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ABSTRACT

The seismic monitoring work of the geothermal project was initiated for the purpose
of determining more exactly the relationship between seismicity and the postulated
geothermal and related activity in the Albany-Saratoga Springs area in upstate New
York.

The seismic monitoring aspect of this work consisted of setting up and operating a
network of seven seismograph stations within and around the study area capable of
detecting and locating small earthquakes. To supplement the evidence from present

day seismic activity, a list of all known historical and early instrumental earth-
quakes was compiled and improved from original sources for a larger region centered

on the study area. Additional field work was done to determine seismic velocities

of P and S phases by special recording of quarry blasts. The velocity results were
used both as an aid to improve earthquake locations based on computer programs and

to make inferences about the existence of temperature anomalies, and hence geothermal
potential, at depths beneath the study area. Finally, the level in the continuous
background earth vibration, microseisms, was measured throughout the study area to
test a possibility that a relationship may exist at the surface between the level in
microseisms and the geothermal or related activity. The observed seismic activity
within the study area, although considerably higher (two to three times) than inferred
from the historical and early instrumental data, is still not only low for a poten-
tial geothermal area but appears to be related to coherent regional tectonic stress-
es and not to the proposed more Tocalized geothermal activity ref]ected in the
mineralized, CO2 rich spring discharge. .
The evidence for the geothermal activity from other seismic charaéféristics, Tike -
targe anomalies in microseismic level and velocities, also are negative. However,
the seismic velocity data, so far, are neither abundant nor sufficiently precise to
eliminate temperature anomalies on a more Timited scale and further work on this
aspect could be of value.
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SUMMARY

A systematic monitoring of seismic activity, based on a special network of
seismograph stations, was carried out in several stages as part of the geotherm-
al project from May 1979 through October 1982 for an area centered on the well
known, CO, charged, mineral springs near Saratoga Springs, M.Y. The study area
for the purpose of seismicumohitoring extends approximately from 42.59N to
43.59N latitude and from 73.00W to 74.59 longitude. The results show that the
seismic activity, although about two to three times higher, wheh normaiized to
a unit area and time as well as size, than could be inferred from the compiled
data for all known historical and early instrumenta1_earthquakes, is low com-
pared to many active geothermal areas of the world. Of the 39 earthquakes
ranging in size from Me = - 0.3 to MC = 2.8 that could be Jocated with various
degrees of precision, 19 events occurred in a -forﬁ of two swarms during May,
1980 near Glens Falls and on February 8, 1982 near Thompsons Lake, Because of
their widely scattered distribution and systematic focal mechanisms, all of
these events, including the two swarms, appear to be related to the regional
tectonic stresses acting.cbherent]y over a wide area and not to the more local-
ized postulated geothermal activity. The suggéstion that CO, rich, mineralized
spring activity near the surface may be related to degasing from &n extensive
intrusion of hot or molten mantle ﬁhteria] into the lower cfdét in-some form, ~:
appears to be ruled out by the observation that both the amplitudes and velo-
cities of P and S phaseé passing beneath the sfudy area are normal and not un-
usually attenuated or slow as would be expecfad if substantial temperature
anomalies existed. This information is based dn special recording of quarry
blasts and a few larger earthquakes. Unfortuﬁate]y, the available velocity data
are too Timited and not sufficiently accurate to.&etect more subtle temperature
anpmaties. For example, a velocity anomaly of 2% to 3% over a wide area (50 km)

or 10% to 15% over a limited area (10 km) couldinot be detected. More precise:
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work on the attenuation and velocities of seismic phases is recommended as the
most promising and productive direction to follow in any future study of this
problem. Further study of seismicity, on the other hand, because of its appar-
ent nature and very low rate, does not look promising. Finally, a direct search
for geothermal activity at the surface based on unusuatly high levels in con-
tinuous background earth vibrations (microseisms) proved unsuccessful because,
in addition to the geothermal effect, there are large variations in microseisms
related to differences in the nature and thickness of material immediately
beneath the seismometer (solid rock, loose or solid soil, etc.). Such micro-
seisms are generated by variations in meteorological {wind, rain, thunderstorm,
etc.) and especially cultural (traffic, pumps, transformers, etc.) activity

within the study area.
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Section 1

INTRODUCTION

The presence of sefsmic activity, particutarly microearthquake swarms, is

well known in highly activé geothermal areas (1). Such microearthquake activity
may resuit either directly from stress readjustments caused by hot or molten
rock in or near the ascent path of an intrusion, or indirectly along more dis-
tant faults in the area from regional stress variations or both. It also is
known that in very active volcanic and geothermal areas continuous earth vibra-
tions (microseisﬁs) are. considerably higher in amplitude than in normal non-
volcanic areas (2). Finally, such geothermal areas may show abnormal veloci-
ties and attenuation of seismic waves within the crust and upper mantle because
of the temperature anomalies associated with them (3). Thus, seismic techniques
may be used as a reconnaissance tool to help locate and to evaluate the

geothermal potential. of an area.

A recent suggestion by Young and Putman (4) that the well known carbonated
(Cﬂz—charged) "mineral" springs of Saratoga Springs and nearby areas of New York
may be related to therma]]y generated COp-derived at depth has one 1mp11cat1on
in that this area may be “"volcanic" either in its beginning or dy1ng stages 1f
an intrusion of hot rock is present. In this case considerable geothermal
potential could be present and seismic monitoring is suggestéd as a useful
prospecting tool here. For this purpose a special seismic monitoring network
was. conceived, designed and implemented with the idea of determining more
accurately the seismicity within the area between 42.50N and 43.50N latitude
and 73.00W and 74.59W longitude, centered on Saratoga Springs. (This area will

be referred to as the "study area" in this report.) More spedificaliy, an



effort was made to determine the fo?]awiné parameters of the seismicity:

(1) level of seismic activity, (2) location, depth and size of detected earth-
quakes, and {3) if possible, the nature of any relationship between seismicity
and the COp-charged mineral spring activity, In shert, an attempt was made to
test the hypothesis that both the springs at the surface and earthquakes at
depth may be related in some way to a postulated intrusion of hot or molten

mantie material into the crust at greater depths.

The location of all earthquakes detected by the seismic network was done
through a complex mathematical procedure carried out by computer programs. The
procedure requires a knowledge of the seismic velocity model of the area, i.e.
velocity of seismic phases (P and S) as a function of depth. Because this
information was not available for the study area at the start of the geothermal
project considerable effort was made throughout the project to determine the
seismic velocity structure using special quarry blasts and several well deter-
mined earthquakes. Any event whose origin time and location are known accurate-
ly can be used, as will be described later, to determine such a velocity model,
Both the location and origin'time of any quarry blast can be determined
directly and with considerable accuracy using special instruments and a simpie
field procedure. Fortunately, numerous quarry blasts are set off in the study
area during the mining of 1imestone and considerable effort in instrumentation

and field work was devoted to this aspect of the geothermal project.

It is well known that velocities and attenuation of seismic phases (P and §)
depend not only on the camposition and pressure conditions of rocks but also

on their temperature (5, 6). Seismic velocities decrease and attenuation in-
creases with increasing temperature. For this -reason, the velocities as deter-
mined from quarry blasts for the purpose of earthquake location and the observed
aﬁtenuation of seismic waves can be used more directly to infer temperature

conditions beneath the study area. Because the temperature effect on seismic

-2



velocities is not very large (5), the velocities have to be known very accur-
ately in order to detect small temperature anomalies. This method, however,
is not limited to shallow depths but is equally valid at great depths where

more direct geological and geochemical techniques do not apply.

In addition to monitoring the present day seismic activity a comprehensive
effort was made, as part of this study, to compile a catalog of historical and
earlier instrumental earthquakes for the study area and adjacent regions in
order to have as complete a picture of the seismicity of the area as possible.
For historical earthquakes this effort included, in addition to compiling data
from already published catalogs, going back to original historical sources like
old newspapers, diaries, special publications, etc. to improve the completeness

of the available catalog.
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Section 2

NETWORK HISTORY

The seismic monitoring work of the geothermal project evolved through several
stages, with one long interruption, in the course of the study. The seismic
network also went through several changes in instrumentation and station loca-
tion. For this reason, its history will be reviewed and presented briefly

through maps and tables.

While the main seismic monitoring network of the geothermal project was being
planned and the main equipment being placed on order, a small network, consist-
ing of three stations, was set up by the New York State Geological Survey
{NYSGS) dur{ng May 1979 just south of Lake George to do preliminary study of
seismic activity in the northern part of the study area {Table 2-1, Figures 2-1
and 5-3). The equipment consisted of special portable, smoked-paper recorders
already owned by the NYSGS. This equipment will be described in more detail
Jater. The network was operating, with a minor change in the location of one
station {COP)}, as part of the geothermal project for aboﬁtnone year when two of
these stations (LGE, COP) were discontinued (Table ZAI;VFig. 5-3). They were
discontinued at that time because no local station operators.cou]d be.fbund to
replace the ones who resigned and not because it was decided that these stations
were no longer needed. This network and ihis stage of the geothermal project

will be called Phase I in this report.

Meanwhile, during the fall and winter of 1979-80 additional equipment was
grdered, modified, assembled, tested and cajibrated. This equipment was special-
1y desighed and purchased for the continuation of the geothermal project.‘ It

had ink recording and consisted of equiphent (to be described later) sufficient
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Table 2-1

SEISMIC MONITORING NETWORK OF THE NYS GEOLOGICAL SURVEY
(using smoked-paper recorders, May 1979 - May 1980)
(Phase I of the geothermal project)

Station Lacation Dates of Operation
Code Lat({ON) Long{°W) From To
ACC 43.3542 73,6545 05/03/79 09/22/80
COP(a) 43,4337 73,5545 05/03/79 11/28/79
cor(b) 43.4315 73.5574 11/28/79 06/11/80
LGE 43,4330 73.6885 05/03/79 05/22/80

See Figures 2-1 and 5-3 for location of Stations.

for five stations with duplicates of several critical parts as backup. The
equipment was deployed, starting in March 1980 (Table 2-2), into a larger net-
work of eight stations by incorporating the initial three smokéd-paper recording
stations of Phase I (Fig. 2-1). Aftér the two of the three smoked-paper sta-
tions were discontinued (May-dune, 1980) a network of six stations (one smoked-
baper, five ink recorders) operated until September 1980. This stage of network
operation will be called Phase II in this report. (Note, this phase of the

project was referred to as Phase I in several eartier reports.)

The operation of the geothermal seismic network was interrupted from September
1980 til1 October 1981. It was then restarted with several changes in station
Tocations and one station addition {Table 2-3, Figure 2-2}. Station MBR of
Phase 11 was moved to FMC because FMC was quieter and because a decision was
made to improve the detection capability in the western part of the study area.
The equipment for THP of Phase II was moved only slightly west to BDR because
no re}iable_person was available to change records at THP and because of

-earlier amplifier problems due to electromagnetic radiation interference. In

2-2
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addition, a special station was added to this network at the Cultural Education
Center (CEC) of the Empire State Plaza in Albany., The equipment consisted of a
special long-period seismometer owned by the NYSGS and the backup ink recorder
amplifier and clock acquired during Phase II, Because of high-frequency earth
noise due to the cultural activity within thg city, this station was specially
designed to record only long-period signal from larger and/or more distant
events. This arrangement lasted till the end of October 1982 when the seismic
monitoring effort of the geothermal project came to an end and will be referred

to as Phase III. (Note, this phase of the project was called Phase II in the

proposal.)

Soon after Phase III of the geothermal project was restarted by the NYSGS, and
completely independent of NYSGS, Woodward-Ciyde Associated deployed a seismic
network in the mid-Hudson regions sponsored by the Empire State Electric Energy
Research Corporation (ESEERCO}. S$ix of its stations were located within and near
the geothermal project study area (Table 2-4, Fig. 2-2). One of its stations
STWA, was especially conveniently located, southeast of Saratoga Springs, where
no quiet location and satisfactory operator could be found for a geothermai net-
work station. The ESEERCO network could make measurements there because its seis-
mometer signals are fed directly into telephone 11nes.§pd recorded elsewhere, so

there is no need for an on-site operator. However, this station proved noisy,

In addition to the six ESEERCO stations (four letter codes), several of the
stations of the North East Seismic Network (NESN)also are close to the geo-
thermal project study area (Table 2-4, Fig. 2-2, three Tetter codes}, The
station WND is part of the subnetwork of NESN being operated by the Lamont-
Doherty Geological Observatory of the Columbia University and stations LNX and
IVT are part of the subnetwork of NESN‘béing operated by the Weston Seismologie-
al Observatory of Boston College. The NES network is being sponsoﬁed and funded

jointly by the Nuclear Regulatory Cummission (NRC) and the U.S. Geological
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Figure 2-2. Location oF the géothef'mal project and other network seis-
mic stations from November 1981 to November 1982 (Phase III).



Survey (USGS) with some contributions from various states. By exchanging data
among these network operators it was possible to menitor the geothermal pro-

ject study area more extensively and more effectively during most of Phase [1I

than earlier.
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Section 3

INSTRUMENTS AND FIELD PROCEDURES

SEISMIC NETWORK

The instruﬁénfs used during Phase I for the three stations LGE, COP and ACC,
(Table 2-1, Figure 5-3) consisted of special portable, smoked-paper recorders
developed by W. F. Sprengnether Instruments Company of St. Louis, Missouri
{Model MEQ-800) for quick field installations where AC power is not available.
The record preparation and changing procedure for these instruments, however, is
messy and time consuming and is not well suited to Tong-term operation. These
instruments, however, were already availabie at the NYSGS, acquired earlier for
a different project, and could be deployed on short notice. During Phases 11
and IiI only one of these units (ACC)'was used as a permanent station because
only one person was available who was willing to operate this instrument on a
longer term basis. The other two units were later used to record quarry blasts,

an application for which these instruments are much better suited.

A1l other stations under NYSGS operation during Phases II and III consisted 6f
seismic equipment especially designed and purchq;ed#}or the geothermal project
(Tables 2-2 and 2-3). They use ink recordéré that éfé“simple 0 Operate, can be '
installed relatively fast and are suitable for long-term operation. The.equip-
ment was modified, assembled and calibrated at the NY$SGS. Table 3-1 lists all
major components, their original manufacturer’s serial numbers and other per-
tinent information on all major equipment not owned by the NYSGS. For addition-

al information on the amplifiers and recorders (Swiss equipment) see Wieland

and Mitronovas (7).
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GENERAL IRFORMATION AND SERIAL NOS, OF MAJOR SEISMIC EQUIPMENT SPECIALLY ORDERED

Table 3.1

FOR THE GEOTHERMAL PROJECT

ERDA Current Corrent
Manufacturer Praoperty Location Condition
Dascriptien Yendor Qty. Serial No, Tax No, 10/82 10/82
Mark Products Geo- W.F. Sprengnether 5 5-0 5877-1 DOE-32 ACC Working
phones w/ Pressure Instrument Co. 50 6877-2 DOE-33 MCS "
case and Rectangular S~0 5877-3 DOE-34 BDR "
Base Model #7-1588/ 5-0 5877-4 DOE-35 RPI "
5-0 5877-4 DOE-36 COM "
Amplifier & Filter Gunar Streckeisen & 7914-1 DOE-12 FMC Working
Unlts Model No. & Company 79142 DOE-24 MCG #
ST LPY 7630/ Switzerland 7914-3 DOE-08 BER u
7914-4 DOE-16 RPI "
7514-5 DOE-20 COM "
7914-5 DOE-D4 CEC "
Ink Recorders Without Gunar Streckeisen 6 914-1 DOE-1¢ FMC Working
Pen Moters With 12 & Company 914-2 DoE~22 MCG .
S.P. Pens 94-3 DOE-D2 CEC .
Model #HAE-LP1/30 914-4 DOE-14 RPI "
914-5 DOE-18 COM "
914-6 DOE~06 BDR #
Pen Moters ¢/ MFE Corporation 6 82540 DOE-05 BDR Working
Model #74-1508 82541 O0E =09 FMC "
82542 DOE~21 MCG "
82543 DOE-01 CEC "
82544 BOE-13 RPI "
82545 DDE-37 oM u
Digital Tiwing W.F. Sprengnether [ 7413 DOE-07 BDR Working
System, Model #75-400 414 BOE-15 RPI b
15 DOE-19 COM b
7416 DOE-D3 CEC "
7417 DOE-11 FMC "
7418 DOE-25 CEC Under Repair
Standard Time Caringella 6 ~None- DOE-26 CEC Under Repair
Receiver Electronics " DOE-27 " Under Repair
, DOE-28 " Working
it mE_Zg 11 1L
H DGE_SO L} "
it DUE“‘3] 1 n

8/special calibration of seismometers,
b/(5) portable cajibrators purchased f
bacome a part of the amplifier and filter units.
¢/qow an integral part of the ink recorders.

(5) calibration data sheets.
rom M. F. Sprengnether Instrument Co.
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Each station was cared for by a person who either lived or worked near that
station. Theik names during Phases II and III are listed in Tables 2-2 and 2-3,
respectively. The duties consisted of changing paper records daily (or, in a
few cases, every other day on weekends or holidays), maintaining the equipment
and reporting equipment problems to the NYSGS in Albany. Most problems'were
corrected on the following day. Blank paper records were prepared in Albany and
de]ivered to each station at least once every two weeks at which time the regis-
tered records were picked up and brought back to Albany for analysis at the

NYSGS.

During each station visit, the station clock was checked and resyncronized with
the help of a master clock. The master ciock was synchronized in Albany just
before each trip to the field stations using time signal from a special short-
wave radic receiver superimposed on a fast sweep (200 mm/sec)osciiloscope. Such
a procedure made it possible to adjust the master clock to within + 0.001 sec of
true (atomic clock) time. At each field station this clock was used to check
and resynchronize the station clock using fast record speed (5 mm/sec) to within
+ 0.01 sec. This procedure, given the stability of the Sprengnether TS-400
clocks, made it possible to determine the arrival time of a sharp seismic signal
to within + 0.05 sec of true time anywhere on a seismogram at the normal record
speed of 2 mm/sec. On most records the'accura;y 1; time determinations was |
Timited only by the accuracy in "reading" the s;gnai'on a seismogram with the

help of a fine ruler under a magnifying glass.

Figure 3-1 shows the ground amplification as a function of frequency of ground
motion (freguency response) for the station RPI. Except for CEC, the relative
frequency response is similar to all other stations, including the smoked-paper
recorders. Only the absolute gain is different because it is limited by the
background noise (microseisms) level. The shape of this curve (Filter character-

istics) was chosen to optimize tpe signa1-to—no{se ratio based on the experience _
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of the frequency content of microseisms and the expected signal from earthquakes
and quarry blasts. The background noise at this frequency (5-20 hz} is caused
mainly by meteorological factors iike wind, rain, thunderstorms and by cultural
{man-related) activity like traffic, pumps, generators, transformers, etc. The
lTevel of such microrecordings at any location depends critically, and in 2 com-
plex way, on the intensity of the above factors, on distance from the source to
the station, and on the nature of material (solid rock, hard soil, loose soil,
etc.) where the seismometer is placed. Tables 2-2 and 2-3 show common gains, or
range in gains because of changes in meteorological factors, at the peak of the
frequency response curve (10-15 hz) for each station. Because of the vary high
cultural noise level at high frequencies at CEC, this station was designed to
respond only to low frequencies (long periods) in ground motion. Such response
is useful to record larger events without the pen going off scale {strong

mation).

In general, the equipment performed as well as can be expected under actual
operating conditions throughout the geothermal project. The few problems en-
countered and corrected during the installation and operation of the network
during Phases Il and III were related to simple operator mistakes, excessive
humidity during summer months, and strong radiation of electromagnetic energy
from unknown sources at two stations (THP, MCG). The operator mistakes involved
problems like a failure to change records on time or to clean ink clogged pens
as soon as the problem developed, At several stations where the recording equip-
ment was Tocated in a basement (MBR, RPI, CEC) excessive humidity during summer
months resulted in soggy recording paper where ink could "spread”" producing
unsatisfactory records. A change to a special recording paper during Phase III
reduced this problem considerably. The problem of strong electromagnetic radia-
tion that interfered with the proper operation of the sensitive electronic
amplifier at THP during Phase II and at MCG during Phase III was more serious

and time consuming to diagnose and solve. This was because the problem at both
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Figure 3-1. Ground amplification as a function of frequency for the RPI
seismograph station. '
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locations was intermittent in nature and, therefore, was difficult to diagnose

correctly and promptly.

The loss of recording time because of various problems discussed above and due

to equipment failure is estimated to be less than 5 percent of the total opera-
ting time of the geothermal networks. To date, there have been no mechanical
failures of any kind with the equipment from Switzerland (amplifiers and ink
recorders}. The smoked-paper recorders (MEQ-800) had several problems with

drum- and penmotor-driven motors. This represents normal wear and tear of such
equipment, Several failures of the short-wave time receivers (Caringella STR-1)
and crystal clocks (Sﬁrengnether TS~400}, however, were related to faults in

original design of this equipment.

QUARRY BLASTS

The origin time of a quarry shot was determined by placing a special portable
seismograph as close to the blast area as the safety of equipment permits, which
is usually within 50 m. A convenient instrument for this purpose was found to
be the portable smoked-paper recorder (Sprengnether MEQ-800). This instrument
was first modified by replacing the original slower drum and penmotor drive

~ motors with faster ones to increase the recording speed from the normal 2 rm/sec
to 10 mm/sec and by decreasing its gain to very low value. With the faster drum
speed it is possible to determine the blast time to within + 0.01 sec after
making a small {~ 0,01 sec) allowance for the travel time of the seismic signal

from the shot point to the seismometer.

The location of each shot was determined directly by identifying and matching
visually the earth's topography and other features with topography on a large-
scale topographic map. Using the standard 7% minute quadrangle topographic
maps published by the U.S. Department of the Interior (Geological Survey) at a
scale of 1 to 24,000, it is_possible, in most cases, to estimate the true loca-

tion of the shot to within 100 m.



During Phases I and II only one portable instrument was deployed at a quarry
just beforé shot time, At greater distances the blast was recorded by the
permanent stations of the geothermal and other networks. The observed travel
times to such stations, from a source for which both its location and origin
time are known, constituted the basic data for seismic velocity determination.
The exact location and origin time were determined in this manner only for
selected larger blasts in order to obtain useful travel time data from greater

distances.

During Phase III two additional modified portable instruments were usually
deployed at some distance from a quarry to supplement the permanent stations,
because in most cases the nearest permanent stations were at considerable dis-
tance from the quarries. This was possible because blasting usually was done

at noon or later, so that sufficient time was available in the morning to deploy
two temporary stations at various distances from the quarry, in addition to a
third one at the quarry, before shot time. If extra time was available, a
special trip to one of the permanent stations was made to increase its record-

ing speed to maximum (5 mm/sec) and check the station clock using a master

clock.
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Section 4

DATA ANALYSIS

EARTHQUAKE DATA

1) Historical and Instrumental Before 1980

Information on historical earthquakes within the study area was compiled from
several sources. Pomeroy and Fakundiny (8) made a compilation based on earlier
catalogs of all historical and early instrumental earthquakes for New York
State and adjacent regions up to 1975. This catalog has recently been correct-
ed and updated by Mitronovas and Nottis (9} and Nottis (10). In the present
study, effort was made to go to the original sources 1ike old newspapers,
diaries, special pub]ications,'etc. to improve the catalog for the study area
by adding obscure events originally overlooked or by eliminating others that
turned out not to be earthquakes. The most common information on the size of
historical earthquakes is in the fbrm of maximum intensity (Io), based on the K

standard Modified Mercalli (MM) scale (11), and can be related to magnitude.

o

Information on instrumental earthquakes.from 1974 through 1979 comes from thg
annual Regional Seismicity Bulletins of the Lémont-noherty Network (12). The
size of the instrumental earthquakes, as reported in these bulletins, is in the
form of "body wave" magnitude (MbLg) as modi fied by Lamont—Dohefty of Nuttli's
(13) original proposal for eastern North America. Based on the more recent
instrumental events for which both I, and M could be determined, the approximate

relationship between them is of the form Iy = 0.70 + 1.2 M (14).

2) Geothermal Seismic Network Since 1979

Since the start of the geoihermal project in 1979 our information on seismic

4
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activity within the study area is based on direct monitoring by a seismic net-
work, Since then our catalog of earthquakes for this area is not only much
more complete but also extends to much smalier earthquakes than bhefore. The

following general procedure was used in data analysis from detecting to locat-.

ing seismic events.

Smoked-paper and ink records {seismograms) were "read" manually using a fine
ruler under a magnifying glsss to determine the arrival time of all visible
seismic phases. The arrival time for phases with sharp onsets could be deter-
mined to within + 0.05 sec from original recerds with drum speed of 2 mm/sec,
which is the normal speed. Seismic phases were read for all events that could
be identified on three or more stations because that is the minimum number of
stations required for a successful location. Most events can be identified at
a glance whether they are local or distant from certain characteristics of
their phases as they appear on a seismogram. The difference in the arrival
time of P and § phases is one such important characteristic. No further analy-
sis was done on the phases from distant events (earthquakes or quarry blasts).
A11 local events were checked with the logs of all known quarry operators, or
calling them directly, to determine which ones could be man-made bilasts or
natural earthquakes. Except for special work on a number of such blasts for
the purpose of velocity studies, to be described below, no further analysis was

done on them as part of the geothermal project.

The arrival times of phases (P and S) from all remaining local events were then
used in a digital computer program to determine origin time, location and

depth for these events, During Phase III, data from the additional seismograph .
statidns, operated by other networks (Table 2-4), were used whenever available
to supplement the geothermal network data. Two different computer programs

were used for locating the events. They were selected, modified and adapted

espacially for this study, taking into account the size and the geometry of the
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network as well as the seismic velocities appropriate for different parts of
the study area. One of the programs is quite simple and is best suited for
very small events, those recorded by only a few nearby stations. The other
program is a more sophisticated, general purpose program (15) better suited for

larger events recorded over a wider area.

After.a preliminary location of all such events, another attempt was made to
check those events that happen to fall near known or suspected quarries and

at suspicious times to see if they might be quarry blasts. Additional quaries in
and around the study area were discovered this way and events related to their

activity were eliminated from the 1ist of possible earthquakes.

The size (magnitude) of all earthquakes since 1979, as detected by the geo-
thermal network, has been determined using a new method for calculating mag-
nitudes (16). This method is based on the duration (coda length) of the

| seismogram and not on the amgTitude of such phases, as used in all previous
methods. The matin and important advantage of this coda-length magnitude (Mc)
{s that it can be applied to very small events, those recorded only by local
stations, as well as 1argér events. The minimum distance requirement for the
Nuttli magnitude, MbLg,_for example, is about 50 km (13), while thers are no
minimum distance requirements for Mc. In other words, an event has to be
large enough to be recorded by stations‘ét“distances greaﬁer than 50 km hefore
an Mylg can be calculated, because amplitudes at smalier disfances do not

reliably represent the size of an event.

QUARRY BLAST DATA

Table 4-1 presents, in a chronological order, all the quarry blasts for which
origin times and locations have been determined during the geothermal project
using the special field techniques described earlier. Locations are believed
to be accurate to within 100 m and origin times to within 0.01 sec in each

case. The 39 shots cover s%ven different quarries. Their general distribution
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within the study area is shown in Figures 2-1, 2-2 and 5~3.

The smoked-paper records from the temporary portable instruments, especially
modified and deployed to record selected quarry blasts, were analyzed (read)
in the same manner as described earlier for the permanent stations, using a -
fine ruler under a magnifying glass. Because of the higher drum speed {10 mm/
sec) all quarry blast phases with sharp onsets could be read to within +
0.01/sec, instead of the normal * 0.05 sec that is possible from the seis-
mograms of the permanent stations with normal drum speed (2 mm/sec). In
addition to being recorded by the temporary stations and the permanent
stations of the geothermal and other networks at local and intermediate dis-
tances, several of the largest quarry blasts were also recorded by the more

distant stations up to 250 km away.

The travel times from all such stations were used to determine the seismic
velocity model on a local and regional scale. Because hoth distances and
travel times of P and S phases can be determined directly and accurately, such
information can be used to infer the seismic velocity structures using standard
refraction techniques {17), In this method it is assumed that the earth can be
represented by a number of nearly horizontal layers, that within each layer

the seismic velocities are canstant, and that each deeper layer has higher
velocities than the one above. The data are first presented in the form of
travel time as a function of distance plots for both P and § phases. From

such travel-time plots it is possible to estimate hoth the P and § velocities

and thickness of each layer.
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Table 4-1

CHRONOLOGICAL LIST OF QUARRY BLASTS FOR WHICH ACCURATE
LOCATION AND ORIGIN TIME HAVE BEEN DETERMINED

DATE TIME(EST) COCATION QUARRY

Y M D H M S LAT(ON) LONG (W) CODE/
79 07 17 14°37:24.97 43,3894 73.5601 PMC
79 10 02 15:31:49,54 . 43,3507 73.5716 PMC
79 11 16 15:49:24.20 43,3029 73.6127 GFC
79-11 29 11:58:19.57 43.303 73.617 GFC
80 01 24 15:49:47.12 43,3030 73.6206 GFC
80 07 16 10:33:02.05 42,4861 73.8389 ACC
80 08 13 12:31:21.36 42,4920 73.8420 ACE
81 08 18 12:16:10.6 42,4994 73.8409 ACC
81 09 10 12:30:44.22 42,4879 73,8409 ACC
81 10 09 12:16:46.55 42,5006 73.8421 ACC
81 10 16 13:29:33.30 42,4851 73.8254 ACC
81 10 30 15:48:57.45 42.5205 73.8619 CAL
81 11 19 12:24:53.6 43,0798 73.8395 PAL
81 11 19 13:27:57.55 42.5017 73.8400 ACC
81 11 19 17:46:35.16 42,9919 74.1397 CSC
81 11 25 12:24:15.09 42,5235 73.8613 CAL
82 04 20 12:22:20.48 42,5205 73.8626 CAL
82 04 27 11:24:51.05 42.9027 74.1152 CRP
82 05 11 12:31:20.18 42.5017 73.8419 ACC
82 05 12 15:11:02.22 . 42,517 73.8623 CAL
82 05 19 11:29:37.36 42,5013 73.8424 ACC
82 05 19 11:50:35.14 42,5240 73. 8604 CAL
82 05 21 12:29:20.02 42,4918 73.8416 ACC
82 05 25 11:42:47.80 42.9027 74.1152 CRP
82 05 27 11:18:59.90 42,9111 74,1410 CSC
82 06 11 13:14:34.06 42,4976 73.8402 ACC
82 06 18 11:14:37.26 42,5206 73.8624 CAL
82 06 25 12:57:43.22 42,9021 74.1158 CRP
82 07 01 12:01:23.68 42,4840 73.8245 ACC
82 07 0 15:09:46.,27 42,5150 73.8610 CAL
82 07 07 12:30:20.82 42,5008 73.8421 ACC
82 07 16 11:03:34.575 42,9028 74,1152 CRP

82 07 26 11:06:39.36 42,9110 74.1404 - CSC
82 07 27 10:01:42.28 42,5239 73.8604 CAL
82 08 16 13:51:03.325 43,0781 73.8400 PAL
82 09 07 10:59:19.38 42,9023 74.1149 CRP
82 09 09 12:47:27.51 42,5239 73.8604 CAL
82 09 13 15:34:59,47 43,0780 73.8398 PAL
82 09 22 12:13:37.10 42.9112 74.1401 CsC

a/ ACC Atlantic Cement Company, Inc., P.0. Box #3, Ravena, NY 12143

CAL Callanan Industries, Inc., South Bethlehem, NY 12161

CRP  Crushed Rock Products, RD #2, Amsterdam, NY 12010

CSC Cushing Stone Company, P.A. Box #1019, Schenectady, NY 12301

GFC Glens Falls Cement Division, The Flintkote Company, P.0. Box #44Q,
313 Lower Warren St., Glens Falls, NY 12801

PAL Pallette Stone Corporation, Washington St., Saratoga Springs, NY 12866

PMC Peckham Materials Corp., 419 Vaughn Rd., P.0. Box #310, Hudson Falls,
NY 12839 ‘

See Figures 2-1, 2~2,§and 5-3 for location of guarries.
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Section &

RESULTS

SEISMIC VELOCITY STRUCTURE

A computer program needs a model for seismic velocities as a function of depth
in order to determine origin time, Tocation and depth of an earthquake detected
by a seismic network. The closer the resemblance of the velocity model to
actual velocities in the earth, the more accurate will be the resulting
sotution, other factors being constant. Before presenting the earthquake
results, therefore, the seismic velocity model, based on quarry blast data,

will be presented and discussed,

Table 5-1 summarizes the parametérs for the seismic velocity model as deter-
mined from the availahle data. The earth's crust within the study area can be
represented reasonably well by three layers. The range in both the thickness
and velocities for layer 1, as shown, reflect both the errors in data analysis
as well as true regional variation in theselparameters, where most of the
“scatter" is due to real regional variationd in layer 1 {Paleozoic sediments}.
Large variations in.the thickness and Ve]oc1ties within the top 1dyer are | |
responsible for most of the uncertainties in thickness and velocities of the

lower layers.

The availahie surface and subsurface Qeo]ogica] and tectonic data (18) indicate
that the contact between the Paleozoic sediments (layer 1) and the Precambrian
basement (layer 2) in general dips a few degrees to the south. The thickness
of layer 1 increases from zero in the north, underneath stations LGE and COP
where the Precambrian basement of the'Adirondack'up11ftf157exposed at the

§ .
surface, to about 5 km in:the south underneath stations THP and BDR {Figs. 1
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Table 5-1
SUMMARY OF THE SEISMIC VELOCITY STRUCTURE FOR THE STUDY AREA

THICKNESS Y Vg
LAYER {km) (km/gec) {km/sec)
1. Paleozoic 0-5 4,00 - 5.60 2.30 - 3.25
sediments
2. Pre-Cambrian 12+3 6.00 + 0.20 3.45 + 0,25
Basement -
3. Lower Crust 20+ % 6.70 + 0.10 3.80 + 0,15

and 2). Layer 1 is composed of a complex sequence of thin sedimentary layers
of shales, siltstones, sandstones and 1imestones deposited during lower Paleo-
zoic time (18). The P and S velocities depend critically on the rock type,
ranging from about 4.0 km/sec and 2.3 km/sec for shale to about 5.6 km/sec and
3.3 km/sec for Timestone, respectively. For a given rock type (composition)
the sefsmic velocities also depend, to a smaller degree, on their temperature

and pressure conditions,

There is no direct geolagical information concerning either the dip of the
contact between layer 2 and layer 3 (refractor) or the nature of layer 3. The
dip of a refractor, based on refraction data above, can be determined accurate-
ly only from a "reversed" profile shooting (17). Because both the seismic
_velocity and depth to an interface depend on the dip of such a refractor, their
true values cannot be determined withaut "reversed" profiling. The available
quarry blast data, unfortunately, is not "reversed." However, because the
range in the observed velocities for layer 3 is quite small, it suggests that
this contact is horizontal or nearly so. This conclusion and its implications

are still preliminary.

Although the seismic velocity model, as presented in Table 5-1, s generalized

and approximate, it is of considerable usefulness for earthquake location pur-
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pose, when taken together with other information available from quarry blasts.
For example, by locating a known quarry shot using a computer program and noting
the direction and distance of "mislocation," {t is possible to find station
"corrections" that "pull" the solution claser to its true location. Such sta-
tion “corrections" also improve location of any earthquake in the general area
of such a quarry. Other problems, in addition to uncertainties in the seismic
velocity model, contribute to errors in earthquake locations based on computer
solutions. Such problems are: (1) insufficient or poor.distribution of
recording stations, (2) misidentification of seismic phases on a seismogram,
and (3) errors in reading the phases. In the analysis of many seismic events
it is one or more of these unaveidable problems, and not errors in the velocity

model, that 1imit the accuracy of a computer location.

SEISMICITY

Historical and Instrumental Before 1980

A Tist of all known historical and pre-geothermal network instrumental earth-
quakes for the area between latitude 420N and 44°N and longitude 73% to 7504
is presented in Table 5-2 and their distribution is shown in Figure 5-1, This
area includes the study area and adjacent regions to show a broader view of
past seismic activity. The earliest event recorded in this area occurred in
1775. It is believed that before 1856“the.ay31]able historical record is -
camplete only for earthquakes;'l0 = VI (M= 4.0) and larger for this area (14).
An unknown number of smaller earthquakes before 1850‘were'either not felt or
not reported and do not appear on this list. The "cohp]eteness“ of this
catalog extends to incTude smaller events with increasing reliability after

1850, but probably at a slow and uneven rate.

Only since 1970, does the instrumenta] racord of earthquakes become more
complete than direct reports by the public of felt earthquakes for this area.

Between 1870 and 1980 the.ava11ab1e 1nstrumental record for the area is
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Table 5-2

INFORMATION ON ALL ®KNQWN HISTORICAL AND INSTRUMENTAL EARTHQUAKES WITHIN AND
ARJURD THE STUDY AREA UP TO 1980

URIETH , TATTTODE CORGLTUGE WAXTMONDT
BATE TIME(EST) LOCALITY®/ DEG.{N} [EG. {K) INTENSITY(I®) MAGNITUDE

Jul. 8, 1775 10:55 - Lake George 43,50 73.90 ) -
dul. 8, 17715 18:57 - Lake George 43.50 73.90 v -
Jul. 6, 1775 19:41 - Lake Gaorge 43,50 73.90 v -
Jan, 18, 1340 20:00 - Herkimer 43.00 75.00 Y1 -
Jan, 11, 1847 23:30 - Albany 42.60 73.80 I1I-TV -
July 9, 1847 A" Glens Falls 43.40 73.70 I -
Dec. 17, 1855 14:00 - Warren Co. 43.50 73.80 v -
Hay 11, 18717 10:92 - Schrnarie 42,60 74.40 Iv -
De¢. 28, 1578 21:32 - Schoharie 42.70 74.30 I1I-1v -
Mar. 18, 1881 27:30 - Schenectady 42,80 73.90 1V -
Apr. 2, 1882 36:30:07 Amsterdam 42,50 74,20 111 -
Apr. 2, 1882 08:10 - Amsterdam 42,90 74,20 v -
Aug. 10, 1888 08:40 - Warrensburg 43,50 73.80 v -
May 25, 1890 17:10 ~ Little Falls 43,00 74,80 v -
Dec. 17, 1894 03:00 - Coaymans 42,48 73.80 v~y -
Jan. §, 1916 08256 ~ Chestertown 43,60 13.70 ) -
Feb, 2, 1918 23:25 - Mohawk Valley 42.80 73.90 V-vI -
Nov., 1, 1916 21:30 - Glens Falls 43.40 73.60 v -
Oct. 1, 1917 21:30 - Glens Falls 43.30 713.70 i1 -
Apr. 20, 1931 14:54 - Warrenshurg 43,50 73.80 VIl 4.7
Jct, 29, 1933 - $t. Johnsville 43.00 74,70 v -
Apr, 13, 1938 01:00 -~ 43.17 73.12 11 -
Oct. 21, 1939 03:59:33 Blens Falls ' 43,30 73.30 1]

Apr, 11, 1940 20:58 - St. Johnsville 42,80 74.60 g -
Gect., 2, 1942 17:29:31 Albany 42.60 73.80 - 3.0
Aug. 24, 1952 19:07 - Johnstown 43.00 74.50 v -
Har. 31, 1953 02:50 - 43.70 73.00 11 -
Jul. 1, 1963 14:59:12 Albany 42,60 73.80 - 3.3
May 23, 191 01:24:27 Blue Mtn. lake 43.90 74.48 ) 4.1
May 23, 1471 04:29:59 Blue Mtn. Lake 43,93 74.47 1) 3.8
Jun, 20, 187 21:48:31 Blue Min. Lake 43,90 74.48 v 3.4
Jul. 106, 1971 03:15:01 Blue Mtn. Lake 43.91 74,44 ) 3.6
Dec, 20, 1971 06:44 ~ Blue Mtn. Lake 43.90 74,60 “ 2.0
Mar. 15, 1972 07:10 - 01d Forge 43,70 74.70 - 2.6
June 15, 1972 04:01:58 Schenectady 42.80 73.90 - 2.0
Mar, 6, 1973 23:05:56 Blue Mtn. Lake 43.81 74.45 - 1.9
Mar. 21, 1873 22:10:30 Blue Mtn. Lake 43.89 74.42 - -
June 11, 1973 05:08; 31 Kewcomb 43.9% 73.98 - -
duly 15, 1973 03:30 - Blue Mtn. Lake 43.90 74.40 - 3.4
July 15, 1973 05:32 - Blue Mtn, Lake 43,90 74.40 - -
Oct, 21, 1973 04:25:45 Blue Mtn. Lake 43.82 74.45 - 2.2
Sep. 11, 1974 15:54:13 Blue Mtn. Lake 43.83 74.19 - 2.2
Sep. 15, 194 09:01:17 Schoon Lake 43.89 73.92 - 1.7
Sep. 18, 1974 01:23:08 Lake George 43.40 73.80 - 2.5
Nov, 19, 1974 04:23:28 Stony Creek 43,50 74,00 - 2.3
dan, 27, 1975 05:40:10 Near Vt. Border 43,78 73.36 - 1.7
June 22, 1975 06:30:26 01d Forge 43,65 74.99 - 1.9
Aug. 3, 1975 23:58:22 Blue Mtn. Lake 43,87 74.15 - 2.1
Sep. 11, 1975 11:54:58 Ragquette Lake 43,89 74.66 - 1.6
Sep, 23, 1975 10:11:16 Raquette Lake 43.90 74.65 - 1.6
Nov. 3, 1975 15:54:55 Raguette Lake 43.87 74,64 - 3.9
Nev. 3, 1975 16:u5:40 Raquette Lake 43.8% 74,65 - -
Nov. 5, 197% 06:53:11 Raquette Lake 43.89 74.65 - -
Hov. 17, 1975 17:36:41 Raquette Lake 43,90 74.64 - -
Nav. 18, 1975 16:00:13 Ragquette Lake 43.89 74.64 - -
Hay 9, 1976 08:56:03 Raquette Lake 43,88 74.65 - 1.0
May 9, 1976 22119 - Ragquette Lake 43,88 74,85 - -
Aug. 1%, 1974 10:47:53 Raquette Lake 43.89 74,64 - -
Aug. 2%, 1976 09:00:12 Raquette Lake 43.89 74,66 - -
Sep. 17, 1976 20:15:23 Blue Mtn. Lake 43.82 74.20 - 1.6
Rov, &, 1976 13:07:48 Raguette Lake 43,79 74.59 - -
Apr. 5, 1978 09:45:49 Newcomb 43.88 H.24 - 2.6
Nov. 7, 1978 21:58:44 Blue Mtn. Lake 43.88 74,50 - -
Nov, 28, 1979 21:58:44 Blue Mtn. Lake A3.78 74.49 - 2.5
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believed to be complete only for events I, > IV (M > 2.5). Figure 5-2 shows
the distributibn of the available instrumental earthquakes for the northeastern

part of North America.

Geothermal Network

Most of the local events detected by the geothermal network since 1979 turned
but to be quarry blasts. There are over 15 known active quarries within and
around the study area that have contributed to the list of recorded blasts.
Most of the work in data analysis throughout the geothermal project consisted
of identifying and separating such blasts from natural earthquakes. During
Phases I and II of network operation only 14 events, out of a toté] of 115,
turned out to be natural earthquakes, the rest being quarry blasts or suspeéted
blasts. During Phase III only 25 events are earthquakes out of a total of
about 170 local events. The information on the quarry blasts, except those
already presented in Table 4-1 for which accurate locations and origin times
have been determined, will not be presented or discussed further because they

have no direct or relevant bearing on the conclusions of this study.

A list of all known earthquakes recorded during Phases I and Ii is presented'
in Table 5-3. This list consists of a faw earthquakes widely scattered
throughout the study area and a sequence o# small events {seven) near Glens
Falls that occurred during May 1980. Figuré 5«3 shows the distribution of
seven of the larger events that could be located. Additional events,
believed to be part of this swarm, were too small to be recorded on at least
three stations, especially after the stations LGE and COP were discontinued

(Table 2-1) and so could not be Tocated.

A 1ist of all known earthquakes recorded during Phase IIT (Oct. 81 to Oct. 82)

is presented in Table 5-4. The 1ist includes another interesting sequence of

deep, small earthquakes that occurred on February 8, 1982 near Thompson's Lake.
. 3 - .

By chance, this sequence;took place almost underneath one .of the stations of
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Figure 5-1, Location of all known historical and instrumental earthquakes
within the study area and adjacent regions,
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Figure 5-2. Location and size of instrumental earthquakes {1970-1979) for
northeastern United States and adjacent Canada. (Redrawn from a compila-
tion by the Lamont-Doherty Geological Observatory of Columbia University.)
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the geothermal network, BDR. Also, because of good distribution of the other
stations, especially of the geothermal and ESEERCO networks, both the depth

and location could be determined exceptionally well for 9 of the events (19).
Additional earthquakes assumed to be part of this swarm were too small to be
located, being recorded oniy at BDR. Figure 5-4 shows the distribution of
epicenters, with their estimated error bars to indicate the high precision, for
9 of these events, A1l depths, also well determined, are greater than 16 km
(Table 5-4), which is unusual not only for the study area but for the whole of

eastern North America (20).

The location of all earthquakes recorded during the geothermal project -
(Tab]es 5-3 and 5-4) is shown fn Figure 5-5. The two special earthquake
sequences of HMay 1930 near Glens Falls and February 8, 1982 near Thompson's

Lake (near BDR) are marked by letters a and b respectively.
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Table 5-3

INFORMATION ON EARTHQUAKES DETECTED AND LOCATED BY THE GEQTHERMAL
PROJECT SEISMIC NETWORK FROM MAY, 1979 THROUGH SEPTEMBER, 1980
(PHASES T AND IT)

ORIGIN TIME CATITUDE  LONGITUDE DEPTH
DATE (EST) LOCALITY DEG.(N) _ DEG. (W)  (km) ¢
01/04/80*/ 15:27:35.14  Whi tehall 43.590  73.299 0.0 1.6
03/11/80  06:08:46.02  Athol 43,511 73.795 0.0 1.8
04724780 13:31:04.03 Lebanon Springs  42.499 73.425 6.0 1.7
05/05/80% 07:18:54.42 Near Glens Falls 43.314  73.652 1.8 -0.2
05/05/80 16:11:13.27 Lake George 43.437 73.645 0.0 2.2
05/12/808/ 13:30:18.36 Near Glens Falls 43.328  73.650 5.6 0.2
05/13/808/ 07:36:13.37 Near Glens Falls 43.317 73.655 1.8 -0.2
05/13/808/ 13:35:37.62 Near Glens Falls 43,346 73.689 4.6 1.1
05/14/808/ 07:11:33.98 Near Glens Falls 43.314  73.660 0.5 -0.2
05/15/808/ 07:03:36.24 Near Glens Falls 43.320  73.650 2.1 -0.3
05/22/80%/ (05:17:49.47 Near Glens Falls 43,347 73.683 4.7 0.5
05/29/80%/ 14:04:58.08 Menands 42,698  73.709 0.0 1.5
06/06/80  12:40:07.67 MNew Lebanon 42.466  73.440 0.0 1.8
06/24/80 Ha'lfmoon 42,835 73.714 0.0 1.0

13:46:28.22

A

o

*/Uncertain whether man-made or natural.

a/Earthquake sequence of 1980 near Glens Falls. See Figure 5-3.
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Taple 5-4

INFORMATION ON EARTHQUAKES DETECTED AND LOCATED BY THE GEOTHERMAL
PROJECT SEISMIC NETWORK FROM OCTOBER, 1981 THROUGH
OCTOBER, 1982 (PHASE III)

ORIGIN TIME LATITUDE ™ TONGITUDE —DEPTH
DATE (€sT) LOCALITY DEG.(N) _ DEG.(W)  (km) M
12/41/8Y  13:30:38.21 Saratoga Springs 43.078 73.838 < 2 2.2
02/08/82 10:59:30.5 Thompsons Lake Too Small To Locate - 0.9
02/08/82  11:05:47.5 Thompsons Lake 42,630 74.042 17.5 1.8
02/08/82 11:07:26.5 Thompsons Lake 42.627 74.048 17,5 1.1
02/08/82  11:07:47.9 Thompsons Lake 42,8627 74.038 17.3 1.1
02/08/82 11:08:36.5 Thompsons Lake 42.628 74,038 17.1 1.5
02/08/82  11:09:03.5 Thompsons Lake 42,630 74,048 17.9 1.8
02/08/82  11:11:27.8 Thompsons Lake 42.630 74.053 17.1 0.9
02/08/82 11:16:43.4 Thampsons Lake 42.629 74.041 17.4 2.6
02/08/82 11:44:3.2 Thompsons Lake 42,631 74.044 17.2 1.8
02/08/82 11:49:21.45 Thompsons Lake 42.626 74.046 16.4 1.8
02/08/82 12:57:12,45 Thompsons Lake 42.632 74.044 18.4 1.7
02/08/82 13:05:52.7 Thompsons Lake Too Small To Locate - 1.1
103/14/82  22:59:10.82 Mt. Marcy - 44,0981 73.5307 0.1 1.6
05/03/82 06:09: - Saratoga Too Small To Locate - 1.4
05/17/82  06:14:11:12.  Saratoga 43.0877 73.8436 2.9 1.0
05/19/82 22:53: - Near Glens Falls Too Small To Locate “ 1.2
06/12/82 14:26: -  White Mans Mtn.  42.29 74.58 - 2.2
08/09/82  04:51:50.20  New Baltimore 42,4501 73.8186 2,61 1.7
08/10/82 19:41:22.80  Sacandaga 43,1997 74,1875 0.00 1.5
08/14/82  00:28:40,91  New Baltimare 42,4382 73.8176 5.17 1.8
08/31/82 05:17:57.94 Sacandaga 43.2026 74.1743 0.00 2.8
09/04/82 22:44:30,14 Sacandaga 43,2452 74,2610 15,59 2.0
10/06/82  22:57:04.20 Elsmere 42.6284 73,8507 2.72 1.3
10/10/82  04:45:40.00 Elsmere 42.6320 73,8446 3.00 1.6

b/A swarm of deep earthquakes near Thompsons Lake. See Figure 5-4.
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Section 6

DHSCUSSION

It is well known (14) that in all seismic areas the number of observed earth-
quakes increases rapidly with decreasing size. For New York State, this relation-
ship is approximately 3.5 to 4 times more events for one unit decrease in I0 and
it appears to be constant in space and time (14). The 39 events of Tables 5-3
and 5-4, when normalized to a unit area, time and size, represent a level of
seismic activity that is at least 5 times higher than the average for.all of New
York State from 1970 fo 1980. Even when corrected for the two earthquake swarms
of May 1980 and February 8, 1982 that contributed 19 of the 39 events, the
activity within the study area is still 2 to 3 times higher than the average
for the total state. On the other hand, the impression from Figure 5-2 is that
the seismic activity within the study area is considerably lower than average.
The reason for this is not completely clear. It is possible, but not likely,
that seismic activity for the study area, or any other region this size (mf04
kmé), instead of being nearly constant ‘with t1me, has large short-term fluctua-
tions and that it was unusually high dur:ng the geothermal project {1979-1982).
It is more likely that, given the past distr1bution of the stafewide seigmic
network (12), the study area has been very poorly monitored before the geo-

- thermal project. As a result, it appears that the data presented in Figure 5-2
do not give a true picture of seismic activity throughout the State. Because

of the uneven distribution of the statewide seismic network, the incompleteness

in these data has strong_regibnal'dependence.

Based on a much better monitoring effort as a result of the geothermal project,

the seismic activity wjthin.the study area, although considerab]y_higher than
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previously believed, still appears to be unusually Tow for a potential geo-
thermal area, The few observed earthquakes appear to be widely scattered
throughout the study area in a random fashion (Figure 5-5). WNo unusual con-
centration of seismic activity has been detected in the center of the study
area, north of Schenectady and south of Glens Falls where most of the Cdg rich,
mineralized spring activity is known to occur. In fact, when taken together
with historical data (Figure 5-1) a case can be made that the area around
Saratoga Springs, instead of being more active as expected, may actually be less
active seismically than the surrounding areas. Bollinger and Gilbert (21)
report such an unexpected relationship for the well known Hot Springs, Virginia
area. Their data are eveﬁ more pronounced than that of Figure 5-1, and the
anomalously low seismic activity is well expressed in terms of historical as
well as present instrumental data. If this is real for other such areas within

eastern North America, there is as yet no obvious physical explanation.

There is no positive evidence that the observed seismicity, including the two
swarms, within the study area is related in some way to the postulated geo-
thermal activity. In fact, limited evidence is consistent with a suggestion
that this activity is part of the normal regional tectonic seismicity resulting
from coherent horizontal NE-SW tectonic compression extending from the Adiron-
dack Mts. south along the Appalachian Mts, into Tennessee (20). For example,
the focal mechanism solution of the deep swarm of February 8, 1982 near
Thompsons Lake (19) is consistent with such regional tectonic compression in the
NE-SW direction {Figure 5-4). Unfortunately, such data are not available for
other shaliower earthquakes in this area because all of them were too small and
did not record over a wide enough area for such analysis. The earthquake swarm
of May 1980 occurred to the northwest of Glens Falls (Figure 4-1), at some
distance from the weill known mineral springs to the southeast and southwest

{4, 22). Finally, all other earthquakes seem to scatter at random throughout

the study area, instead of being concentrated in a few spots (Figure 5-5).
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Such a distribution is more consistent with a regional tectonic, rather than a

geothermal process.

Given the tentative conclusion that all or most of the earthquakes are tectonic
in origin, a relationship between earthquakes and geologic faults should exisf.
The exact nature of the relationship between the known or inferred faults as
mapped at the surface (22), and the location of earthquakes is difficult to
ev&luate from the available evidence for several reasons. G&Given the typical
errors in earthquake location (+ 2 to 3 km in epicenter, + 3 to 5 km in depth)
there usually are several fau]ts'within such an error ellipse. The problem is
made more difficult by the fact that usually neither the dip of a fault at the
surface nor its change with depth are known sufficiently well to predict where
such a fault may be at a given depth. Finaily, the total number of earthquakes

with reliable locations available for such a correlation is very small.

There has never been any.directly observed evidence in the form of a fresh break
and displiacement along a fault at the surface in this area, or anywhere in the
State, to indicate which fault was responsible for a given earthquake. Because
of the lack of such evidentce there is no direct proof that earthquakes in eastern
North America are directly associated with surface mapped faults. For eiﬁmple,
it is difficult to believe that the FEQPuary 8, 1982 sequence of deep earth-
quakes {h > 16 km) near Thompsons.Lakehhad anything to do ﬁith the few

surface faults in that area (22). These déeper earthquakes, as well ag other
shallower events, could resu]t_from motion along fau}ts that have no surface '

expression, motion along faults at depth which do not reach the surface,

or from fresh roék fractures at depth,

Work on determining seismic velocities during the geothermal project using
quarry blasts initiﬁ11y'Was undertaken to improve earthquake locations. How-
ever, such results also can be used to test more directly the suggestion that

the study area, 6r part of it, is underlain by abnormally hot upper mantle or
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Tower crust and that this is the uyltimate cause for the unusual mineralized
spring activity and the source of the geothermal energy at shallow depths. The fact
that seismic velocities decrease and their attenuation increases with increasing
temperature has been widely used in recent years to study geothermal areas based
on sefsmic techniques {6). The results of Taylor and Toksoz (23) and Ffetcher
and others {24) for the northeastern United States, using teleseismic P-waves,
suggest that no major travel time anomalies exist to indicate large temperature
anomalies in the upper mantle and lower crust here like those found under the
Yellowstone National Park (25), the Coso and Geyser-Clear Lake geothermal areas
of California (26, 27), and Hawaii {28)., The results for the northeastern U.S.
(23, 24}, however, were based on a few stations distributed over a large area.
No seismic stations in or close to our study area were available for these

studies,

The seismic velocities for the lower crust (Tahle 5-1) have special relevance

in testing the hypothesis that hot upper mantle material may be intruding the
lower crust. Compared to other regions of the earth (29), the velocities of
6.70 kmfsec for P and 3.80 km/sec for § phases represent normal conditions at
such depths {~ 20 km) within the crust. These data, therefore, preclude any
substantial temperature anomaly extending over a large region beneath the study
area at such depths. However, as was pointed out in Section 5, these velocities
were determined on the assumption that the interface between layer 2 and 3 is
horizontal. At present, unfortunately, there are insufficient data to test

this assumption, Also, thereare insufficlent teleseismic P-wave data at

present to test the above results using vertical, in addition to horizontal,
propagating waves. In general, given the precision'and amouht of reievant data,
it is estimated that a velocity anomaly at depth of 2% to 3% aover an area of

the order of 50 km or an anomaly of 10% to 15% over an area of less than 10 km
could not be detected in this study. ‘The velocity results at shailower depths

{Table 5-1) are harder to interpret in this context because such velocities
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are known to vary considerably for reasons other than temperature (29).

In the process of occupying many temporary locations with portabie smoked-
paper recorders throughout the study area for the purpose of searching for
potential quiet sites for permanent stations of the geothermal seismic network
and for recording numerous quarry blasts (Table 4-1), relevant data were ob-
tained to test the suggestion that abnormally high background earth motion
(microseisms) may be associatedwith a geothermal system or its related activity
(002 release). The results show that there are large differences in the ground
noise Tevel from place to place, by a factor of up to 100. In general, the
towest noise levels were found on solid rock outcrops, away from human habita-
tion and human related {cultural) activity. The highest noise levels were
found on thick, loose sediments near lakes and within river valleys. In
addition to cultural contributions to the microseismic Tevel, meteorological
factors like wind, rain, thunderstorms, etc.also are important, but more
variable, sources of background noise. The time variation in the background
noise due to meteorological factors is much more pronounced on thick loose

soil than on solid rock. In addition, the cultural contribution also 15'
greateét on loose, alluvial sediments near lakes and in river Va]leys because

that is where the human activity is p}eferrent1a1]y cancentrated.

The observed variations in the background noise ]eve]_shqwed no systematic and
coherent patterns on a regional extent. That is, nd evidence was found anywhere
to indicate that the relationship between the microseismic level and the geo-
logical, meteorological and cultural factors was different than normally
expected in a non-geothermal region. For examh1e, no anomalous area was

found that had high noise level on solid bedrock that could not be explained in
terms of ocbvious métepfoiogica] or cultural factors and that such noise level
decreased systematica]]y from any points consistent with an internal source

1ike geothermal and nelated activity. ~In short, it appears that if the
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relationship between geothermal activity in any form and higher than normal

microseismic level exists, such a "signal” is swamped by the meteorological

and especially the cultural factors.
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Section 7

CONCLUSIONS AND RECOMMENDATIONS

The northern part of the study area, between Glens Falls and Lake George, was
monitored using three seismograph stations for one year from May 1979 through
May 1980 (Phase I ~ Table 2-1, Figures 2-1 and 5-3). The total study area (here
defined as from 42.5%N to 43.50N latitude and from 73.0% to 74.50% longitude)
was monitored at first using six seismograph stations from April 1980 to
September 1980 (Phase II - Table 2-2, Figure 2-1), and then using 16 stations
from October 1981 through October 1982 {Phase III - Tables 2-3 and 2-4, Figure
2-2).

A total of 39 earthquakes, ranging in size from Mc = -0.3 to Mc = 2.8 (Tables
5-3 and 5-4), were 1ocatéd within the study area with various degrees of
precision during the geothermal project (Phases I-III}, HNineteen of these
events occurred in the form of two earthquake swarms during May, 1980 neér
Glens Falls (Table 5-3, Figure 5-3) and on February 8, 1982 near Thompsons
Lake (Table 5-4, Figure 5-4), The othgr events dppear to be distributed

throughout the study area in a random ®ay.

The distribution of all known historical (Figure 5-1) and instrumentaf {Figure
5-2) earthquakes.prior to 1980, suggests that seismic activity within the

study area is significantly below the averagé for all of New York State, That
the actual seismic activity, as detected by the geothermal seismic network, tums
out to be about 2 to 3 times higher than the average for the tota1.stéte;
probably means that, until the geothermal project, the §eismicity in the study
area was poorly monitored and considerably underestimated. Néverthe]ess, the
observed level of activity is low for a possibTe geotheﬁ&al area, In fact, the

1: .
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limited available evidence gbout this seismicity, including the two swarms, in
the form of its distribution and focal mechanism solutions when compared to
larger historical and instrumental earthquakes over a wider area, suggests that
it probably is in response to regional tectonic stresses acting coherently over

& wide area and not to the observed local geothermal or related activity.

The seismic velocity model for the study area based on data from 39 quarry shots
{Table 4-1) and a few larger earthquakes, originally was determined as an aid to
improve the location of earthquakes, The seismic velocities, because of their
dependence ¢on temperature, can be used directly to indicate the presence or ab-
sence of temperature anomalies at depth. The limited results in a form of nor-
mal velocities of P and S seismic phases suggest no significantly high temperature
anomalies of great extent within the crust under the study area. To detect more
subtle temperature anomalies over a more limited region requires more precise
knowledge of seismic velocities as a function of region and depth for which

the available data are not yet sufficient. For example, a velocity anomaly of
2% to 3% over a wide area (50 km) or 10% to 15% over a Timited area (less than

10 km) could not be resolved from the available data.

A method based on systematic and coherent variation in the Tevel of the back-
ground earth vibrations (microseisms) was found to be unsuccessful as a pros-
pecting fool for locating geothermal heat or related activity. The available
data show that variations in microseisms due to meteorciogical (wind, rain,
thunderstorms, etc.) and cultural (traffic, pumps, transformers, etc) factors
are extremely large and are sensitive to differences in geological conditions
(solid rock, hard soils, loose seil, etc.) in the immediate vicinity of a
seismometer. If the level in the background noise also depends on geothermal
or related activity it is being effectively covered up by the meteorological

and especially the cultural factors.
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Based on the above conclusions and inferences it is suggested that further

monitoring of the seismicity within the study area over a short time will not
help locate geothermal heat because the seismic activity is relatively low and
probably not directly related to mineral spring or geothermal activity. Only
through a much longer survey is there hope to improve substantially our under-
standing of the nature and relationship of seismicity to other geophysical or

tectonic processes in this area.
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