 

Although the Lancaster, Pennsylvania area is dominated 
by an E-W striking structural trend associated with 
Paleozoic deformation, there is evidence that the less 
obvious N-S striking structural features have been the 
dominant zones of tectonic activity from the Mesozoic into 
the present. 

A closer look at the geology of the Lancaster, 
Pennsylvania region results in the observaticin 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 
in the region are sets of N-S trending cross faults. The 
dominant of these sets of faults is the Fruitville Fault 
Zone, which outcrops just north of the city of Lancaster, 
and continues north, almost up to the Triassic basin 
(Figures 1 &. 2). These cross-faults offset all the other 
structural features and lithologies in the area. Historical 
seismicity and relocated instrumentally recorded events 
appear to cluster around this main set of cross faults, the 
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 
39.94°N and 76.325°W. The April 19, 1984, magnitude 
3,0, intensity MM=IV foreshock also was located at the 
southern extension of this fault zone (39.84°N, 
76.35°W) (Figure 20), as were the 10 aftershocks (Figure 
26). This N-S trending, seismically defined zone, 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 
characterized by events of maximum intensity MM=VI (Figure 
20) . 

The drainage pattern of the major streams is N-S 
trending in the Lancaster area (Figures 2 & 10). In 
addition, there is evidence that along the southern 
extension 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 in the 
area. 

There is some geophysical evidence that the Fruitville 
Fault Zone extends to the basement. There are some N-S 
trending gravity and magnetic anomalies in the area of the 
fault zone (Figures 11 &. 12). However, due to the 
similarity of the carbonates on either side of the fault, a 
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more precise ground survey may be necessary to clearly 
define the fault. 

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 satellite 
detected lineaments and the potential field data, also, 
suggests one of several large scale basement features, 
possibly faults, striking NW through the region (Lavin, et 
al., 1982). 

As mentioned, the April 23, 1984 mainshock and the 
April 19, 1984 foreshock, both fell along the Lancaster 
Seismic Zone. These locations were based on maximum 
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 Marticville, 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 Marticville (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 deep source of the aftershocks. 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 Paleozoic 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 10°E and dips 60°E. This fault plane 
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 
Fault Zone, and its overall N-S trend (Figure 20). 
Furthermore, these cross-faults, like the fault plane 
solution for the April, 1984 mainshock and aftershocks, 
reveal a right-lateral component of motion, based on their 
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offsets of all the other structural features in the region. 
The P-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 50°E (Zoback, 1986). 
Data from fault plane solutions for several events nearby 
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 Seismic 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) 

" " / ^ '/)/3e 





PI=Df.CNT STRATIGRAPhY NEAA TK= 
SUSOJcHANNA RIVER 

Marvin E. Kauffman 
Franklin and Marshall College 

TRIASSIC 

Upper Triassic 

Gettysburg formation 

Shale member - soft red shale with interbedded 
coarse red sandstone and conglomerate tongues 
which become the Robeson conglomerate in Chester 
County. 

Elizabeth Furnace eonglcmerate member • basal 
pebbly sandstone and conglomerate up to 2300 feet 
thiclc. 

New Oxford formation (s Stocicton formation of eastern 
areas) 

Arkoses, ranging from very coarse to fine-grained, 
with some quartz pebble conglomerates, minor amounts 
of shale, siltstone, and some L-npure nodular li.-ne« 
stone and limestone conglomerates. 

CRECVICIAN 

Upper Ordovocian 

Conestoga -liinestone (exact age uncertain, possibly 
equivalent in part to Martinsburg-Cocalico) 

Blue liaestone, closely folded, thin-bedded, 
argillaceous, with dark graphitic shale or slate 
and coarse conglomerate and' breccia of limestone 
fragments in dark argillaceous and calcareous 
matrix (more than 1000 feet thick). Contains 
Stroohomena stosei. Rests unconformably on 
iormations as young as Beekmantown and as old as 
Antietam, 

Martinsburg formation 

Gray to black shale, argillaceous sandstone, with 
purple and red shale near base; contains volcanic 
contributions In Jonestown area; Cocalico shale of 
Lancaster County ia probably equivalent to the 
Martinsburg; it also contains bluish-black and 
dark gray fissile shale with some purple, green, 
and red shale near the base, possibly' derived from 
volcanic ash (7). Contains some graptoiites. 
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Middle Ordovician 

Hershey limestone 

Dark gray-black, thin bedded limestone; weathers 
to brownish-gray surface and shows well deveiooed 
cleavage (200-350 feet thick in Leoanon area). 

Myerstown limestone 

Gray-tan, thin bedded limestone, graohitic at 
base, usually medium to finely crystalline (250 
feet thick in Lebanon area). 

Annville limestone 

Light g ray , h igh ca lc ium "ILTiestone, massive or 
t h i c k - b e a a e d , wea the r s t o wni te sugary-aopear ing 
su r face (^SO f e e t t h i c k i n Leoanon a r e a ) . 

Lower Ordov ic ian 

Beekmantown group 

Onte launee , E o l e r , Rickenbach, and Stonehenge 
fo rmat ions comprise t.His grouo in the Leoanon a r e a . 
L igh t t o dark g ray l imes tone and dolomite wi tn 
c r y s t a l l i n e and f o s s i l i f e r o u s beds; some dark gray 
c h e r t and edgewise conglomerate (2000-2500 f e e t 
t h i c k ) . Con ta in s I s o c n i l i n a s e e l v l ( W h i t f i e l d ) , 
Turri toma s o . , Ooh i i e t a s o . . Lacnosoira s o . , 
Secv i i es t ' e r ' j s s o . , O r s s c i r e s o . , M a c i u n t a s ocsanus . 
Crvptozoon s - e e l i . 

CAMBRÎ JN 

Upper Cambrian 

Conococheagvie l imes tone 

Imnure, d a r k - b l u e l i m e s t o n e , wi th bands of b lack 
c h e r t , o o l i t e s , edgewise conglomera tes , and 
cryptozooan r e e f s ; c o n t a i n s s e v e r a l aoiomite b e d s . 
(Suodivided i n t o fo l lowing memoers in nor thern 
Lancas t e r and a d j a c e n t c o u n t i e s : Richland, Mi l lbach , 
Schaef fe rs town, S n i t z Creek , and Buffalo Sor ings 
memoersj C o n t a i n s Crvptozoon orolifer- j t i and C, 
undulatum (1000-1500 f e e t t n i c x ; . 
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.Middle Cambrian 

Elbrook limestone 

Thin-bedded, shaly, laminated, fine-grained 
argillaceous limestone and dolomite; weathers to 
buff surf-ace (approximately 1000 feet t.hick). 

Lower Cambrian 

Ledger dolomite 

Light gray to white coarsely crystalline dolomite; 
weathers to rough sugary surface (approximately 
1000 feet t.hick). 

Kinzers formation 

Dark banded argillaceous dolomite, spotted marble, 
and dark calcareous shale; contains many Lower 
Cambrian fossils including Bonnia, Olenellus, 
Wanneria, and Paedumias (O-oOG leet tnicic;. 

Vintage dolomite 

Gray t.hick bedded, knotty dolomite with argillaceous 
partings and marble at base. Contains Saltsralla 
conica.(uo to 600 feet thick). 

Antietam quartzite 

Gray-tan quartzite and quartz or mica schist with 
a calcareous, ferruginous, vitreous, granular 
quartzite at the too (200-300 feet thick). Contains 
Olenellus. Camerella. CboLella. Hvolitî .es. Scslithus. 

Harpers phyllite 

Fine-grained albite schist, grav-green, quartzosa 
phyllite, dark shale and slate (aoproxioataly lOOO 
feet thick). 

Chickies quartzite 

Thick-bedded, l i g h t colored, vitreous cuar tz i ta ; 
local ly schistose with s e r i c i t e partings and 
intarbedaea black s l a t e . Contains Scolithus l i n e a r i s . 
(500-600 feet t.hick) 

Hellara conglomerate (not well developed in Lancaster 
County) 

Milky-quartz pebbles up to six inches long in finer 
q u a r t z - s e r i c i t e matrix; some pebbles and cobbles of 
red and black jasper and quar tz i te and sw^ bluish-
green quartz . 
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PRECAMBRIAN 

Crystalline basement complex 

Baltimore gneiss, Byrum gneiss, Pickering gneiss, 
Pochuck gneiss, metadiabase, gabbro, graohitic gneiss, 
anorthosite, granodiorite, quartz monzonite, ana 
serpentine. 

RCC<S OF gUESTICNASLE AGE (Probably Lower Paleozoic) 

Glenarm Series 

Peach Bottom Slate 

Dark bluish-gray to bluish black slate, consisting 
of muscovite, quartz, andalusite, and graphite with 
some magnetite and pyrite. 

Cardiff Conglomerate 

Quartz pebbles in schistose fine quartz, sericite, 
and chlorite matrix. 

Peters Creek Schist 

Chlorite and sericite quartz schists with schistose 
quartzites and conglomerates. 

Wissahickon formation 

Light gray to bluish gray mica schist with abundant 
biotite, muscovite, quartz, epidote, oligoclase, 
albite, hornolende, and chlorite. 

Cockeysville Marble 

V/hite to light bluish gray marble. 

Setters Formation 

White feldspat.hic quartzita with gray mica gneiss 
and schist. 
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SEISMOGRAMS 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 earthquake 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 seism.ic 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 
0NTR2 = TANGENTIAL component 
0NTR3 = VERTICAL component 

OSWG = RADIAL component from station OSWG 
0SWG2 = TANGENTIAL component 
0SWG3 = VERTICAL component 

The remaining stations have only the VERTICAL 
component plotted, and only this component was used 
in the cepstral analysis. 
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FIGyRE_2xl First 40 sac of the seismograms (vertical components) 
for stations ABRN, ELNV, and GERM. 



LCNn 2358.000 

in 
u 
UJ 

v> 
a 
a 

656.000 

o 
UJ 

o 
o 

u 

in 
(J 
UJ 
VI 

a 
o 
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for atatlona LCNA, LILH, and PHEL. 
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POWER SPECTRA FOR THE APRIL 23, 1984 
EARTHQUAKE 

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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CEPSTRA FOR THE APRIL 23. 1984 
EARTHQUAKE 

The following plots are the first 10 quefrency seconds 
of the cepstra for the windowed power spectra from the 
stations used in the cepstral analysis of the April 23, 
1984 earthquake in Lancaster County, Pennsylvania. Two 
plots- are shown for each station. The top plot is the 
cepstrum of the 10 second windowed signal, and the bottom 
plot is the cepstrum for the 20 second windowed signal. The 
power spectrum was windowed in the region were the noise to 
signal ratio is minimal. Each frequency window was padded 
to the same number of points. The frequency window used for 
each station is listed at the bottom of each plot, and in 
the table on the following page. 
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FIGyRE_422 The eepatrum for a 10 aee window (top) 
and a 20 aee window (bottom) of atation ONTR (tangential) 

A188 



CO 

on 
Q_ 
LU 
CJ 

0NTR3 

1.0 2.0 3.0 4.0 5.0 

QUEFRENCY [ S E C . ] 

CEPSTRUM (10 SEC. TIME WINDOW) 

PREO. WINDOW » 1-6 HZ. 

ID 

^— 
Ul 
CL. 
LU 
CJ 

QNTR3 

1.0 2.0 3.0 4.0 5.0 

QUEFRENCY [SEC. ] 

CEPSTRUM ( 2 0 S E C . TIME WINDOW) 

FREQ. WINDOW « 1 - 6 HZ. 
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FIGyRE_4-ll The eepatrum for a 10 aee window (top) 
and a 20 aee window (bottom) of a t a t i o n OSWG ( v e r t i c a l ) 
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THE RELATIVE LOCATION ALGORITHM THEORY 

The relative location algorithm worka in the following 

manner: 

if 

© , ^ , ^ , ^ » unknown parameters 

Gn, Â ,2j,'t'„ a reference event parameters TR* R» R» -̂R 

where 6 is the latitude, X ia the longitude, Z is t.he 

depth, and T is the origin time, and if 

t£ • N travel times observed for the unknown event 

tiî  > N travel times observed for the reference event 

then 

At 

tR. 

^«Z 

(5-1) 

where At is the relative time difference vector, and 
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A P 

e 
X 

z 

T 

OR 

- X. 

(S-2) 

where A P is the perturbation vector, and where 

P -

6 

X 

X 

X 

(5-3) P^ • (5-4) 

are the parameter vectora for the unknown and the reference 

events, respectively. Thus, 

c)t, 
c>e 

d t i at; 
dX 

a t ; ' 
dz 

£tL 
dr 

( 5 - 5 ) 

where A is the condition matrix, and 

[•R ' • i •»] (5-6) 
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where e is the error vector. The relative time difference 

vector ^t, thus equals: 

At • A • AP • e . (5-7) 

The least aquarea solution is obtained by minimizing the 

norm (X) with respect to the perturbation dP: 

AP - (Â « A)"'« A'̂ * At , (5-8) 

and the norm is given by: 

X • At • At . (5-9) 

The estimated location of the unknown event ia: 

P, • (Â ' A)' • A • it • P- , (5-10) 

and the estimated travel time difference vector is: 

Atg » A«( Pj - P̂  ) . (5-11) 

The estimated travel time difference standard deviation ia: 

Oj - l/(N-2) • C Atj - AtJ • C At J - At3 

• l/(N-2) • Z- < At - At ) . (5-12) 
i'l * 

The variance - eovarianee matrix of the estimated 
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pertiorbation ( A P ) i s : 

„ » T - I 
S • o-g • C A • E • A ] , ( 5 - 1 3 ) 

where E is the error matrix: 

E 

<r/ 

(5-14) 

and O'l is the estimated travel time variance at station i. 

The equation of the confidence ellipse is: 

AP • S • AP • C, (5-15) 

where C^ is the suitable statistic: 

for the F-distribution: 

Cj • 2>'(N-2). • F C 100«(l-«): (Tj, N-2 3 (5-16) 

using two degrees of freedom, and for the chi-squared 

factor: 

c!" • X * t ioo«(i-«): 2 ] (5-16) 

using two degrees of freedom. 
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For this relative location algorithm, one needs two 

events which are located wi'thin approximately 1 degree of 

each of each other. Otherwise, the two eventa may have 

drastic dissimilarities in their travel paths. 

The relative location algorithm removes earth model 

and travel time path errors from the calculation since the 

same travel path is assumed for both of the events. 
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Tufa Deposits 

Tufa, according to Pettijohn (19^9, 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 

more dense and banded. The deposits found in the Valley of Virginia are 

commonly called travertine by workers there, but are actually tufa according 

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 the 

stream channel widens abruptly; such dams are rather spectacular features, 

reaching heights of up to four feet. Tufa is also deposited in concretionary 

masses, generally formed around small pebbles or pieces of wood, so that the 

floor of the stream channel appears to be covered with white pebbles of rather 

uniform size. 

Within the Mount Jackson quadrangle, tufa dams are found along Smith 

Creek and Holman Creek west of the Massanutten Range; tufa pellets occur along 

a small tributary to Passage Creek in the northern Massanutten Range. 

Holman Creek tufa. The first tufa 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 

as root molds are found. The surface of the dam has a greenish-yellow color 

due to the presence of a thin film of algae over the damp parts of the rock. 

Pockets and basins along the front of the dajn contain dark-green filimentous 

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 

just above the dam. ^^ 



The second dam occurs about half a mile downstream from the first one. 

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. 

/ No tufa 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 

Road 698 crosses the creek, and from this point to the Southern Railway bridge 

over the creek a series of tufa dams can be seen. The first dam in the series 

is four to five feet high and apparently lacks any stratigraphic control. It 

is composed of soft brown or yellow porous limestone, locally containing 

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 

growing. About eighty feet downstream is a second dam, this one only about 

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 

unique. 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 historic 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 

represented only by its stone foundations, 

the water was returned to the stream. The 

stream has since succeeded in bypassing the 

dam, however, by overflowing onto the fill 

terrace to the southwest and cutting a new 

channel down through this fill. In the 

process of cutting its new channel, however, 

the stream has uncovered a series of tufa 

dams which were formerly buried beneath the 

alluvium in the fill terrace. It would thus 

appear that most of the tufa dams now exposed •__. 

100 
• Scale in feet 

: -^Tufa dans 
' //̂ Forner stream 
',' cotirse 

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 Creek; they are, however, more impressive in both height 

and width. The dams occur along the creek from a point just south of State 

Road 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. 

The terraces here are much like those along Holman Creek in the 

character of the material of which they are constructed. Like the Holman 

Creek dams, 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. 

The creek here is wider and the dams are thus longer. The trace of the dams 
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across the stream is often quite sinuous 

and the dams are generally formed just a 

few feet upstream from especially wide 

parts of the stream's channel. The 

height of these dams is generally about 

four feet; they were visited during a 

period of high water, however, and they 

may be larger than this. 

The first of these dams, that is, 

the one farthest upstream, is located 

just south of the bridge on State Road 

608, from which it is clearly visible. 

The second tufa dam, apparently the largest 

of the group, is located about 400 yards 

upstream from the bridge on State Road 

698. Its form is shown in the diagram 

produced above. Downstream from this bridge three more tufa dams are found, 

only the last one being of any appreciable size. 

Fort Valley tufa. A much smaller, but somewhat different deposit of tufa was 

found along an east-flowing tributary to Passage Creek about a half-mile 

northeast of Camp Roosevelt. The stream is small and intermittent, but the 

aeposit is of some interest. Small tufa dams have been formed at various 

points along the stream and are apparently still active; they are controlled 

m occurrence by outcrops of the Romney shales. In addition the floor of the 

stream is covered by vast members of small white pellets ranging in size from 

two to fifteen millimeters. These pellets show a rather poorly developed 

concentric structure and have at their centers grains of sand or, sometimes, 
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pieces of wood. The deposition of tufa is brought about by even the slightest 

irregularity in the stream channel; roots, leaves, sticks, pebbles, etc., all 

have at least a thin covering of the material. 

Source of the tufa. In all three areas of tufa 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 fault actually cuts 

through limestone layers where it outcrops; in the third case, it is probable 

that the fault cuts or at least shatters limestone formations below the 

surface. The calcium carbonate is brought to the surface by underground 

waters circulating in the fault plane or fault zone; the crushed condition of 

the limestone makes their 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 zones. 

The cause of deposition of the tufa is another problem. Along Holman 

Creek in many cases the dams were found to be covered with algae, which may or 

may not be responsible for the formation of the tufa. The algae may be 

present because of the abundance of 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 

irregularities in the channel, 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 tufa dams are associated with wide spots in 

the stream channel. Sudden widening of the stream would expose more of the 

water to the air and to the sun; this increase in heated surface would cause 

some reduction in the dissolved carbon dioxide and perhaps bring about 

deposition of tufa. B9 / 
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ABSTRACT 

In an a t t empt to identify neotectonic, geochemical, and lineament 
cha rac t e r i s t i c s of a seismically act ive area in the nor theas te rn United 
S ta tes , s tud ie s were conducted du r ing the late summer and fall of 1987 
in and a round the Moodus, Connecticut , area . This project focused on a 
six quad rang l e region cen te red on the "Moodus seismic area" , an a rea of 
anomalously high seismic act iv i ty in recen t and historic times. 

This s t u d y included a review of the l i t e ra tu re , par t icular ly for mention 
of f ea tu res t h a t might be re la ted to the seismic activi ty, and field 
work to locate and examine those neotectonic fea tu res . Also, the local 
d ra inage network was examined and water samples were taken to a s s e s s 
the i r d e g r e e of sa tu ra t ion by chemical species which might indicate deep 
fluid movement along faults or f r ac tu re s . Finally, remote sensing 
imagery at four scales (1:250,000 SLAR imagery, 1:100,000 SPOT satell i te 
image, 1:80,000 h igh-a l t i tude pho tography , and 1:18,000 low-altitude 
pho tography) were examined for the p resence of lineaments tha t may 
revea l bedrock f r a c t u r i n g and tectonic s t r e s s or ienta t ions . 

The r e s u l t s of th i s s t u d y a re limited, bu t the techniques involved do 
offer an i n t e r e s t i n g approach which may be applied in fu ture s tud ies of 
seismically ac t ive zones . No dis t inc t , posit ive evidence of neotectonic 
f ea tu res or ac t iv i ty was found du r ing th is s t udy . No evidence of 
tectonical ly d i s t u r b e d glacial dr i f t or s tream deposi t s appeared in 
p rev ious r e p o r t s cover ing the a rea , except possibly in one s tudy where 
the cr i t ical ou tc rop was r e g r a d e d and obscured . The geochemical s tud ie s 
revealed no ev idence of mineral p rec ip i ta tes or supe r sa tu r a t ed species 
in 33 s t ream bottom samples and 8 water samples. Lineament analys is of 
the six q u a d r a n g l e a rea at the t h r e e smaller scales and the Moodus 
q u a d r a n g l e a t t he 1:18,000 scale produced v a r y i n g data on lineament 
or ienta t ion , f r equency , and length . The lineament orientat ions are 
concen t ra t ed in the no r thwes t quad ran t , a l though secondary peaks occur 
in the n o r t h - n o r t h e a s t and eas t d i rec t ions . The similar d is t r ibut ion of 
l ineament o r ien ta t ions p roduced from the SPOT and high-a l t i tude images, 
indica tes t h a t t he se similarly scaled p roduc t s may be sampling a common 
se t of l ineaments . The differences between the d is t r ibut ions may be a 
r e su l t of s te reoscopic viewing of the aerial pho tographs . The overall 
or ienta t ion of l ineaments is reasonably compatible with other lineament 
s tud ie s in th i s region, as well as , the contemporary s tate of s t r e s s in 
the s u b s u r f a c e . An eas te r ly or ientat ion peak at 080 degrees cor re la tes 
well with the or ienta t ion of the ma.ximum compressive s t r e s s (oi) 
determined from r e c e n t in s i tu s t r e s s and seismic data analyses . 

The var ia t ion in the or ienta t ion of lineament fea tures appears to be 
compatible with a f i r s t - , second- , and t h i r d - o r d e r shear couple model. 
Lineament f r equency was obse rved to increase on the r ada r , SPOT, and 
h igh -a l t i t ude pho tog raphy in the Moodus quadrangle block relat ive to 
adjacent q u a d r a n g l e s . This indicates tha t a higher degree of f r ac tu r ing 
may be p r e s e n t in the vicini ty of the seismic area . In addition, scale 
phenomena funct ions related to the lineament analysis were developed. 
They show: 1) an e.xponential decay in lineament f requency per uni t a rea 
with inc reas ing scale number , and 2) a linear increase in average 
lineament l eng th with increas ing scale number. 
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1.0 INTRODUCTION 

This r e p o r t summarizes a s t u d y of an area of anomalous e a r t h q u a k e 
ac t iv i ty , the Moodus seismic a r ea (Barosh et al, 1982; London, 1987). 
This region of Connecticut has been the site of numerous, general ly 
low-intens i ty even t s in r ecen t yea r s and has a record of seismic 
ac t iv i ty da t ing from New England ' s colonial e ra . Scientific efforts to 
inves t iga te the cause of th is ac t iv i ty have r anged from detailed 
geologic mapping of the a rea (London, 1987) to dri l l ing deep (1000'+) 
r e s e a r c h boreholes (Connecticut Geological and Natural History S u r v e y 
(CGNHS) 1987). This s t u d y complements those p ro jec t s and p rov ides data 
and t echn iques tha t can be used for ana lyses of o ther seismic zones. 

1.1 Purpose of Inves t iga t ions 

As p a r t of a l a rge r s t u d y on seismically act ive a reas being conducted by 
the Pennsylvania State Unive r s i ty ' s Department of Geosciences, th i s 
inves t iga t ion of the Moodus seismic a rea was to: review the l i t e ra tu re 
d i scuss ing the a r ea ' s neotectonic and geologic fea tures ; sample local 
s t reams for geochemical ind ica tors of deep fluid movement; and examine 
var ious scales of remote sens ing imagery and aerial pho tography for 
l ineaments and f r ac tu re t r a c e s in an effort to identify f r ac tu re s in the 
bedrock . Although th i s p ro jec t was limited in scope, it does provide a 
prel iminary assessment of the neotectonic act ivi ty of the si te as well 
a s an approach t h a t may be useful for the s t u d y of o the r seismic a reas . 

1.2 Scope of Inves t iga t ions 

The s t u d y a rea for th i s p ro jec t is not defined by any na tura l or 
man-made boundar ies bu t it is roughly cen tered on the town of Moodus, 
Connecticut . The s t u d y a rea ex tends from th is point ac ross six 7.5 
minute quad rang le s cover ing near ly 1940 s q u a r e kilometers. The s t u d y 
a rea q u a d r a n g l e s a r e (from west to east in two rows): (1) Middle Haddam; 
(2) Moodus; (3) Colchester; (4) Haddam; (5) Deep River; and (6) Hamburg. 
Although por t ions of the p ro jec t examined l a rge r or smaller a r eas , this 
g r o u p of q u a d r a n g l e s was always the focal point of th i s s t u d y . 

1.3 Review of L i t e ra tu re 

Because of the var ied n a t u r e of th i s project , a review of selected 
sou rces of da ta is neces sa ry . However, a s th is r e p o r t concen t r a t e s on 
lineament and f r ac tu r e t r ace ana lyses , th is a rea will be covered more 
extensively t han will be the review of neotectonic fea tu res "^nd 
geochemical s tud ie s . 

The p r imary sources of information usea to provide a review of 
background data for th is repo i t a r e Weston Geophysical Corp. (1982a; 
1982b), Barosh et al. ( l i ' ' 2 ) , and London (1987). These r e p o r t s include 
data on lurny inves t iga t ions concerned with neotectonic, geochemical, 
lineame.^t, and o the r geologic f ea tu res in the Moodus area . Other 
s tud ie s have a t tempted to identify neotectonic fea tures tha t may be 
re la ted to ac t ive subsu r f ace faul ts or uplift a r eas . Of these , 
LaFleur ' s (1980) s t u d y was concerned specifically with identifying 
sur face f ea tu res which could be a t t r i bu t ed to modern tectonic and 
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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 River 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 
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 
contact with a sheared, granulated, and slickensided bedrock surface of 
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 s t ress 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 
related to earthquake and neotectonic activity does not mean that such " 
evidence does not exist. It does mean that exposures capable of 
providing this e'vidence are not currently available. This may be the 
result of few exposures and the relative instability of glacial deposits 
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 
s t ructures , it did not gather data on stream water chemistry. While 
this type of data is more likely to be effected 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 
work by Costain et al. (1987) ascribes some seismic activity to deep 
fluid movement and transient hydrologic surface loading. This indicates 
the importance of 's tudying hydrologic variables in the future as they 
may pro'vide clues to subsurface s tructures 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 
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deposits would not be as significant as in areas with abundant carbonate 
bedrock. Therefore, water samples were taken across the study area in 
addition to examining the stream sediments 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. 

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 the earliest studies of these 
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 s t ructures 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, 
helium, and radon gas movement from the subsurface (Banwell, 1986; 
Rodgers and Anderson, 1984). Lavin et al. (1982) notes the offset of 
geophysical anomalies along one major feature. In addition, lineaments 
have been related to major and minor ore body emplacement in a variety 
of terranes (Keim, 1962; Krohn, 1976). Other studies have related 
fracture traces and lineaments to zones of vertical to near-vertical 
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 
s t ructures 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 
assessments. For details on how the technique is applied in water 
resource studies, see Meiser and Earl (1982) and Parizek (1976). 

With regard to lineaments mapped in the Moodus area, Barosh et al. 
(1982) records the presence of numerous lineaments with a dominant 
northwesterly trend as well as other orientations. They also identified 
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 
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northerly trending lineaments in this area and relate them to current 
and relict s tress 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 par t 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 and geologic 
study area features will be made. 

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, steeply 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 
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 
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 s t ructures were identified on the basis of 
symmetry of mappable units about their fold axes. In sequence, the 
Monson Gneiss - Middletown (Ammonoosuc) Formation - Collins Hill 
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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 comple.x (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 s t ructures of the area. Previously identified major thrus t 
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 ob-vious 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 STRE.\M WATERS 

In an attempt to identify areas of anomalous water chemistry in the 
Moodus area that might be related to recent and historic seismic 
acti-vity, local t r ibutary streams were examined during August of 1987. 
In some carbonate bedrock areas (such as central Virginia or Lancaster, 
Pennsylvania), saturated, effluent ground waters, possibly produced by 
the dissolution of fault gouge, have been identified in streams by the 
presence of travertine-marl deposits and anomalous concentrations 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 foi: the presence of carbonate deposition during the 
course of this s tudy (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 
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 calculate the ionic balance of each sample as a 
check on laboratory accuracy. These and other field data were then used 
to csdculate the degree of saturation of the calcium carbonate in the 
stream waters. 

C16 



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 
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 result 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 previouslj' 
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 
boreholes 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 area 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 increased 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 
revealing regional fracture directions and other information on 
subsurface conditions in the .Moodus area. It should be noted here that 
determining the age relationship(s) of the mapped lineament features is 
critical to their use as indicators of the tectonic history of an area. 
In addition, as mentioned previously, all linear features mapped in this 
study will be termed lineaments for the purpose of convenience. 

4,1 Methodology 

Through the use of techniques adapted from Lattman (1958) and Meiser and 
Earl (1982), the 1:250,000 scale SLAR side-looking aerial radar imagery, 
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 Figure 3). These products, single images 
for the SLAR and SPOT, 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 elongate 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 repositioning 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 analysis 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 not 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 e.xamining the imagery 
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 potential, 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 
the entire state of Connecticut to be viewed on one sheet. Radar is 
especially 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 
morphological features. However, the radar image can bias lineament 
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 
direction (Lillesand and Kiefer, 1979). 

In all, 48 lineaments were identified within or intersecting the 
six-quadrangle study area.* These features, ranging in length from 6 to 
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 Plate 1). Another feature 
marks the border fault at the edge of the Central Valley area. Other 
features may identify stratigraphic 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 
70% spatial coincidence with this earlier work. 

The azimuthal half-rose orientation diagram of the radar lineaments is 
shown in Figure 4. This diagram reveals that lineaments observed in the 
six-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 
(1982a; 1982b). They also note the potential for look-direction bias in 
the radar imagery, which may explain the overall lack of east-west 
trending lineament s t ructures . 

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. It 
has only recently become available and has approximately a 10 meter 
ground resolution in the black and white panchromatic band. The study 
area was e.xamined 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 
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. 

* Table B. 
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Figure 4, Orientation of lineaments observed on 1:250,000 
scale SLAR radar imagery 
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Over the three quadrangles covered, a total of 37 lineaments were 
mapped.* These features ranged from about 4 to 10 kilometers in length, 
and included some possible lithologic strike lines as well as probable 
fracture features. .\s with the radar imagery, most of the lineaments 
were mapped in the metamorphic rocks of the Eastern Highlands, with onlj-
a few being mapped in the heavily urbanized Central Valley. 

The rose diagram of SPOT lineament orientations (Figure 5) reveals a 
different distribution of observed features than the radar imagery. 
This distribution records two primary peaks: a broad one to the 
northeast between 020 and 040 degrees and a narrow peak to the northwest 
between 340 and 350 degrees that coincides closelj' with the ma.ximum 
fouiad in the analysis of the radar image. Secondary peaks are less 
distiiict 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 
fractures at 90 degrees to Oi, or 350 degrees, may be under a reverse 
(thrust) s tress regime. Therefore, it is likely that the lineament 
orientation peak between 340 and 350 degrees may be a function of the 
contemporary stress field present in the Moodus 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 s tructures discussed in Canich and 
Gold (1977) 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 Corp. report (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 
structural features. In addition, a number of nearly parallel features 
were observed near where the Connecticut River crosses into the Eastern 
Highlands terrane. 

* Table C. 
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Figure 5, Orientation of lineaments observed on 1:100,000 
scale SPOT satellite image 
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The orientation of the lineaments mapped on the high-altitude aerial 
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 ma.ximum is oriented between 
030 and 040 degrees whereas the northwest ma.ximum lies between 3C0 and 
350 degrees. Northerly orientations between these two peaks are 
represented by secondary ma.xima. The reasonably close correlation 
between the SPOT and aerial photograph data is interesting because it 
suggests that these two scales of imagery are capable of sampling the 
same set of features, although with differing degrees of sensitivity. 

4.5 Low-Altitude .A.erial Photography 

Because of the time and manpower limitations of this study, only the 
Moodus Q-aadrangle was subjected to the 1:18,000 scale lineament 
analysis. However, as 25 stereo aerial photographs 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, smaller scales. However, some of the features show no 
distinct relationship to the major lineaments. These short lineaments 
are thought to be related to joint and fault traces, lithologic 
v.iriability and strike, and possibly glacial scouring directions (Weston 
Geophysical Corp., 1982b). In other terranes, foliation directions have 
also been observed on low-altitude photography. 

The orientation diagram for the low-altitude lineaments is quite 
distinct from the previously observed distributions (Figure 7). These 
data show a pair of primary maxima; one between 320 and 330 degrees and 
one between 080 and 090 degrees. The first peak is about 10 degrees 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 CTi direction of 080. In 
addition to these two peaks, indistinct ma.xima (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 ma-xima 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 secondarj-
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 Moodus Deep Hole (see Plate 
1), as well as earthquake focal mechanism solutions for local October 
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Figure 6, Orientation of lineaments observed on 1:80,000 scale 
high-altitude aerial photographs 
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Figure 7, Orientation of lineaments observed on 1:18,000 scale 
low-altitude aerial photographs (Moodus quadrangle only) 
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1987 earthquakes, have indicated a 080 degree direction for the cTi 
ma.ximum compressive stresses in this area (Ale.xander, 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 
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 
small-scale imagery on a quadrangle basis (Figure 9), indicate a 
possible reason for the seismic activitj* that is endemic to the Moodus 
area. At all three scales examined in this study, the Moodus quadrangle 
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 
contributing to, or as a result of, higher numbers of seismic events. 
While this frequency value is probably real, it may possibly be the 
result of operator bias. 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. 

Xvhile lineament analyses are limited in the degree of detail they can 
provide about an area, they do offer a means of identifying potentially 
major structural features and indications of the orientation of the 
contemporary state of s t ress . This is usually accomplished by examining 
one, possibly two, scales of imagery. However, this study may have also 
produced some less specific, but more interesting results by examining 
and reexamining the same area at four different scales. Across the six 
quadrangle study area, data on the general frequency and length of 
lineaments per unit study area were gathered. When these data were 
e.xamined, some interesting relationships regarding lineaments and scale 
of observation were revealed. 

Figure 10 shows the observed relationship between the average number of 
lineaments intersecting a quadrangle block and the scale of the imagery 
used in the analj'sis. The plot shows the exponential 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 
only 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 s t ructures . 

An additional relationship for the multi-scale data is illustrated in 
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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re la t ionship t h a t is cons is ten t over different scales of geologic 
phenomena. I t should be noted that app rop r i a t e observat ion scales for 
va r ious geologic phenomena have been inves t iga ted (Gold, 1980). 

The potential benefit of these re la t ionships may only be revealed after 
f u r t h e r s t u d y on why and how they exist. If these re la t ionships 
desc r ibe the cha rac t e r i s t i c s of l ineaments, t hen they may be used to 
p red ic t the number or ave rage length of f ea tu re s likely to be observed 
in a g iven a rea for a given scale of imagery. Likewise, they may be 
able to indicate t h e a p p r o p r i a t e scale imagery to use for e.xamination of 
pa r t i cu la r scale f ea tu res . Another i n t e r e s t i ng possibil i ty is the 
var ia t ion of these re la t ionsh ips with changes in age, tectonic, and 
lithologic se t t i ng . As th i s s t u d y focused on an seismically act ive, 
highly deformed area , the da ta obtained in th is area may not be 
r e p r e s e n t a t i v e of o the r younger and more s table a reas . In actual i ty , 
t h e r e may be comparably systematic , bu t different , scale re la t ionships 
t ha t depend on the s t ra in effects of the pas t and p r e s e n t s t r e s s fields. 

5.0 CONCLUSIONS AND RECOMMENDATIONS 

Although it is obvious tha t a g rea t deal of addit ional work will be 
neces sa ry to fully u n d e r s t a n d the Moodus seismic area , th is s t u d y is 
able to offer specific conclusions and recommendations which may benefit 
f u r the r s tud ies of th i s a rea . These conclusions and recommendations may 
also benefit r e s e a r c h in o the r seismically act ive zones, as well as 
geologic inves t iga t ions of o the r reg ions . 

5.1 Conclusions 

The pr inc ipa l conclusions tha t can be drawn from this s t u d y of the 
Moodus seismic a rea a r e : 

1. No d is t inc t ly posi t ive evidence of neotectonic d i s tu rbances of 
the land surface or of glacial deposi ts was recorded . Both field and 
l i t e r a tu re s tud ies were unable to identify evidence of recen t land 
surface d i s t u r b a n c e s tha t could be a t t r i bu t ed to tectonic act iv i ty . 

2. The limited geochemical s tud ies of s tream bottom materials and 
water samples in the Moodus area produced no evidence of s a tu ra t ed 
g round wa te r s being d i scharged to surface s t reams. In o ther seismic 
a reas , the location of faults and f r ac tu re s have been identified by the 
p re sence of anomalous ca rbona te deposit ion on stream bottoms and the 
p re sence of associated ca rbona te - r i ch water chemistr ies . 

3. Lineament analys is of the s t u d y a rea was conducted t h rough the 
use of 1:250,000 scale r ada r imagery, 1:100,000 scale SPOT satelli te 
imagery, and 1:80,000 scale h igh-a l t i tude aerial pho tographs . The 
Moodus quadrang le was also e.xamined with 1:18,000 scale low-alt i tude 
aerial pho tog raphs . The r e s u l t s of these s tud ies revealed va ry ing 
d i s t r ibu t ions of lineament or ienta t ion, f requency, and length . 

4. Lineament or ien ta t ions a re concen t ra ted in the nor thwes t 
quad ran t , a l though o ther d i s t r ibu t ion peaks occur to the nor theas t and 
east . The eas te r ly (080 to 090 deg rees of azimuth) peak cor re la tes well 
with t h e r e s u l t s of r ecen t in situ s t r e s s and ea r t hquake focal mechanism 
solutions which indicate an 080 degree or ientat ion of the maximum 
compressive s t r e s s , p robably Oi. This regime would favor the 
formation or opening of f r a c t u r e s or iented parallel to the maximum 
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s t ress 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, originally formed by a 
previous principal s t ress regime oriented to the northwest. 

5. The SPOT imagery (1:100,000 scale) and high-altitude aerial 
photographs (1:80,000 scale) appear to sample a common set of lineament 
features, although with differing degrees of sensitivity. The aerial 
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 aerial photographs. 
This indicates the seismic area may be more fractured than surrounding 
regions in the present s t ress field, possible as a result of higher 
seismic activity. 

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 recommendations for additional work can be made: 

1. The "Rely Fault" exposure should be reexcavated and examined for 
its possible neotectonic significance. 

2. Regular geochemical sampling of stream and well waters should be 
conducted to evaluate the hydrogeochemical factors at work in the Moodus 
area. Thermal data associated with this sampling may also prove of 
interest. 

3. Compilation of all lineament data on a suitable base map is also 
suggested. This information can then be checked for supporting field 
evidence (such as increased well yields, subsurface gas migration, 
aligned ore bodies, or earthquake foci) that will indicate if the mapped 
linear features are related to subsurface fractures and possibly to 
seismic activity. 

4. The observed lineament data illustrating the relationship 
between average lineament frequency per unit area and lineament length 
versus imagery scale should be further investigated. 

5. As stream systems appear to be tectonically sensitive, drainage 
networks could be profiled and monitored for neotectonic changes. 

6. Joint studies should be conducted on all available outcrops for 
evidence of current and previous stress field orientations. 
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TABLE A 

RESULTS OF GEOCHEMICAL WATER ANALYSES 

P.VRAMETER IQIY - Block 1 - SMP# sample number - DATE sampling date - LAB 
PH laboratory pH - ALIiALI alkalinity in mg CaC03/l (milligrams per 
liter) - ACIDTY acidity in rag CaC03/l - SP CND specific conductance in 
micromohs - HC03 bic::arbonate in mg/1 - N03 nitrate as N in mg/1 - S04 
sulfate in mg/1 - Cl chloride in mg/1 - Block 2 - SMP# as above - TEMP 
sample temperature degrees Celsius - FLD PH field pH - Ca calcium in 
mg/1 - Mg magnesium in mg/1 - Na sodium in mg/1 - K potassium in mg/1 -
Si02 silica in mg/1 -
CATION cation product ,'ind ANION anion product both in miilie'quiv/i -

SMP= 
01 
02 
03 
04 
05 
06 
07 
08 

SMP= 
01 
02 
03 
04 
05 
06 
07 
08 

D.ATE 
8/30/87 
8/31/87 
8/31/87 
8/31/87 
8/31/87 
8/31/87 
8/31/87 
8/31/87 

: I1E?IP 
17.5 
18.5 
18.5 
17.5 
21.0 
22.0 
19.0 
19.0 

LAB PH 
7.39 
7.30 
7.22 
7.15 
7.46 
7.63 
7.19 
7.23 

AU^ALI .ACIDTY' SP CND HC03 K03 S04 
13.45 
12.69 
33.70 
9.29 
15.07 
18.85 
10.26 
9.94 

FLD PH Ca 
6.82 
6.91 
7.24 
7.28 
7.20 
7.10 
7.29 
7.29 

6.22 
4.75 
4.68 
3.12 
7.76 
9.00 
5.12 
5.15 

2.73 
2.51 
1.80 
1.85 
2.60 
1.67 
1.58 
2.20 

Mg Na 
1.33 
1.33 
1.35 
1.17 
2.26 
2.22 
1.38 
1.43 

50.1 16.40 
48.0 15.47 
62.8 41.09 
36.1 11.33 
100.1 18.37 
91.2 22.98 
70.7 12.51 
72.5 12.11 

0.21 9.53 4 
0.31 4.78 7 
0.21 8.16 12 
0.17 6.44 3 
0.30 9.74 24 
0.45 13.34 14 
0.29 6.87 15 
0.30 6.45 15 

K Si02 CATION ANION 
3.01 2.02 
4.80 1.49 
7.57 1.34 
3.61 1.07 
12.00 2.20 
8.21 2.59 
9.15 1.29 
9.32 1.39 

0.7 0.60 0.58 
0.3 0.59 0.57 
0.4 0.71 1.21 
0.7 0.44 0.42 
0.4 1.15 1.19 
0.3 1.06 1.06 
0.3 0.80 0.80 
0.3 0.82 0.78 

Cl 
01 
53 
73 
41 
02 
23 
70 
79 

"^/^^;? 





TABLE B 

DATA ON SIDE-LOOKING RADAR IMAGERY LINEAMENTS 

P.ARAMETER l\EY - LINE* lineament number - ORIENT lineament orientation 
(azimuth) - LNGTH lineament length (kilometers) - QUADS qioaidrangles 
intersected -

.INE* 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 

ORIENT 
005 
358 
018 
344 
016 
018 
023 
318 
311 
293 
308 
280 
345 
059 
347 
348 
344 
056 
060 
284 
053 
339 
356 
305 
343 
312 
041 
343 
341 
038 
357 
003 
055 
042 
019 
317 
289 
341 
041 
310 
038 
022 
306 
302 
305 

LNGTH 
24.7 
14.2 
12.0 
14.9 
16.1 
15.8 
19.9 
17.4 
13.9 
11.7 
9.5 
9.2 
14.9 
6,3 
8.5 
12.0 
17.7 
10.1 
14.9 
12.7 
15.2 
27.5 
16.8 
12.0 
14.6 
19.9 
9.2 
12.3 
11.7 
25.3 
13.3 
12.7 
13.0 
15.5 
12.0 
14.9 
9.5 
17.1 
16.8 
15.2 
13.3 
13.6 
17.4 
11.7 
18.7 

QUADS 
2 
3 
3 
2 
2 
1 
1 
2 
2 
1,2 
1,2 
3 
3 
3 
3,6 
2,5 
3,6 
2,5 
2,4 
1 
1 
4 
1 
6 
6 
4 
1,4 
4 
4 
1,2,4 
5 
5 
5,6 
6 
5,6 
5 
4,5 
4 
4 
4 
4 
4 
2,3 
1.2 
2,5,6 
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TABLE C 

DATA ON SPOT SATELLITE IMAGERY LINEAMENTS 

P.ARÂ IETER KEY - LINE# lineament number - ORIENT lineament orientation 
(azimuth) - LNGTH lineament length (kilometers) - QUADS quadraingles 
intersected -

LINE? 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 

ORIENT 
026 
354 
344 
014 
025 
341 
015 
023 
310 
348 
051 
305 
014 
293 
350 
298 
306 
029 
021 
281 
347 
283 
055 
027 
346 
006 
058 
352 
040 
087 
014 
008 
292 
310 
332 
331 
010 

LNGTH 
5.5 
8.3 
9.6 
8.6 
6.3 
7.1 
5.8 
8.3 
7.3 
10.6 
5.5 
4.5 
5.3 
6.0 
5.5 
4.8 
6.8 
6.5 
4.0 
3.5 
5.0 
6.0 
6.3 
7.8 
6.5 
5.3 
9.3 
5.5 
5.3 
7.3 
5.0 
5.3 
6.3 
4.0 
5.5 
5.3 
6.5 

QUADS 
1 
2 
2 
2 
2,3 
3 
3 
3 
3 
2 
2,3 
1,2 
1 
1 
1 
1 
1,2 
1,2 
2 
2 
2 
3 
3 
3,6 
3 
2,5 
1,2 
2 
2 
1,2 
2,4 
1 
1 
2.4 
3,6 
1 
1 
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TABLE D 

DATA ON HIGH-.ALTITLT)E AERI/VL PHOTOGRAPHY LINEAMENTS 

P.ARAMETER KEY - LINE? lineament number - ORIENT lineament orientation 
(azimuth) - LNGTH lineament length (kilometers) - QUADS quadrangles 
intersected -

LINE# 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 

ORIENT 
341 
074 
359 
000 
024 
331 
055 
355 
016 
349 
010 
013 
344 
358 
289 
281 
294 
314 
359 
276 
334 
020 
335 
355 
346 
002 
331 
338 
002 
282 
021 
004 
308 
346 
043 
025 
310 
086 
299 
333 
350 
358 
290 
043 
on 

LNGTH 
3.4 
3.8 
2.4 
5.1 
3.8 
7.6 
5.1 
4.3 
13.4 
8.2 
4.5 
4.0 
5.6 
4.7 
3.8 
3.0 
3.4 
4.6 
6.8 
2.6 
6.6 
7.7 
5.7 
3.1 
6.2 
4.3 
5.2 
4.6 
4.1 
4.6 
2.7 
3.7 
5.5 
4.3 
3.3 
4.3 
3.2 
7.1 
4.2 
6.8 
9.9 
4.0 
2.0 
3.2 
5.0 

QUADS 

1,2 

1,4 

1,2, 

1,4 
1,4 
1,2 
2 
1,2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2,3 
2 
2 
2 
2 
1,2 
2 
2,3 
2,5 
2 
2 
2 
2,5 
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TABLE E 

DATA ON LOW-.ALTITUDE AERIAL PHOTOGRAPHY LINEAMENTS 

PARAMETER KEY - LINE* lineament number - ORIENT lineament orientation 
(azimuth) - LNGTH lineament length (kilometers) - QUADS quadrangles 
intersected - (Moodus Quadrangle Only) 

LINE* 
1 
2 

4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 

ORIENT 
023 
087 
336 
046 
333 
355 
Oil 
080 
053 
031 
304 
287 
003 
039 
089 
302 
283 
345 
351 
046 

on 
082 
010 
088 
335 
028 
292 
052 
277 
012 
340 
014 
294 
330 
310 
325 
036 
343 
331 
350 
004 
087 
033 
356 
065 

LNGm 
1.5 
1.7 
1.8 
1.5 
1.1 
1.2 
1.2 
1.5 
1.1 
1.2 
1.3 
1.7 
1.4 
1.2 
1.6 
1.3 
1.2 
1.6 
1.1 
1.9 
1.8 
1.4 
1.6 
1.4 
1.1 
1.3 
1.2 
1.4 
1.8 
1.1 
1.2 
1.8 
1.1 
1.0 
1.2 
1.3 
1.5 
1.0 
2.2 
1.4 
1.5 
1.7 
1.4 
1.6 
1.6 

QUA 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
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PLATE 1, Location map of study area features 
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•wldanc 
Car l y P« l « « s « i « 

Slil-13 11M5-
Ft*aij«pey d«p<n<i«nc€ of £ for upper en i« t« l rocKJ 
of th« ctntr«4. Rio Gc»nd» rlfC 

? J CAitfPTER {I>«pt. of G«ology. Northtra I l l i n o i s 
Q n l v c r i l t v . DckAlb, XL 60US) 

A.K. SANrORD «nd J . P . AK£ (Both «t C«otcl«nc« 0«pC.. 
ttav Mexico losCltuC« of Hlnint snd TtchnoiO^, 
Socorro, NK 47801) 

S|>*ccr« f r o * 38 mlcro«srchqu«li«f In four Bwarvs 
v«r« us*d to coaput* Q(f) (1>40 Ht) for • rc f ion of 
d i i turbcd uppvr cruse in th* c s o t r a l Rio Grand* r i f e 
naar Socorro. New K n l c o . Kotr «cack«d And (m»c<ek*d 
•p«ccra w«rc f i t v i e h • K>O«1 of the f o m Q(f) - O f . 
Du* CO c o n t l a t u c v fro* ovant to w e n t , f l e e i a g th* 
iAi*cac&*d spacer* and *v*rifi&it n and Q ov«r aach 
•varv producad a Mora pracla* Q(f) 9od»l thae f i t t i n g 
•pactra atackad ov«t aach a v a m . 

Ualng both tachniquas , n tor P vavaa vas found to 
varv £ro« 0.26 eo 0.^5 and Q vag found to varv fro* 
29 EO 66 For S wavaa, n vas found to vary fro« O.OA 
to 0 .66 and Q frov 17 to 295. In g*n*ral , »» dacpar 
region* *rc aas»l«d tha dagra* of fraquancy depandanc*. 
n, d*cr«****, v h l l * Q Incraaaa*. n and Q >tav* baan 
obaarved to vary In a t l A l l a r fashion v l t h incraaaing 
t a c t o n i c a c t i v i t y . Th*s* obaarvat lons au^gast the 
incioanca of oaar-aur iac* f rac tur ing aay s trongly 
in f luence the frequency depandanc* of Q. 

Seismicity 
Room 319Tliurs PM 
Presider, L. T. Long 
Georgia Institute of Technology 
D. V. Stockar 
Pennsvlvania State Univ 

tnocKS have o«*n detected and located Seven of 
criaic evenci occurred w^triin tt« fine )0 davi of 
aonitortn^ Si9nal duration »a9nituoeft for tn* 
aflcrtnocHt rtn^t tret* near 0 0 to *DOut 2 S Focal 
dSDtns calculate* usin^ HYPQINVCKSE fall between 
«Dout Z 5 and 6 0 WN A tMO-lav*r over a nalf-ioacc 
crustal nooal C* 2^ k/j to 2 KA 6 S to }5 •<«. *no 
i \ in the ̂ alf*1eace) «*s dcriw*d to locate the 
«w«ntt Tn« aftarinocKs 'ora « linear trend ttriking 
approxitsatcly NIOC and witn * Wn^th of aoout 3 l**" 
k cofltoot'tc fault plane solution aaseo on 33 firtt-
MOtioni fron 7 events indicate! eitner r i9nt-late''* I 
StriKe-ilip motion on * NNC striking plane, or !«*•-
1*t*rai fauUtn^ on * ESE striKrng plane The spati*) 
discneution of tn« aftcsnocKS suggests the NN£ 
oriented nogaI plane is tn* fault piane The 
airection of lummufli comprcssiwe stress inferred 
from tne fault plane solution is **st-nortneatt 

SM7A-03 tiiOSH 

roc«.* pteeent are the N S - i t r l k l n g Tr lae s l c -Juraaa l c 
dl«ba*c d l k e e , and the vounBe»t fau lc t preeant at* tn-
NS-tr*ndtng c r o e * - i a g i t « wnich o f f s e t a t . other 
s t r u c t u r a l f ea tures and U t h o i o g l e e of the area. The 
Apr i l . 198* event le wi thin tn* do«in*nt lone ot thes 
f a u l t s . Th* h i s c o r i c s l s e l s a l c t t v and re located 
InsErusenta l lv recoroeo events a l s o define s 
NS-trending zone, the Lancaster S e i s a t c lone . U 1» 
spprox iaate lv SO ka In length and 10 ka in v i d t h . T^. 
s e i s a i e lone i s psraiI*L to the f s u i i tone. Th* 
orainage pattern of the aaior screaa> is a l s o 
prcaoainanclv NS-tr*nding near •.ancaster. Pocent i s i 
f i e l d (ae foaagnee ic sno i r a v i t y i e n o a s l i e s sna 
proaioent reaote sensing l i n e a a e n t i provide rurtner 
fv idenre o( tn* presence oi the croas - i t ruc twra i ton* 
Inferred I toa the geoiOgy and s e i s a i c l c v including 
evidence tor re i s ced large i t e i e b«seaent f e s t u r e s 

E»rtnouafces *na faults ' c g n f a l N»«« HafHQ r̂n re 

Sourc* »M P^OMgatton Charactenstlci for Hfterinocn 
^eougftce Ntsr P'aine^vil l e . W>̂ o 

6. SlASSMQfEB. R. Borcherdt {U.S. Geoloolcal Survey. 345 
MiaolefielO Koad. «en»o Par*. CA 94(1??) 

J . K1no ( t l ec t - i c Power Research Ins t i tu te ) . C. Oietel , E 
ScADera, I. Roeloffs, C. Valdes. it>6 C. Ntcholson (a l l 
at U.S. teotoQical Survey, 345 Mld<t1«f 1el<j Road, H^nlo 
Pars, CA 94025) 

Oynaalc sclssiU nostents, stress drops, and corner f re-
Outnctes ^«vc be«n oenved for aftershocks of the January 
3 1 , 1985 " = 4.9 earthduake near Pj inesvi l le , Ohio. Th* 
aftershock scouence MSS recorded on i wide dynamc ranqe 
(96 dB) broad bandMidth (400 SDS) array (GEOSJ ^nctrcling 
the •picentra) region and extending along a linear prof i le 
to a distance of S5 ka. Eight seisaic events w^re de
tected as of February IQ. 1986 with moaencs ranging from 
2x10^' to 4«10^^ dyne-cm, and Inferred stress droos based 
on Srunc aodel up to more tnan 100 bars. Determination of 
peak acceleration *mo)Uiides from the observed hign. 
frequency ground aotions vary widely across the array. 
Accelerations n««r 11 gravity for both P and s waves were 
observed tor the larger events (M = 1.8, 2.3) during tfie 
short (0.06 to 0.16 sec) impulsive arr iva ls . Possible 
changes in the crustal state of stress are being mves t i -
9«ted In relation to Observed selsaicrty. 

Jos^ Wilson C. ROSA and Gene SlMflONS (OepC. of Eart-
Aifflbsphenc, sno blanetary Sciences, H . I . T . , Camonot. 
>1A 02139) 

Tntrty-$ix iheJlo** earthoua<es i-uri naomtuoes to c 
have occurred near Lacoma, NM ̂ mce hove*«oer i97f 
have wsed t h * following to search for pos'u e faul 's 
associated w t n tn* eartnauj«es resio, / -svi ty «* 
based on 750 stations in 3000itm2 aerial --ciLograofS 
tooograpnic maps, aeroaagnecic map. Stream and 
tooographic alignct^nts, gravity anonaiies. pnotoarapr 
)inears, and tne temoorat migration of earthquakes 
- - a l l features comionly associated wtth faults — 
indicate a fau l t that stnltes MS^W, extends rouohly 
through uaza and Br is to l , and is at least 50 w» long 

$M7A-G7 lS2nH 
Selsalcltv Slid Crustsl Structure in Southeaster-

Tennessee 

LELAWD TIIO'^JY LOWC. JtlH-SA/* LID" AW Tit, and 
KAIIL-HEIVZ ZELT (All at School of Geoohvslcsl 
Sciencee. CeotKls Inscltuce oi Tichnolorv, 
Aclanca, CA 30332) 

S42AH31 1530H IWTTH) 
•̂ he Charleston Earthquake of 1B86 * Centennial view 

PWADEEP TALWAHl Departaent of Geology ynlversity of 
South Carolina ColuaOla S C 29208 

Historically one of the aost destructive earth-
quaites along the U S East Coast occurred near Charles
ton 5 C on August 31 IBM It occurred soon after 
the birth of setsaology as a science and provideo data 
to teat the ideas and aeChods of Mallet It attracted 
a«ny Investigators inciuding in eariv Septeaber >fcG»e 
" srs •^eicenhall (I 5 - ?na. se-v.cPi m c laNC-n 
„ i '.evj ) ^O'-z . SJJS.' •; •'lei- n» t-p.̂ ei "S* 

tracts for two aontha and Hanigauit ana other aeaoers 
of Charleston e Elliot Society reported on the effects 
of the esrthquaiccs on structures The nearly 4000 
accounts froa over ISOO locations (Including Hayden s 
intensity datai vere aade available to Capt Dutton 
IUSGS) Mhoae report was published In 1889 After 
Initially suggesting the presence of three epicenters 
(besed on Sloan i work) at Woodstock Rantowies and 
Niddleton Place he dropped the latter in his final 
report He w«s thus one of the first to recegnite two 
detached epicenters Incorporating Mallet s Ideas 
Dutton calculated the depth of foci «t 19 ka (Mt and 
13 ka IP and the velocity of earth waves to be 5 2 
ks^s E'Siuatlng tie report of an insurance company 
that exawmed all the 8000 buildings in Charleston 
Preeeac (1931} concluded that oniy one building in 71 
was irreparable "soer (1914) suggested the presence 
of « NE fault to account for the 1SS6 event An 
apparent HW trend o' epicenters of historical eerch-
quakca was noted by Bollinger 119721 A aultidiscl-
pllnary effort to unocrstand th* cause of seisaicity 
b«gain in 1974 The results of it ind tne discovery 
of a possible decoUeaent in NE Georgia spawned aany 
hypotheses including association of earthquakes with 
buried plutons bacxslip/reBctlvatlon of tne oecoile-B 
•ent ana reactivation of border faults of Mesoxolc I 
basins and the presence of steeply dipping Intersect- I 
ing faults I will discuss these in lignt of the datar 
and concepts in 1886 

S4?^-0t( m20H 

$ii?c-^ 13S0H 

It A. -iROTtK. C T STATTON, J.D AC N E W P C. NAUNOFF, 
H.C Q U I T M E Y E R (Woodward-Clyde Consultants. PO 6ox 

:9C Kavne. NJ 07lt70) 
Q. .£6UNC. C KLINKIEUICZ (Weston Ceopnysical Corp , 

PO Box S50 Westboro, MA O158I) 

* Magnitude U 3 cartnouaK* occurred in northeastern 
9hio on 31 January 19C>b An«log and digital instru-
a*nts were deoloyco m the epicentre' *reM o e o m n m ; 
about 12 hours after the mainshock Eleven stations 
«rre tniually .nstslletj the fmal array Consisted 
o* IV stations As o* 25 ̂ epruary 1986, 6 atter-

314 

tarchauakei tn the Crester Hew York Citv Area of the 
Paet rSO Tear> Locacioni, Haenttudes ana Securrence 
Rates 
SYKIS. LTWI R (l.*isont-[>oh*Tty Geological Ohservitorv 

and Dee«rt«ent of Geological Sciences of Colusibia 
U n i v e r s i t y , Pe l i sadas , IfV 10964) 

A aagBitudc/ [*U-ar*a re la t ion ship i i derived for 
eas tern U.S. carthquasee for wnich mstruaencal decs 
are a v a i l a b l e and is used to c s l i b r s t e • ) ! . • as a**-
• ured in ch* fr**uenev Kmd nt»T \ \t [ f htvcr*) 
ino.KS I- *•*»< Je '»4y , souths-n ^̂ 'w >or« an j < » i - - -
fennavi aaia . Cuavtst ive p iot t of numocr at eve-\L3 Bcr 
unit c iae eac«ndiag progres s ive ly back tn c iae s i n c e 
1983 are uaed to c a l c u l a t e t i ae periods for which the 
h i a t o r i c record i s coap lcce . For examole, the record 
of • b U i ' >b.O i s coawlete for the ent ire 250-v«ar 

B%L "̂2.'> t l onlv zont-period scudieil Mhercas that 
p iece s ince 1974. b c u r r e n e e re lac ionships are < 
using coaelecaa*** int*rvaLi that vary aa a function of 
aagnicud* ^ d which cnu* peraic the greates t anount* of 
d*ca to b* u t i l i s e d . Lik* the inscruaental record of 
the past 12 years , h i s t o r i c esrthouskei are concen
tree ed la a "tr ahaosd sone near the aargin i of the 
Mewark b a s i s . One sra of the "V" follows the F*U Line 
froa U i la iagcon . Del. to N«v Tork Citv and chance co 
Weatchascsr County, V.J. whil* th* oth*r occuoi** th* 
aouthcaat«ni balf of the Frecaabrisn Hudson Highlands 
end Reading Froog. I iO«culate about the i t ruccures 
respons ib le for these tones of aederete ae i smic i tv and 
the near-absanec of a c t i v i t y within the Hewark basm 
and in Che area to Che northwest of the Huriaon High
land a-Readiag Prong, 

Wa-n^ W35H 
The Lancaater Seiaalc Zona: Geological and 

Ceopnyslcai Evidence ror â  Worch-Souch Trending, 
Presently Active Zone of W«sKnes8 Throuen Laocsster 
County. PA 

DAVID V. STOCKA& 
SKELIOK S. ALEXANDER (Soeh at Departaent of 

Ceo*ci*oc*a, Pennsylvania State University, 
.rl'*r»lty Pars, PA^ 

"Yt hvpwceacet ot tn- mjjLg ~-*> "-" ^* e*ttnui,*».e 
that occurred on Aprt^ 22, 196- was at • depth of 
4 . S - 5 . 0 ka ac 39.94 h. 76 .325 U neat H a r t i c v t l U , 
about 10 ka south of Lancaster . Pennsvlvania. of the 
aainahock. The aatnshoek waa followed bv aev«ral 
a f tershocks orl*ac*d In a north-south trend over a 2 
ka son*. The focal aeehanisa of tha aalnshock a l s o 
i a d t c s c e s a ttS-striklQc f a u l t plane. This s t r i k e i s 
perpendicular t o the r-'ttlnant CW struccuraj, ;iT*in of 
the Appalachians v i c r . ch* P*flnsvlv*nia s « l l * n t and 
of the Kari lc Line, however, the voungesc s t r u c t u r e s 
in tlie Lanc*sc«r region are a l l NS-trending and not 
EU-strtktng l i k e ch* doalnant Paleoso ic f e a t u r e s . 
Based on cro««-euCttng reXacionahtps, the voungest 

D3 
T h i s p a c e m a v b e freclv c o n i c d 

Three aajor features def ine the crusta l scrMciure L 
Boucheaecern Tennceeee. f i r s t , the Nev ToriL-A.labsBa 
Llne*a*nt (NtAL) probably teoresente th* trace ot an 
ancient s t r l k e ^ s i l p fau l t which eepsrsces cruac of 
d i f f s rcnc chlckn*ss snd s e l e a l c v e l o c i t y . Second i 
n e s s c i v c Boucucr snoaalv whlcn follow* che trace of ch 
NYAL in southc*sc*rn Tcnnes**e can be iBCer*>reted • • -i 
area of i ed iacnc chfCKenlRg in the ahalliM c r u s t . 
Third, • north-northeast s t r i k l n s po*i t t»« crav l tv 
snoaalv In norchcm Tennessee resresenc* * Prccaaorian 
r i f t . This r e l i c r i f t ia truncated at the n e i a t t v * 
grav i ty anoswly and the NYAL. The area of the ncKstiv 
Bouguer snoaalv and che i n t e r s e c t i o n of Che Precawbri^ 
r l ' r wit*" t""* Vfl - - - - • • n o n r '^ '^ , - - • - »r- /e 

* e : « t l i t : ' l 1 SOi f ^ ^ l " t » - - 'rrrim^m^- K "• 1 • •"£ v 

lO'« , a l . *venti« trow 19'-. ;fiiouiin I"? , nave o-wr 
re located by f i r s t usinjt S-" c lae s to obtain o r i g i n 
t l a c snd bv, second, us ing a v c i o c l t v gradient in tne 
v e l o c i t y aodel to obCeln the e o i c e n t r a i paraaetera. 
The ve loc i cv aodel ie baaed on en Incererecacion of 
r e f r a c t i o n data froa carchouanes snd e x p l o s i o n s . The 
t r s v e l t i a e res louala ac Individual acatlone aeree wit 
the s t r u c t u r a l aodel and eonf l ra a tone *f l < N - v e l o c i : 
s e d l a e n t s . The r e l o c s t e d d i s t r i b u t i o n of events sug
g e s t s that both norchvesc snd norch trending zones of 
s e i s a l c l t y e x i s t In resoonse co c r u s t a l s t r e s s e s 
r e s u l t i n g froa s t r u c t u r a l i i n o a o e e n e l t l e s and tooo-
graphlc l o a d i n g . The f**tures resoons lb le for theae 
s t r e s s e s in s o u t h e s s t c m Tennessee are cte Crest SaoKv 
fountains and tne truncat ion of the F r e c ^ b r i a n r i f : « 
the NYAL. 

;he i Cruatai Strucrur* ani S e l s e l c l t v ^ 

IAN E. EVERING4A.W {f*lneral Resources Denwraen". 
o r l v a t e Kai l bag. G.P.O., Suva. '^i^D 

'MICHAEL V_ hA."gL?G=? 'Deoartment oT G e o l o ? / , 
Tnaliha Uruvers i -y , Sloamirwxon, Ui 47i05) 

Six years of data rrore a te ieoieterd s e i a a i c 
network :JI "1^1 are usee t o consTirain trm c r u s t a . 
s t ruc ture and c r u s t a l d e l c m a t i o r wi th in tne "IJi 
Plat lorm. Crustal t i l c j c i e s s .r *"'01 . s t m i c a . =f 
a c t i v e i s l a n d a r c s , averaEine 1^-2C ict- L o c a U v t'le 
f'dcttrwss orobaDl^' app-^acnea 2^^-30 K7n b w ^ a : - t -» *= 

port .on c ; zre ZA^ i s i o . , oi - I t . Levu. ^ a r t i « 
v e l o c i t y beneat" tne p l a t l c r c i s low '7£ k a / s e c , -r 
trv ^apf ranee a: that ooservec b e m a t n tne leiig.^borir 
marginal b a s . n s and i s l a n d arcs . 

Sriallow eartnouaKes ar' C03e-ve<i t » t T wl tn in and 
a lone the b e i r c a r i e s of the ='.''1 - l a t ' o m . "a^o-
aefonaat ion . s ccncentrated a^on? tne eartftqua-te i c n e s 
located on the ea?es o ' the o l a t f o n n . IVeae zcnes are 
c o n t l n u o u s i v a c t i v e a t mooerate "wmitudss . 
Earthouanes wi t tur tne p l a t l o r r occur mof* sporadica l ' ' 
than tnose a i o n c i t s marc*na, separated iw long p c i o c 
of Quiescence. > s p i t e laree rates of r e l a t i v e p l a t e 
Bjotion, eartnquBKe maenatudes ".av»> oeen l e s s than "." 
acparent ly the tn in l i tnoapnere oi tne Fi*i region i s 
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GEC>'0RPH1C I^'DlCATaRS OF NEOTECTONIC ACTIVITY IN THE I , . c ' r\ 1 
L~«CASTE-t AT-EA, PENNSYLVAiSU | N 2 I 1 5 s 0 7 

f j , Baiyar., CriOL', Siue Chur.j, and COLD, David P . , D e p a r a e n : o: u e o -
s c i e n c e s , The Pennsylvania S t a t e Univ . , Univers i ty Park., PA 16S02 

There are no reports of any permanent surface a a n i f e s c a c i o n of the 
s e i s = i c a c t i v i t y , recoraed i n r e c e n t and h i s t o r i c t i a e s , f ros the e s i -
center area near Lancaster , Pennsy lvan ia . The lacK of anv f a u l t - r e l a t e a 
features such as s c a r p s , s t r e a n o f f s e t s , and sag ponds in the Lancaster 
area , suggests tnat there were no t e c t o n i c displacements at the s u r r a c e , 
or ths t .f there were any, tney were s c a l l and rapidly o o l i t e r e t e d by 
a g r i c u l t u r a l p r a c t i c e s , however, the f i r s t oroer s t r e a s s m oodern 
crainage networKS have been shown e lsewhere to be s e n s i t i v e to s n a i l 
l a t era^ and v e r t i c a l d isplacements of the ground surface in response to 
neotec ton ic e v e n t s . 

A s v s t e a a t i c study of the f i r s t oraer drainage pattern and g u l l y 
c e n s i t y using ASCS lew a l t i t u a e a e r i a l photograpns ( s c a l e 1:20,000) 
flown m 19D<I, was i n i t i a t e d for Lancaster County. Cully dens i ty var i ed 
0-60 per eacn p n o t o - c e l l of a a p r o x i a a t e i y 9 k=- . A dens i ty of oore 
tnan ^0 /photo -ce l l was cons idered anoicalous. Three high densi ty c e l l 
areas are l a e n c i f i e d , v i i . , (1) a d i spersed southern area around Uane-
f i e l d and'i^uarryvi l le , (2) an arcuate c e n t r a l anomaly to the south and 
west of Lancaster, and (3) an n o r t h e r n , duaoel l - snaped pattern centered 
on Ell:aoet^to^•T,. NNE trending T r i a s s i c d iaoase dil^es are exposed in 
the anomalous areas , and the N-S trending e p i c e n t e r s of recent e a r t n -
quakes l i e 2.i to 5 I s beneath the c e n t r a l area , A nusser of P a l e o z o i c 
tnrust f a u l t s a l s o are exoosed m the c e n t r a l area. 

Cullvs e x n i b i t two dominant o r i e n t a t i o n s ; a sharp sp ike on NS E, and 
a oroad pean on N'20 -'. Altnough tnere i s a N-S e l o n g a t i o n to many of 
tne anomalies , they c o l l e c t i v e l y a c f i n e a N-- trend, s u o o a r a i l e l to tne 
Susquenaanan River . Vie s u g g e s t tna t these anomalies reoresent the 
i .n tersect ion of n e o t e c t o n i c aeformation cones with a s u b t l e r iver 
t e r r a c e , 

p. 20 

LANCASTER. PEOTSVIVANIA SEISMIC ZONE: E\'IIiENCi TOR A 
PRESEl.TLl' ACTIVE ZONE OF WEAKNESS 

STOCKAR, David V. and ALEXANDER, She l ton S . , Dept . ot Geosc iences , 
The Pennsylvania S t a t e U n i v e r s i t y , U n i v e r s i t y Park, PA 16602 

H i s t o r i c a l s e i s m i c i t y and r e l o c a t e d i n s t r u a e n t a l l y recoroed events 
d e f i n e a north-south trending cone of s e i s m i c a c t i v i t y . I t i s approx i 
mately SO ks in l engtn and 10 KS in v i d t h , encompassing the c e n t r a l 
reg ion of Lancaster County and the c i j y of Lancas ter . Recent a c t i v i t y , 
such as tne Apri l 23 . 1984 CcbLg 4 . 2 , MM VI) mainsnock at a depth of 
A . 3 - 5 . 0 itm and a s s o c i a t e d foresnocks and a f t er snocks near K a r t l t v i l l e , 
aoout 10 ka soutn of tne c i t y of L a n c a s t e r , i s a t t r i o u t e d to t h i s 
s e i s m . c cone. 

S tructura l c r o s s - c u t t i n g r e l a t i o n s h v o s i n d i c a t e that the youngest 
rocxs present are the nor tn - south s t r i k i n g T r i a s s i c - J u r a s s i c a iaoase 
d i n e s , and the youngest f a u l t s p r e s e n t are the nor th - south treading 
cros s f a u l t s which o f f s e t a l l o ther s t r u c t u r a l f e a t u r e s and l i t h o l o g i e s . 
The recent and h i s t o r i c a l s e i s m i c a c t v l t y appears t o be concentrated 
along the most oominant of tnese c r o s s f a u l t l o n e s , the F r u i t v i l l e Fault 
Zone. 

Remote sensir.g l i . i eaments and p o t e n t i a l f i e l d ( g r a v i t y and a e r o 
magnetic) anomalies support the s t r u c t u r a l and s e i s m i c evidence for a 
nor tr - south aeformational rone. L i k e w i s e , the cra inage pat tern cf the 
z^".-: s t - e a = s i s ; r e c r = i r a n t . - - . ' .rt. i-soi,t . i tre"di.-.g -ear t i e c i f o: 
—.-.caster. rir.a_.) , prt^im.r.ar,. s e c i e s i n i - c a t c up to JC m c: u p l i t t 
wi th in the Jiiocene to recent Susquehanna River t e r r a c e s of Lancaster 
County. The maximum u p l i f t appears to be near Safe Harbor, PA. 

p. 60 
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N2 132294 
rjrA/MARL DEPOSITS AS INDICATORS OF iTEOTECTONIC ACTIVITY 

TKORNTON, Charles ?., Departaent cf Geosciences, The 
Pennsylvania State University, University Park, PA .6602; GOLD, 
David P., Departaent of Geosciences, The Pennsylvania State Uni
versity, University Park, PA 16802; HERMAN, Janet S., Departzient 
of Environmental Sciences, University of Virginia, Charlottes
ville, VA 22903 

Holocene deposits of calciur. carbonate (tufa and/or aarl) occur along 
many streams in the Shenandoah Valley of Virginia and in the southern 
Cumberland Valley of Pennsylvania, in many (and perhaps in all) cases 
jusw downstream from points where these streans cross faults or where 
they cross lineaments that intersect faults at depth. Many of the depo
sits are forming at the present time, but others are inactive and are 
being eroded by the streams. Along Holman Creek between Forestville and 
Quicksburg, Virginia, deposition of tufa 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 the establishment of the 
present vally of Holman Creek. Localization of the deposits downstreasi 
from fault or lineament traces seems to indicate the source of the 
CaCOi-saturated waters to be the fault zones, along which crushing of 
the limestones resulted in their higher-than-normal solubility. However, 
it seems unlikely that this crushing dates from the time cf origin cf 
these faults some 250 m.y. ago: the supply of crushed limestone pro
duced at tjiat time jhould long since have been exhausted. The more pro
bable alternative is that recent movement along these faults has pro
duced a new sunply of crushed limestone for t"e cir~-jlatin7 ground w.-t = -
tc act cn; che ace cf a cle-posit then reflects the time of most recent 
movement along the fault. In one case, the Saumsvilie fault in the 
Shenandoah Valley, this hypothesis is supported by the systematic right-
lateral offset of CaCO.-depositing streams crossing the fault, evidence 
that movement has occurred along this fault since the time of establish
ment of the present drainage pattern. 

Also reprinted in Oklahoma Geology Notes, Oklahoma Geol. Surv., Vol. 47, No. A, 

1987, p". 194-195. 
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ABSTRACTS (.\JphabeUcal Order) 

E A R T H Q U A K E S , I N J E C T I O N WELLS AND 
T H E P E R R Y NUCLEAR P O W E R P L A N T , 
CLEVELAND, OHIO 
AHMAD, .Moid U , Professor of Hydrogeology, Ohio 

University, Athens, OH 45701 
On January 31, 1986, an earthquake of magnitude 4 9 
occurred about 11 3 km south of the Calhio injection 
wells Accelerometers on site at the Perry Nuclear Power 
Plant (PNPP) recorded accelerations as high as 0 19 to 
0 23 g A large number of instruments tripped due to 
high amplitude vibrations There seems to be a possible 
correlation between abnormally high annulus pressures 
and the time of earthquakes This same correlation 
extends to the two 1983 earthquakes recorded in the 
area Micronetworks have recorded 6 earthquakes 
around the injection well with focal depths ranging from 
0 5 to 2 2 km A hydrological model of an anisotopic 
reservoir 6 44 km wide and 17 7 km long indicates a 
pressure build up between S3 bars at the epicenter and 
118 bars at the injection well The simulation matched 
average yearly pressure data and displayed a good corre 
lation The assumption of an anisotropic reservoir is 
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 
critical value is interpreted as the pressure buildup above 
which induced earthquakes may occur in this area 

• T R A V E R T I N E AS AN INDICATOR O F 
N E O T E C T O N I C D E F O R M A T I O N IN T H E 
LANCASTER, PA SEISMIC ZONE AND O T H E R 
AREAS 
ALEXANDER, S S , STOCKAR, D , and THORNTON, 

C P , Department of Geosciences, Pennsylvania 
State University, University Park, PA 16802 

The vicinity of Lancaster, Pennsylvania has been a region 
of persistent recent seismic activity Earthquakes there, 
with a maximum magnitude of 4 2 (April 23, 1984), 
appear to be concentrated within a NS-trending seismic 
zone which is approximately 20 km wide and SO km long 
This zone, the Lancaster Seismic Zone, contains a reverse 
fault, the Fruitville Pault, which strikes NNE through 
central Lancaster County, along which most of the recent 
earthquake activity is concentrated 
Recent ground-based studies in the area have revealed 
that the southern trace of the Fruitville Fault Zone is 
associated with presently active travertine deposition, 
preferential north-south drainage of the major streams in 
the area and the occurrence of springs Travertine depo
sits have been found at four separate locations in small 
streams crossing the Lancaster Seismic Zone Present 
deposition occurs downstream from the inferred active 
fault trace which cuts carbonate bedrock It is postu
lated that the seismically active fault(s) may be myloni
tizing the carbonate country rock at depth and acting as 
a conduit for the calcium-carbonate-rich groundwater to 
reach the surface where it super-saturates in nearby 
streams and precipitates as travertine This association 
of travertine with geologically recent fault movements 
was Rrst suggested by Thornton (19S3) based on fteid 
studies in Virginia, and there appears to be numerous 
other such occurrences globally It is potentially very 
important in studies of paleoseismicity in relatively ase-
ismic areas such as the eastern United States 

YIELD ESTIMATES O F S O V I E T EXPLOSIONS 
F R O M P R O P A G A T I O N - C O R R E C T E D Lg 

S P E C T R A 
ALEXANDER, S S , and TANG, L Department of 

Geosciences, Pennsylvania State University, 
University Park, P.\ 16802 

Application of an empirical approach to correct observed 
Lg spectra for propagation efTects gives estimates of 
source excitation spectra for Soviet explosions Path 
attenuation is accounted for by using Q estimates 
derived from average spectral slopes for a suite of events 
of different magnitude in a given source area or by a 
source-path-receiver decomposition when sufficient 
observing stations are available Yield estimates are then 
obtained by i-ompanng attenuation-corrected sourre sp<>c 
tra with theoretical source spectra for '\plosions of 
different yield Tectonic release effects do not appear to 
bias these estimates, if frequencies above about 5 Hz are 
used Under the partially confirmed assumption of tran
sportability of empirical relationships developed in North 
,\merica, direct estimates from m^ provide an alterna
tive means of estimating Soviet yields that agree well 
with those obtained by this spectral approach and with 
NuttU's coda-Q estimates using Lg 

CHARACTERIZATION OF SEISMICALLY-
INDUCED LIQUEF.ACTION SITES ASSOCI
ATED WITH THE 1888 CHARLESTON. S.C. 
E A R T H Q U A K E 
AMICK, D C and MAURATH. G, Ebasco Services 

Incorporated, 2211 West Meadowview Rd 
Greensboro, NC 27407 

Recent studies of paleoliquefaction features in the epicen
tral area of the 1886 Charleston, SC earthquake suggest 
that this area has been the site of several large prehis
toric Holocene earthquakes (Gohn el al, 1984 Obermeier 
tl al, 1985, Talwani and Cox, 1985, Weems et al, 1986 
and Obermeier el at, 1986) The lime between successive 
large events is estimated to be 1200 to 1800 years In 
light of this relatively long recurrence interval the U S 
Nuclear Regulatory Commission is presently funding a 
systematic search for similar prehistoric paleoliquefaction 
features m other areas of the Eastern United States The 
objective of this study is to determine whether or not 
seismically induced paleoliquefaction features are present 
elsewhere in young sediments of the Atlantic Coastal 
Plain or within late Quaternary or Holocene river depo
sits If they are present, the study will attempt to deter
mine the size and frequency of the causative earthquakes 

Initial investigations center on cataloging the charac
teristics of earthquake induced liquefaction features in 
the Charleston, SC area and identifying the criteria by 
which similar features outside the mezoseismai area of 
the 1886 event could be identified To date a total of 
103 liquefaction sites in the Charleston area have been 
identified Of these, 63 sites were identified based on the 
authors' evaluation of both published and unpublished 
historical accounts of the 1886 earthquake, 28 have been 
identified as a result of ongoing field studies by the U S 
Geological Survey, 4 were identified during past field stu
dies carried out by investigators of the University of 
South Carolina and 8 were identified by the authors dur
ing reconnaissance field studies conducted as part of 
these investigations Each of these 103 sites have been 
located on topographic maps, county soil maps, available 
remote sensing imagery, and available geologic maps In 
addition, the authors conducted confirmatory field inves
tigations at 32 of the sites This information has been 
used to characterize each site's depositional environment, 
age of host and liquified materials, hydrogeologic setting. 
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INVERSION OF GEODETIC DATA FOR SPATIAL DISTRIBUTION 
OF FAULT SLIP OF THE 1945 NANKAIDO CARIHQUAKE 

YABUKI, T , and .MATSU'URA, M , Geophysical Institute, Faculty 
of Science. The University of Tokyo. lokyo U3, Japan 

We have developed a general method for obtaining tomographic images of 
seismic sources from surface displacement data, using Akaike's Bayesun 
Information Criterion (ABIC) In the present study we apply this method 
to zero-frequency data. Given a slip distribution on a fault surface, we can 
calculate surface displacements due to an earthquake by integrating 
solutions to point sources over the source region We represent the slip 
distribution by a weighted sum of a finite number of known basis 
functions. By replacing the order of integration and summation, the surface 
displacement can be expressed as a weignted sum of the displacements due 
to the slip distributions prescribed by the basis functions Then the inverse 
problem is staled as the problem ot determining the weights in 
superposition of the basis functions from observed surtace displacements. 
The problem is highly nonunique in general. We incorporate prior 
informanon about the smoothness of spatial variation of fault slip into 
observed data , and construct a Bayesian model with hypcr-paramctcrs 
which control the degree of the smoothness Using ABIC, we can select the 
best model among the family of parametric models controlled by the 
hyper-parameters We demonstrate the applicability of this method to 
actual observed data through the analysis of geodetic data associated with 
the 1946 Nankaido earthquake, whicn is one of the greatest earthquakes 
that occurred at the boundary between the Eurasian plate jnd the 
Philippine Sea plate. 

14:30 
P R t s E I a M I C , COSEISMIC, AND POSTStlS-" IC SJRF^CF DtFOHMATIONS 
AbSOC:ATLD WITH THE _ARGE SUBDUCTIOH EARTHQ'vAKt iN SOUTHWEST J«FA-J 

KAO'f'j •'ItYASrilTA 
D e o j t t n e n c of E a r t h S c i e n c e s , I b d r a m J n i ^ e r i i t y , J a p a n 

The s r e s e i s m i c . c o s e i s m i c , a n d p o s c s e i s m c c h a n g e s i n t h e s u r t j i , t . 
e l - v a c i o n i n s o u t h w e s t J a p a n , w h i c * ! a r e a s s o c i a t e a w i t h t h u t "*•. 
N d P i t a i c i o e a r h c q u a n e ( M » d . 2 ) , Che i a c q e ^ u u d u c t i o n e a r t h q u a f t t ; a t f i i . 
p l a c e j o u n d a c y o e t * e e n t h e A s i a n a n d P h i l i p p i n e S e a p l a t e s , a r 
e s t i n a t e a . T h e s e e s t i m a t i o n s a r e o b t a i n e d * r o m t h e E i r s t - o c d e t 
l e v e l . n q d a t a d u r i n g t h e p e r i o d of 1S90-19B0 on t h e b a s i s o f a n e p o c h 
r e d u c t i o n a n d n e t - a d j u s t m e n t a n a l y s e s 

T i e p r e s e i s r a i c ( 1 9 0 0 - 1 9 4 6 ) s u r t a c e d e C o r m a t i o n i s c h a r a c t e r i z e d ny 
t r e n c h w a r d t i l t i n g i n t h e e a s t e r n „ d r t o f S h i l t o x u a n d t h e I ' l l 
p e n i n s u l a , w h i c h c a n b e i n t e r p r e t e d i n t e r n s of a s t e a d y i t j L 
s u o d u c t i o n of t h e P h i l i p p i n e S e a p i a t e "" le c o i c i s m i c ( 1 9 4 6 / 1 9 4 
s u r f a c e t i o v e m e n t n t h e s e r e g i o n s - . n d i c a t a s c n a r a c t e r i s t . e s o f t i t 
d e f o r m a t i o n d u e t o l o w - a n g l e t h r u s t f a u l t n g . On t h e o t h e r h a n d , t h 
w e s t e r n p a r t o f S h m o K u d i f f e r s f r o m t h e s e r e g i o n s i n t h e s u - f a c f * 
d e f o c t n a t i o n p a t t e r n s l i g h t u p l i f t a u r m a t h e p r e s e i s - n i c p e r i o d , j m -
s i q n i r i c a n t s u b s i d e n c e a t t h e t i t ^ e of "-ne e a r t h q u a k e s u e i J 
r e q i o n a . d i f f e r e n c e i s a l s o r e c o a n i ^ e J . o m . - ' r ..tq f e p u 3 t b i . . s - > i 
d e f o r n a t i o n . M o r e o v e r , s u c h a t / p e o f r e g i o n a l d i f r e r e n c t . h a h bt.<.n 
a l s o r e p o r t e d w i t h r e s p e c t t o t h e s e i s m . s i t y i n t h e c r u s t 
C o n s e q u e n t i / . i t c a n oe s a i d t h a t t ' ^ ' r * ^ r ^ s o n e r e a i o n a l d i f t e r e n c e s 
in t h e - n o c h a n i s m o t s u D d j c t i o n of " h e ^ h i . u p i i t s e a p l a t e 

14:45 
D[JXX.I\r SOUKCr l'ROPEUrib.S ot TIIL M - " S 1951 ilAUKLS aAY. VB̂  ZUIAVD 
LAĴ ntQUVKT TRUM fliL I'-VITlkN 01 UI'' III \.\D bUBblDCNLt 

HAINES, \.J , Seiimological Observatorv, OophysiLi Division, DSIR, 
hellington. New Zealand. 

The 1931 Hai»kes Bay earthquake i> the becond largest that has occurred 
in N'ew Zealand during the 150 \ejrs ot European settlement Because of 
Its proximity co the citN of \upier, i t was also the inoi.t destructive, 
l̂arked uplift and subsidence uere observed over an area of the order ot 

10' km̂  surrounding Napier Though point values of vertical displace
ment are not known sufficiently accurately to justify full formal 
inversion for source properties including the areal distribution ot 
fault displacement, the pattern of uplift and subsidence is uell enough 
established for the mam properties to be deduced. The maximum fault 
displacement was close to 10 m, consisting ot similar amounts of 
reverse dip-slip and dextral strike-slip movement on a steeply-dipping 
crustal fault striking in the sajiie direction as the Pacific-plate 
lithosphere subducted beneath the North Island It is also deduced 
that the fault extends do\<7i to near the top surface of the subducted 
lithosphere 30 ton beneath Vapier Hie dislocation models consistent 
with the vertical deformation predict horizontal displacements that 
agree to withm errors with coarse geodetic observations In contrast, 
to mjtch the geodetic ooservations more exactly, mov«nent has been 
postulated on the interface between the Pacific and overlying Austra
lian plates, as well as on the crustai fault Such additional movement 
IS inconsistent with the pattern or vertical displacement 

15:00 
DEFORMAUi^N Or lONSHU DtOUCED FROM OFFSETS ON THE STRIKE-SLIP FAULTS 
DISTRIBUTED UITHIN THL ISLAND 

MARUYAMA, '' , tarchquaxe Research Institute, University ot Tokyo. 
Bunityo-i'u, ""on/o, 113 Japan 

The basic issumution ot this paper is that t J region haa been 
subject to the Jetormation larqe enough during a long but 
geologically ihort period of time, it can be traced in the offsets 
on the faults distributed -ithin the region. Though the formulas on 
the dislocation art oased on the elasticity theory, they can cope 
with the permanent deformation of solid and seem to be successtul ly 
applicaole -o he case This is oecause the non-elastic field can 
be model led by the elastic singularity. Not the stress state withm 
the region out aniy displacements on the boundary, derived also from 
disoiacements on the segments within the region, are called in 
question. In the formulation of the oroblem the boundary of the 
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region is set free for two reasons, I) to obtain cesuUs independent 
of the surroundings, 2) to be possioly freed from restraint or 
elasticity in a certain sense. The deformation in the horizontal 
plane ai.ducea from the offsets on the strike-siip faults is 
considered. Thus the problem is to calculate the displaceaenc along 
the free ooundary oC a region including many dislocations in it tn 
two-dimensional elasticity theory. Techniques of conformal mappinq 
or integral equations due to O.I.Sherman are utilized. 

The theory is applied to the offsets accumulated during the 
past ca. 2 Ma on the strike-slip faults within the Honshu Island, 
Japan. The result is compared with those from other sources, such 
as paieo-maqnetic survey. 

15:15 
PLATE BOUNDARY DEFORMATION IN CALIFORNIA INFERRED FROM 

GEODETIC DATA 

JACKSON, O.D., Department of Earth and Space 

Science, UCLA, Los Angeles, CA 90024, and Hirata, 

N., Geophysical Institute, University of Tokyo, 

Tokyo 113, Japan. 

We model tectonic deformation in California .n teriis of 

elastic blocks which can translate, rotate, and aeforn 

elastically because of stresses inposed at :>-eir edcjes 

We then determi.ne the rates of rotation, translat^or, 

and boundary displacement from geologically d e t e m n e a 

fault displacement rates as <iell as fault creep, 

trilateration, triangulation, VLBI, and GPS data. 

Estimating the above quantities becomes a linear 

inverse problem when the fault geometry is known. 

plate tectonic theory and with geologically deterrined 

rates except in the Transverse Ranges, where the 

geodetic rates are much lower. Geodetic displacenents, 

even in interseismic periods, are concentrated along 

ma^or fault zones, except in the Transverse Ranges 

where the displacement appears roughly uniform. The 

model can be used to estimate the rate of stress 

accumulation on faults, and to assess the tectonic 

significance of faults vith incomplete geologic data. 

15:30 
^ NEAR-SURFACE EVIDENCE OF NEOfECTONIC OEFORMATION '.K SEISMICALLY ACTIVE 
^ AREAS IV THE NOHTHEASTERV UNf'EO STATES. 
r ALEXANDER. S .S . . STOCKAR. D J. »nd SHUMAN, C \ . . O^partwnt of 

Geosciences, Penn State Jn ivers i ty . Uni^-rsity Par^. »* '6302 
Although faul t displacements associated with eartnqua<e3 .n eastern 
North America apparently never ••eacn the lupface it\er» i s -v i sence of 
surface or near-surface neotectonic defornation in t"e f . r s t two 
s e t s n i c a l l y act ive areas that •̂ e have .nvestrgated tne . i n c a s t e r . PA 
and Mooaus. CT seismic zones In ooti a^eai s a t e l l te irfi j i - c - a f t 
remote sensing mage-y togi*the' with grounc-oaaeC 3eo,.ojiciL anc 
geophysical observations were jsed to lOOk 'or indiratiors of 
geologica l ly-r^cent near-surface flefomai.on In the Lancaster Seismic 
Zone lineament density ana orientat ion pacte-ni . stream te-race 
e levat ion anomalies, and the occurr«nce of l o c i l i i e d t - a ^ e r t i i e 
deposits a l l appear to fie causaily associated witn t-̂ e •elongated 
{"ttOxiO Km). NS-trending zone of se ismici ty :n tne Moodus Seismic Zone 
d i s t i n c t i v e lineament density and orientat ion patterns ire present wnicn 
are inferred to be related to the "ecentiy-determneo (thrust) t ec ton ic 
s t r e s s condit ions m the area of "ecent seismic a c t i v i t y Features 
oriented perpendicular to the maximum horizontal s t ' e s s appear on a l l 
sca les of Imagery while those ( jo ints *») oriented paral le l to t i t s 
d irec t ion are seen only on hlgn resolution aerial photograpns. 
Ground-based observations of neotectonic defornation associated with 
recent se i smic i ty in the Moodus ar*a are greatly hampered by near-
surface e f f e c t s of recent g lac iat ion These approacnes nay provide a 
means of locat ing and c n a r a c t c i n n g zones of geologtcal l>-recent 
seismic a c t i v i t y where epicenters of pre-instrument earthquakes are 
poorly known. 

15:45 
F A U L T P A H A M E T E R S A N D S L I P O l S T R I D U T I O N O F T H E 1915 A V E 7 , Z * . N ' 0 
I T A L Y E A R T H Q U A K E D E R I V E D F R O M G E O D E T I C O O S E R V A T I O N S 
W A R D S N Imattiutt of Ttctotti.* I niverulf of Caltfont* Stnlm Crm \ALk.^S^SE C 
Isliluto Saztonait it Ceofi»ie» /torn* tiati/ 

This paper analvxes lurface JispUccnieuil «uociaied wuh the Avettaiio U»l> earthquake 
( A / , s o 9) of January 13 1915 l l i e Av«iianu event locates on a shailow iiorntai fault eentereii 
lit the Apennine mountaini near a iiuaierriarv tectonic deprewton named "Conca ilel Fucuio" 
The outward expacuion of ntrironoliiiaii Rome (SO l i u foutliw<«t| in recent ^«ar* hns hei^iitened 
awarenesa of the seiamic potential of die Kitcino region Althoui^h many quatcrnarv and holocene 
Taulu can be recognised tn the liclil ihe ['JIS earthquake is the only iiiable event to ha^« 
occurred in the area for at leant iwu nullenia Because of a fortuitioux pre-earthquaae leveling 
survey near the fault in the mitl lO'th century good qualitv geodetic data exut which il luminate 
details of the 1915 rupture Wr inodtllcO the r \uking using both uniform and variable slip planar 
dislocations The best fitting focai nit,chaiiisiii includes pure dip slip on a plane striking t.1S* 
and plunging 03* to the souiliwesi 1 his tauU geometry is consistent with surface scarps and the 
broad scale tectonics of the region and la common to several large earthquakes of the central-
southern Apennines The uniforni slip attalviis estimates fault length width slip and moment 
to be 24 km 15 km 79 cm and *) 2xl(J'* N in respectively NumcrtcaJ simulations indicate tha t 
residuals left ut the uniform slip model are not entirelv random and likely represent svstamaticaly 
unmotlelled features of fault slip Variable slip models of the faulting signihcantiv reduce the 
residual variance and reveal a broAd Iwo-lobed slip pattern sep«ra t in | a central region of very 
low moment release Reaoiution and stability of the results were carefully tested Neither survey 
noise nof the intrinsic resolving power of ihe network seriously question the slip pattern s major 
features 
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There are two suDple mcxiels thai may explain this correJa-
tiott (1) the Dupel aDoni«ly represam the lower mastle com-
poeitioa thmt is not aiTected by upper plate motions or (2) it 
repreeexiu recycled and/or preeent-day fubcontmental mao-
tle. However, the low *He/*He ratioa of lavas from oceanic 
ulands in the Dupal anomaly regioiu suggest the presence of a 
recycled component. Moreover, the biggest Dupal anomaly is 
m the Indian-South Atlantic, the lower mantle v«loaty min
ima in this region has been under • continental hthoephere 
for at least the last —150 Ma. Hence, the Dupal anomaly as
sociated with the large-scale, low seismic veioaty regions in 
the lower mantle is moat probably subcontmental mantle in 
ongin If this IS true, then the correlation constrains mantle 
convection models 

T51A-n H W H 
Atlantic vt Pacific Young Seamounts Peiro'iopc and Sr-. 
Nd- and Pb- Isotopic Constraints 

R. BATI2A {Dept Geolopcal Sciences. Northwestern Um-
versity. Evwiston 111 60201) 

P. R CASTILLO fDTM Carnepe Institution of Washing
ton. 5241 Broad Branch. NW Washington. D C 20015) 

Young seamounts near the slow spreading 135 - 40 mm/>T) 
MAR between 25° and 27° S latitude are similar in shapes and 
site distributions to those near the fast spreading (80 - 120 
mm/>T) EPR between 9° and 21° .N latitude Lavas from both 
seamount groups are .MORBs thai are systematically more 
primitive and display significant variations in ' Sr/"Sr, 
'"Nd/***Nd and to a certain extent. "•Pb/"*Pb than ia\-as 
irom their respective adjacent ndge axes However MAR 
seamount lavas have generallv higher *'Sr/"Sr (0 70260 -
0.703631 and 2̂18/4 (-6 lo46) and lower '*^Nd/'"Nd (0 51292 

- 0 51309( values than EPR seamount lava "Sr/"Sr 10 70222 
- 0 70398). A8/4 (-15 lo 9) and >"Nd/'**Nd (0 51289 -
0 513271 values- respectively 

We proi>ose that laii'as &'om botn seamount groups are pro
duced b; the same general process - small decree partial melt
ing of a aepleted upper mantle source of MORBs containing 
large magnitude, small-scale heterogeneities Lavas erupted 
at adjacent ndge axes are proauced hy large degree melting 
that axerage the chemical and isotopic characteristics of the 
same mantle source The main difference ties m the compo
sition of the small-scale heterogeneities, in the upper manue 
unaer tne southern M \R and nonnern EPR 

Earthquakes, Geophysics, and 
Geology Near Moodus, Connecticut 
I (T51B) 
Room 305 Fri AM 
Presiding, C. T. Stratton 
Woodward-Clyde Consultants 
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Pennsvlvania State Univ 

T51B-01 08M5H 
Geological Setting of the Noodus. Ct. Area 

i £ Droblnskl. P J Turner and 0 ueblanc (Weston 
Gcopfiyslcal Corporation. Post office Box 550, 
Westboro, m 01581: 617-366-9191} 

Moodus Is located In sastern Cormectlcut, a region 
underlain by a cooplex sequence oE sedlsientary, 
volcanic and plutonic rocks wnich range fron 
PrecaabrianC?) to Late Paleozoic in age. Kultipl* 
dynaiKOthenul orogeneses of these eugeosynclinal 
rocks by Appalachian/Calcdonaln orogenic events, 
have resulted in the conpressional. translationai. 
and accretlonary structural and stratigraphic 
succession nan evident in this anphibollte grade 
•etaMorphie asseablage. Post-«*tonorphic 
deCormation during the Late Paleozoic (Persian) and 
the Mesozoic eras has produced the doalnant brittle 
fabric of the region as expressed by dikes, joints, 
and high angle, gouge-filled and aineraliied 
faults. Three aaJor tcctonostracrigraphlc zones 
characcerizs the region Ijnediately surrounding the 
Hoodus Area; the Bronson Hill antielinorlua 
ssguenca, the Herriaack Syncllnoriis sequence, and 
the Avalonian Platforsi baaenent sequence. The 
Bronson Kill and Herriaack tectonostratrlgraphic 
zones ars fault bounded. Geologic napping in the 
itoodus area h«s identified northwest-trendIng 
fracture naxina. Evaluation of the selsniclty 
Indicates a possible north-norchtfest alignnent of 
epicenters in the vicinity of a subtle northwest-
trending radar lineancnt and gravity anc«aly. The 
extent and significance of these northwest trends 
is unclear. The current tmdcrstandIng of stress 
fields in southern Hew England is Inconplete: 
however, a HZ-SW directed stress field U 

Inferred. Sources of stress data indicate that 
In-situ stresses arc connon in New England; these 
stresses are noat consonly detected during 
excavation activities. Th« observed phenonena 
(post-glacial offsets, offset drillholes and rock 
squeeze events) are nut indicative of transient 
relief of residual stresses. 

T51B-02 0900H INVITED 
Geology of the rtoodus Area. Connecticut: Potslbis 
Relations to Modern Saisaidty 

David Lon̂ lon (School of Geology 1 Geophysics, 
University of OkUhorM, Norman, OK 73019; 
405-323-3253) 

Surface geologic mapping providej * new data base 
on duct111 and bri ttle deformat1on near Hoodus, CT. 
Brittle deformation is manifested by shear zones with 
chlorite mylonitc and slickensidcs, fractures without 
attendant retrograde metamorphism, and rarely 
mylon 1tes w1 th and without argf1 lie alteration. k 
Similar features are present in core from recentl 
scientific boreholes m the area. From surface! 
geology, the 72° 29'U longitude emerges as anP 
important structural boundary m the Moodus area and 
lies just Mcst of the centers of recent earthquakes. 
The 72° 29*W longitude divides brittle faults and 
fractures into two distinct groups east of this 
longitude, brittle deformation is pervasive along 
subnorizontal foliation surfaces, and especially in 
fracture swarms that strike N30°W with 90°-70°NE dip 
West of 72° 29'W, the prevalent fracture system 
strikes N75*'£ with subvert ical dip, fractures and 
brittle faults with NS, N30°E, and N20°y strikes are 
present but subordinate. Interference between N30°W 
and N75°E fracture systems is not conspicuous at the 
surface near 72° 29'W. but mterpenetration of these 
two fracture sets occurs in two shear zones west of 
this longitude. The 72° 29'W longitude also 
del ineates the trace of a regional, westward-vergent 
fold with horizontal. NS axis. East of the fold axis, 
layering and follation in metamorphic rocks are 
subhorizontal; west of the axis, layering and 
foliation strike NS with vertical dio. The different 
orientations of brittle deformation may stem from 
variations m the regional attitudes of metamorphic 
layering and foliat ion, which result from ductile 
deformation In some cases, ductile folds and faults 
were reactivated during brittle deformation 
Projection of surface geology to depth is hindered by 
discontinuities introduced by numerous ductile faults 

T51b-03 0915H 
Lithology and Structure Identified m a 1.5 km Borehole Near 
Moodus. Connecticut 

P G ^aumoff (Woodward-Clyde Consultants, 
*avne, f^Jfl7ft70; 201-7S5-0700) 
(Sponsor: C T Station) 

A 1.5 km (liZOO It) borehole was drilled in the spring of 1987 
near Moodus, CT- The borehole was drilled to investigate the 
orientation and magnitude of the regional stress field near this 
sue of recurring seismicity in the south-central part of the 
state. The borehole is located roughly midway between two 
regional geologic features: the WiiUmaniic dome to rhe north 
and surface exposures of the Hooey Hill fault to the south. 
The borehole penetrated a lithologic sequence similar to those 
exposed ar these two localities. Well-cuttings sampled at 20-
foot intervals and cores recovered Irom ev«ry major rock unit, 
as well as thin section analysis of selected samples, provide the 
basic borehole geology. Formations encountered are: 
0 to 1900 ft - Hebron Gneiss - interlayered biotite schists 

and calcsilicate gneiss. 
1900 to 2090 - Canterbury Gneiss - pink and 

white granitic gneisses. 
2090 to 22«0 - C) Hebron Gneiss - interlayered biotite 

schist and granite gneiss. 
22<t0 to 2630 - Tainic Hill Fm. - muscovite-biotiie 

• - siUimanite schists and amphibole-biotite schists. 
2630 to HQO - Waterford Croup Gneisses -

leococratic amphibole-bearing gneisses. 
Although thin mylonite zones occur throughout the borehole, 
myionitic and cataclastic fabrics associated with the Honey 
Hill fault zone are best developed m the Tatnic Hill Fm. Chip 
samples collected across the Tatnic HiU-Waierford Group 
contact (the traditional map position of the fault) do not 
appear deformed. 

Preliminary observations, based on borehole televiewer and 
formation microscanner logs.show that the strike of borehole 
rock foliation is variable, but dips are generally shallow to 
moderate. Minor recumbent folds are evident in the Taimc 
Schist at depths of around 2it60 ft, and the foliation steepens 
considerably in the hin^e areas of the folds. 

151B-04 0930H IiWlTED 
MEOTECTOHIC DEFORMATION In the HOHEY HIIL FAULT ZONE 

{Ct) by REAaiVATIOM of WSOZOIC NORMAL FAaTS. 

Vuan-hsin Chen, Jelle ZgHinoa de Boer. {Both at 
Dept. of Earth & Environmeniai Sciences, wesleyan 
University, Middle'town, CT 06457-6034) 

Fracture attitudes (and density) were measured In a 
core drilled through the Honey Hill fault zone 
(Haddam,CtJ, using the northdipping foliation for 

reorientation of core segments. This data base is 
compared with brittle fractures exposed at the 
surface and provides a 3.D pattern to a depth of 
1500". While late Paleozoic deformation in the H.H. 
fault zone was characterized by SE thrustIng-reverse 
faulting, Mesozoic deformation occurred by WNW-ESE 
and NW-SE extension along penetrative conjugate sets 
of normal faults. The data suggests that strain 
resulting from the present day E-W compression maybe 
released by reversal of motion along fractures of the 
latter group. Individual normal faults have 
relatively small surface areas. Reactivation could, 
however, make use of a conjugate system of 
intersecting fractures, thereby significantly 
increasing the area of cumulative strain release (and 
earthquake magnitude). The highest densities of 
normal faults occur in relatively narrow (100 ft) 
zones at depth levels 698-800 and 1076 to 1169 ft. 
The upper zone contains several low angle thrusts 
with E-W sllckensldes and brecciated normal faults. 

T51B-05 09M5H 
^Neoteetoni.c. Geochemical, and Lineaaent Studies of the 

looa^s Seiamic Area 

CHRISTOPHEt A. SHUMAfi and SHELTOH S. ALEXANDER (Dept. of 
Gaoscitnces, Penn State, Univ. ?«rk. PA 16802) 

In an attempt to identify neotectonic features in 
the seismically active area near Hooous, Connecticut, a 
reconnaisance studv vas conducted consisting of D a 
revieu of previout geologic research In the region for 
mention of features related to local seismic activity, 
3} exaninatiot) and sampling of the area's stream net
work to identify geochemcai species which might show 
ground-water flow along faults or fractures, and 3) a 
stuoy of remote sensing imagery at four scales (SUUt 
1 250.000, SPOT I 100,000, hign-altiiuoe photograpnv 
1.SO,000, and low-altitude photography 1 18,000) for 
the presence of lineaments or other features possiolv 
related ts bedrocic fractures and tect<inic stresses 

No unaiFdiguous eviaence of neotectonic geologic 
features has previouslv been reported Our limited geo-
cnemical studies in the looaus area revealed no evidence 
of suoersaturated conditions in 33 bottom samples and 8 
water samoles Lineament analysis at tne four scales 
produced data on lineament orientations, trequencies, 
and lengtns. Prominent lineament orientation peaKS at 
080-090 and 3iO-350 oegrees are nearlv parallel and 
perpendicular, respectively, to the direction of n e 
maximum compressive stress (ffj, as deterameo fron 
m situ stress and eartn^uexe local mechanisms •'iich 
suggests a causal association with a thrust stress 
regime. Lineament frequency was ooserved to increase 
m the 'looous auaorargle relative to aa^acent stuov 
ouadrangles, suggesting an Increase in fracture deisitv 
m the vicinitv of tne seismic area '̂rora the mult.-
scale lineanent data, we founa an exponential oecav m 
lineament freauencv per unit area anc a linear increase 
*n average lineament lengtn with increasing soatial 
scale numoer. 

T51B-05 1015H INVlTtD 
In-Sltu Stress Measurements in the Earth s C-ust ''ear 
Moodus, Connecticut 

M M Singh and T A Rundle 
(Engineers International, Inc.. Westmont, 
IL 60559-1595. 312-963-3460) 
(Sponsor* C T Seacton) 

Estimation of the occurrence and severity of vibratory 
ground motions in the vicinitv of nuclear power plants 
and other related facilities is significant in the ra
tional design of these facilities, and also In the 
evaluation pf existing facilities. In order to reduce 
the uncertainty in estimating seiemlc risk for this 
purpose two holes were drilled for hvdrofracture tests 
in the Hoodus area The first, to a depth of 1,000 ft. 
was drilled within the 'generally accepted' seismic 
zone. The direction of the largest horizontal stresses 
was determined to be nearly N48'W. The second hole was 
drilled approximately 8 miles to the south to a depth 
of 1,500 ft, hydrofracture tests In which Indicated the 
largest horizontal principal stress direction to be 
N75'U. The maximum hole deviations from the vertical 
were 3* for the first hole and 12" for the second. 
Stress magnitudes in these holes were also estimated. 

T51B-07 1030H 
Hydraulc Fractunng Stress Measurements m the Moodus Research 

Borahoie and Shaltow Eanhquakea 

M«ri( 0 Zoback, Jp»m flpiimnai»ftrn»r. and Daniel Moos (all at the 
Dept. ot Gdophyscs. Siank>rO Umwersity, Stanford. CA 9430S) 

In .July 1987,13 hydrofracture axpenments ware oorxluoed m 
the Moodus research borehole over the depth range between 100 
and 1300 m Over tha entire depth range of the tests the maxmuni 
honzontal compression is sufTicwntly greater than the ventcal 
stress that N-S slnkmo thnist faults are potentially actwe This 
observation s m good agreement wnh shalbw fault plane sokitions 
in this area Ai «U depths the least pnnapal stress was vanical 
and approximately equal to the weight ot the overburden This is 
oonftrmed by the generation of sub-horaontal fractures m three 
test sections at 837 m. 1184 m. and 1277 m Dunng these tests 
onf̂  the vertcal stress Sv was measured as shul-n pressure. In 
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