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ABSTRACT

Lamont-Doherty Geological Observatory (LDGO) currently operates a
network of 38 short period seismic stations in the states of New York,
New Jersey and Vermont. [t is part of the larger Northeastern United
States Seismic Network (NEUSSN) operated by several university groups
in New York, New Jersey, Pennsylvania and New England. These
networks provide a wealth of data to study seismicity, earthquake
hazards, earthquake source properties, tectonic processes, and crustal
and upper mantle structure in the northeastern United States and
ad jacent parts of Canada. The LDGO network provides data for more
specific studies of earthquake processes in New York State and
ad jacent areas.

The operation and maintenance of the LDGO network has been
supported primarily by funds from the United States Geological Survey
(USGS), the United States Nuclear Regulatory Commission (NRC), and the
New York State Energy Research and Developueat Authority (NYSERDA).
This report discusses results of research related to the operation of
the network during Phase 1 through Phase VII of our contract with
NYSERDA, and also introduces current directions of research for future
studies.
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SUMMARY

The past decade of Lamont-Doherty research associated with the
New York State seismic network includes the foilowing specific
results; (1) a greater general understanding of the relat ionship
between seismicity and geologic structures in the northeastern United
States; (2) identification of seismic provinces based on seismicity,
earthquake fault plane solutions, state of s*ress, and other geolo-
gical and geophysical data; (3) a greater understanding of the origin
of the intraplate stress field in the northeastern United States; (4)
studies of crustal and upper mantle velocity structures; (5) studies
of strong-motion and spectral content of earthquakes in the north-
castern United States; and (6) recent field studies of large earth-
quakes in 1982 in New Brunswick and New Hampshire.

We are currently pursuing a number of research efforts that were
initiated during the period of time covered by this report and will
continue in our future studies. These research efforts include: (1)
obtaining more fault plane solutions of earthquakes to better deline-
ate the intraplate stress field and the configuration of seismic
provinces; (2) continued studies of strong-motion and spectral content
of earthquakes in the northeastern United States coupled with studies
of modified Mercalli intensity of recent and historical earthquakes in
this region, (3) further studies of crustal and upper mantle velocity
structure in the northeastern United States; (4) an attempt to develop
depth diagnostics for local earthquakes from digital seismograms
recorded by the network; (5) calculations of the maximum intensity,
acceleration, and velocity that can be expected at given locat ions;
(6) a comparison of the Nuttli (1973) magnitude scale for frequencies
near | Hz with magnitudes calculated from frequencies more typical of
those recorded by the northeastern network (3 to 10 Hz); and (7)
determination of magnitudes for the past 250 years of historic earth-
quakes in New York, New Jersey and Vermont from felt areas and
attempts to determine the probability of exceeding a given level of
ground acceleration and velocity for specific sites within that
regiron,















with a corresponding study of the details of the earth structure and
seismic wave propagation in the New York State region. These studies
address several interrelated problems. More detailed determination of
the three dimensional velocity structure is essential in constraining
the depths, locations, and focal mechanisms of earthquakes very
accurately, and therefore, essential in determining what faults or
structures are seismically active, Studies of the attenuation of
intensity with distance in the region are aimed at constraining the
magnitudes of older earthquakes; and integration of these studies with
results of strong motion investigations will help to determine what
intensity of ground shaking can be expected at a particular site,
In addition, we have been searching tt-ough historic accounts of older
earthquakes to help cons:rain their locations and magnitudes. This
integrated approach should greatly elucidate our understanding of
earthquake hazards in New York State and adjacent areas.

TECHNICAL DISCUSSION

Present Status of the Lamont-Doherty Network

Figure 1 shows the corfiguration of the various seismic networks
operating in northeastern United States and ad jacent parts of Canada.
The Lamont-Doherty network in New York State, Vermont and New Jersey
currently consists of 38 stations, 36 of these stations have single=-
component vertical seismometers and two (Ramapo Mountain, NJ and Pali-
sades, NY) are 3-component sites. The signals are telemetered by
telephone line and radio to a central recording site at Palisades, New
York, and recorded on a common time base. Fourteen channels are
recorded on a develocorder and all are recorded on an analog magnetic
tape recorder. Ten helicorders are used to monitor activity in real
time, enabling rapid detection of earthquakes. The entire recording
system at Palisades is powered by an uninterruptable power supply
system allowing for continuous operation in the event of an emergency
fatlure of public power. The analog magnetic tapes are digitized for
detailed analysis of the wave forms of particular events. In addition
to  these short period seismometers, three SMA-| strong-mot ion
accelerographs are deployed in the field; one in each of the three
areas of relatively high activity in the New York State region (as
described below) .,

In the near future we expect to acquire digital (. cording cap-
ability by connecting the network directly to the PDP 11/34 computer
presently at LDGO. This computer will be dedicated to the network as
an on-line, real time system for event detection and recording. The
develocorder will be shut off as soon as reliable operation of the PDP
11/34 system has been demonstrated

Routine Data Analysis

The data recorded by the network are routinely analyzed on a2
daily basis to identiry and locate earthquakes. Since quarry blasts
are almost a daily occurrence, care is taken to discriminate the
smaller shocks from blasts. Regular contact is maintained with sev=-
eral quarries to facilitate and ensure proper discrimination. Parti-
cular events ace analyzed for determination of accurate locations,
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A remarkable internal uniformity., Within the Appalachians, near the
Atlantic coast, o, trends ESE; west of the Appalachians, in the
interior of the Lontincnt, o trends ENE in agreement with the
findings of Sbar and Sykes (97d. The change in the maximum compres-
sive stress direction from ESE to ENE appears to be fairly abrupt.
The zone of transition coincides to some extent with regions that
nearly lack seismicity (Figures 2 and 3), and ales coincides with a
zone of transition in crustal structure (Figure /) determined from
travel time residuals of teleseismic P-waves by Peseckis and Sykes
(1982, Appendix B).

Important contributions to the understanding of the inter-
relationship between seismicity, stress, and geologic features in the
northeastern United States have recently emerged and are discussed by
Yang and Aggarwal (1981), The ESE orientations of the g axes
within the Appalachians are observed to be almost parallel ko the
direction of motion of North America relative to Africa (Chase, 1978;
shaded arrows in Figure 6). 1In contrast, the ENE orientations of the
@, axes in the interior of the continent are observed to be nearly
parallel to the directions of absolute motion of the North American
plate as inferred from hot spots (Chase, 1978; open arrows in Fig-
ure 6).

In the context of intraplate stress it is obviously very impor-
tant to know the fault plane solutions and depths of the recent large
earthquakes (Figure 6) which occurred during January 1982 in New
Brunswick, Canada (mp = 5.8) and in New Hampshire (my = 4.5), The
New Brunswick event occurred in what would appear to be the northern
extension of the Appalachian stress province (discussed above) and the
New Hampshire earthquake occurred within this province. These events
were well recorded on many different types of seismic instruments over
a very large portion of the United States and Canada. Many WWSSN
stations recorded these events, and at Lamont-Doherty they were also
recorded on a Wood-Anderson seismometer as well as being recorded by
the local network. These events have generated sufficient data to be
studied in great detail. Our futrre research will include an attempt
to determine the fault plane solutions and depths of these events (and
perhaps some of the larger aftershocks) by a combined use of both
P-wave first motions and radiation patterns of teleseismic surface
waves. The techniques described in Kafka and Weidner (1979) will be
used for the surface wave study. We are, of course, anxious to know
whether or not those mechanisms are consistent with the stress pro-
vinces inferred thus far,

Crustal and Upper Mantle Velocity Structures

An adequate knowledge of the crustal and upper mantle velocity
structure is a prerequisite for accurate earthquake locations and
meaningful int:rpretation of the seismic data. For much of New York
State and areas adjacent to it, such information was either non-
existent or very limited in scope prior to the installation of local
seismic networks. A better determination of the seismic velocities in
the Northeast has, therefore, been and remains one of our primary
objectives.

The crust and the upper mantle is being probed on a local and
regional scale, using quarry blasts as well as earthquakes. Detailed
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investigations of P and § velocities have been carried out in parts of
the Adirondacks (for example, Aggarwal et al., 1975) using road con-
struction and quarry blasts., In addition P arrivals from distant
varthquakes and nuclear explosions have been studied to scan vertical
sections of the crust and upper mantle beneath the seismic stations
(Fletcher et al., 1978, Peseckis and Sykes, 1982, Appendix B).

Thus far, tentative crustal and upper mantle velocities have been
deduced for parts of New York State and adjacent areas, and these
models are used in our carthquake location procedures. Our most
recent investigations indicate that lateral wvariations in seismic
velocities occur locally as well as on a more regional scale.
Peseckis and Sykes (1982, Appendix B) examined the crust and upper
mantle of the northeastern United States using relative residuals of
P-waves from distant earthquakes and underground nuclear explosions
recorded by the New York State seismic network and other seismic sta-
tions in New England and ad jacent parts of Canada. Relative residuals
(Figure 7) vary from ~0.3 to +0.6 sec in the area, but they are con-
stant to within 0.15 sec in broad subregions. Station residuals vary
markedly between subregions. Since the transition zones between sub-
regions are no more than 50 to 100 km wide, most differences in velo-
city appear to be situated in the upper 100 km. This result appears
to conflict with existing refraction data which indicate that very
little of the differences in travel time can be associated with the
crust or the uppermost mantle. All of the stations with negative
residuals (early arrivals and higher velocities) are situated in New
Jersey and New York on basement of Grenville age. Most of the posi-
tive residuals occur in New England and appear to be associated with
terranes that were sutured onto North America during the Paleozoic.
In New England lines of constant residual appear to be rotated about
30° with respect to the pattern of regional geology (Figure 7)., Thus,
the structure of the upper crust in parts of New England may not
correspond to that of deeper units and may be allochthonous as pre=
Liminary results from COCORP lines also indicate. Large azimuthal
variations in residuals are found for most stations and appear to
reflect short-wavelength changes in velocity within the outer 50 km of
the earth. The pattern of azimuthal variations is similar at nearby
stations in many cases. We will continue such studies of velocity
structure and wave propagation in New York State and ad jacent areas

using local earthquakes, quarry blasts, and teleseismic earthquakes
and explosions,

Historical and Pre-Network Data

Valuable instrumental data are available for some of the events
that occurred prior to the inception of the present network in 1970.
Several seismic stations were in operation in the Northeast (both in
the U.S. and Canada) for various periods of time. The Canadian
seismic records, which go as far back in time as 1907, are available
at Lamont-Doherty. We have recently transferred seismograms from
Fordham University, which go back to the 1920's, to Lamont~Doherty,

With the progressive increase in our knowledge of the velocity
structure, we have relocated pre-network events in the New York City
region for which sufficient instrumental data exist (Aggarwal and
Sykes, 1978). We will continue this effort for other areas of the













TABLE |

Magnitudes of Nuttli Scale (my) Inferred from Felt Areas for Some
Larger Earthquakes in a 2° x 2" Area Centered Near New York City

Date Magnitude Maximum Report Intensity
1 884 4.9 VIiI

1737 4.7 VIl

1783 4.7 VI

1895 4.7 VI

Lower magnitudes were obtained for the following shocks of intensity
VI or VII:

1927 3.8 VI-VII
1957 3.2 vl
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P-WAVE RESIDUALS IN THE NORTHEASTERN UNITED STATES AND THEID
RELATIONSHIP TO HaJOR STRUCTURAL FEATURES

Lynn L. Peseckis and Lynn R. Sykes
Lamont =Doherty GCeological Observatory and
Department of Geologi-al Sciences of Columbia University
Palisades, New York 10964

Abstract. The crust and upper mantle of the northeastern United
States are examined using relative arrival times of P-waves from
underground nuclear explosions and distant earthguakes recorded by
the Lamont-Doherty seismic networ' and by other stations in the North-
east, Average station residuals vary by as much as one second in the
northeastern United States. Residuals are constant to within 0.15 s,
however, in broad sub-regions. Five such areas are defined based on
the near constancy of residuals, Station residuals vary markedly
between these sub-regions., One transition zone between sub-regions is
100 km wide indicating velocity differences in this area extend to
depths of 100-200 km, MHowever, the transition zone between the sub-
regions with the iargest residual difference is 55 km wide, indicating
that these differences in velocity are situated in the upper 50-100
km, This result conflicts with existing refraction data which indi-
cate that very little of the differences in travel time can be assoc~
iated with the crust or the uppermost part of the mantle. All of the
stations with negative residuals (i.e., early arrivals and fast velo-
city) are situated in New Jersey and New York on basement of Grenville
age. Most of the positive residuals occur in New England and appear
to be associated with terranes that were sutured onto North America
during the Paleozoic, In New England lines of constant residual
appear to be rotated with respect to the pattern of regional geology.
Thus, ihe structure of the upper crust in parts of New England may not
correspond to that of deeper units and may be allochthonous, Large
azimuthal wvariations in residuals are found for most stations and
appear to reflect short-wavelength changes in velocity within the
outer 50 km of the earth. The pattern of azimuthal variations is
similar at nearby stations in many cases.

Intraduction

Laterally varying structures with anomalous velocities are found
near active plate margins. Some of these are temperature dependent
effects which decay in time once the area is no longer situated near
an active plate boundary, Some structural features that are formed
near plate boundaries, such as those related to the juxtapositicn of
units of contrasting seismic velocity, are not temperature dependent,.
Hence, differences of those types may be expected to persist long
after a region has been situated near a plate boundary, probably for
hundreds of millions of years. {elatively few attempts have been made
to look for geophysical signatures of past plate tectonic events, such
as the suturing or overthrusting of terranes of contrasting pro-
perties, Few attempts have been made to examine old plate boundaries
in three dimensions, 1In this paper we use travel-time residuals of P
waves to study differences in velocity structure for a former plate
boundary.
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The northeastern United States has been situated at or near a
plate margin several times during the past 1 billion years. At least
two collisiona! episodes (Grenville and early to mid-Paleozoic) and
two of rifting (late Precambrian-Cambrian and Triassic-Jurassic) are
evident [Wilson, 1966; Dewey and Burke, 1973; King and Zietz, 1978;
Osberg, 1978; McLelland and Isachsen, 1980; Seyfert, 1980]. The area
has been located well inside the North American plate for the last
150 Ma. Parts of New England appear to have been sutured onto the
rest of North America during the Paleozoic. Hence, one or more former
plate boundaries pass through the region, and their deep structure can
be studied by various geophysical techniques such as gravity and mag-
netic measurements, seismic reflection and refraction studies, and
travel-time residuals,

Past studiee to determine the velocity structure of the Northeast
include refraction work [Katz, 1955; Schnerk et al., 1976; Chiburis
and Graham, 1978; Taylor et al., 1980], surface wave analysis [Dorman
and Eving, 1962; Taylor, 1980], as well as teleseismic P wave residual
studies [Fletcher et al., 1978; Taylor and Toksdz, 1979). COCORP has
made some multichannel reflection lines in the area [Brown et als,
1981] as part of a project to complete a profile from the Grenville
craton eastward through the New England Appalachians. Earlier reflec-
tion work in the southeastern United States and in Quebec [Cook et
al., 1979] indicates that large portions of the Appalachian orogen,
especially the eastern parts, may be allochthonous. The preliminary
COCORP  results in the Northeast indicate similar thin-skinned
overthrusting as farther south. If large parts of New England are,
in fact, allochthonous, care must be used in comparing travel=time
residuals and refraction data which may sample rather different mater-
tals and structures in the lower crust and uppermost mantle. One of
our major rindings is that while travel-time residuals do correlate in
a general way with Paleozoic tectonic provinces, the locations and
strikes of bounl-ries between sub-areas in which residuals are nearly
constant do not always coincide with those of major geologic provinces
as mapped at the surface,

Our investigation has several similarities to a study of P-wave
residuals that Taylor and Toksdz [197%) performed for New England and
eastern New York, Several of the stations used in our study and
theirs overlap in eastern New York and western Vermont. We also
examined data from four stations in western New York, an area not
included in their study as well as data from nine other stations in
New Jersey and eastern New York *hat either were installed since their
work or were no* analyzed by them., Since the set of earthquakes we
used differs from theirs, our results provide independent evidence on
travel time for the stations that are common to our two studies.

Taylor and Toksoz [1979] infer higher velocities beneath the
Precambrian Grenville province than for that part of New England that
wa= affected by Paleozoic orogeny. They account for some of these
differences in terms of changes in cru-tal structure; they infer that
ma jor differences in velocity extend to depths of about 200 km and can
be correlated with surficial geologic structures, Taylor et al.
[1980] find crustal structuie differences and slight differences in
upper mantle veiocity between the two provinces.

We alen find that travel time residuals differ by 0.5 to 1.0 s
between the Grenville province and portions of New England, lajor
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Fig, B1. Seismic stations o. Lamont-Doherty network and some major
genlogical features of the Mid-At'antic states and New England. Out-
crops of Grenville-age (1.1 by) basement are shown as crystalline
rock. Dashed line represents western limit of Paleozoic thrust
faulting. Dotted line denotes belt of ultramafic rocks of Ordovician
age (Osberg, 1978]. These latter two features are thought to be
associated with the closing of the proto-Atlantic Ocean.



differences in residual, however, are also found between northern and
southern New England, both of which were affected by Paleozoic defor-
mation. 1In fact, the Northeast can be divided into five sub-regions
in each of which the residuals are nearly the same. Since transitions
between these sub-regions occur rapidly over short distances, i.e.,
within 50 to 100 km, we argue that major changes in velocity are
largely confined to the upper 50-100 and 100-200 km of the earth,
respectively, 1In several places these transition zones do not coin-
cide with mapped boundaries between major geologic provinces. Also,
lines of constant residual are rotated with respect to the directions
of major geologic elements at the surface in parts of New England,
Hence, the structural grain of the lower crust and uppermost mantle in
those areas may differ from that of the upper crust, suggesting that
the latter is allochthonous in large regions.

Data and Analysis

The Lamont-Doherty seismic network (Figure Bl), part of the
larger northeastern United States network, consists of short period
seismic stations located throughout New York, northern New Jersey and
Vermont (Figure Bl). Between 1977 and 1979 the network included 36
stations operating on a common time base and has since been expanded
to 38 stations. Signals from these stations are telemetered to
Lamont-Doherty where all of them are recorded on magnetic tape, 28 on
develocorder film and seven are displayed on helicorder records.

P-wave residuals were calculated for selected earthquakes and
underground nuclear explosions recorded by the network. From 1977 to
1979, 42 events were chosen for their impulsive first arrivals. To
obtain an azimuthally well-distributed dara set, however, this
criterion was relaxed for events from azimuths with poor data cover-
age. All of the cvents chosen for analysis were above magnitude 5.5
and in the distance range 35° to 95°. 1In addition, all events were
well recorded by most of the network., At a particular station, how-
ever, the number of events is a subset of the original 42 because of
station down-time,

Arrival times of the first prominent peak or trough of P-waves
were picked from develocorder film to 0.05 s. Residuals, Rij, for
the i th station and j th event were calculated with respect to the
Jeffreys-Bullen travel time tables where

Ri;

j = T$'3b8) -~ T(l.iB). (1)

T;j 1is the observed arrival time at the i th station of the j th
event and Tj; is the arrival time oredicted by the tables.

To find travel time differences between stations in the network,
relative residuals, Rij- were calculated for each station with
respect to the average residual




where n is the number of stations recording event j so 1 N Rij is
the average residual for event j. Calculating relative residuals in
this way eliminates effects of the source and rtravel path common to
all rays entering the array. Thus, mislocations of the event in time
and space should not significantly affect the relative residuals.
Also eliminated is the effect of choosing the first prominent peak or
trough rather than the Ffirst motion. Positive (negative) relative
residuals indicate that the rays arriv. 1 later (earlier) than average.

To see how relative travel times vary across the network, average
station residuals, r;, were calculated by averaging the relative
residuals of all the events recorded at each station i

H Eij (3)

where m is the number of events. The station residuals, rj, are
accurate to *0.2 s which inciudes some systematic error and will be
discussed further in a later section., We neglected elevation correc-
tions which are smaller than 0.1 s and corrections for difference in
sedimentary thickness, which do not appear to be appreciable unless
thick sequences of low velocity materials are present at depth,

Station Residuals

Station residuals for the Lamont network are shown in Figuvre B2;
these data are combined with those of Taylor and Toksoz [1979] for
other stations of the Northeastern seismic network in Figure B3. To
bring results from the two studies into agreement 0.1 s was added to
their data. The size cf the correction was fcund by inspection., This
removes the effect of calculating the residuais relative to different
averages, When that was done, the average residuals at all but one of
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Fig. B2. Travel time residuals for P-waves at stations of Lamont-

Donervy seismic network, Data shown represent average of relative
residuals of all events recorded at a station. Open symbols are neg-
ative residuals (early arrivals) and solid symbols are positive (late
arrivals). The size and shape of symbol indicate residual size. Zero

residuals are shown as open circles, Residuals are accurate to
£0.2 s.
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Fig. B3, Travel time residuals for P-waves at stations of northeastern
jeismic network., Residuals from this study are combined with those of
Taylor and Toksoz [1979). Several sub-regions are defined .shown by
dashed lines) in which residuals are constant to within 0.15 s. Note
the abrupt change in residuals between regions. The largest change
(0.6 8) occurs in 55 km between stations COV in Region I and MPVT in
Region II.
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the stations that were common to the two studies agreed to within
0.1 s.

An interesting pattern of station residuals is seen in Figure 3
in that residuals at many stations within a given sub-area are
equal to within 0.15 s. Between sub-regions, however, the residuals
exhibit large differences. This near constancy within sub-regions is
surprising since station residuals vary up to 1.0 s in the Northeast
as they do in many other networks of similar size. Since reciduals at
large numbers of nearby stations are nearly identical, it is unlikely
that the pattern in Figure 3 results from random occurrence.

We divided the area of Figures 2 and 3 into five sub-regions
solely on the basis of the near constancy of residuals. Regions 1
through 1V are shown in Figure 3. The small positive residuals in
northern Maine may define either a separate region or an extension of
Region III, The data are too sparse to make this distinction, Region
V includes the zone of approximately zero (*0.1 s) residuals in cen-
tral and western New York (Figure 2). Regions I through IV differ
from V in that their average residuals are not zero (Table 1), Within
each region the standard deviation from the average residual is about
0.1 s.

Between these sub-regions the residuals change significantly,
The largest such charge (0.63 s) occurs in Vermont over a distance of
55 km between stati-r COV in Region I and MPVT in I1l (Figure 1). A
0.3 s dirference in residuals exists between Regions II and II1 as
well as between III and IV, Stations near the boundary between IT and
[IT are separated by at least 100 km so the transition zone is not
well defined, Nevertheless, this places an upper limit on the width
of the transition zone. The transition zone between Regions ITI and
IV is lo~ated in western Connecticut where residuals gradually change
in about 100 km from +0.3 s to =0.2 s, That transitions between
regions occur over short distances argues that the sources of these
differences are located at relatively shallow depths, i.e., approxi-
mately the upper 50 to 100 km between regions I and Il and the upper
100-200 km in the other cases.

Figure 4 schematically helps illustrate this point, On the
Earth's surface are two stations (COV and MPVT) in different residual
regions., Four rays (a,b,c, d) are shown entering the stations. The
depth (z) of the cross-over point - be determined from the separ-
ation distance (x) between the stations and the angles of incidence
(i) of rays as

X .
tan icov + tan iHPVT

Velocity differences causing the difference in residuals must lie

above the cross-over p»oint when the following four conditions are
satisfied:

1) the residual difference between rays (a) and (d) equals the aver-
age residual difference between the two regions,
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Table

1. Average Residuals for Various Regions in

the Northeast,

Region

Average (sec)

IT =

il =

N -

Northern New York and northwest Vermont
Central New York, New Hampshire into Maine
Massachusetts, Rhode Island, Connecticut

Southern New York, New Jersey and
ad jacent Connecticut

Central and western New York
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Fig., Ba4. Teleseismic rays (a), (b), (¢), (d) incident at angles i at
two stations separated by distance x in different residual regions.
Conditions on the differences in arrival time of these rays determine
whether velocity differences causing the residuals lie above the
cross=over point,



2) the residual difference between rays (b) and (c) equals the resi-
dual difference between rays (a) and (d) (i.e., equals the aver-
age residual difference between the two regions),

3)  the residual difference between rays (b) and (d) equals the aver-
age difference between residuals in the two regions for rays
incident from that direction, and

4) same as (3) but for rays (a) and (c),

Residuals at stations COV and MPVT in regions I and II satisfy
these conditions. Rather than comparing individual rays, however,
averages were calculated over all the rays entering the stations from
the directions (a), (b), (¢) and (d). Given the relative positions of
COV and MPVT (MPVT lies at 113° from north with respect to COV) the
residuals for the two stations from events in the quadrant with back
azimuths of 270°-360° were averaged to determine residuals for rays
(a) and (c), respectively. Residuals from events in the quadrant
90°~180" were averaged to find residuals for (b) and (d).

Averages corresponding to residuals for rays (a) and (d) have a
difference of 0.7 sec which is very close to the average difference
between regions I and Il (0.6 sec). Averages corresponding to resi-
duals for rays (b) and (c) differ by 0.6 sec. Thus, conditions (1)
and (2) are satisfied to within 0.1 sec. Similarly, conditions (3)
and (4) are shown to be satisfied to within 0,1 sec, The residual
difference between (a) and (c) ((b) and (d)) is 0.9 sec (0.5 secs
which compares with 0.9 sec (0.4 sec) as the value of the average
residual difference between the two regions for events from that quad-
rant,

Since all the conditions are satisfied to within the accuracy of
the residuals, the lateral velocity change that causes the residual
difference between regions 1 and Il lies above the cross=-over point.
Angles of incidence in this study range from 15° to 30°. This esta-
blishes a ange of depths ‘:) of the cross-over point: the maximum
for i = 15" a ' the minimun for i = 30°, For stations COV and MPVT,
x = 55 kv so 48 km < 2z < 103 km.

For the other transition zones this data set is not complete
enough to determine whether the four conditions are satisfied,
Because of the large separation distance between stations in regions
Il and (1T, the depth cannot be constrained to better than the upper
100 to 200 km. The transition between regions I[I1 and IV gradually
occurs (Figure 3) over about 100 km, indicating that the differences
between these two regions extend to depths of 100-200 km, The lateral
velocity differences between regions 111 and IV are likely deeper than
those between I and I,

The size of residual differences and the transition zone width
between regions [I1 and IV can be explained by small upper mantle
velocity differences (about 2% which is similar to the differences
found by Taylor et al., (i980)). However, the explanation of the resi-
dual differences between regions I and Il which are the largest in
size and occur over the shortest distance is not so clear.

For typical crustal and upper mantle velocities, a 20% velocity
contrast over a travel path of 20 km can cause a residual difference
of 0.6 s, Velocity contrasts of this size are not uncommon in
the crust where P-wave velocities can range from 5.0 to 7.0 km/s.
Consistent with confining much of the residual differences between
regions 1 and Il to the crust is the rapid transition between these
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regions which indicate that depths of 1.teral variation are no greater
than about 50-100 km. This observation suggests that even with
observed differences in the depth t» the M-discontinuity much of the
velocicy contrast between Regions 1 and Il must be accounted for in
the crust unless either differences extend far deeper than 50-100 km
or sub=M-discontinuity velocity differences are extreme.

This conclusion seems straightforward, however, it disagrees with
results from refraction data in the area and thus with the results of
Taylor and Toksoz [1979] and Taylor et al. [1980]. Taylor and
ToksSz [1979] claim that velocity differences in the entire region
that can be correlated with surficial geology extend to depths of 200
km or more. In the refraction study of Taylor et al. [1980] crustal
models for the Grenville province in New York State and the Paleozoic
New England Appalachians were obtained by inverting travel times from
local earthquakes and quarry blasts. Resulting velocity profiles
account for very little (less than 0.1 s) of the residual differ-
ences. If these profiles accurately describe the vertical velocity
structure of the crust in this region, the residual difference between
regions 1 and II would have to be accounted for mainly by differences
in velocity structure below the M-diccontinuity.

Pn velocities ia the entire region are normal, i.e., about 8.1
km/s [Taylor et al., 1980; W. Menke, personal communication] indi-
cating no large, dramatic differences in velocity at the top of the
mantle. For example, if the velocity of the upper mantle is 8.1 km/s
in Region IT and 8.3 km/s in Region I, these differences would have to
extend to depths of about 240 km to cause the 0.6 s difference in
residuals between the two regions, This depth is clearly inconsistent
with the rapidity of the change between Regions I and II.

Problems erist, however, in comparing residuals determined from
teleseisms with refraction data insofar as teleseismic rays sample the
crust nearly vertically (15" to 30°) while rays from local events
sample the crust more nearly horizontally. Horizontal rays average
the velocity structure over large lateral distances in the crust and
upper mantle whercas near-vertical rays sample a very small horizontal
area. Some of the few refraction profiles in the area cut across and
therefore average over the residual regions shown in Figure 3. Thus,
until much denser refraction and refiection data become available for
the region teleseismic residual studies probably will continue to give
a better indication of the rapidity of lateral velocity changes and of
the depths to which these variations persist. Also, if P velocity in
the uppermost mantle is strongly anisotropic, a comparison of rays
travelling horizontally and those travelling nearly vertically is com-
plicated further.

Azimuthal Variation

Fletcher et al. [1978] observed that relative residuals at some
stations in the northeastern United States and in adjacent parts of
Canada vory rapidly with back azimuth, i.e., direction to the source.
Taylor and Toksoz [1979] noted that a similar variation exists at most
stacions of the Northeastern network as did Raikes [1980] for stations
of the southein California network, To show this variation with back
azimuth at stations in the Lamont network relative residuals at each
station are averaged by quadrant (Figure 5B). The data are averaged
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F -. BS. Variation in relative residuals as a function of back azi-
wuth, Relative residuals are aver-ged by quadrants,. Symbols range
from light (positive residuals) to dark (negative residuals). Largest
variation at a single station between two quadrants ranges from 0.18
to 0.81 s and averages 0.45 s. A simple pattern of variations is not
evident but nearby quadrants tend to be alike.
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in this way since the sampling in azimuth was not sufficient to find
the Fourier components of the azimuthal variation.

The largest residual difference between quadrants for a single
station ranges from 0,15 to 0.8]1 s and averages 0.45 s, This vari-
ation contributes to the calculated uncertainty in the station resi-
duals. A pattern of azimuthal variation is not easily discernible but
similar quadrants at nearby stations often have similar residuals.
For example, arrivals at the seven stations in northern New Jersey and
southern Hew York are consistently early for easterly and south-
easterly azimuths and late for southwesterly azimuths whereas arrivals
from the south and southwest are early relative to other azimuths at
the four stations in western New York,

Azimuthal variation is often intepreted as indictive of either
dipping layer(s) or lateral heterogeneity in the crust and upper
mantle. Dipping layers produce a regular pattern of azimuthal vari-
ation [Nuttli and Bolt, 1969] which are not observed here, Hence,
lateral heterogeneity in the crust and upper mantle is the most likely
cause of the azimuthal variation in the northeastern United States.

Rays from teleseismic distances arriving at one station from
opposite directions are separated by less than 50 km at the base of
the crust and by about 115 km at a depth of 100 km. Since travel time
differences of up to 0.8 s are associated with rays arriving at some
stations, lateral variations in velocity associated with them must be
quite large and of short wavelength, This type of lateral hetero-
geneity seems to be different from the broad regional differences
depicted in Figure B3. Hence, it seems that at least two dif’ erent
and probably independent scales of lateral heterogeneity coexist in
the crust an upper mantle: small-scale lateral variations that cause
the observed azimuthal variation are superimposed upon large-scale
lateral variations that are reflected in the pattern of average resi-
duals. Since azimuthal variations are typically large, it is inter-
esting that residuals averaged over all azimuths (Figures B2 and B3)
are nearly identical at large numbers of nearby stations. This is not
too surprising since azimuthal variations tend to be similar at nearby
stations

Since the statisn spacing is sparse for much of the Northeast, we
decided to obtain avevages over azimuth at each station in our dis-
cussion of the relationship between residuals and tectonic structure
rather than to use an inversion scheme such as that of Aki et al,
[1977], which relies upon arrivals from differing azimuths, For the
present distribution of stations that method cannot resolve velocity
structure finer than about 150 km in depth [Taylor and Toksoz, 1979)
for most of the Northeast., We were also concerned that rapid vari-
ations of arrival times in azimuth that result from velocity changes
of short wavelength may lead to aliased estimates of larger wavelength
variations when information from individual rays is used directly in
the inversion of velocity structure. Note that large azimuthal vari-
ations are found (Figure B4) not only near the boundaries of the five
sub~regions of Figures B2 and B3 but also within the interiors of
those sub-regions, This indicates that the azimuthal variations are
not a product of the transitions alone.
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Correlation with Tectonic Setting

The belt of ultramafic rocks shown in Figure Bl is considered to
be the approximate location of a suture zone associated with the
closing of an ocean bascin or a back-arc basin during the Ordovician
[Osberg, 1978]. Basement of Crenville age (1100 Ma) is found to the
west of the suture, East of the suture lies what is thought to bs an
island arc that collided with the rest of North America during the
Ordovician, The island arc terrane is separated on the east from the
Avalon zone by the Lake Char and Clinton-Newbury fault zones [Osberg,
1978). A1l of the residuals at stations east of the ultramafic belt
are positive while most station residuals to the west are near zero or
negative. This change in residual from west to east must represent a
profound difference in the velocity structure “etween New England and
most of the area to the west.

While this change agrees in a gross way with changes in regional
geology, there are many ways in which the pattern of residuals does
not match the regional geologic pattern. The boundaries of sub-
regions in Figure B3 (or lines of constant residual) generally strike
northeasterly in New England and eastern New York (and perhaps in
northern New Jersey). Thus, they tend to follow the overall strike of
the Appalachian orogen rather than the local strike, which is
northerly in southern and western New England between New York City
and Montreal.

A series of negative and postive gravity anomalies (both free air
and Bouguer), which are among some of the largest anomalies in eastern
North America, strike northeasterly in eastern Pennsylvania and south-
eastern Quebec and northerly along the eastern border of New York
[Simpson et al., 1981]. These anomalies generally follow the edge of
the Cambrian continental margin of North America [Rodgers, 1970] and
are situated between the suture zone and western limits of Paleozoic
thrust faulting (Figure Bl). Maps of Bouguer anomalies for the north-
eastern United States and ad jacent parts of Canada filtered to pass
wave lengths shorter than 100 and 250 km ([Simpson et al., 1981]
indicate that the sources of these prominent anomalies must be located
at depths shallower than 80 km and that at least some of the sources
must be sl llower than 33 km. These short wavelength gravity anom=-
alies tend to follow the local strike of the geology better than the
average residuals do.

Three stations near the New York-Massachusetts border, which are
situated on basement of Grenville age, have residuals that are 0.3 to
0.6 8 more positive than those of other stations that are located to
the west of the suture zone shown in Figure Bl. Their residuals are
like those of stations in New Hampshiie and most of Vermont, and hence
were assigned to the same sub-region (I1) in Figure B3. While those
stations are situated to ihe west of the suture, they are still
located near the Cambrian continental margin of North America
[Rodgers, 1370]. Those positive residuals must, of course, reflect
anomalous velocities at depth when they are compared to residuals for
stations on crust of Grenville age. The residuals are not suffi-
ciently dense in number, however, to place useful limits on the depths
of the causative anomalies.
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One explanation could be that the upper mantle snd perhaps the
lower crust beneath those stations are similar to that beneath New
Hampshire and parts of Vermont and were thrust beneath that area
during the Paleozoic. Another possibility is that a thick sedimentary
section of low velocities may be present beneath the Cambro-Devonian
sequence of rocks that are exposed at the surface near those sta-
tions. It is possible that a thick section of late Precambrian sedi-
ments could have been deposited along that portion of the former
continental margin that existed from the Precambrian through Cambrian
time. The anomalies in travel time are large enough that sedimentary
thicknesses of 2 to 7 km are required to produce them. Explaining
the three anomalous residuals as a result of a thick sedimentary
sequence requires, however, that the near equality of the three resi-
duals and those in other parts of sub-region Il be attributed to
coincidence,

While residuals at stations in southern New England are 0.2 to
0.3 s more positive than those of sub-regions I, IV and V (Figures B2
and B3), they are still about 0.3 s smaller than the residuals at
stations in New Hampshire and most of Vermont. Hence, sizeable diff-
erences in velocity must be present at depth beneath northern and
southern New England as well as between them and the area to the
west. The basement in at least part of sub-region II1 is of latest
Precambrian (Avalonian) age [Rodgers, 1979]. Parts of southern New
England are known to have been affected by late Paleozoic orogeny
whereas New Hampshire and Vermont were not,

The way that lines of constant travel-time residuals cut across
the suture zone and other major geologic boundaries in Figure Bl is
reminiscent of similar patterns in southern California that is des-
cribed by Hadley and Kanamori [1977] and Raikes [1980]. They, like
we, find that velocity variations do correlate with general tectonic
provinces. Nevertheless they find the Transverse Ranges of southern
California are underlain at a depth of about 40 km by a refractor with
a P-velocity of 8.3 km/s. Early P arrivals from teleseisms indicate
that this anomaly extends to a depth of 100 km. This high-velocity,
ridge-like structure is coincident with much of the areal extent of
the geomorpiic Transverse Ranges and is not offset by the San Andreas
fault.  They suggest that the plate boundary at depth is displaced
from the location of the San Andreas at the surface. Hence a zone of
decoupling in the lower crust or uppermost mantle is necessary to
accommodate the horizontal shear that must result from the diverzence
of the plate boundary at different depths,

One interpretation of the divergence between lines of consta:.t
residual and major tectonic boundaries in Figure Bl is that the deep
structure sampled by P-waves at nearly vertical iacidence also differs

from that near the surface. In this view the suture zone of Fig-
ure Bl and large parts of New England would be allochthoncus. Brown
et al. [i1981] reach a similar conclusion u:sing COCORP data along a

profile across Vermont,

Since the Cambrian continential margin of North America did not
have the same strike throughout the Mid-Atlantic states, New England
and southern Quebec, the island arc that is inferred to have collided
with it during the Ordovician must have interacted obliquely with at
least some parts 7 that oassive margin. Hence, the suturing of the
arc onto North America is likeiy to have resulted in the rotation of



















EARTHQUAKE MAGCNITUDES AND SEISMICITY IN THE
NEW YORK CITY METROPOLITAN AREA
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Figure Cl: a) Present configuration of short-period seismic stations

(triangles) operated by Lamont-Doherty Geological Obser-
vatory (LDGO).
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b) Location of short perind seismic stations superimposed
on a map of geologic provinces, faults and lineations
(adapted from Yang and Aggarwal, 198]) in the New York
City metropolitan area. Dark solid lines between Peapack,
N.J. and Indian Point, N.Y. represent the main trace of
the Ramapo fault zone. Seismic stations operated by LDGO
are shown as triangles and those operated by Woodward-
Clyde are shown as squares. The closed triangles repre-
sent short period seismic stations and the open triangle
represents the WWSSN station.









TABLE 1

Magnitude Formuals Used in This Study

Formuia keference
mhLg * 3.75+0.90 loga+log(A/T) Nuteli (1973)
0.5°<a<4’
upLg * 3.30+1.66 loga+log(A/T)
4°<4<30°

A = epicentral distance (km)
A = amplitude of Lg wave (microns)
T = period (sec)

M, = log A+log Ay~6 log Ay Ebel (1982)
A * maximum amplitude on Wood-Anderson
seismogram (mms)
'og Ay = correction factor for southern
California - Richter (1935)
5§ log A, = additicnal correction factor
for northeastern United
States - Ebel (1982)

me = 2.21 log D+1.70 Chaplin
D = signal duration (sec) et al. (1980)
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magnification effects are in part coafenaated for. Thus, although the
station gains range from 10" to 10", the variation in gain does not
affect signal duration because station gains have been ad justed such
that each station has approximately 20 millivolts of background noise
at the field site.

We also obtained amplitude and frequency data from records of
longer period instruments for the larger earthquakes that occurred
between 1974 and 1981. A Wood-Anderson seismometer located at Pali-
sades, New York was used to determine local magnitudes (My) by
applying Richter's (1935) formula with the correction for northeastern
United States attenuation suggested by Ebel (1982). 1In addition, Lg
waves (1 Hz) recorded on the WWSSN station OGD (Ogdensburg, New
Jersey) were used to determine mypg magnitudes by applying the
formula of Nuttli (1973). These M, and my p, magnitudes are
compared to measurements of signal duration and to mype magnitudes
obtained from amplitudes of high frequency (10 Hz) Lg waves recorded
by the local network data.

MAGNITUDES AND SPECTRAL CONTENT OF EARTHQUAKES RECORDED BY THE
LOCAL NETWORK

A major portion of this study involved assuising various magni-
tude scales that have been applied to microearthquake network data in
the northeastern United States and adjacent Canada and deciding upon a
scale that is most appropriate for data recorded by the microearth-
quake network operated by Lamont-Doherty in the New York City metro-
politan area. Once we decided upon an appropriate magnitude scale a
cut-off threshold for magnitude was determined below which events
detected should not be entered into the regional catalog since they
introduce a bias in the distribution of earthquakes resulting from an
uneven distribution of stations. The criteria we used in searching
for a magnitude scale were the following:

(1) The magnitudes obtained from a given formula should not be very
dependent upon site response, the number of stations recording
the event, and/or which stations recorded a given event,

(2) The wagnitude scale should, in general, give larger magnitudes
for earthquakes that generated greater amplitudes at seismic
stations, Although this criterion may appear to be obvious in
principle, it can be quite difficult to quantify and can often
only be applied qualitatively since for a given earthquake many

parameters (e.g., focal mechanisms, depth, and epicenter to
station path) can affect the amplitudes of different seismic
phases at different azimuths. Nonetheless, an attempt was made

in this study to qualitatively evaluate magnitudes determined for
different events against this criterion.

(3) On average events with larger magnitudes should be recorded at
greater distances, and have a larger felt area and greater inten-
sities than events with smaller magnitudes. As we discuss below
this criterion (like criterion number 2 above) can only be
applied qualitatively,

(4) The magnitude scale should be made to coincide at least to some
extent with global estimates of magnitude (such as m,) so that
studies from one region can be compared to the next.
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(5) The magnitude scale chosen should enable us to determine a magni-
tude threshold above which earthquakes can be detected and
located by the network regardless of where the events occurred
within the region being studied.

Chaplin et al. (1980) developed a magnitude scale based on signal
duration (referred to as m. below) for New England earthquakes by
relating mean signal duration to WhLg a8 reported in the bulletins
of the NEUSSN and the formula given in their study is shown in Table
1. Such signal duration formulas have two advantages over formulas
based on signal amplitudes.

(1) Signal duration can be measured for events which are relatively
large and have amplitude peaks that are clipped.

(2) Signal duration does not appear to be as dependent on station
gain, distance and site response as amplitude measurements are.
Hence, one or two records are sufficient to estimate the magni-
tude; even if the event is poorly located.

In Figure 2 magnitudes determined by several methods are plotted
against mean signal duration measured from develocorder records of the
DGO aetwork. Closed triangles are mp, magnitudes also determined
from the develocorder rec~ords using fnrmula (1) of Table 1. When
applying the Nuttli (1973) formula to these high frequency measure-
ments we divided by the period (T) as suggested by the A/T term. Open
circles and open squares are estimates of Richter (1935) magnitudes
deteimined from a Wood-Anderson instrument located at Palisades, New
York. These magnitudes were calculated by applying the corrections to
the My scale suggested for the Nort.east by Ebel (1982) as shown in
Table 1. in his study magnitudes of northeastern U.S. earthquakes
whe-e calculated from Wood-Anderson seismograms recorded at stations
operating in the northeast, and Richter's M, formula was rewritten
to account for diffe.:nces between attenuation for the eastern vs.

western Uni. ' States. Open circles represent events within the study
area shown i “igure 6, and open squares represent other events in New
Yors Stite a ad jacent areas that were outside the study area.

Closed siars represent mppp magnitudes determined from a short
period vertical component of a number of WWSSN seismograms recorded
from several of the larger earthquakes in this study. 1In the ca e of
these magnitules the formula given by Nuttli (1973) was applied to the
frequency of waves for which it was developed.

The be:t fit (least-squares) line to the high frequency magni=-
tudes (closed triangles) is shown by the dashed line in Figure C3.
The solid line represents the coda-length scale of Chaplin et al.
(1980) which was determined from the same type of data for earthquakes
in New England. The magntiudes calculated from the Wood-Anderson
instruments show a significant amount of scatter, and differences
between these magnitudes and those obtained from the network data were
as great as | magnitude unit for certain events. Such differences
might be expected, however, since the Wood-Anderson magnitudes were
determined from only one station. We note, howeve -, that the amount
of scatter shown here is greater than that observed by Ebel (1981) for
events studied in New England.

The "™hLg magnitudes determined from short-period WWSSN stations
(1.e. u-nng the instrument and frequency band for which the MbLg
fnrmula was developed) correlate fairly well with the magnitndes
determined from the high frequency network data Figure C2, and Table

C10



Magnitudes of Earthquakes in N.Y. City Region
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Figure C2: Magnitudes of earthquakes in the New York City metro-

politan area and nearby regions as a function of signal
duration measured from LDGO develocorder records. Closed
triangles are estimates of ThLg magnitudes calculated
from the local network stations as described in the text,
Open circles and open squares are estimates of Richter
(1935) magnitudes determined from a Wood-Anderson seismo-
meter. Open circles represent events within the study
area shown in Figure 6, and open squares represent other
regional events, Closed triangles represent WHLg magni-
tudes determined from shoct-period (:1 Hz) cempontents of
WWSSN stations. Formulas used for these magnitude cal-
culatiuns are given in Table 1. The dashed line repre-
sents a best fit (least squares) to the high frequency
magnitudes and the solid line represents the coda-length
scale of Chaplin et al. (1980). Dotted lines connect
different magnitude determinations for the same earth-
quakes.
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TABLE 2

LIST OF EARTHQUAKES IN NEW YORK METROPOLITAN ARE..: 19
*SIGNAL DURATION MAGNITUDES > 2.0

74-1981

Signal Duration

Date Location Latitude Longitude Magnitude
4/8/74 Stony Point 41°13.12' 73°59.51* 2.2
6/7/76 Wappingers Falls 41%3 .27 73%56 .40" 3.0
2/20/75 West of Sandy Hook 40°20.82' 73°10.62' :.3
6/15/15 Wappingers Falls 41°3 .80 73°56.63" 2.0
7/19/175 Mahopac 41°25.55' 73°47.36' 2.3
10/246/75 Wappingers Falls 41°35.55" 73°55.99' 2.1
3/11/76 Riverdale 40°57.12' 74°21.19* 2.7
4/13/76 Ridgefield 40°50.10' 74°02.85' 2.6
5/11/76 Off Sandy Hook 40°29.07' 73°47.74" 3.3
8/20/76 Mt. Pleasant 41%06.81' 73°45.22" 2.3
3/10/77 Suf fern 41°10.94' 74°08.88" 2.2
172117 Hampton 40°42.22' 74°56.12' 3.4
9/2/117 Peekskill 41°18.78' 73°55.41" 2.2
10/14/77 North of Newburgh 41°33.53' 73°57.18' 2.3
4/3/78 Of f Sandy Hook 40°31.80' 74°04 .80 2.4
6/30/178 Oakland 41°06.52' 74%12.10° 1.7
1/30/79 Cheesequake 40°19.29' 74°15.81" 3.2
3/10/79 3ernardsville 40°43.34' 74°30.25* 2.8
12/30/79 Mt. Kisco 41°09.38" 73°62.79 2.6
1/17/80 Peekskill 41*18.53' 73°55.69* 2.5
8/2/80 Keyport 40°25.73' 74°09.18' 2.7
9/4/80 Thornwood 41°06.88' 73°46.70" 2.8
12/12/80 Annsville 41° 4.35' 73°54.72 2.3
5/18/81 Ramsey 41°06.05" 74°12.20 2.3

*

These magnitudes were calculated using the fcrmula of Chaplin et al. (1980),
and the applicability of this formula for earthquakes in the New York City
metropolitan area is discussed in tha text.
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TABLE 3

Earthquakes in New York City Metropolitan Area That Were Recorded on WWSSN Instruments: 1974-1981

Number of
Date Location Latitude Longitude Stations ©hLg
6/7/74 Wappingers Falio 21°3.27 73°56.40' 9 2.75
3/11/76 Riverdale 40°57.12" 74°21.19" i 2.04
4/13/76 Ridgefield 40°50.10" 74°02.85" 2 2.03
8/20/76 Mt. Pleasant 41°06.81"' 73%45.22' | 2.30
6/30/78 Oakland 41°04.52" 74%12.10" 4 2.37
130779 Cheesequake 40°19.29' 74°15.81" 8 3.00
3/10/:9 Be: .ardsville 40%43.34" 74°30.25' 8 2.37




3). 1f, however, we did not divide by T (in the A/T teru »~f the
mpLg formula) we would have underestimated magnitudes by about 1
magnitude unit. Thus, we conclude that a magnitude scale similar to
that of Chaplin et al. (1980} that relates signal duration to wyip
determined from amplitudes of high frequency network data yields a
reasonable estimate of my;, determined at 1 Hz provided that the
amplitade is divided by T. Since the mppo scale was designed to
estimate wmp from observations of Lg waves we have satisfied the
above mentioned criterion that the magnitudes reported here coincide,
to some extent, with global estimates of magnitude.

Due to the small number of WWSSN stations and only one Wood-
Anderson instrument operating in the vicinity of the region studied
some of the magnitudes presented in Figure C2 were determined from
only one station. Figures C3 and C4 show an example of the caution
nece:sary in interpreting magnitudes which are determined from only
one station and this example also illustrates the caution necessary in
estimat ing magnitudes from intensity data. The seismograms from WWSSN
station OGD for the Cheesequake, New Jersey eartnquake of January 30,
1979 and for the Wappingers Falls, New York earthquake of June 7, 1974
are shown in Figure 3. Note that the amplitude of the Lg wave on the
Wappingers Falls seismogram is much larger than that of the Cheese-
quake seismogram. Signal duraticon, 10 Hz mppp magnitude and the
S~-wave at OGD, however, were slightly higher for Cheesequake than for
Wappingers Falls., Also the area within the intensity IV isoseismal is
much smaller for Wappingers Falls than for Cheesequake as can be seen
in Figure 4. The distance to OGD is nearly the same for both events.
Hence, the amplitudes shown in Figure C4 should be comparable.

Several factors can account for the lack of correlation between
the various estimates of the size of these earthquakes. First, in the
case of Wappingers Falls the Lg waves travelled parallel to the struc-
tural gain (which trends NE) and the entire path consists of competent
bedrock, whereas for the Cheesequake event the Lg waves crossed many
structurs]l boundaries and traversed the sediments of the Newark basin
and the sediments of the Atlantic coastal plain. Second, there m'y be
radiation pattern effects in addition to these propagation e. cts.
Third, the Wappingers Falls earthquake was extremely shallow (=1 km)
and was probably caused ' crustal unloading associated with quarrying
operations (Pomeroy et .l., 1976). The depth of the Cheesequake
earthquake, on the other hand, was poorly determined, and this event
may have been deeper than the Wappingers Falls earthquake. Such a
difference in depth is consistent with the much larger amplitudes of
the surface waves in the Wappingers Falis seismogram than in that of
tne Cheesequake event (Figure C3).

In an effort to compare the amplitude of ground motion of Lg
waves at different frequencies the Lg wave portien of seismograms
recorded by the 1ocal network on analog magnetic tape were digitized
and Fourier analyzed, and the resulting spectra were corrected for
instrument response. Samples of Lg wave spectra determined from these
seismograms are shown in Figure C5. Note that corner frequencies in
these samples range from about 3 Hz to about 20 Hz, although in the
large majority of cases corner frequencies were in the range 7 to
12 Hz. Amplitudes and frequencies for magnitude calculations were
measured in the time domain from develocorder records. In nearly
every case where spectra were determined the dominant frequency
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York earthquake ~7 june 7, 1974 (top) and the Cheesequake,
New Jersey earthquake of January 30, 1979 (bottom).
Arrows marked 'S' represent arrival times of the S-waves,
and bars marked 'Lg' represent approximate arrival times
of Lg-waves (3.5-3.0 km/sec),
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Figure C4:

Isoseismals (for modified Mercalli intensity IV) of the
Wappingers Falls and Cheesequake earthquakes. Stars are
epicenters determined from the LDGO and Woodward-Clyde
stations, Triangle represents the WWSSN station at
Ogdensburg, New Jersey. The intensity IV isosei<mal for
Wappingers Falls is taken from Pomeroy et al. (19°6), and
the infensity IV isoseismal for Cheesequake was determined

by Schlesinger-Miller et al. (1980).
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Figure C5: Samples of Lg wave spectra from seismograms of local
earthquakes recorded by the LDGO network in the New York
City metropolitan area. These spectra represent ground

displacement (cm~sec) and are corrected for instrument
response only. BV-GPD = Bernardsville (3/10/79) to sta-
tion GPD; CH-WPNY = Cheesequake (1/30/79) to station WPNY;
AN-RAMA = Annsville (12/12/80) to station RAMA.
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likely to be distributed in a very complex manner. Earthquakes will
occur in those areas where the local stress exceeds the breaking
strength of the crustal material. It is, therefore, tiiis combintion
of both high concentrations of stress and zones of weakness which
causes earthquakes. An earthquake may occur in a region of relatively
hirh strength because of a very high stress concentration, Con-
versely, an earthquake may occur in a relatively weak zone without a
very high concentration of stress. The liuear trend of earthquakes
which parallels the Ramap, fault in Figure C6 may ': the surface
expression of a long, continuous, and very weak zone, but the lack of
larger earthquakes (m. > 3) a'ong this zone between 1974 and 1981
may be the result of a relativeiy low concentration of stress during
that period of time, Higher concentrations of stress may be respons-
ible for the larger earthquakes which occurred away from the Ramapo
fault in areas where there s no obvious evidcnce from surface fea-
tures that would suggest a long, continuous zone of weakness.
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