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TECHNICAL REPORT SUMMARY 

Technical Problea 

Although a consistent and rolatively s .cccssful theoretical and 

empirical framework has boen developed for understanding selsmiclty near 

lithoapheric plate boundaries, earthquakes occurring within tl ese 

boundaries remari a little understood phenomenon.  Intraplate earthquakes 

are less common than seismic events in active tectonic regions, but they 

are known to reach large magnitudes.  The fact that propagation of seismic 

energy is more efficient in at least some intraplate regions coupled with 

the general lack of engineering precautions against the occurrence of 

nearby earthquakes in these reigons dramatically increases the potential 

destructiveness of a large intraplate event.  In addition to the 

implications for seismic hazard evaluation, the general lack of knowledge 

concerning intraplate seismicity makes discrimination of such events from 

nuclear explosions very difficult.  The problem which this study addresses 

is therefore to correlate what is known about intraplate seismicity, and 

to apply old and new research techniques to this study in order to develop 

a better understanding of the characteristics of the. events. 

General Method 

In order to circumvent the limitations placed on studies of intraplate 

seismicity by the infrequent occurrence of such earthquakes, data from 

sources outside of seismology must, be incorporated and evaluated in a 

study such as this one.  Collection arid synthesis of information from 

precise leveling, theoretical geomechanics, sea level observations, gecior- 

phology, photogeology, the sedimentary record, Igneous activity and faulting 
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have been undertaken and are continuing. Several literature revlewa on 

related subjects have been completed and others arc being compiled  A 

complete data set of elevation change measurements for the eastern United 

States has been prepared in cooperation with the National Geodetic 

Survey.  This leveling data is being used to provide valuable information 

on vertical crustal movements in the eastern United States.  Theoretical 

computations are being used to derive physical models of the forces which 

may be responsible for these leveling derived movements.  The study group 

in photogeology is continuing to obtain and analyze ERTS and S.CYLAB 

photographs of Eurasia and the United States.  Special U-2 missions have 

been scheduled to provide detailed coverage of regions of particular 

interest in the United States.  Mapping of photo features is being 

Integrated with available seismic fault plane solutions, seismicity 

patterns, and in situ stress measurements.  Field excursions are being 

undertaken to verify and identify features indicated in aerial photographs 

of the eastern United States, as well as to investigate areas of particular 

interest as suggested by leveling and seismic studies. 

In addition to the detailed research concerning the eastern United 

States, considerable effort is being directed at another intraplate 

region, China.  In attempting to study the seismicity of intraplate 

regions one finds that mainland China is ideally suited for this type 

of investigation because of its relatively high seismic activity and large 

number of destructive earthquakes.  In addition, the recorded history of 

Chinese earthquakes goes back much farther than any other area in the 

world, thus making China the best location for the study of earthquakes 

with time.  The use of the ERTS imagery and geoaoiphology permit one to 

determine recent crustal movements and to better define the tectonic 
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structure of China. Study of Individual earthquake series and their 

aftershocks is being carried out in order to define fault trends and to 

Investigate the space, time, and magnitude variations along these zones 

of weakness.  It is hoped that such studies wil] be able to determine the 

cause of the larger earthquakes such as the 1966 series near Hsing-fai 

in an area that was previously thought to be seismically Inactive. 

In order to evaluate the generality of the conclusions reached in the 

detailed research concerning the eastern United States and Ch^na. results 

of similar studies in other regions, particularly in Japan. Europe, and 

the Soviet Union, are being examined so that any fundamental relationships 

common to all areas can be discerned and contrasts understood. 

. i 

Technical Results 

Our efforts toward understanding normally aseisraic regions with an 

Integrated, interdisciplinary approach have most recently been progressing 

on two major fronts, with specific programs under each: 

(1) Seismotectonics of China and surrounding region 

(a) Investigation of patterns of historical and in^trmaental 

selsmlclty. 

(b) Preparation of a photo-mosaic of China from LANDSAT-1 

satellite Imagery. 

(c) Comparison and correlation of geologic and tectonic 

features from mosaic with selsmlclty. 

(d) Examination and compilation of work published by the 

Chinese. 

(e) Quaternary faulting In nearby Taiwan. 
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(2) Recent vertical crustal movements 

(a) Correlation of regional surface deformation as measured 

by releveling with geologic structure in the eastern 

United States. 

(b) Comparison of tide gauge data with leveling data along 

the eastern seaboard of the United States. 

(c) Evaluation of the refraction error in precise leveling. 

(d) Indication of fault movement from leveling data. 

(e) Field study of earthquakes in the eastern United States. 

Following are summaries of research results not previously reported in 

detail. Comprehensive technical discussions of each summary are appended. 

China Research;  Summary 

China is one of the most seismically active continental regions in 

the world.  In order to study the large and destructive earthquakes that 

occur there, detailed earthquake maps were produced from both the 

historical record and from instrumental epicenters. The results of this 

study demonstrate hew dramatically the seismicity pattern has changed 

with time in China. Lastern China was far more active in historical 

times than it is today. The Shansi graben has been nearly aseismic for 

the past 70 years and yet from the historical record it is known that 

some of China's most destructive earthquakes occurred there in the pact. 

In order to compare observable geologic features in China with 

earthquake patterns, a mosaic of LANDSAT-1 imagery was prepared at the 

same scale as the seismicity maps. This comparison reveals different 

zones of earthquake activity that correlate with geological and tectonic 

regions. Activity is mainly concentrated in faulted mountain belts and 
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nearly absent from the large undefonned basins. A continuing study reveals 

that most of the large earthquakes occur on or near major fault zones. 

See Appendix A for a detailed discussion of these results. 

Quaternary Faultin^in Eastern Taiwan^ Summary 

Several recent hypotheses suggest that the intraplate seisnücity 

within China is related to the tectonic activity along nearby plate 

boundaries.  One poorly understood nearby plate boundary lies in Taiwan. 

There has been conflicting evidence, on what type of boundary this is. 

Whether two plates converge here or slide by one another might change the 

predicted stress pattern within China.  Therefore, geologic field work, 

partially supported by the AFOSR. was undertaken in Taiwan to help resolve 

this problem. A detailed report is attached as Appendix B. Themain 

conclusion is that there has been a complicated combination of convergent 

and strike-slip motion in Taiwan over at least the past few million years. 

Recent Vertical Crustal MovggMit«;  Summary 

Study of recent vertical crustal movements via leveling data has 

focused on the eastern seaboard of the United States. A comparison has 

been made of the elevation changes indicated by leveling and those Indicated 

by sea level measurements. It has been found that a significant 

disagreement exists between the two data sets. Profiles of vertical 

crustal movement from Maine to Florida have been constructed from these 

data sets using various models for distributing the discrepancies between 

them.  Inspection of these profxles Indicates that, in spite of the 

apparent contradictions within the data, several persistent crustal 

movement features along the profile correlate with geologic and tectonic 

features. Indicating that real crustal movements are being measured. 

\ 
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Leveling and   e gauge data have also been examined for evidence of 

short period (about 100 years) tectonic movements.  There is evidence 

for such movements, although the uncertainties in both leveling and tide 

gauge methods as well as the limited amount of relevant measurements 

preclude the unequivocal acceptance of their existence. Analysis is also 

being made of leveling profiles to determine if the Atlantic coastal 

plain la tilting down to the coast, as indicated in earlier studies. 

Preliminary results confirm this model, although a large number of 

exceptions have been found. The relationship, if any, between seismicity 

and these crustal movements remains ambiguous, although a number of 

interesting correlations have been noted.  It is clear that more field 

leveling must be done in order to begin to define this relationship. 

See Appendix C for a detailed discussion of these results. 

Fault Movement and Leveling Data;  Summary 

When near surface faults suffer displacement with a significant 

vertical component (due either to earthquakes or gradual slip), one would 

expect to see relatively steep tilts in the surface deformation pattern 

derived from repeated levelings across active faults. 

One of the most striking examples in the leveling data of the eastern 

United States which resembles fault displacement was noted in western 

Kentucky, just inside the Mississippi Embayraent. After a detailed study 

of the data and the region, it was concluded that a fault here is indeed 

a plausible explanation of the anomalous movement seen in the leveling 

data.  See Appendix D for a detailed discussion of these results. 

Other examples of features in the leveling data possibly indicative 

of fault movement need to be investigated, especially in the western 

United States. 
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The Refraction Error In Precise Leveling;  .Summary 

Changes In the index of refraction of light, caused mainly by 

changes In air temperature, may cause systematic errors In leveling. 

Comparisons of two levellngs with different errors will result In 

apparent, but unreal, vertical movements. Because our work Is in part 

concerned with leveling data, the possible effect of such an error was 

investigated theoretically. Preliminary results with simple temperature 

gradients suggest that this error is not significant, but all possible 

temperature gradients have not yet been investigated thoroughly. This 

investigation is continuing.  See Appendix E for a detailed discussion 

of these results. 

Field Study of Earthquakes in Eastern United States 

Evidence of surface faulting during an earthquake in an Intraplate 

area would increase our understanding of such events by demonstrating 

that the earthquake was associated with faulting Instead of another 

mechanxsm, possibly by showing that the earthquake occurred along a 

pre-existing fault, and by partially determining the direction of the 

stresses which caused the earthquake. Therefore our interest in field 

study of earthquakes in the eastern United States has continued. 

Unfortunately, no such evidence has yet been found. 

A search for surface faulting was made during a two-day field trip 

to Plattsburgh, New York, immediately following an earthquake there on 

9 June 1975. The earthquake was small, magnitude 3.7. The local geology 

consisted mainly of undeformed Cambrian sandstone. This area was glaciated 

during the Pleistocene. We searched for both fresh fault scarps and 

faults which offset glacial striations. No convincing evidence for either 

was found. A1though surface faulting is rarely seen for earthquakes this 

small, the Importance of such faulting warranted this Investigation. 
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APPENDIX A A-l 

China Research 

by Richard C-rdwell 

I 

Asia is one of the most seismically active continental regions in the 

world.  The rtudy of earthquakes in intraplate regions has received less 

attention than the seismicity related to subduction zones.  The problem of 

how and why intraplate earthquakes occur is poorly understood due to the 

sporadic and complicated nature of their occurrence. 

The study of intraplate earthquakes is necessary for understanding the 

tectonics of continental regions and critical in evaluating the seismic: 

risk of a populated area.  The study of Chinese seismicity is crucial for 

understanding intraplate tectonics.  The Chinese record of seismicity is not 

only the longest one available, covering over 3000 years, but in addition it 

contains many events with magnitude greater than eight. The reasons for 

such large magnitude events are very poorly understood.  China is not alone 

is possessing large and destructive earthquakes. The Charleston earthquake of 

1882 is an example of such an event in North America.  In recent years various 

authors have attempted to study the seismicity and tectonics of Asia. 

The major emphasis of previous papers has be2n on the tectonics of China 

and surrounding regions by studying the large earthquake distribution (m > 6), 

fault plane solutions, reviews of geological literature, and temporal 

variations of earthquake parameters.  The most complete compilation of the 

state of stress in Asia through the study of fault plane solutions are the 

papers by Shi et al. (1973). Molnar et al. (1974). and Molnar et al. (1975). 

These studies are important for understanding the present state of stress 

in Asia. These papers also briefly review the geological literature 

relevant to the tectonic structure. 
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The distribution of selsmlclty in Asia has been described by Li 

and Gorshkov (1957). Min (1957). Mel (I960), Lang and Sun (1966). and Shi 

et al. (1973), Molnar et al. (1975), Academia Sinica (1956, 1970), and 

Lee (1957). A history of early compilations of Chinese earthquake data 

is given by Drake (1912).  The first maps of strong earthquake epicenters 

in China was published by Li and Gorshkev in 1957. For the most part. 

the previous studies investigated the large events (ui>6.0) for varying 

Intervals of time from historical records and instrumentally recorded data. 

For example. Shi et al. (1973) studied the seismicity pattern for events 

with magnitude ^ 6.0 from 1500 A.D. until 1971. Molnar and Tapponier 

(1975) included a map of historical and instrumentally located events 

only for magnitudes greater than 7.0 with the exception of well located 

events between 1961 and 1970. The most extensive historical compilation 

is by Academia Sinica (1956). This is a collection from various sources 

of varying quality. Only Mei (I960) has attempted to look at the detailed 

historical and instrumental seismicity for magnitude less than 6.0. 

Unfortunately, that study in 1960 used data from various sources and 

made no attempt to discuss the compatibility of the different data sets. 

In addition, there was little attempt to relate the overall seismicity 

pattern to the tectonics of Asia.  It is clear that with the increasing 

interest in Asian tectonics it is necessary to have an accurate representa- 

tion of Asian seismicity to correlate with other geological and geophysical 

data. 

The main purpose of this report is to provide a complete and detailed 

description of the seismicity of China and surrounding regions from both 

the historical and instrumental records. Carefully chosen data sources 

are used to produce maps of both historical seismicity (1177 B.C. through 

1903 A.D.) and up to date instrumentally located seismicity (1904 through 
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February 1975). 

By carefully choosing the most reliable data for any period 0f 

time, one can produce accuarte representation of Asian seismicity.  In 

addition to the seismicity maps a photomosaic of LANDSAT-1 imagery was 

produced at the same scale.  Because of the recent availability of space 

Photography, it is possible for the first time to produce a mosaic that 

one can overlay with a seismicity map in order to directly observe the 

correlation of earthquakes and geologic features on a large scale. This 

is accomplished by using the computer to produce a suitable map projection 

that best matches the LANDSAT-1 imagery. One can then easily plot seismicity 

and other geophysical data on the same projection to correlate with the 

observable features. The LANDSAT-1 imagery has made possible new 

evaluation of faulting and linears in Asia. In addition, it allows 

direct comparison of earthquake patterns with visible ground features such 

as linears, faults, and volcanism. 

A set of criteria that may distinguish faults active during the 

Quaternary from other lineations on the imagery has been developed. These 

lineations are being studied at a scale of 1:1,000,000 and a .ap of 

possible Quaternary faults is being constructed on a scale of 1:6.000.000. 

This map is to be compared with both the historical and instrumental 

seismicity maps, thereby providing evidence to distinguish which faults 

«night have been active during historic time. This approach avoids the 

problems of trying to correlate seismicity with lineations that are 

not faults or that are faults that have been inactive since the Precambrian. 

in many cases these lineations have been correctly identified as Quaternary 

faults from the geologic literature. Knowledge of Quaternary faulting 

is of considerable importance to the understanding of the contemporary 

tectonics of Asia. 
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The purpose „f this report then. Is to Mk. . detailed study of 

sel^lclty 1„ Chloa aod surrouudlug reglous. This study „1U be . valuable 

co.ple.ent to the pubUshed fault plane solution studies and the synthesis 

of other 8eolo8lcal and geophysical data.  This report Is composed of several 

aeetlona.  Section 1 „111 describe the preparation of the LANBSAT-l 

imagery and the choice of Mp projection used for the selsB1clty ^ps. 

Section II „Ul ulscuss the quality of the earthquake data and the 

apatlal distribution of sals-lclty.  The historical and Instrcental 

sels-lclty „aps as „ell as the bAHDSAT-1 „.sale have been sent prior 

to this report.  A nap of Quaternary faulting determined fro. LANDSAT-l 

imagery is being developed. 

V" 
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Section I: LANDSAT-1 Imagery 

The use of remote sensing techniques Is becoming Increasingly useful 

in the earth sciences. The development of orbital photography using 

multlspectral Imagery ha3 proven very valuable for geologic mapping 

purposes. NASA's earth resources program began In 1963 and LANDSAT-1 

(formerly ERTS-A) was one of the first space satellites to produce high 

resolution multlspectral Imagery and digital data of the earth.  It had 

the capability of producing coverage over most of the earth on an 18-day 

repetitive cycle. The image, from a given region had sidelap from adjacent 

orbits and overlap In the direction of flight. This overlapping of images 

permits the construction of a mosaic of individual frames of a large area. 

Kach frame covers about 100 nautical miles on a side. Because the orbit 

was also sun synchronous, the image for a given location was taken at the 

same local time for each pass of the satellite. This capability permits 

one to choose nearly cloud-free and well-illuminated scenes from a number 

of images taken.  Four multi-spectral scanner wave bands are available 

in different wavelengths. 

Each image is therefore a uniformly illuminated, roughly planlmatric. 

vertical view covering a large portion of the earth's surface. A mosaic 

of these Images is very close to being orthographic, and Is close to being 

like an Albers Equal Area Projection or a Lambert Conic Conformal Projection. 

A mosaic of China and surrounding regions was compiled from over 1000 

9-inch by 9-inch individual photos with little or no cloud cover. The 

Photos were mostly uncontrolled Band 7 imagery (0.8 to 1.1 micrometers) at 

a scale of 1:1.000.000. The stated resolutions of these photos Is about 

70 m (EPTS Data Users Handbook. 1972). This original mosaic measured 

8 m by 5 m and was composed of 24 1.3 m by 1.3 m masonlte boards. Only 

a slight stretching u. the images during mounting was needed to Join 
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adjacent features along the edges of the images. The mosaic was 

controlled by matching features with the 1972 Operational Navigation 

Chart (O.N.C.) (1:1,000,000 scale). 

The resulting mosaic covers an area from south of the Himalayas to 

Lake Baikal and from the Hindu Kush in the west to Taiwan in the east. 

From a glance at a world seismicity map one can see that the tectonics 

of this region app^a,: to be unrelated to the rest of Eurasia. Because 

LANDSAT-1 experienced recording difficulty after March 1973, there are 

some gaps in the photo coverage. These gaps were filled with the O.N.C. 

map series at the same .cale. The resulting mosaic is nearly orthographic 

with an accuracy of ± 10 km when compared to O.N.C. Lambert Conic Conforma] 

Projections. All photo interpretation work was done from this 1:1,000,000 

scale original. For practical purposes, th. original mosaic was reduced 

to a 1:5,000,000 scale. This format measures 101 cm by 81 cm.  In order 

to accurately plot large quantities of seismic, geological and geophysical 

data, a computer with an automated plotting routine was used to make 

various maps.  In order to directly compare this data with the LANDSAT-1 

mosaic it was necessary to find the map projection that best matches the 

imagery of the whole region. The projection should have minimal scale 

and angular distortion, i.e. it should be conformal.  In addition to 

showing true shapes as the imagery does, the projection should have the 

shortest distance between two points be nearly a straignt line.  This 

compromise of shape, area, and scale is best suited to Lambert's Conic 

Conformal Projection with two standard parallels. 

The 1:6,000,000 scale mosaic is best matcheu by this prc-iection with 

standard parallels at 330N and 450N.  This projection provides an excellent 

overall fit to the mosaic. The scale factor or scale distortion at the 

latitude extremes is only 1.01 and at the middle latitude it is only .99, 

■ ... 
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compared with 1.00 at the standard parallels.  It is not surprising that 

Lambert's Conic Conformal Projection should match the entire mosaic so 

well, because the O.N.C. maps are nearly perfectly .atched to the individual 

Photos using the same projection.  The use of this projection for seismicity 

data now allows a direct comparison of earthquake epicenters with observable 

tectonic features.  In making these studies the data were plotted on clear 

plastic sheets and overlaid directly on the mosaic. 

The physiographic features of Central Asia are easily discernable 

from the mosaic.  In the southwest is the concave northward arc of the 

Great Himalaya Range and the Tibetan Plateau. North of the plateau are 

many east-west trending features such as the Kunlun and Altyn Tagh 

Mountains, the Tarim Basin, the Tien Shan, the Dzun.arian Basin, and the 

NW-SE trending Altai Mountains. West of the Tarim Basin are the Pamir 

Mountains and south of them are the Hindu Kush.  On the east of the 

Tarim Basin is the Tsaidam Basin between the Kunlu. and Altyn Tagh 

Mountains.  Between the Himalaya Range and southeastern China are the north- 

south, trending ranges of the Kang Ting Mountains.  East of the Altyn Tagh 

Mountains is another roughly east-west trending mountain belt of the Nan 

Shan. East of these ranges arc the Ordos Desert, the Shansi Graben 

system, and the North China Plain. 

North of the Ordos Desert are the Gobi Desert and the northeast- 

trendin, features of Lake Baikal and the Greater Kingan Range. To the 

-t is the Manchurian Plain. Off the coast of southeastern China are 

the islands of Taiwan and Hainan. Note that the coverage on this mosaic 

does not include the Ryukyu Islands, the Philippines, or southwestern 

Japan.  The political boundaries of China and Mongolia were taken from 

the Peoples Republic of China. AtljM (1971). 

The uniform illumination of LANDSAT-1 imagery is readily suited to 
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lineament analysis. One can immediately recognize numerous linear 

features from 10 km up to 1000 km in length. The apparent large shear 

fault between the Tarim Basin and the Tibetan Plateau can be readily 

traced for hundreds of kilometers. Caution must be exercised in relating 

observed linears to geologic phenomena. A careful study of such linear 

features is currently being pursued. 
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Section II: Seismlcity - Data 

The purpose of this section is to give a complete and consistent 

evaluation of the seismicity of China from both the historical and 

instrumental records. The most important earthquake parameters for the 

study are the epicenter, depth, and magnitude.  Only by carefully defining 

the data sets of earthquakes used can one make a significant correlation 

of seismicity with other data such as Quaternary faulting and the major 

observable geologic features for this intraplate area. Note that no 

relocations of individual hypocenters hav« been attempted. This study 

Includes over 5,000 earthquakes and attempts to describe the overall 

patterns of seismicity in China using data from other sources. This paper 

attempts to select the best data available on hypocenter and magnitude for 

any given period of time.  The five sources of data used  in this paper and 

the years covered are listed below. 

1177 B.C.-1903 A.D.  Chinese Earthquake Catalog (1970), 

Academia Slnica, Institute of Geophysics. 

1904-1952 Seismicity of tho Earth (1954), Gutenberg and 

Richter. 

1953-1965 The Seismicity of the Earth (1969), Rothe. 

1966-1970 Bulletin of the International Seismolo^ical 

Centre (I.S.C.) 

1971-Feb. 1975 Preliminary Determination of Epicenters (P.D.E.) 

Each of these sources will be discussed below. 

One of the first seismic stations in China was established at 

Zeikawei in 1904, but before 1953 China had few seismic stations (Lee, 

1957).  Gutenberg and Richter have reliably determined instrumental 

epicenters for earthquakes back to 1004.  In order to get an adequate 

description of Chinese seismicity one must include the historical events 

■"•"■^■^ 
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recorded by newspapers and historical chronicles. 

In 1956 the Acade.mia Sinica published a 2 volume set entitled 

Chronological TaM.. nf J^yu^^ This is the most 

extensive compilation of earthquake data of China available.  It „as 

compiled by the Third Institute of History. Academia Sinica. from dynastic 

histories, local annals, memoirs, newspapers, and seismic station 

reports in the later years. Mei (I960) discusses the historical compilation 

of data from distinct record.. These volumes containeu over 3.000 years 

of earthquake data. 

These data were later compiled in 1970 into the Chines^Jarthgua^ 

Catalog by the Academia Sinica. Institute of Geophysics (in Chinese).  The 

period of time covered was from 1177 B.C. to 1949 A.D.  m this work 

intensities were assigned to all areas that reported a given earthquake.  ' ■ 

The epicenter was assigned to the region of greatest destruction. Lee 

(1958) determined an empirical relationship between intensity at the 

epicenter and the surface wave magnitude (M) based on a study of instrumcntally 

located earthquakes with well determined magnitudes and intensities. 

This magnitude (corresponding to M of Gutenberg and Richter) was assigned 

to historical earthquakes and ranges in magnitude from 4.75 to 8.5. Lee 

estimated that this magnitude determination is accurate to half a scale 

of magnitude.  This empirical formula between magnitude and intensity 

has been updated by Savarensky and Mei (I960). Mei (1965). and most 

recently by Chen et al. (1975). More modern relationships include 

the effect of the focal depth, but fro. Chen et al. (1975), it appears 

that the relationship determined by Lee is still good to 1 0.5 magnitude 

units. 

Even though the first reported event is 1177 B.C.. more thorough 

coverage begins from the Han Dynasty in 206 B.C. where several provinces 

*y; 
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have a continuous record up to the present. The description of smaller 

tremors are more complete and detailed after about 1500 due to the increase 

in the number of local chronicles (Mel, 1960). The historical seismicity 

data depend crucially on the population density. Therefore, the 

historical seismicity data for western China and Taiwan are incomplete 

due to the sparse populations in these areas or lack of chronicles. 

This study is primarily Interested in the seismicity of China and has 

not incorporated any historical data for areas outside this region. Thus 

although there have probably bern many historical earthquakes in the 

Himalayas, these events have not been reported in the Chinese earthquake 

catalog because of the low population density there. Likewise, the 

Chinese did r.ot report the large Assam earthquake of 1897 in their 

compilation because it occurred outside of China and it is not included 

in this compilation.  In summary, the historically reported seismicity 

data for eastern Mainland China is relatively complete from about 1500 A.D. 

The instrumentally recorded data are composed of the four above 

mentioned sources.  The data from Gutenberg and Richter ri95A) covers 

the period from 1904 to 1952. The body wave magnitude m is used for the 

events reported.  For the larger events the revised magnitudes (T as 

given by Richter (1958) are used. The data from Rothe (1969) cover the 

period 1953 to 1965. The magnitude, M, is taken as the average of the 

magnitudes given by different stations after standardizing the different 

station magnitudes. The data from the I.S.C. and P.D.E. are used for the 

years 1966 to February 1975.  Both data sets use the unified body wave 

magnitude (n^) defined by Gutenberg and Richter (1956). 

For the I.S.C. and P.D.E. earthquake data those eventt located with 

less than ten stations were rejected. Although ten is an arbitrary number, 

it was found upon examination that the earthquakes with less than ten 

Ultfcrir'lini ' ii il iä^MM^.Jt-.^i 

pwong
Text Box
Preceding page not film



1 

'i 

u 

A-13 

Section II:  Seismiclty - Discussion 

Upon examining the seismlclty .aps of China and surrounding regions 

several features Wdlately become apparent. The most obvious feature 

is that China Is extremely active for a continental region.  By exan.lnlng 

a «aP of world seismlclty It readily becomes apparent that no other large 

continental region In the world has as much seismic activity as China 

does.  The second Interesting feature Is that this region has had some 

extremely large earuhquakes throughout both the historical and Instrumental 

record. There have been 29 large earthquakes with magnitude of 7.8 or 

greater shown on the map excluding those In the oceanic subduction zones. 

A third interesting feature is that there are two continental regions of 

intermediate depth earthquakes just outside of China in the Hindu Kush and 

northwestern Burma.  These facts will be discussed more below, but they 

do point out that China and the surrounding regions are not typical 

intraplate areas. 

In discussing the seismiclty distribution it is imporcant to note 

the large earthquakes. The large ^m±t^  ev,nts not only ^ ^^ 

more accurately, but they are also more Important tectonlcally.  If there 

is to be any pattern in the epicenter distributions, it should be .ore 

apparent for earthquakes with magnitude greater than 6.0. 

Western China is presently far .ore seismically active than eastern 

China.  The map of historical epicenters shows little to no seismic 

activity in western China only because western China was relatlvrly 

unpopulated and most earthquakes occurring there were not recorded. 

Taiwan does not have good historical records until after 1900 and this 

explains the lack of activity shown on the historical map.  By comparing 

the instrumental and historical epicenters It becoraes apparent that 

.^r^- 
E-ltZ->..>■> L^J. 
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easter.. alna was far more active in the past than it presently is. 

There are two interesting differences in the historical and 

instrumental epicenter distributions for astern China. Whereas south- 

eastern China is nearly aseismic today, it had a moderate amount of 

activity in the past. Another more prominent feature is the seismicity 

distribution in the Shansi Graben system and the North China Plain. It 

is especially evident that the historical epicenters occur near the graben 

faults and yet no large events have occurred there in the last 70 years. 

Many of the other large events to the east occur on or near a system of 

northeast-striking faults in the North China Plain. This comparison of 

instrumental and historical seismicity demonstrates that caution should 

be used in basing seismic risk maps on only a brief instrumental record. 

It is clear that even the instrumental seismicity for 70 years is inadequate 

to describe the historical seismicity of China.  Both historical and 

instrumental maps include the complex north-south belt of seismicity 

between 100° and 110°. 

It is obvious from the maps that all earthquakes do not occur along 

linear fault planes, but that they occur along broad zones of activl y. 

At present it is difficult to determine if the strain release occurs along 

discrete faults or if it occurs over broad zones of intraplate deformation. 

Only careful geologic mapping of faults along with accurate locations 

of earthquakes can determine this. 

A brief description of the relationship between seismic activity and 

geologic features is given below.  Western China and surrounding regions 

are characterized by east-west tending features that are distinctly 

different from northeast-striking grabens and faults in eastern China. 

These features are the Him^ay m Range, Tibetan Plateau. Tanglha Mountains. 

Kunlun Shan, Austin Tagh Mountains. Tsaldam Basin, Tarim Basin, Tien Shan, 



-mim^m^mmm mmmmmm 

VT 

iJ 

A-15 

Dzungarlan Basin, and the Altai Mountains. 

The nearly aseWc Tarls.. Isaida„, mi Dzung„lm Baslns ^ ^ 

distinct «eatnrea as seen on the UWtt-l „osalc.    «, three basins are 

roughly east-west trending features and are hounded hy .ore sels^cslly 

active mountain ratges.    In the Altai Mountains to the north of the 

»sungarlan Basin there have heen a fe. large shallow focus earth^as 

such as the 1,31  (7.9, and the 1957 «.3, events.    The faults In central 

Mongolia strx.ce east-west while those m westarn Mongoila stride to the 

northwest.    Two «U lnte™adlate depth eart^uaha. In tha region fro. 

Rothe „ere probably „ore correctly iocated as shaUo. events by tha I.g.c. 

and P.D.E. 

South of the Dzungarlan Basin are tha Tien Shan with east-west 

eartMualces. The activity Increases toward the south In the South Tien 

Shan, south of this lie the Pa.lrs and the Hindu Kush. Bart^uahes occur 

into the intermediate depths and the activity Is Intensely concentrated 

In an east-west belt below the Hindu Kush. 

The Kunlnn shsn and Austin Tagh Mountains He at the northern edge 

of the Tibetan Plateau and fom the southern boundary of the Tarl* 

Basin. The sela-lclty 1„ these ranges as „ell as In the rest of the 

Tibetan Plateau Is diffuse. The very large faults at the northern end 

of the puteau are easily seen in the mosaic. These „ajor fauUs „. 

similar to the Alpine and Atacama faults in that „one of them are well 

defined seismlcally oy large earthquakea. 

To the south of the pUteau the seismlclty pattern cleany defines 

the arcuate shape of the Himalayan Mountain Range. The earthquakes are 

almost all shallow and their magnitudes can be very large en from 

the large seismlclty map.  The earthquakes become intermediate depth foci 

*£iJit\i.y . .. ■ Siv-:....,■■._J.ü.. ,w .>» 
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at the southeastern end oc the Himalayas as they did at the northwestern 

end. There Is an Increase In both shallow and intermediate depth selsmlclty 

in this region of northern Burma. 

The very complex north-south seismic belt lies to the east of the 

Tibetan Plateau. This is a region of folded and faulted north-south 

trending mountain ranges that lie east of the nearly aseismic area of 

southeastern China. At the northern end of the seismic belt are the east- 

west faulted Nan Shan.  This range is well defined seismically and several 

large shallow focus earthquakes have occurred here both historically 

and during the instrumental periods. 

East of this belt lie the northeast-striking Shansi Graben system and 

the faults of the North China Plain. This has been a region of large 

shallow focus earthquakes throughout history. Some of these events 

include the great earthquake near Peking in 1679 and the destructive series 

of earthquakes near Hsing-t'ai in 1966. Note that the 1966 series was one 

of several sequences of many events that occurred throughout China. 

Further east along the Tancheng-Lukiang fault zone was the magnitude 8.5 

earthquake of 1668 and the recently predicted Liaoning Province earthquake 

of February 1975 (Allen et al.. 1975). Except for near this fault, the 

Manchurian Plain appears relatively aseismic. 

The northeast trend to tectonic features extends north to Lake 

Baikal, which is a faulted graben system similar to the Shansi Graben 

system. Here there arr. presently shallow earthquakes occurring in and 

near the graben. To the southeast is the subduction-related seismicity 

of the Ryukyus and the Philippines. Taiwan Is the most active area of this 

entire region studied.  Here the Longitudinal Valley fault is defined 

seismically along with the plate margin seismicity of the Philippir.e plate. 

-^-.«go-.-^. V- 
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i QUATERNARY FAULTING  IN EASTERN TAIWAN 

James E.  York 
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Ithaca, New York 14853 

ABSTRACT 

The Longitudinal Valley of eastern Taiwan probably marks the suture 

of a late Cenozoic collision between an island arc and the Asian 

continent. At present, the Longitudinal Valley represents the main active 

tectonic feature of the boundary between the Eurasian and Philippine 

plates in Taiwan. Previously published instantaneous poles of rotation 

Indicate that this boundary in the Taiwan region is predominantly 

convergent with a component of left-lateral strike-slip motion, 

although cases of historic surface faulting suggest that the boundary 

is mainly strike-slip. New geologic field work provides evidence of 

both convergence and strike-flip motion in the Longitudinal Valley during 

the Quaternary.  Some convergence is apparently also occurring west of 

the Longitudinal Valley, resulting in uplift of the Central Range. 

Key words: Taiwan, faulting. Quaternary tectonics. 
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the island o, TalMn. lyl„g between ^ phlllppine ^ ^ ^^ 

CMna. l8 part of the sel6Dlcally ^^^ ^^^ ^^ the ^ ^ ^ 

- «anna trenche8 (Pl8ure „. ^ sel8mlcley ^ ^^ ^ ^ ^ 

in tKe eaa^m part, althou^ ea^na.as do occur throughout the lsland. 

Nno™ hiaronc surface faultln8 in Tmwsn (Figure „ and fault plane 

eolutions near Taiwan (Wu. 1,70) indlcate thit the tectonlcs ^ ^ ^ 

region Is complicated, but fr-n«, »w. 
-P    eo, but from the geology, one main boundary In Taiwan 

Between the Philippine and Eurasian nl».- 
Eurasian plates appears evident.  This boundary 

i» the Longitudinal Valley (Fleure 2^  n™  4  , 
y  uigure 2). One main plate boundary amid a 

zone of active faults of different rmDO  -. 
afferent types is typical of other selsmlcally 

active areas also, such as California. 

Because the Longitudinal Valley separates two geologioall. iistinot 

-ountsin ranges, one of „hich „as island are affinities, it probabl, 

represents the suture of an islsnd arc-continent coUision (Biq. „„,. 

The age of this eolllalon u  Ut, c 

„,100 1..    t ^"hl^es extending to deptHs 
ot iuu km beneath Taiwan fK-n-*, 

(Katsumata and Sykes. 1969) probably result 
from subductlon associated with th* ^     * 

existed between the two mountain ranees  Frnm ... 
.,. K 8     r0m study^S  large earthquakes 

(1972) concluded that this boundary m T.-r   * 
predominantly convergent  Hi.    , 1S 

'  t 
8ent-  HiS COnClusi- 1- ^ accordance with the 

hypothesis that the collision is still n 
faultln. < 10 occurring. Howeverf surface 
siting in 1951 (Hsu, 1962) showed predomlQant 

faulting.    To v.,     , y left-lateral strike-slip 
8-    To help resolve the problem of the relative I 

strllfo „n relative importance of 
strike-slip versus convergent motion  „ 

motion, new geoloeic fi-i. .  , 
in 1974. 8   ield  work was undertaken 

mr 
._a^ 1 .i '.■W,!.. ■.. ._ :-i.  , 
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Solving this problem Includes the determination of the type and  B-3 

age of activity of major faults In and along the Longitudinal Valley. Such 

a study Is Important for evaluating seismic risk (Allen, 1975), as well as 

for studying the process of an Island arc-continent collision (Dewey and 

Bird, 1970).  In addition to evidence for a strike-slip fault running 

through the valley, we found evidence for Quaternary thrusting In the 

southern part of the valley along a fault that may represent the main 

surface expression of a subductlon zone. 

GEOLOGY OF TAIWAN 

. ' 

: 

The geology of Taiwan has recently been reviewed by Ho (1967), and 

only a brief summary will be given here. The Island Is separated from 

mainland China by the shallow (less than 100 m depth) Taiwan Straits. 

Taiwan consists of four main geologic provinces (Figure 2). The Coastal 

Range consists of Miocene andesltes (Tuluanshan Formation), Miocene-Pliocene 

flysch (Chlmel and Takangkou Formations), a Pllo-Pleistocene melange (Lichi 

Formation) that contains exotic blocks Interpreted as fragments of oceanic 

llthosphere, and a Plio-Ple^etocene conglomerate (Pinanshan conglomerate) 

with clasts from the Central Range.  These rock units differ considerably 

from most of the other rock units In Taiwan. The andesltes and melange 

probably represent Island arc volcanlcs and trench deposits, respectively. 

Eastward dipping thrust faults within the Coastal Range and the sharp 

boundary between the Coastal and Central Ganges together with the presence 

of the andesltes and melange suggest that an oceanic basin once existed 

between the two ranges and that this basin was consum-d in a subductlon 

zone dipping eastward beneath the Coastal Range. Plate tectonic models 

with such an interpretation have been presented by Biq (1972)  Chai 

(1972), and Karig (1973), although alternative interpretations have been I 

.. ^*I.A. ■■*J-.JA. —.«^ .•»• •S&.-.Lw ^.-.--.L. •• r 
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given by Jahn (1972) and Murphy (1973). A gravity profile across Taiwan 

Bupports the concept of an eastward dipping subductlon zone (Lu and Wu. 

1974).  Intem.edlate depth earthquakes occur beneath Taiwan (Katsumata and 

Sykes. 1969; M.T. Hsu. 1971) but do not define a clear direction of dip. 

perhaps because subductlon Is presently occurring over a wide zone. 

The Central Range contains a schist belt overlain by Paleogene 

slates and quartzltes. The schist belt contains greenschlst. marble, black 

schist, siliceous schist, and mlgmatlte. Deforced fossils In the schists 

gives a Permo-Trlasslc age (Yen. 1954). Radiometrie dates give ages of 

33 and 86 million years (Yen and Rosenblum. 1963).but the ages may be 

affected by subsequent thermal events. The topography of the Central 

Range is rugged and steep, despite the high rainfall and abundance of 

weak schists and slates. The topography probably Indicates rapid 

Plio-Pleistocene and Recent uplift. 

The Foothill zone consists mainly of Miocene sandstones and shales 

and Plio-Pleistocene conglomerates. The conglomerates, which are made 

of clasts from the Central Range, probably record the rapid uplift of that 

range.  These conglomerates are both overlain and underthrust by the 

QuAternary sediments of the Coastal Plain. 

LONGITUDINAL VALLEY 

The linearity, narrowness, and low elevation of the Longitudinal 

Valley-make it prominent on satellite imagery (Figure 3). In addition to 

this peculiar morphology, the Longitudinal Valley has exceptional thicknesses 

of alluvium. Thicknesses of about 2 km have been measured by seismic 

refraction along the western side of the valley (Tsai et al.. 1974). 

Alluvium in the center may well be thicker. Along most ox the valley. 

1 
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alluvium separatee the Central and Coastal Ranges by a few kilometers.    B-5 

Spectacular bare alluvial fans are visible on the satellite imagery 

(Figure 3), as well as on aerial photography (Figure 5). 

At a few localities, possible contacts between the two ranges have 

been described. Yen (1965) described a locality near Juisui (Figure 4) 

where rocks of the Central Range overthiust young sediments, but these 

sediments show no clear resemblance to rocks of the Coastal Range.  Hsu 

(1956) reported an outcrop or possibly a large boulder of schist near 

Full (Figure 4) within a few meters of exposures of rocks of the Coastal 

Range, but the contact relation could not be determined.  Only in the 

southernmost part of the valley do the alluvial deposits narrow sufficiently 

for geologic contacts to be exposed and traceable across the alluvium 

(Figure 6). 

Quaternary Fault M^-ements 

The seismicity (Figure 1) suggests that eastern Taiwan is the most 

tectonically active part of Taiwan. Left-lateral strike-slip faulting 

(Figure 2 and Fl and F2 in Fig-are 4) in the Longitudinal Valley occurred 

during two earthquakes in 1951 (Hsu, 1962). The one reported measured strike-slip 

displacement was 1.63 m (Hsu. 1962).  In addition to strike-slip faulting, 

a smaller component of vertical faulting, with the east side moving up 

relative to the west side, was observed at some localities in 1951.  The 

fault planes were nearly vertical.  Re-trlangulation ehowed average left- 

lateral movement of 3.65 m across the northern part of the Longitudinal 

Valley between surveys in 1971 and 1909-1942 (Chen, 1974). Hsu (1962) 

also described a linear scarp near Chihshang (F3 In Figure 4) with water 

ponded on the west side. This scarp, preserved at a drainage divide, 

probably represen s Quaternary faulting.  The high seismicity, surface 

' mm 
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faulting, and linearity of the Longitudinal Valley are good evidence for    B~6 

a continuous major strike-slip fault running through the valley (Allen, 

1962). 

To complement the field work, aerial photographs were examined during 

this study.  In the northern third of the Coastal Range and a few kilometers 

east of the Longitudinal Valley, another strike-slip fault appears on 

air photos (Figure 5 and FA In Figure 4).  The maH river In this section 

of the Longitudinal Valley flows northward, yet many westward flowing 

tributaries are offset to the south (as viewed from upstream). Such 

offsets are suggestive of Quaternary left-lateral strike-slip movement. 

The linear trace of the fault across the varying topography indicates 

that the fault plane is nearly vertical. Although no historic movement 

on this fault has been documented, it probably is part of an active system 

of strike-slip faulting in eastern Taiwan. 

in addition to strike-slip faulting, evidence of Quaternary thrust 

faulting was found during this study in the souchern part of the Longitudinal 

Valley.  There a Plio-Pleistocene unit, the Pinanshan conglomerate, is exposed 

between the slates of the Central Range and uhe melange unit, the Lichi Formation. 

of the Coastal Range (Figure 6). The contact between the conglomerate 

and tha melange is a thrust fault that Is well exposed in river cliffs. 

At one locality this thrust fault cuts across a serpentine block in the 

melange. At another locality, the thrust fault offsets flat-lying 

alluvial deposits that    are probably Quaternary in age (Figure 7 and F5 

in Figure 4).  Because this fault separates two widely different rock units, 

a conglomerate with clasts derived from the Central Range and a melange 

probably formed in an oceanic trench, and because the fault offsets 

Quaternary alluvial deposits, it appears to be a major fault that has been 

> 

■ > 'mJi.. ,  V *. . ^ ^ d 



■* *■ 

accomodatlng some of the convergent motion between the Philippine and 

Eurasian plates during the Quaternary. 

^   West of the Plnanshan conglomerate Is another major fault (F6 In 

'Figure 4) was found during this study.  The fault separates the 

conglomerate from the slates of the Central Range. A complicated 

fault zone is exposed at one locality, but no conclusive evidence 

to determine the sense of motion on the fault was found.  This 

fault is probably a continuation of the left-lateral strike-slip 

fault which moved during 1951 farther north, because field work 

and aerial photograph investigations limit a continuous strike-slip fault 

to this locality. At least several kilometerc of movement has probably 

occurred on this fault since deposition of the Plio-Pleistocene Plnanshan 

conglomerate, because the source for the clasts in the Plnanshan conglom- 

erate is not the same source which is depositing gravels presently. 

Besides quartzites and schists, the Plnanshan conglomerate contains marble, 

which is absent both from terrace gravels unconformably overlying the 

Plnanshan conglomerate and from Central Range rocks immediately to the 

west. Also, the younger terrace gravels contain predominantly slate, 

which is virtually absent from the older conglomerate. Thus there appear 

to be two major faults in the southern part of the Longitudinal Valley 

(Figure S). 

B-7 

CONCLUSIONS 

The Longitudinal Valley, remarkably linear and averaging about 4 km 

in width, is the major tectonic feature in eastern Taiwan.  Yet alluMal 

fill prevents unambiguous Interpretations of the kind of faulting along the 

valley for most of its length.  Fluvial activity probably his been important 

in determining the morphology of the Longitudinal Valley.  .rhe l931 surface 

faulting occurred in the alluvium, and evidence for these breaks had been 
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obliterated by 197A, because of the very active eroslonal processes during 

the typhoon season. Along most of the valley the only evidence for 

Quaternary tectonic activity found during this study was dissected terrace 

gravels that have been steeply tilted at three localities (near Hualien, 

Juisui, and Luyeh, Figure 4) and five small hills of younger alluvium 

that have been tilted and dissected at the western side of the Coastal 

Range a few kilometers southwest of Tungll (Figure 4). 

Only in the southernmost part of the valley were fault zones between 

major rock units seen. The thrust of the Lichi melange of the Coastal 

Range over the Pinanshan conglomerate, derived from the Central Range, and 

Quaternary alluvial deposits may represent the boundary of the island 

arc-continent collision. Although no h^toric earthquakes can definitely 

be attributed to this thrust, its Quaternary activity suggests that it 

may be a potentially active fault (Allen, 1975). The zone of collision is 

not simple, however, and certainly strike-slip faulting has been occurring 

also. The existence of a thrust fault and a probable strike-slip fault, 

both possibly active, spaced only a few kilometers apart (Figure 6) raises 

interesting questions about how they were generated, how continued activity 

might affect the morphology of the Longitudinal Valley, what happens at 

depth, and what happens farther north in the valley. At present, any 

answers to these questions are mainly speculative, and hence only 

possibilities are suggested here. 

Fitch (1972) has proposed a simple model that accomodates oblique 

subduction by two faults, a thrust and a vertical strike-slip fault, instead 

of one dipping fault with oblique motion.  If such a model is applicable 

to Taiwan, the generation of ooth types of faults may be explained. Whether 

continued thrusting will decrease the width and increase the elevation of 
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the Longitudinal Valley or not largely depends on the rate of eroslonal 

processes.  Small incremental movements of the Coastal Range westward 

relative to the Central Range can easily be compensated for by erosion, 

•thereby keeping the width of the valley nearly constant. However, in the 

southern part of the valley the surface trace of the thrust is in some 

places west of the main river running south through this part of the vall.y 

(Figure 6), and thus there the valley might be closing. Answers regarding 

what happens to the faults at depth and what type of rocks exist between 

the faults at depth must depend on further detailed geophysical work on ~ 

land, some of which is in progress (C.P. Lu, personal communication, 

1975), as well as further work on the nearby marine geology. 

Concerning the northward extension of the thrust fault, no exposures of 

the thrust were found north of the area in Figure 6. Because no 

exposures of the strike-slip fault were found in 1974 in the north either, 

the existence of the thrust at the surface farther north is still an 

open question. 

Not all of the convergent motion in Taiwan between the Philippine 

and Eurasian plates has been taking place in the Longitudinal Valley. 

The geology and seismicity of the Central Range plus the 

fault plane solution by Wu (1970) suggest that thrusting is also occurring 

uhere. The peologic evidence supports eastward dipping thrusts there, 

although right-lateral strike-slip faulting, nearly conjugate to the left-• 

lateral- faulting in the Longitudinal Valley, has also occurred near the 

Central Range during historic earthquakes (Figure 2). Subsequent crustal 

thickening and isostatlc uplift may be responsible for the high topography 

of the Central Range. 
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FIGURE CAPTIONS 
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Figure ll  Selsmlcity of the Taiwan region, 1961-1972. Circles represent 

hypocenters less than 70 km deep; squares, 70-300 tan deep. 

Epicenters redrawn from Tsal et al. (1973). Trench depths In tan. 

Figure 2: Geologic provinces of Taiwan (from Biq. 1974). Also shown are 

known cases of historic surface faulting (data from Chang et al., 

1947; Richter, 1958; Hsu, T.L., 1962). Elevations of highest 

peaks in Central and Coastal Ranges in meters. 

Figure 3: Mosaic of Landsat-I imagery of Taiwan.  Imagery of MSS band 5, 

taken 1 November 1972. 

Figure 4: Longitudinal Valley, Coastal Range, and part of Central Range. 

Fault localities are referenced in text. Contours at 400, 

1000, 2000 and 3000 m. 

Figure 5:  Vertical aerial photograph of a fault (arrows) showing left- 

lateral stream offsets in the northern part of the Coastal 

Range. A part of the Longitudinal Valley is in the western 

half of the photograph; some hills of the Central Range are 

visible along parts of the western edge of the photograph. 

Fenglin (Figure 4) is in the southwestern quarter of the 

photograph. 
* 

Figure 6: Geologic map of the southern portion of the Longitudinal 

Valley. Qal - alluvium, PQp - /inanshan Conglomerate, 

PQ1- Lichi Formation, MPs - Chimel Formation, Ml - limestone. 
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Mt - Tulu'.anshan Formation, Eo - slate and quartzlte.  See 

text and T. L. Hsu (1956) for d.scriptloas of rock units. 

The contacts between Eo and PQp and between PQp and PQ1 are 

faults, dashed where approximate and dotted where concealed. 

Elevations are in meters. 

I Figure 7:  Thrust fault (arrows) separating Lichi Formation (hanging 

wall) from Pinanshan conglomerate and overlying alluvial 

deposits (footwall). Distance from top to bottom is about 

5 meters. 
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.. APPENDIX C C-l 

l. 
RECENT VERTICAL CRUSTAL MOVEMENTS 

by Larry Brown 

Cpmparlsou of leveling and tide ^auge results 

Elevation change data derived from the results of sequential precise 

levelings and sea level changes measured at  tide gauge stations are the 

principle sources of information about recent vertical crustal movements 

in use today.  The two methods are independent and should yield compatible 

results assuming proper corrections for extraneous effects and errors have 

been applied. Unfortunately, the determination of the proper corrections 

is very difficult.  Tide gauges measure the height of local sea level 

relative to some fixed point on land.  The local height of sea level is 

affected by numerous factors such as secular tectonic movements, eustatic 

changes in sea level, temperature, atmospheric pressure, salinity, river 

runoff, and secular variation. In tidal parameters.  To distinguish the 

tectonic movement term from the other factors is an extremely difficult 

task. Analysis of leveling results must also take into account possible 

sources of error, euch as tidal, lighting, refraction, and ocean loading 

effects as well as possible ground water variations and bench mark 

instabilities. 

In order to estimate the reliability of the ^wo methods, a comparison 

of precise leveling results and tide gauge measurements was made for a 

profile along the eastern seaboard, from Calais. Maine to Key W^t, 

Florida. The results of that comparison are shown in Figures 1-3. The 

leveling data is primarily first-order with time separations between 

leveling and releveling averaging about 30 years. The profile was 

constructed using the same criteria as in previous studies (Brown and 
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Oliver, 1976). The tide gauge measurements were taken from Hicks (1974), 

and represent the slopes of least squares regression lines to the time 

series of annual mean sea level values. Figure 1 is an index map of the 

Atlantic coast showing the route of leveling and the location of tide 

gauge stations used in this study.  In Figure 2 is the velocity profile 

calculated from leveling data (adjusted to be compatible with the tide 

gauge at Portland. Maine) as well as the tide gauge measurements calculated 

as rate of land movement with respect to sea level.  The squares represent 

tide gauges located farther than 5 km from the leveling line whereas the 

triangles represent those stations closer than 5 km. The vertical 

dimension of these symbols represents two standard deviations for the 

slope of the regression line for the sea level data. One standard 

deviation for the leveling measurement of the velocity at Key West, 

Florida relative to Calais. Maine is less than 4 mm/yr. The abbreviations 

at the inside top of Ficures 2 and 3 represent cities along the leveling 

profile and those on the outside top are for tide gauge locations. 

From Figure 2, it is clear that there is a serious disagreement 

between the two types of data. Leveling indicates that Key West, Florida 

is rising relative to Portland, Maine at a rate of about 16 mm/yr whereas 

tide gauges at these two locations show a difference of only 0.2 mm/yr, 

a discrepancy of ^wo orders of magnitude, four times the standard deviation 

of the leveling measurement.  It is not clear a priori which set should 

be given the most credence. The most likely candidates for errors 

affecting leveling are tidal and lighting effects, both of which have a 

tendency to accumulate on north-south lines (Bomford, 1971).  However, 

for such errors to be significant they must be exceedingly large in 

magnitude and must appear predominantly and consistently in either the 

initial survey or the repeat survey (depending on the sign of the 
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accun.ulation). so that they are not cancelled when velocities are confuted. 

Barring unknown sources of systematic error, therefore, it is very 

difficult to attribute tha discrepancy to leveling errors alone. 

Tide gauges, mention^ previously, also may be subject to extraneous 

influences. For ««pie, atmospheric pressure, wind, salinity, precipitation, 

currents, tides, and river runoff might have secular components which could 

affect the sea level measurements. As yet. the effect of such influence 

has not been clearly established, although the work of Meade and Emery 

(1971) virtually eliminates river runoff as a significant factor in this 

problem. Until these factors are fully investigated, it is impossible 

to evaluate their effect on crustal movement studies. 

At this point, therefore, four hypotheses are suggested.  Either 

A) the sea level measurements are essentially correct and leveling 

results are dominated by some type of systematic error. B) the leveling 

results are correct whereas the sea level measurements are contaminated 

by some dominant non-tecuonic secular variation. C) both methods are 

registering significant and unrelated non-tectonic effects, or D) both 

results are essentially correct. Alternative D is possible if one 

postulates that sea level is systematically moving as a non-geoidal 

surface, an assumption difficult to justify on physical grounds. 

Since resolution of this disagreement would appear to hinge on 

geodetic and oceanographic studies not yet carried out. one must accept 

the data at face value and use the results of both methods as best 

possible while bearing in mind the consequences of the above hypotheses. 

In order to proceed, therefore, a number of crustal movement profiles 

have been constructed combining the two sets of data according to various 

hypotheses, including those above. Figure 3 shows the results of one 

simple adjustment in which the leveling data have been linearly corrected 
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to match the tide gauge measurements at Portland, Maine and Key West, 

Florida. 

Comparison of Figures 2 and 3 points up a number of differences. 

The ubiquitous northward tilt of the coastal plain is present in 2 but 

absent in 3.  The New England segment in 2 tilts down to the north but 

tilts to the south in 3.  Agreement between tide gauges and leveling is 

considerably better ^n 3 than 2, even though only one additional tide 

gauge is used as a constraint.  On the other hand, a number of siraller 

scale features appear in both versions, for example, the minima at 

1650, 2400, and 3350 km and the maxima at 1200-1500, 1900, and 2800 kin. 

Although the differences might become even more pronounced in other 

adjustments, it is not clear at this point that they are justified. 

Therefore, interpretations of the data represented by Figures 2 and 3 

have been made which, although preliminary, appear justified at this 

stage. 

The first 1000 km of the profile seems to be the least certain, yet 

one of the most important sections, as if lies within the previously 

glaciated northeastern United States.  In Figure 2 this section shows a 

consistent tilting down to the north whereas in Figure 3 it is tilting down 

to the south. Figure 2 shows agreement between tide gauges at Portland, 

Maine and Eastport, Maine, whereas Figure 3 gives better agreement with 

tide gauges from Portland, Maine south to New York, New York.  Sine« 

this segment lies within an area which might be expected to be undergoing 

glacial rebound, it would seem that the alternative most in keeping 

with the glacial rebound mcdel might be preferred. However, inspection 

of the post-glacial deformation pattern revealed by geomorphic studies 

(Flint, 1971, p. 360) shows that the profile runs more or less parallel 

to the isobases of glacial deformation; therefore, within the error 
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limits of the dcf„M.tIou pattern, either Interpretation „ay be per^IsslbU. 

On the other hand, the „ovementa in thia region „, reflect a proceaa 

totally unrelated to glaolal rebound, in „hich c.se reboiIIld models uslng 

suoh data .ay be in error (Ch.pp.ll. 1974). At proaeut it is not possible 

to resolve this uncertainty. 

Between about 1000 Ion and 1100 km both profiles show a rapid 

tilting down to the north.  This segment traverses fron, New Haven. 

Connecticut to Yonkers. New York and correspond, to a marked change in 

the tectonics of the area (King. 1969). but there is as yet no satisfactoty 

explanation for this correlation. 

The next prominent feature is ,he minimum in .he profile ac about 

1700 fe. corresponding to the traverse across the Chesapeake-Delaware 

embayment.  This minimum is prominent not only in the leveling data but 

is also discernable in the tide gauge data alone. The leveling and tide 

gauge data in this area have been extensively studied by others (Holdahl 

and Morrison. 1973; Vanicck and Christodulidis. 1974) so they will not 

be discussed further here except to say that the profiles in this 

report are in good agreement with these other studies. One somewhat 

anomalous feature in this area, though. 1, the very sharp peak in the 

data at 1850 km. corresponding to the traverse of the profile down the 

southern end of the Chesapeake peninsula.  There is no good explanation 

for this feature, although the geometry of the traverse suggests that 

some type of ocean loading mechanism might be affecting the leveling. 

South of the Chesapeake Bay region, nether version of the leveling 

profile shows good agreement with tide gauge data. Leveling indicates 

a strong rorthward tilt reaching as far south as Wilmington. North 

Carolina, which lies near the axis of the Cape Fear arch, a positive 

structural element- of the baseme.t. This correlation seems too remarkable 
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to be coincidental.  In addition, the mininmzn in the curve at 2200 Ian. 

when tied to the changes in direction of the corresponding leveling route. 

indicates possible doming of the seaward part of the Cape Fear region 

relative to the inland area.  Further south, another positive feature 

OnaxiTnunO in the curve is evident In the Savannah. Georgia area.  The 

bench marks showing the large downward offsets. It should be noted, are 

due to water withdrawal and subsequent aquifer compaction (Poland and 

Davis. 1969).  Since both the Cape Feax and Savannah regions are 

anomalously seismic, a possible correlation might be inferred between 

such movements and seismicity.  However. Charleston. South Carolina is 

located between these two areas and shows no such behavior even though it 

is the most seismic portion of the Atlantic coasta. plain.  Thus no 

clear connection between these phenomena is apparent. 

The next feature common to both versions of this profile is the 

minimum near '.300 km at Melbourne. Florida.  This feature also seems to 

correspond to a basement ridge which trends northwest and passes through 

Melbourne and out to sea.  Interestingly, this ridge ..«*. to merge with 

the main line of the Bahamas Islands (King. 1969). Again, as coincidence 

is unlikely, this correlation .«ems to be very significant and is being 

more closely Investigated.  The last feature in this profile seems to be 

the subsidence of Key West relative to the tip of continental Florida. 

Although detailed investigation of these correlations has not 

been complied, preliminary results Indicate that they represent real 

and significant crustal movements. This one profile contains a great 

deal of information concerning bot», the reliability of leveling and tide 

gauge data as well as the contemporary tectonics of the eastern seaboard. 
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Short period v.irla-tlons_J.n crustal movements 

Inherent in most approaches to the study of leveling and/or tide 

gauge data is the assumption that the tectonic movements which are to be 

studied have constant rates, at least over the period of their measurement. 

This assumption is based on the observation that most geologic proco-«| 

are slow and last over large time spans.  Also, analogy is made to models 

of crustal rebound due to various loads which predict slew, linear 

movements on the time scale which is sampled by leveling and tide gauges. 

However, there are no direct observations to support such a universal 

assumption.  Relatively short period variations of crustal movemerL are 

quite possible as long as their net i .ng term effect matches that inferred 

from geologic and geomorphic data.  If significant short period (i.e. about 

100 years) fluctuations in the rates of crustal movement do exist, the 

implications for analysis of leveling and tide gauge results alone are 

very serious.  For example, if the time difference between leveling and 

relcveling coincides with the natural period of some oscillatorj type of 

crustal movement, analysis of the leveling would reveal no movement, 

regardless of the actual amplitude. 

A number of releveled profiles do indicate that short period 

changes in the rate of crustal movement are occurring.  For example, in 

Figure 7 are plotted a number of crustal movement profiles (all relative 

to some arbitrary base) which traverse the Atlantic coastal plain in 

roughly a northwest to southeast direction.  The first three curves, 

27a, b, and c represent the results of comparing levelings in 1897 and 

1935. 1897 and 1968, and 1935 and 1968, respectively. Whereas 27a 

indicates that this area was tilting down to the west between 1897 and 

1935, 27c indicates that It was tilting up to the west between 1935 and 

1968, and 27b shows that the net tilt from 1897 to 1968 was also up to 
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the west. CUarly therc has bean some change In the rate of „„„cent 

Indicated by the leveling between 1897 and 1960. 

Unfortunately Icellng, although spatially continuous, usually does 

not provide very „ucl, information on the changes in rate of „ovement 

»1th time, on the other hand, tide gauge data, „hlch are spatially very 

discontinuous, do provide a continuous ttoe history of secular movement. 

Therefore, one method to Investigate both the time and space variations 

in crustal movement would he hy properly combining leveling and tide gauge 

measurements. The difficulties in this approach lie .„ the uncertainties 

inherent in the data Itself, as „eil as the scarcity of conveniently 

located leveling and tide gauges. 

One area which raeetS xnost of the requirements is the segn.ent of the 

profile in Figure 1 which lies between the Eastport. Maine and Portland. 

Maine tide gauges.  In Figure A are plotted two versions of the segment 

of the Atlantic coast profile between Calais, Maine and Yonkers. New York. 

In version 1. the segment from Calais to Bangor is based on Icvelings in 

1927 and 1966. whereas In version 2 it is based on levelings in 1942 and 

1966. As can be seen from Figure 4. there is , great difference between 

the two versions. Version 1 shows a velocity difference of about 1 rim/yr 

going from Eastport (x - 30 km) to Portland (x = 444 km) yet version 2 

giver a difference of 10.5 mm/yr.  Since tide gauges exist in Eastport 

and Porcland. a check can be made on this apparent velocity change.  In 

Figure 5 is a plot of differences between yearly sea level means at 

various tide gauges and the corresponding means at Portland.  The 

topmost curve, therefore, shows the difference in Fea level as a function 

of time between Eastport and Portland.  Since the difference in velocity 

of sea level rise between two gauges is equivalent to the velocity of the 

rise in the sea level differences, the net velocity of apparent crustal 

H 
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movement can be computed for the time intervals of 1927 to 1966 and 1942 

to 1966.  Since sea level measurements only began in 1930, the interval 

1930 to 1966 is used instead of 1927-1966.  The results are. respectively. 

1.52 mm/yr and 3.46 mm/yr, which agree in sign to the velocity change 

indicated by leveling but disagree quantitatively by a factor of four. 

Thus, in this instance tide gauges seem to support the occurrence of 

changes in the velocities of apparent crustal movements on the time 

• scale of 50 to 100 years, although significant disagreement in the 

magnitudes of these changes remains. 

To further investigate possible changes in the magnitude of crustal 

movement over short time intervals, the differencing technique mentioned 

above was applied to all tide gauges on the eastern coast of the united 

States.  The eastern coast was divided into sections and a reference 

station was chosen for each section on the basis of record quality and 

length.  Then annual mean sea level curves of the reference stations in 

each section were subtracted from the sea level curves of all. the sections. 

Figures 5 and 6 show some of the results.  In Figure 5, the .sea level 

differences between the northernmost stations and the Portland. Maine 

gauge, located within the section, are shown.  In Figure 6. the same set 

of stations have been differenced with the Charleston. South Carolina 

gauges, located in the southernmost section.  Since the plots are to the 

same scale, it is immediately obvious that the curves in Figure 6 shov 

more variation than those in Figure 5, i.e. the character of the sea 

level curve at Portland is more similar to the other curves in the 

northeast than is the Charleston station, as one would expect.  In 

addition, the longer period components of the sea level differences 

show considerable variation in space and time for both sets of curves. 

Since all of the factors affecting sea level are also space and time 

..„ ^-ilAit**. .    . , ■Sii 
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dependent. It is not Wdiatcly obvious that these spatial and te.poral 

variations in trend can be attributed to short period tectonic .oven.ents. 

The important conclusion to be drawn frozn these results is that such 

rapid changes in tectonic movement are not ruled out by sea level 

measure.ents. and in fact sea level .easuremcnts can be used, as in the 

above exa.ple. as a check when successive relevelings see. to indicate 

such .ove.nents.  Until proven otherwise, the possibility of short period 

variations must be kept in mind when con^aring leveling data derived fro. 

incompatible time intervals. 

Southeastward tilting of the Atlantic coastaljlaln 

Brown and Oliver (1976) noted that the vast majority of the longer 

profiles of vertical crustal movement which traversed the Atlantic 

coastal plain in a roughly northwest to southeast direction indicated 

that the continental interior was rising with respect to the coast.  To 

test the universality of this statement, a survey was made of all 

leveling profiles with a prominent northwest-southeast component to 

determine if they all showed a tilting down to the coast.  In addition, 

for lines which were leveled more than twice, the average velocities were 

computed for each possible pair of levelings.  91 profiles were collected 

and plotted.  A least squares regression line wa. fit to each profile in 

order to provide an objective measure of the direction of tilt, i.e. . 

negative slope corresponding to an oceanward tilt, a positive slope to an 

interior downward tilt. Figure 7 shows a sample plot of some of these 

profiles. Analysis of these results is as yet preliminary. However, 

the first analysis of the least squares results indicates that about 

65% of the lines show a negative regression slope, i.e. tilt down to the 

coast, supporting the contention that this is the dominant mode of 

movement in the Atlantic coastal plain.  With further analysis, i.e. the 

I.Mte. STSsS^ 
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elimination of poorest quality lines, this percentage will probably 

increase.  It remains to be determined whether or not there is a spatial 

pattern to the distribution of lines of opposite slope and what the 

causes of such tilts, both toward and away from the continent, could be. 

Since all relevelings are being ur.d. analysis of this data set is also 

providing information on temporal variations in the rates of movement, 

although there appear to be no tide gauges so situated as to provide some 

type of Independent control. 

Relationship of vertical crustal movements to fle^Bm^P^^y 

Results, such as those above, continue to Indicate that the eastern 

"aseismic" United States i.s  characterized by a very "active" crust, 

undergoing vertical movements with very large rates when compared with 

geologic averages. As yet there has been no evidence uncovered to 

clearly link these movements with seismic hazard, although some Interesting 

correlations have been found between patterns of apparent crustal 

movement and seismicity. The time series of both seismic and leveling 

data is short and sparse, as is the spatial coverage of sea level 

measurements, so it is not surprising that the problem of determining 

their relationship is not a simple one. 

üMMMtfa^i 

mi  I    im m   mm 

. 11% ; iffaifr mm . •«■  5Utt'l.l_».'.Wli—-i. ^A.mi..'l''.L «> 



^ C-12 

AP 

;•■ 

References 

Bomford, G.. Geodesy. 3rd ed.. Claredon Press. Oxford. 732 pp., 1971. 

Brown, L.D. and J.E. Oliver. Vertical crustal movements  from leveling 

data and their relation to geologic structure in the eastern united 

States, in press, Reviews of Geophysics and Sj^ P»^^ 1976< 

Chappell, J., Late Quaternary glacio- and hydro-isostasy. on a layered 

earth. Quaternary Res., 4, 405-428, 1974. 

Flint, R.F., Glacial and Quaternary Geology. Wiley and Sons, New York, 

892 pp. 1971. 

Hicks, S.D., Trends and variability of yearly mean sea level, 1893-1971, 

NOAA Tech. Mem. NOS 12, 13 pp., 1973. 

Holdahl, S.R., and N.C. Morrison, Regional investigation of vertical 

crustal movements in the U.S. using precise relevelings and mareograph 

data, paper presented at the S^Eoslm on Recei^ Crusty Mov^ent 

a^^ocU^ Sei^i^ai^Volxan^Activ^ 1973, 24 pp.. 1973. 

King. P.B.. Tectonic Map of North America (map), ILS. Geol. Surv.. 1969. 

Meade. R.H. and K.O. Emery, Sea level as affected by river runoff, 

eastern United States, Science. 173. 425-428. 1971. 

Poland. J.F. and G.H. Davis. Land subsidence due to withdrawal of fluids, 

in: Revi^ ^ Engineer^ Geolog n^ Geol. Soc. Amer., Boulder, 

Colorado. 187-269, 1969. 

Vanicek, P. and D. Christodulidis. A method for the evaluation of vertical 

crustal movement from scattered geodetic relevelling, Can. J. Earth 

Sei., 11, 605-610, 1974. 

aita^al^... ■....^m^j.s*~■.   : . 
«■r 

.■ .■:-:kLk..,S. ..■.■.  , V ^ .j- 



" 

iU>lill^l"M lllipwi WfWWWWflW^W 

C-13 

New 
York' 

Philadelphia--a 

Washington ©' 

Wilmington 

Figure 1.  index map showing the 
location of tide gauge stations 
(solid circles) on the eastern 
coast of the United States and 
the route of a profile of vertical 
crustal movement derived from 
precise leveling data (dashed 
line). 
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APPENDIX D 

SUBSURFACE FAULT MOVEMENT AND PRECISE RELEVELING: 

A CASE STUDY IN WESTERN KENTUCKY 

F. Steve Schilt 

Department of Geological Sciences 

Cornell Unlverslr.y 

Ithaca, New York 1A853 

ABSTRACT 

Both geological and geophysical data are consistent with the 

existence of a concealed, high angle, dip-slip fault (possibly a normal 

fault) in extreme western Kentucky, located within the northern boundary 

of the Mississippi Embayment and tha New Madrid seismic zone. Inferred 

faults have previously been proposed ir. this region (Stearns and Wilson. 

1972). but recent analysis of first order leveling data lends strong 

support to the existence of a potentially active fault or fault zone 

which has experienced approximately 31 mm of relative displacement in a 

21 year interval. 

The location is defined to within 10 km by an abrupt steep gradient 

in the relative vertical movement profile, which is  derived from leveling 

measurements by dividing the change in elevation by the time interval. 

A trend of NNE is obtained for the fault from other geological and 

geophysical evidence. A focal mechanism for a nearby earthquake which 

occurred between the times of leveling suggests a normal fault, although 

it is not certain this mechanism correlates with the alleged fault. 

In Nevada, anomalies in elevation changes similar to that 

reported here uave been correlated with known surface faults and 
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Interpreted as post-earthquake slip (Savage and Chrrch, 1974).  Workers 

In Hungary and Japan have postulated faults at depth to explain relative 

vertical surface movements monitored by leveling and accompanying 

earthquake (Bendefy, 1966; Mizoue, 1969).  The results presented here 

may constitute a similar phenomenon, as the region studied is a zone of 

known seismicity.  They further demonstrate the utility of precise 

leveling as a tool to measure crustal movements and evaluate earthquake 

hazard.  It is recommended that the appropriate bench marks be 

resurveyed in five to ten years to monitor any additional movements, and 

after any earthquakes that occur in the vicinity. 

INTRODUCTION 

The purpose of this study is to examine the possibility that apparent 

deformation of the surface, as measured by repeated precise leveling 

surveys, can indicate vertical displacements across a fault situated at 

some depth below the surface.  If such a fault is not mappable at the 

surface, and insufficient drill hcles exist to allow subsurface mapping, 

leveling measurements could conceivably be the most direct evidence for 

such fault movement. 

Specifically, such faults may exist in the Mississippi Embayment 

at the New Madrid seismic zone.  The area studied here is near Wickliffe 

and Paducah, Kentucky, and the leveling data suggest dip-slip displacement 

along an unmapped, concealed fault when supplemented with other 

geological and geophysical information. 

In a recent paper by Brown and Oliver (1976), regional structural 

features of the eastern United States are compared with relative 

vertical crustal velocities (time-averaged) as determined from multiple 

first-order leveling surveys.  They find a significant correlation between 

.„•-. I -A'-lku. JlJ*» 
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the velocity patterns and large scale (hundreds of kilometers) geological 

structure. The same data they have used 1. here examined on a more local 

scale, with interest  in shorter wavelength behavior. 

Regional  Struct-ni-e  and Geology 

The dominant structural feature in this region   (see Figure 1)  is the 

Mississippi Embayment.  which began to form in Late Cretaceous when the 

Pascola Arch (then connecting the Ozark and Nashville domes) was 

downwarped.    The cause of this subsidence is not well understood, but 

It has been viewed as an isostatic adjustment subsequent to Precambrian 

rifting, which extended into the continent as the so-called failed arm 

of a triple-junction   (Burke and Dewey.  1973; McGinnis and Ervin,  1975). 

Depression continued as a linear trough until late Eocene, accumulating 

about 3000 feet of sediment in the central portion of the embayment. 

A cover of alluvial deposits is I.ate Tertiary in age.  and is locally 

overlain by Pleistocene loess. 

Nearly all of the observed surface faults lie  in the Paleozoic 

rocks surrounding the Cretaceous and younger fill of the Mississippi 

Embayment.     The major displacements on these Paleozoic faults probably 

occurred in Pennsylvanian and Mississippian time   (King,  1969).    Far fewer 

faults are mapped within the Cretaceous and younger rocks of the embayment, 

yet the major pattern of historical seismicity is a northawt linear 

trend approximately coincident with the embayment axis   (Figure 2a). 

This may be largely due  to a masking effect of the unconsolldated alluvial 

cover,  and Fisk  (1944)   inferred an orthogonal fault pattern within the 

embayment from a detailed study of lineations.    More recently,  Stearns 

(1975, manuscript in preparation) has made a similar study, and his 

inferred faults based on well data and lineations  show some correlation 

to seismic focal plane solutions.    York  (1976,  in press)  has collected 

*^;   •- 
*, 
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f- the llterature and sought ln the ^ the ^ ^ ^^ ^ 

Cretaceous a-. Ce„o.„lc faults (conslderlng only ^ ^ vhich ^ 

U «rect evlde„Ce, f„r thl8 re8lon. and suggest8 ^ ^^^^^^^ 

faults are being reactivated „1th sOTe co„sequent faultlug ln thc 

younger embayment sediments. 

Local Strucfnrg 

The locaUty of  this study Is the uorthera tip „1 the Mississippi 

B.ha^nt. ^ere southern nilnola neets astern Xentuch,. „ere the 

dense Paieosolc laultlng of the .estorn Xentuch, .suited area dlsappea.-s 

et the northesstern edge ol the e^ent. The „astern KentuCc, laulted 

area has been Mpped ln detall ^ ^ to ^ ^ ^^  ^^ ^ 

end grshen fauU c-^«, ** vertlcal dlsplacement8 ^^ ^^ ^ 

"soclated „1th a northw.t-sonthesst IstersX eatenslon ol appro^te!, ^ 

1 «"a (Hoo.. lW). Nomal faultlng (ulth ^^ ^^^ 700_75O) ^ 

Predominant, aithough Mnor strlhe-sl. , „tlon Is evident. This fault 

-ne is appare„tly now qlllescenti as ainost ^  ^^^^ ^^ ^ 

situated there. 

Conslderahie evidence, hovever. suggests the contlnustlon of 

basement lauXtlng heneath and/or Into the emha.ment.  Tn souther^ost 

Illinois, subsurface mapping has revealed a complex of burled grabens 

•ad faults Just „Ithln the northern boundary of the embayment. At 

least a part of these displacements occurred after the formation of the 

sub-cretaceons eroslonal surface. „lth episodic activity dating u.. 

Cretaceous, post-Eocene, Pliocene ami PT0<   * ,    -Liocene, and Pleistocene (Ross, 1963a, b). 

Selsmotectonlcs 

The pattern of historical seismicity since 1928 n^M  « 
7  since iy^ö, mostly instrumentally 

determined, is shown in Fl» e 2 (H^T* 
^gv.e 2 (Hadley and Devine. 1974). The major 

7^ v. 
^^krfi».-^:. . ^.-■^- . _ Jt.'.ifcij, 
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ch.racterlstlcs are the TOderately „elWeflned northeast ^ ^^ ^ 

ea,ba)™ent and a «« diffuse pattern nntside It.  The existence of 

»»aller scale northeast trending Uneaa.ents In the sels.,^ pattern 

has recently heen confirmed by results fro« a nicroearthquaU study 

(Stander. 1,„).  The Inset rectangle se,n In Figures 1 and 2  Indicates 

the locality for which leveling data „HI he presented, and Plgure 3 shows 

this locsllty at large scale.  The center of Figure 3 Is approximately 

75 b. northeast of New Madrid. Missouri, the site of the very large 

earthquakes of 1811-12. 

Mgure 3 shows the sels-lcity near the leveling route for two 

different ti-e intervals.  Solid circles represent events between 1M7 5 

and 1,68.7 (listed in Table 1). the ti.es of first-order leveiing surveys. 

Open circles represent events for all other tim  since 1928 (listed in 

Table 2).  If all historical seismicity were shown in Figure 3, the 

greatest activity would appear at Cairo. Illinois. Since 1855. 29 events 

have been located at Cairo, including one damaging event (intensity 

Vl-Vin, m 1883.  The sharp clustering at Cairo, however, .ay reflect 

to so-e extent popuiatlon b.as, in absence of instru.ental locations 

before 1928. 

The published depths of hypocenters for earthquakes of the New 

Madrid seis.ic zone range fro. 5 t. 38 ta.  Only five published depth 

deten.inations exist for the area shoOT in Figure 3. as noted in Table 2. 

The precision of these depths is limited by inadequate station distribution 

but better depth information should he forthcoming from the recently 

Installed mlcroearthquake network. 

Although all three types of mechanics are evident in Figure 3, 

three important points should be noted: 

(1)  Six of the eight nodal planes of the four mechanisms in 

':Äv*(t*Ä.?-j''*n*,9'iF 
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Figure 3 strike north-northeast between 356° and 031°, a span of 35°. 

(2) A large majority of nearby focal mechanisms (within «bout 

1° of Figure 3) are thrust mechanisms, as noted by Street et al. (1974). 

(3) If the strike-slip event In southern Illinois can be 

associated with movement along the trend of the New Madrid fault zone, the 

sense of diaplacement is consistent with east-west compression. 

If pre-Cretaceous faults are being reactivated, it is interesting 

to note that reactivation is apparently largely ESE-WNW compression, in 

contrast to the Paleozoic southeast-northwest extension seen in the 

adjacent western Kentucky faulted area. 

Leveling Data 

The bold line in Figure 3 is a path twice surveyed by first order 

leveling, once in 1947 and again in 1968. By arbitrarily choosing one 

bench mark as a fixed reference point (in this case the bench mark at 

Wickllffe, Kentucky), one can measure the change in elevation of all 

other bench marks relative to the reference. The relative displacements 

describe the deformation of the surface, to the extent that the bench 

marks are stable, i.e. do not move with respect to the surface.  If 

these displacements are divided by the time interval, an average relative 

velocity of the surface at discrete points is obtained.  (The main purpose 

of this division operation would often be to normalize profiles with 

different time intervals - a problem which does not concern us here.) 

Topography along the route is shown by the curve labelled "elevation". 

The "error" curve shows the accumulation of random error relative to the 

reference bench mark, and grows as the square root of the distance 

multiplied by a precision factor (Bomford, 1962; Brown and Oliver, 1976). 

With regard to random error, the local slope of the velocity profile may 

:1. -^ <aLM:. 
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be significant if it exceeds the local slope of the error curve. Both 

surveys were first-order, and therefore double-run. with differences 

between forward and backward measurements not allowed to exceed «> mm. 

where L is the distance surveyed in kilometers.  In practice, this 

difference is usually closer to 21^ mm. 

Figure 4 shows the relative vertical velocity profile along the 

bold line path in Figure 3. A striking anomaly in the velocity gradient 

(or equivalently. the dxsplacement gradient) is apparent between bench 

marks A and B, which represents a tilt rate of 

1.5 mm/yr  , ,    -.7 
9.0 km  = 1-6 x 10  rad/yr 

It should be noted that this is a minimal tilt rate, since there is a 

hiatus of 5 km from B to the first bench mark towards A. A reasonable 

upper limit to the tilt is obtained by using bench mark A and the first 

bench mark towards B. given by 

.76 mm/yr  _ .    -7 
2.3 km  = 3-3 x 10  "d/yr 

which suggests that the tilt rate is in the range of 1.0-4.0 x lO"7 rad/yr. 

Figure 5 (from Brown and Oliver. 1976)    shows the regional velocity 

profile from Wickliffe. Kentucky to New Bern. North Carolina, with the 

data of Figure 4 visible in the first 60 kilometers.  In Figur« 5. the 

steep tilt of segment AB can be seen superimposed on an opposite 

regional tilt of 1.0 x lO"8 rad/yr. The tilt rate of segment AB is about 

an order of magnitude larger than most regional tilts in the eastern 

United States, and is definitely larger than random error could account 

for.  In general, larger tilts are seen only in areas of intense fluid 

withdrawal such as near Galveston. Texas. Although there are some 
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apparently similar irregularities along other parts of Figure 5. most have 

lesser tilt rates than segment AB.    More Importantly,   the slope discontinuity 

AB is more distinct and isolated,  and lies admid noticeably less bench 

mark scatter than much of the long profile in Figure 5. 

. i 

DISCUSSION AND INTERPRETATION 

The location of segment AB lies between and along the trends of the 

Big Creek fault zone  (as defined by Fisk in 1944)  and the western Kentucky 

faulted area   (Hook,  1974).  as shown in Figure 1.     It seems possible and 

not unreasonable,  in light of the evidence previously presented,  that 

the movement indicated by Figure 4 is fault related.     Before immediately 

invoking a fault,  however,  possible errors and various alternative 

explanation of  the leveling data should be considered. 

Neglecting blunders   (which the double-run procedure renders highly 

improbable),  leveling errors may be classified as random or systematic. 

Random error has already been examined ans shown to be of insufficnet 

magnitude to explain the apparent movements. 

The known sources of systematic error include: 

(1) rod miscalibration or other instrumental misalignment 

(2) refraction of the line-of-sight due to temperature 

gradients   (typically 5 mm/100 m rise) 

(3) tidal forces   (important only on north-south lines) 

(4) gravity anomalies due to mass redistribution  (which may 

distort the equipotential reference) 

(5) atmospheric pressure changes 

Except for gravity anomalies, these kinds of systematic error are 

most important for long wavelength features, and less so for the short 

wavelength phenomenon reported here.    The reader is referred to Brown 

...... 
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and Oliver (1976)    for a more detailed discussion of leveling errors. 

which concludes that observed regional tilts (generally of magnitude 

—8 
10  rad/yr) cannot be completely accounted for by known systematic 

errors. 

If. as the author believes, the tilting of segment AB is not entirely due to 

systematic error, there remain many non-tectonic geologic explanations. 

Fluid withdrawal with consequent sediment compaction is a known cause of 

vertical movement (subsidence). However, there are no oil or gas wells 

in this part of Kentucky, nor are there any large municipalities that 

consume sufficient amounts of water to depress the water table.  In 

fact, the State of Kentucky regards the largely untapped ground water of 

this area as a natural resource for stimulating economic development. 

Although karstlands occur in west-central Kentucky, the region studied 

here is not karstland (National Atlas of the United States, 1970). 

Local bench mark instability due to frost heaving, soil/sediment 

compaction, mineral dissolution, or slumping can show large movements, 

but the resulting movements are too localized and irregular to explain 

the pattern here extending over several kilometers. Such local 

perturbations could be expected to contribute to scatter over wavelengths 

like the bench mark spacing, but would be unlikely to account for the 

systematic variation observed. Furthermore, there is little correlation 

between relative movements and type of monumentation along this line. 

Table 3 lists bench mark monumentation, with bench marks dividec about 

equally into two major categories, bench mark post and concrete 

construction (a distinction defined in Table 3). If these two groups 

of bench marks are viewed independently, the curves of Figure 4b are 

obtained.  If each curve in Figure 4b were smoothed to suppress 

apparent noise of wavelength < 5 km. the resulting smoothed curves would 
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coincide quite closely. This implies that the tendency for a bench 

mark to rise or sink unstably is the same for both types of monumentation. 

In general, one would expect different responses to instability processes 

from .'Lfferent types of monumentation.  It is therefore suggested that 

both types of bench marks are approximately stable in an absolute sense. 

Crustal loading (e.g. reservoirs) has been shown to cause appreciable 

downwarps, but the author discovered no such large artificial loads near 

segment AB. McGinnis (1963) found evidence that water loading due to 

fluctuation of the water level of the Mississippi River is correlated 

with seismicity, and may act as a trigger for earthquakes. He subsequently 

reasoned that the crust must be regionally subsiding, which is logically 

unclear. 

Whether or not river level is related to crustal movements, the 

evidence supports the hypothesis that the anomalous tilt in Figure 4 is 

In fact due to fault movement. The four open circles in Figure 3 from 

88.9 to 89.0°!; are a series of four events that occurred in 1930-31 and 

may have been associated with the same fault zone postulated on the basis 

of the leveling data. The sense of surface deformation (downward to the 

west) would b« consistent with a westward dipping normal fault or an 

eastward dipping thrust fault, assuming the motion is predominantly dip- 

slip (a reasonable assumption on the basis of regional focal plane 

solutions, very few of which are strike-slip). The closest focal 

mechanism is a thrust type (about 10 km southwest), which occurred four 

years after the second leveling survey. A mechanism farther to the south 

(about 20 km away) and within the time interval between surveys is a 

normal type, which makes it difficult to associate the inferred fault 

with one or the other type. 

Various ways to reconcile the existence of both kinds of mechanisms 

.*> «Jr.j» V 
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so near each other are illustrated by Figure 6.  In all these cases, a 

regional compressional stress system in the basement is postulated. This 

compressive stress results in tensional stresses in a less competent, less 

consolidated upper strata, which are represented by the Cretaceous 

coastal plain sediments that overly Paleozoic basement. Any of these 

models could explain the rather singular normal fault mechanism in the 

midst of mostly reverse ones, and it would be reasonable to ascribe the 

measured movements to the normal event since it occurred within the 

specified time interval.  However, the movement need not be associated 

directly with earthquakes at all, since it could alternatively be 

aseismic creep. 

After the suspicion of a hidden fault in this region, a search for 

lineations was undertaken. Although aerial photography (scale 1:13,000) 

gave no definite indication of lineaments near the segment AB, the 

local stream pattern (Figure 7, taken from U.S.G.S. topographic quadrangle 

maps) does exhibit a noticeable lineation pattern trending approximately 

11 -14° north-northeast.  This trend closely parallels the trends of the 

nodal planes of the normal event, the trend of the structural trough 

formed by the top of the Paleozoic, and the trend of the Mississippi 

River as it bounds western Kentucky. While the presumed faulting probably 

does not break the surface here, it may have influenced the drainage 

pattern. 

Previous Fault-Movement Interpretations Based on Precise Leveling 

One of the first (and few) studies of deformation of the earth's 

surface as measured by precise leveling in connection with earthquakes 

was that of Bendefy (1966) in Hungary. The leveling surveys were done 

in 1955-56, before and after the 12 January 1956 earthquake at Dunahavaszti, 

near Budapest, Hungary. Although I.S.C. lists no magnitude or depth for 

•S*. 
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this event, It was reported by over 90 stations as far as 144° away, 

and the village of Dunaharasztl was completely destroyed. Thus a magnitude 

of 6.0 or greater is likely. 

Bendefy reported dynamic undulations of the crust within 100 km of 

the epicenter, clearly associated with the stress accumulation and 

release of the earthquake. Permanent relative displacement was a 

maximum of 40 mm near the epicenter (Dunaharasztl) and was observed between 

bench marks separated by 1.5 km, although no surface faults or fractures 

were reported. The relative velocity profile (in units of lO"3 mm/day) 

for a time interval containing the earthquake Ll shown in Figure 8a as 

the curve labelled G,,.  The steepest gradients occur directly over the 

epicenter, and indicate an uplift of the region west of the epicenter with 

respect to the east, suggesting a fault at some depth with a component of 

dip-slip motion. 

In an attempt to determine the degree of dip-slip motion associated 

with this 1956 earthquake, a preliminary focal mechanism was constructed 

by the author from 16 first motion data presented in I.S.S. (January, 1956). 

These data (plotted in Figure 9) are consistent with a thrust mechanism 

with some strike-slip component, although some of the data is not internally 

consistent and the mechanism is not strongly constrained. However, the 

better defined nodal plane dips northwest and trends northeast and, as 

the fault plane, would be consistent with the sense of displacement 

(uplift to the west) seen in the east-west leveling line crossing the 

epicenter. From an examination of other leveling lines as well, Bendefy 

postulated a regional northwest-southeast compressional strain pattern, 

.^he Japanese have studied surface deformations associated with 

several earthquakes by repeated precise leveling surveys (Mizoue, 1969). 

Perhaps the best example of apparent fault movement reflected In surface 

M.:V^.:.,.2*:-. 
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leveling measurements was noted after the 19 October 1955 Futatsul 

earthquake (M - 5.7). An antlsyMnetrlc relative displacement pattern 

(Tlgure 8b) shows a maximum offset of 140 mm between adjacent bench 

-arks approximately 2 km apart. Mizoue suggested the existence of a 

"hidden seismic fault" at a depth of a few kilometers in absence of 

surface faulting. 

More confidence can be placed in these fault-at-depth interpretations 

by examining leveling displacement patterns near recently active fault 

breaks.  Such a case exists in the study of Savage and Church (1974). who 

looked at first order surveys of 1955 and 1967 which passed over numerous 

fault scarps (Slemmons. 1957) mapped after a sequence of earthquakes 

(magnitudes 6.6-7.1) in 1954.  They found a clear correlation between 

several distinct waveforms (amplitudes of lO^lO2 m)  ln the relative 

displacement profile and the fault scarps, and therefore concluded that 

post-earthquake slip was occurring along normal faults to a depth of 

several kilometers. 

Leveling Data and Re^lonnl Vgrtlc«! Crustal MovP.mfinfg 

Figure 10 shows a free air gravity profile from northern to southern 

Illinois, with a large positive gradient as southern Illinois reaches 

the Mississippi Embayment (from McGinnis. 1974). McGinnis (1970. 1974) 

considers the high positive anomalies near southernmost Illinois to be 

a reflection of rift-intrusive igneous bodies which are uncompensated 

and thus causing isostatic subsidence.  If the intrusive activity stopped 

in the Cretaceous (the youngest dated igneous rocks), the crust should 

have been mechanically compensated by now. with only small thermal/erosional 

effects remaining. From a study of the geology 0f the area. Stearns nnd 

Wilson (1972) state: "since Eocene time the region (Mississippi Embayment) 

*?»*,■. \' 
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appears to have been relatively stable but perhaps subjected to regional 

uplift." There were probably adjusts following the deposition of 

extensive Plio-Pleistocene gravels also. 

The lack of compensation seen in the free air anomaly, however, may 

not be due solely to mass-excessive intrusives.  if regional uplift ls 

occurring as the leveling data imply, the anomaly may be a reUection 

of non-isostatic movements. The evidence for relative uplift is seen in 

two leveling profiles previously examined by Brown and Oliver (1976). 

figure S^shows the eastward tilting of western Kentucky, at the rate of 

1.0 X  IQ"* rad/yr from 0-100 km on the abscissa, and decreasing to 

1.0 x lO"9 rad/yr from 100-300 lun. Figure 11 shows a northward tilting 

of 1.1 x lO"8 rad/yr which appears to begin approximately where the 

large positive gravity Rradient of Figure 10 becomes prominent. Taken 

together, these two lines suggest a possible doming centered near the 

border of Illinois and Kentucky. That uplift should be occurring there 

subsequent to Eocene subsidence is not completely unreasonable, as the 

geologic record shows that northwestern Louisiana was domically uplifted 

to fonn the Sabine Uplift in Miocene time, which had been part of a 

basin through the Jurassic (King. 1969). Other similar uplifts are 

known in Louisiana. 

If the crust near the head of the embayment were being uplifted. 

It would provide a qualitative explanation for the regional compressLnal 

stress pattern apparent there. The Paleozoic basement structure there is 

a regional downwarp. and if a downwarp is uplifted near its center, 

the crust would be subjected to crustal shortening. 
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CONCLUSION 

iävldence prese„ted here Suggests that precise leveUng can Indicate 

anbanrface fanlt „ovcent not apparent from other observations.  In 

PartlcoUr. a Xevellng profile of relative .ovcent In western Kentncky 

resembles previous leveling „eaanrcents *lch have been Interpreted as 

subsurface faulting. Furthermore, a fauit Interpretation U consistent 

.1th other geophysical and gedoglcal evidence, and seems more plausible 

than other alternative explanations. Additional leveling ln thlr reglon 

would certainly seem warranted after an appropriate time Interval has 

elapsed, or after any earthquakes occur. 

In view of tho above, precise leveUng should be considered a 

valuable tool (especially In the long term) In site decision for large 

construction projects „hose vulnerability to damage by earth movements 

■must be minimized. 

Although inconclusive, leveling rfat-a -io „„.- «, J-eveiing data is not consistent with regional 

subsidence of the northern tip of the Mississippi E.bayment. as has been 

previously suggested. Whether or not subsidence is occurring (with 

some unknown long-range systematic error in the leveling) or the area 

is indeed uplifting should be a subject for further study. 
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/Date     ,     s ^yr.mo.day) 

19'» 7-1.16 

1953.5.06 

1953.5.15 

1957.3.26 

1958.1.27 

1962.2.16 

1963.3.31 M 

1963.5.02 

1963.8.02 N 

1965.8.13 

1965.8.lU M 

1955.8.15 

1965.8.15 

Lat 
(N) 

Table I 
Earthquakes near Cairo,   Illincis from 19)47 to I968.7 

36° 59' 

36°59' 

36°59' 
37o05, 

37° 03' 

37.0° 

36.9° 

36.7° 

37.0° 

37° 19' 

3 7° 2° 

37° 22' 

3702it, 

Lon. 
(W) 

890ll, 

890ll, 

890ll, 

88° 36' 

890l2, 

87.7° 

89.0° 

89.U0 

88.r 

89c28, 

89.3 

89028, 

89028, 

Depth 
(km) 

25 

18 

33 

38 

16 

Intenilty 

1I-TII 

III 

III 

IV 

vv 
III-IV 

V 

IV 

VII 

V 

V 

gnitude Ref used 

(3.2)« a,b 

(3.'0 a,b 

(3.U) a,b. 

(3.8) a,b 

(^.2) a,b 

(3.6) b,d 

3.0 b,c 

3.1 a,b 

k.o b,c,d 

3-2 a,b,d 

3.8 b,c,d 

3.5 a,b,d 

3.U a^b 

■ 

a, Docekal (1970) 

b, Nuttli (I97U) 

c, Street et al. (197^) 

d, Stearns and Wilson (1972) 

( ) indicates estimation of Nuttli (197U) 

M indicates focal mechanism  ©f effect (if 7*/-) 
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Table 2 
Earthquakes near Cairo,   Illinois from l^S-l^? and I968.7-I972 

Date 
(yr.ino.day) 

1928.U.15 

1930.8.29 

1930.9.03 

1930.9-03 

3931.^.06 

1933.10.?1J 

193^.8.19 

193^.8.19 

1936.8.02 

1936.12.20 

1939^.15 

19h0.2.0k 

19^0.5.31 

19^0.10.10 

19^1.10.21 

19^1.II.22 

19^2.8.31 

19^2.11.13 

1970.12.21+ 

1972.6.18 M 

Lat 
(N) 

37o   17, 

37-9° 

36° 58* 

36°  58' 

36°  51' 

37° 17' 

36° 56' 

36° 59' 

36.7 

37° ir 

36° kB* 

37° 13' 

37° 05' 

36.8° 

36° 58' 

37° 17' 

36° 59' 

36° 59' 

36.7° 

37.0 

Lon 
(W) 

89° 32' 

89.0° 

88° 5*+' 

88° 3k' 

890 01' 

89° 32' 

89°  12' 

890 09' 

89.O 

890  32' 

890  2k' 

890 29' 

88° 36' 

89.2° 

890 08' 

890 32' 

890 11' 

890 11' 

89.5° 

89.1 

Intensity 

IV 

V 

III 

III 

IV 

III 

VI 

II-III 

III 

II 

III 

III 

V 

II-III 

IV 

II-III 

IV 

IV 

IV 

III 

Mag. Ref. 
Used 

[3.BJ a,b 

— d 

(3.U) a,b 

C3.«0 *a,b 

(3.8) a,b 

(3A) a,b 

(U.7) a,b 

(3.2) ■a,b 

(U.l) a,b 

(3.0) a,b 

(3.U) a,b 

(3.»0 a,b 

ih.2) a,b 

(3-2) a,b 

(3-8) a,b 

(3-2) a,b 

(3-8) a,b. 

(3-8) a,b 

3-6 b 

3.2 c 
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Table 3 

Bench Mark Tabulation 

No. Name BM Design1 
2 

Monumentation Distance 
. (km) 

0.00 

Relative 
Movement (ram) 

0.0 
1 Wickllffe RMD P 

RM No. 1 

2 Wickllffe 

RM No. 2 

RMD P 0.14 -0.4 

3 M128 D P 2.18 -1.0 
4 Z130 D (B) 3.92 -2.7 
5 Y130 D P 5.56 -5.8 
6 XI30 D P 7.01 -2.5 
7 W130 D (B) 8.49 -5.4 
8 Barlow 

RM No. 2 

RMD P 9.98 -11.5 

9 Barlow = "A" TSD P 10.01 -6.0 
10 U130 D P 12.29 9.6 
11 T130 D (C) 13.86 4.5 
12 R130 H "B" D (B) 19.08 24.9 
13 Q130 D P 21.15 27.8 
I'. P130 D P 22.77 30.0 
15 N130 D (C) 24.51 30.5 
16 M130 D (C) 25.91 24.2 
17 Kevil 

RM No. 2 RMD P 27.37 24.8 
18 Kevil TSD P 27.66 27.0 
19 Kevil 

RM No. 1 

RMD P 27.69 -17.4 

20 L130 D (C) 29.14 27.3 
21 G130 D (B) 35.65 22.4 
22 E130 D (W) 36.21 7.1 
23 F130 D (W) 36.29 12.7 
24 C130 D (U) 38.50 20.3 
25 64M D (USGS) P 40.44 19.2 
26 B130 D (U) 42.12 26.6 
27 63M D (USGS) P 45.50 14.2 

Mt«>rtiii^iVlMr-i-- • • mi - ülü 
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. 
No. Name 

28 L129 

29 N129 

30 P129 

313 R129 

32 G18 

33 FIB 

34 H129 

35 EIS 

Table 3 (cont.) 

BM Design Monumentation2 Distance 
(ton) 

Relative 

D (F) 47.83 18.4 
D P 50.87 16.7 
D (B) 52.10 10.9 
D (FT) 55.01 11.3 
D P 57.45 -4.2 
D P 58.06 11.9 
D P 59.02 6.9 
D P 60.10 5.3 

R^D = a C & GS Reference Mark Disk 

D = a C & GS Bench Mark Disk 

TSD = a C & r: Triangulation Station Disk 

D (USGS) = a USGS Bench Mark Disk 

2 
P ■ Concrete Bench Mark Post 

B = Highway Bridge 

C = Highway Calvert 

W ■ Concrete Wall 

U ■ Railroad Underpass 

FT - Concrete Footing 

( ) designates a concrete construction type of monumentation. 

I.e. a pre-existing construction which accomodated a bench 

mark without requiring new installation of a standard bench 

mark support (usually a concrete post). 

Paducah is between 31 and 32. 

I 
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Figure Captions 

Figure 1: 
Central United States portion of Hadley and Devln.'s tectonic 

map of the eastern United States (1974). with the addition of 

the Big Creek fault zone defined by Fl.k (1944).  The bold 

rectangle shows the locality of the leveling data analyzed, 

and is the area covered in Figure 3. 

Figure 2a: Central United States portion of Hadley and Devine's epicenter 

map of the eastern United States (1974). The rectangular 

inset Is the same as in Figure 1. 

Figure 2b: Explanation for Figure 2a. 

Figure 3:  Seis.otectonlc «p of the rectangular Inset seen in Figures 1 

and 2, showing the path of .wo leveling surveys (1947 and 

1968.7). See text for further explanation. The basemap. with 

faulting is adapted from Stearns and Wilson (1972). 

Figure 4a: Plot of the relative vertical bench «.* velocity (as described 

in text) versus distance from Wickllffe (WIC) to Paducah, 

Kentucky (PAD).  Also shown are curves representing elevation 

and random error.  Two bench marks have been labelled "A" 

and "B" for purposes of discussion. 

Figure 4b: Same data as in Figure 4a divided according to type of bench 

mark monumentation. The solid line connects bench marks that 

are in concrete posts specially designed as stable supports 

for bench marks, and the dotted line connects bench marks that 

are in other concrete constructions, as listed and defined 

in Table 3. 
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Figure 5; 

Figure 6: 

Figure 7: 

Figure 8: 

D-24 

Relative velocity curve from Wickliffe, Kentucky to New Bern, 

North Carolina (from Brown and Oliver, 1976). The small 

rectangle shows the fault-like offset seen in Figure 4. 

Possible crustal models for which shallow normal faulting could 

accompany deeper, regional thrusting.  Both 6a and 6b are 

schematics of gravitationally induced normal-faulting in 

relatively incompetent sediments over thrust-faulting in 

stronger basement rocks. 

(6a) Differential elevation of upper strata caused by 

thrusting acts to induce shearing in upper incompetent 

sediments. 

(6b) Curvature of steeply thrusting acts to produce normal 

bending stress*-? in upper strata with continued 

movement. 

Stream-defined, north-northeast trending lineaments based on 

USGS 7V topographic quadrangle maps.  Bench marks A and E 

are shown by squares, and others by "x". 

Examples from the literature of anomalously steep relative 

velocity (or displacement) gradients as measured by precise 

leveling, near earthquake epicenters (8a and 8b) and near 

surface faulting (8c). 

(Ba) 40 mm relative displacement associated with the 12 January 

1956 earthquake near Dunaharaszti, Hungary (Bendefy, 1966). 

(8b) 140 mm relative displacement associated with the 19 

October 1955 earthquake near Futatsui, Japan (Mizoue, 1969). 

(8c) 20-70 mm relative displacement associated with surface 

faults in Nevada (Savage and Church, 1974). 

V, 
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Figure 9:  Tentative focal plane solution fo the 12 Januar.- 1956 

earthquake (Dunaharasztl, Hungary) from 16 first nation data 

given in I.S.S. 

Figure 10: Mean free air anomaly along latitude 890W. Computation 

technique described by McGinnis (1970). Figure from 

McGinnis,(.1974). 

Figure 111 Regional relative velocity profile determined by precise 

leveling, from Davis Junction, Illinois, to Cairo, Illinois, 

to Meridian, Mississippi (figure from Brown and Oliver, 1976) 

The time spans over which particular segments were leveled 

is given in the lower portion of the figure. 
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UI^TED STATES 

EXPLANATION 

Modified MercaUl Intensity 

* 
III t" VI 

A 

VII 
A 
VIII 

A 
IX-X 

A 
XII 

A single epicenter of Intensity Xll Is sliown near New Madrid, Missouri 

The center of each triangular synbol indicates the eplcentral location of one 
or more selscilc events, plotted to the nearest 0.1 degree of latitude and 

longitude. The intensity sh wn is maxinum Modified Mercalli (MM) Intensity 

In the eplcentral a-ea of the largest event at the plotted location. M.)st 

locations are barcJ on observations of Intensity rather than on instrumen- 
tal records 

s- 
Selsnlc frequency contour represents the areal distribution of earthquake 

epicenters with epicentral Intensity of MM III and greater, as indicated 

by the total nunber per lO^k.-a' during the period 1800-197;. Contour inr-r- 

vals arc 0-4, note than 4 but less than 8, aore than 8 hut i^ss th.in It, 

more than 16 but less than 32, more than J? but less than 64, anu core than 

64. The contours are constdcrubly gereraliied and are shown only as a guide 

for estinating regional seisraicity. They have no value for precise locatljn 
of seismic boundaries 

NOTfc: This map was compiled in 1973 .rom earthquake dara of the Environn.^nial 

Data Service of the National Ocearic and Atmospheric Administration and 
from data of the Dominion Observe:ory, Ottawa, Canada 
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APPENDIX E 

REFRACTION ERROR IN LEVELING 

James E. York 
Department of Geological Sciences 

Cornell University 
Itlu-ca, New York 14853 

E-l 

ABSTRACT 

Previous estimates of the refraction error in leveling reached 

up to several tens of rara per 100 m change in elevation. Errors are 

found in these estimates. For a linear temperature gradient, the error 

is usually less than 1 mm per 100 m change in elevation. Tue refraction 

error is probably less than the standard deviation in leveling for a linear 

temperature gradient.  However, non-linear temperature gradients may be important. 

INTRODUCTION 

Systematic errors in precise leveling which accumulate with elevation 

are difficult to detect.  Two sources of such errors are incorrect 

calibration of the leveling rods and bending of light rays caused by 

changes in the index of refraction of light.  In leveling a closed loop, 

these errors may give systematically high or low elevations without contributing 

to the error in loop closure.  la addition, if two levelings of the same 

route are compaxed, and if the magnitude of the systematic error was 

different in the two surveys, then measurements of apparent, but unreal, 

vertical crustal movements would result. 

If the apparent vertical movements were to correlate (either negatively 

or positively) with elevation, then such systematic errors might be 

suspected.  In their studies of vertical movements from releveling data 

in the United States. Brown and Oliver (1975) have observed such correlatins 

LU^;V_ .... 1 -i'l^. 
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(Figure 5).  Therefore an investigation of the magnitude of possible 

refraction errors was made. 

Changes in the index of refraction are caused by variations in 

temperature, pressure, and composition of the atmosphere.  Kukkamaki 

(1938) has shown that the most Important variations are those of 

temperature.  Hence only temperature variations will be considered here. 

A typical set-up used in leveling measurements, along with conventions 

and symbols for this paper. Is shown in Figure 1. Mathematical symbols 

to be used in this paper are as follows: 

Qt acute angle between  horizontal and ground surface 

a temperature at Instrument (0K) 

b temperature gradient (0C/m) 

c a constant (0K) relating n and T (equation 5) 

e net refraction error between foresight and backsight 

(rum/100  m change in elevation) 

h refraction error between instrument and rod (m) 

n index of refraction 

s horizontal sighting length (m) 

T temperature (0K) 

x  distance measured parallel to ground surface with origin 

at instrument 

z  distance measured perpendicular to ground surface with 

origin at instrument 

subscripts:  0  values at instrument 

1 values where light ray Intersects rod, 

2 values where light ray Intersects rod» 

w'^'- - v  ' .«,...< -^■'.•fc.-- . v  .t . ,  V 
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PREVIOUS WORK 

The calculation of the refraction correction is complicated by 

the uncertainty in the form of the temperature distribution.  Even if a 

vertical temperature profile is known at one locality on a leveling route, 

the profile may change alo .g the route and with time. A further 

complication is the difficulty in integrating many forms of the temperature 

distribution. 

Based on some early temperature observations. Lallemand (1896) used 

T = c1 + c2 log (2+c3) d) 

where the c. are constants.  From more recent observations. Kukkamäki 

(1938) obtained the formula 

T = c4 + c5, (2) 

A third formula, 

T - c7 + c82 + c9z- (3) 

was used by Bomford (.1928), because it simplified the mathematics. 

All three of the above authors used Snell's law and a simple 

dependence of the index of refraction on temperature (see equation 5) to 

calculate the refraction error.  The difficulty in integrating th« 

resulting equations led each of these authors to make approximations. 

Because the refraction error is small, approximations must be made 

carefully or else they may greatly affect the obtained magnitude of the 

refraction error. Unfortunately, the approximations of these authors 

do have such effects.  For example, they each give a net refraction error 

of zero for a linear temperature gradient (equation 4) with equal backsight 
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and foresight. As the present study shows, this net error is not zero. 

Therefore, further calculations were deemed necessary to determine possible 

magnitudes of the refraction error. 

REFRACTION ERROR 

Temperatures 

A temperature diücribution of the form 

T = a + bs (A) 

< 

will be assumed. This linear temperature gradient may be a fair approximation 

over vertical distances such as are encountered between instrument and 

rod (a few meters or less), but clearly this gradient cannot be extrapolated 

to much larger vertical distances.  This advantage of this formula is its 

simplification of computations of the refraction error. Should a more 

complicated temperature distribution be found necessary, it could be 

approximated as a number of discrete linear sections and the formulas 

presented in this paper could still be used. 

This simple formula also ignore?any x-dependence of the temperature. 

Before refraction corrections based on equation 4 are made, temperature 

measurements should be made while leveling. 

In the calculations tha'. follow, the value of a used is 2880K. 

Th2 sign of b is taken to be positive.  If b is negative, only the sign, 

not the abcclute value, of the net error is changed. 

.<^:;:^^..^,.,.^ ,,^^ f.s'*..... f. 
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Index of Refraction 

For a pure substance, the Index of refraction for a given wavelength 

depends only on the density. Using an ideal gas law approximation 

l 

1+J T (5) 

where c is a constant dependent on pressure, wavelength, and composition 

of the gas. Empirical evidence supports an equation of this form 

(Meggers and Peters, 1918). For the purposes of this paper, c is 

constant and equal to 0.08C1 0K. 

Fermat's Principle 

Fermat's principle is used to determine the  path of the ray which 

travels between rod 1 and rod 2 and is tangent to the instrument. This 

principle states that the ray path is such that the value of the travel 

time is stationary. Thus the problem is one of the calculus of variations. 

The integral 

must be extremiaed. Because n is independent of x, the Euler-Langrange 

equation becomes 

dz 
dx tm^ (7) 

where n* is a constant.    Because the slope g   is -tanot at the origin, 

eruation 7 becomes 

fc..JeVtt*uA)-i (8) 

•" ■"ton • rTtifaiÜtr--'-"'^*--^    '■'■■■  :'i3S 
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Calculation of Errnr 

Using equations 4 and 5, the square root expression may be written 

in tenns of .. Then equation 8 uay be Integrated fron, the origin to each 

rod.  This procedure (see Appendix A) gives transcendental equations for 

the refraction errors h and h . 

The transcendental equations can be solved Iteratlvely by Newton's 

method (see Appendix B). m order to facilitate comparisons with apparent 

vertical movements Indicated by leveling and relevellng data, the net 

refraction error (In mm; per 100 m change In elevation Is calculated for 

a given angle*, temperature gradient b. and sighting length s. 

e - (h2 - hj) (1000) (number of Instrument set-ups 

necessary to change 100 m In elevation) (9) 

Figures 2. 3. and 4 give e as a function of«, b. and s, respectively. 

The net refraction error Is seen to vary as the square of both the 

temperature gradient and the sighting length. Therefore, temperature 

gradients must be well known before applying corrections. Also, the 

refraction error may be greatly reduced by shortening sighting lengths. 

CONCLUSIONS 

Because observed temperature gradients In the air are usually less 

than l0C/m (see tables of Best In Kukkamäkl. 1938). and because sighting 

lengths are usually less than 100 m In practice, the refraction error Is 

usually less than 1 mm/100 m change 1„ elevation for linear temperature 

gradients. This figure is approximately equal to the systematic error 

caused by inaccuracies in correcting for thermal changes affecting rod 

length (Thurm. 1971).  it is also usually less than the estimated 

standard deviation in precise 

la'aia—i 11 • 1 imJ^1'-'hvi 
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leveling, which includes only random errors. 

Some of the reWling profiles studied by Brown and Oliver (1975) show 

correlations of elevation with movement. If caused by systematic errors, 

these correlations would indicate errors ranging from 20 to 100 mm/100 m 

change in elevation (Figure 5). These hypothetical errors appear much 

too large to be explained by refraction caused by simple linear temperature 

gradients. Therefore, the apparent movements may reflect actual crustal 

movements, as Brown and Oliver (1975) suggest. Alternatively, non-linear 

temperature gradients may be important. 

Thurm (1971) and Hytonen (1967) have made refraction corrections 

to leveling data based on Kukkam'aki's (1938, 1939) formulas and tables. 

Because of errors in Kukkamaki's work, these corrections may not be 

valid.  Before any refraction corrections are made, .erage temperature 

distributions must be known accurately. Pecause air movements cause 

rapid variations in temperature, only approximate, average corrections 

can be made. On long lines of near constant slope, where refraction 

errors could be larger than the standard deviation, using short sighting 

lengths will keep the error small. 

<, 
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Appendix       A 

DtirivcuWo«       op     TvaMCÄh^fofJ E^tcoui-«'on   ft*-  Re-fracf/o», £ *-ror 

Upon ,u.tsrf;+u^ .9 ^ctaf/ons «« ccnj 5 '.„+. ^i.n ^ c^i UJkfäm' 

(Al)        ^^X    =   ^(CL+C)(a.+ bl)^Wo.-Uc-CXX^ + 
-i. 

■ 

fAH)       k.sih^   s -X.-^cos« 

(A 5)        Lsififlr = -x   + seas« 

t 
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(At)      x. ' - Fcto ♦ Fco) 

»is : 

• 

y 

Xf n»t •f'ar^crd +o+Kc liökt hoo« Joes tecome p«.rul(eJ +o +^e  ?>0Lxis • 
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FIGURE CAPTIONS 

Figure 1: Mathematical conventions and symbols used In this paper. 

The net refraction error Is h- - h.. 

Figure 2:  Dependence of net refraction error e (mm/100 m change In elevation) 

on slope *, using sighting length s - minimum of 50 m or 

a sighting length such that the difference in eleration between 

the bases of the two rods is 4 m.  a = 2880K, c - .0801oK. 

Figure 3: Graph showing b dependence of net refraction error e, where 

b is temperature gradient,  a ■ 2880K, c ».0801OK. 

2 
Figure 4:  Graph showing s dependence of net refraction error e, where 

s is sighting length,  a - 2880K, c ■ .0801OK. 

Figure 5: Apparent vertical velocities between Morristown, Tennessee 

and New Bern, North Carolina, derived by comparing two levellngs 

separated by 33 years.  Each dot represents one bench mark. 

From Brown and Oliver (1975). 
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