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AVAILABILITY

This document contains the results of an interpretation of
earthquake source zones for input to seismic hazard assessments
and represents work performed under a broader program to
develop methodology and interpretations for seismic hazard
assessment in the United States, eastward of the Rocky
Mountains. This document is made available to the organizations
that provided funding for the research and to others for the
purpose of obtaining scientific peer review only. This
document has not been subjected to EPRI's editoral review

and is subject to revision until both scientific peer review
and EPRI editorial review have been completed.
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Program Office of the Electric Power Research Institute,
Inc. (EPRI), as an assessment of research sponsored by
members of the Seismicity Owners Group (SOG). Neither EPRI,
members of EPRI, members of the SOG, the organization(s)
named below, nor any person acting on behalf of any of them:
(a) makes any warranty, express or implied, with respect to
the use of any information, apparatus, method, or process
disclesed in this report or that such use may not infringe
privately owned rights; or (b) assumes any liabilities with
respect to the use of, or for damages resulting £rom the use
of any information, apparatus, method, or process disclosed
in this report.
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The EPRI program is the combined effort of se ists, geologists, gsonhvsicists
and statisticians to provide state-of-tpbRart orobabilistic earthquake hazir~ in
assessment for the east and central Unite tes. The work described in tha fg
lowing report is the result of one onic\gvaluation team. e followad the s3me
orocedures as did five other tectonic ion teams to assess the currant stat
of stress, the earthquake poten of Y@ctonic features, the seismologic sotentiz

of seismic source zones, and th
najor assumptions invoked foy

Ahstract

y are:

1) If both the stress <;::>
and accurately everywhe
quakes can be predicted.

2) The primary contribution to the state of stress (in the EUSAC) s
scale tectonic process.

3) Potentially active seismogenic features in an intranlate rajicn za
tified by using seismological, geological, and gecphysical data.

4) Intraplate earthquakes occur in "seismogenic zones."
b ;

5) Earthquake occurrence can be modeled as a Poisson process.

Though not equally valid, each assumption has at least some suonort in  th

tual framework of geosciences today.

)
1%

and

najor contributions to probabilistic hazard assessnent are: ‘racab's
evaluation of fundamental assumptions.

W

ity parameters of seismic source zo~zs.
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[ATRCOUCTION: HUW JE VIEW THE PRI PRUGRAN

An experiment is defined as "a tentative procedure used to discover facts or tast
ideas about something" (Random House Dictionary). This definition captures our Jer-
ception of the EPRI Seismic Hazards Program. Throughout the program, each team
adopted a tentative procedure to discover facts ana test ideas about where anc when
future moderate-to-large earthquakes might occur in the eastern United States and
adjacent Canada (EUSAC). From this point of
the extent to which the results of the EPRI st
of the procedures used and the assumptionsainvoke

\evi, then, the key to understaniing

an be applied is an understanding

The procecdures are well cocu-

mented in other EPRI reports. In this re e discuss the assumptions Senind tne
experiment and the degree to which the\INgnt affect the results of the acndout
team.

An assumption inherent to the e

cy is: Given 15 montns of effort for an
analysis of available data by 3 ...ologists, geophysicists, and geologists, it is

possible either to improve listic estimates of ground motion at a site or to
improve the justifications e estimates. e do not xnow whether th2 new oro-
babilistic estimates are an improvement, but we feel that much has been accomplisned
towards their development.

while a realistic guide for siting critical facilities must emphasize that there is
ny deterministic model describing the cause of intraplate earthquakes, our task is
tc provide the best practical guide possible. As long as we are candic asout tne
assumptions that go into the EPRI experiment and nonest about the limitations of tae
data, the results of the effort will be useful. We were asked to “try on" a set of
procedures and to accept them for the duration of the experiment. (Ths procedures
are clearly delineated in pre-workshop working papers prepared oy Electric Pawer
Research Institute, Woodward-Clyde, or Dames and r'oore, and each team followes
through the procedures.) The most significant contridution of the EPRI study is
that once the results of all the teams are aggregated and nazard curves are calcu-
lated for a given site, we can ask, for the first time--wWhat assumptions went into
producing the hazard curve?



s@ think the foliowing fundamental assumptions provide ths frameuor for our study
of eartnquak2 hazards.

]

L) If botn the stress tensor and the material properties are «noun zompletaly
and accurately everywhere and at all times, then the time and place of earthn-
quaxkes can be predicted.

2) The primary contribution to the state of stress [in the EUSAC) is a large
scale tectonic process.

3) Potentially active seismogenic features in an intraplate region can 5S¢ iden-
tified using seismological, geological, and geophysical data.

4) Intraplate earthquakes occur in “seismogenic zones."
5) Earthquake occurrence can be modeled as a Poisson process.

Rnl discusses eacn of tnese fundamental assuiap below. The salient 20ints are
presented in the body of this report; the full deta are in our individual working
papers, presented in the Appendices.

The first assumption, above, 1is the ical foundation of rock mechanics.

Although, with current technigues, it practically impossible to test the thaory

through observations of nature, \- Qry experiments in the fields of 24ys
materials science, and geology q~.e been unable to disprove it. Therefore, we
accept this theory without n ion and, indeed, it is the starting J2int for the

nypotheses and tectonic fram e are building in this experiment.

1-2




Section 2

TECTONIC STRESS REGIME

The state of stress in the lithosphere results from the suparposition of a variety
of forces on a variety of scales. Examples of such forces are:

1) plate tectonic forces

2) vertical loading and flexure
glaciation/glacial rebound
erosion/deposition

3) small-scale mantle convection and upwelling

A

3) thermal, thickness, and density geneities

STRESS UDATA SET

an axamination of the available data anc their degrees of reliability reveals
a wide range of possible error 1 the methods used to determine lithesp
stress. We will summarize

of the advantages and disad
ing Paper for Workshop #3 (Appe

ll‘:

ic
ho¥s outlined in Table 2-1; a thorough examination
of each method can He found in the rondaut #ork-
ix 8).

In their compilations of stress measurements in the horth American plate, -0%ack ot
al. (1984) used geologic data. Stress measurements inferred from geologic faatures
(e.g. young faults, dikes, and volcanos), however, indicate the orientatica o
stress field when such features were being formed, Sut 40 not necessarily iadic

~

-+
v

b

[

-
-

w

the present-day stress field. In fact, dike arientations have Seen Jsed in i@w Enge
land (AcHone, 1373) to show changes in stress directions, not their present st te.
Furthermore, though no one has sorted it out yet, perhaps, stress changes are evie
denced DLy geological indicators in the Coastal Plain province as well., Unfore
tunately, there are few geologic features in the recent past (less tnen 3 Y] that
can D2 used for stress estimates.

ieasurement of borengle cavings (breakouts) is a promising nas aparoacn for estimate
ing the direction of the least principal stress, although existing rock anisatropy
introduces considerable uncertainty.



Table 2-1

Stress Data

Method

Geologic Indicators
Fault Slip

Joints as Mode [ Cracks
(Engelder, 1982)

Dikes and Feeder Alignments
Borehole Caving (Breakouts)

In Situ Stress Measurement
Hydrofracture
Stress Relief

Fault Plane Solutions

2-2

Estimated Orientation Errors

A

£30°

+15°
+£90°

+30°



For in situ stress measurement, hydrofracture measurements yield
botn the magnitude and the orientation of the mininum

neaningful hydrofracture measursments, it is imperative that we rely 2n severa)
points at different depths in a well, rather than one or two abservations.

ing data at the surface have been found to Se extremely noisy, yet overcoring

from mines and deep tunnels have yielded reliable values of the maximum orizonts

stress vector.

One other uncertainty in the stress data is that most of the in sity measurements

are limited to the top two or three kilometers, and the extrapolation to seismogenic
regions may not always be linear. To find out the validity of extrapclating the
stress gradients to seismogenic depths, we need reliable data that allow us to look
at fault-plane solutions as a function of depth.

Fault-plane solutions yield directions of three or onal axes--compressional, tane
sicnal, and intermediate axes which are d the P, T, and . axes. In ¢o
sional regimes, the P axes determined by f cplane solutions are wusually

preted to be close to the orienta

earthquake is a failure of a preexistin ult, then the P axis determined from the
earthquake's radiation pattern e Very different (up to 300) from the maxinum

he maximum horizontal stresses. [f an

principal stress. By taking an age of several well-constrained fault-plane
solutions, however, the Paxis direction is considered an estimate of tne
direction of maximum princi $S.

Given the limitations of available stress data, the consistency of stress orienta-
tions for eastern North America 1is nothing short of remarkable (Figure 2-1). As
shown in Figures 2-2 and 2-3, east-to-northeast maximum compression dominates al)
Sut the coastal ~egions. New fault-plane solutions and nydrofracture measuraments,
however, show that the average compressive stress in the soutneast Unitea States is
also oriented northeast, not northwest (Figure 2-4).

INTERPRETED TECTONIC STRESS REGIME

To summarize, in most tectonic regimes in the EUSAC we notice a renarkadly coherent
direction of the interpreted maximum compressive stress. Therefore, we think it is
reasonable to assume that the primary contribution to the state of stress is a
large-scale tectonic process. If we assume large-scale tectonic processes to Ye
primary sources of stress, we may examine the data in terms of plate tectonic
forces, such as stresses generated at plate boundaries. [n the centrz. and eastern
United States, the fit between measured maximum compression and the computed

2-3
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Figure 2-4, Maximum horizontal stress inferred from several data sources in the
Southeastern United States (presented by Talwani). Stress is inferred from well-
constrained fault-plane solutfons, hydrofracture measurements, and overcoring data.
Details of these measurements are discussed in Appendix A,
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direction of aosolute motion of the llorth mmerican Plate (or “ridge push® using tne
ainster and Jordan (1373) rotation poles) is so good it s convincing., ‘igzeling
efforts of Richardson et al. (iveZ), Solomon et *'. [lsdu),
(izsl), Forsyth and Uyeda (1975) and others are inpressive though

and oversimplified in many respects. Significant refinaments M3y ce 2xpected in tha

next decade. "Ridge push" is consistent with the stress orisntation fisly (Figure

©

ager and U'Ceonnall
5

<1
% '

o

Ignantary

2-¢ and 2-3), but both ridge-push and basal-drag forces due to convection would ora-
Juce the observed east-northeast trend for the maximum compressive stress. Rigge-
push models predict that the magnitude of stresses should be nedrly constant or
decrease slightly from east to west over the plate, wnereas Sasal-draz mode!ls
predict tnat the magnituce of stress should increase linearly from eas* to west
(kichardson, 1984). Unfortunately, we do not have enough informatior 2n stress nag-
nitudes to test the predictions now.

Sear in mind, too, that although the compregsive st™ss direction is nearly unifors

over nuch of the eastern United States, t re variations., For example, wew Enge
land and the southern Appalachians show mor tter in stress directions than the
other regions (Figure 2-3). Coul mean that crustal neterogeneity in tha

Appalachians distorts the stress

ld ing from some large-scale tectunic pro-
cess and that stress directidds)Mm harder to predict in this region! lorsover,
residual stresses may be more pant, locally, than current tectonic strisses
associatad with plate tec This seems likely in parts of the Canadian snigls
ahare the stress history nas complex (Herget, i1scU). w2 have evidence of resie
dual stresses at Darlington, Untario, where nydrofracture data show a giscontinuity
In stress magnitude and orientation near the Precambrian-Paleczoic bSoundary (Haim-
son, luycl). Finally, how can we explain phenomena such as the geologic data indie
cating northwest maximum compression in the coastal plain region Jduring the C(reta-
ceous (Figure 2-3)7 Uoes this mean that when the region was closer t3 tha
Atlantic ridge, ridge-push was not the dominant contridution to the strass fia
Jr, does it show that estimates of stress direction from fault ovemgnts are Qvere
simplified? [f, for example, the coastal plain sediments have extremely low coeffie
cients of friction, the observed fault movements might have resulted from easte
nertheast compression.

=3

G-
147

fu

Considering the limitations of both the stress data anz our si=alified plate tec-
tonic models, we are not comfortable adopting anything as spacific as the ridge-pus®
explanation for stress observaticns. we do not fully understand plate gjeometry or
dynaimics of plate motion nor d0 we know much about the nagnitudes of the crusta’
stresses. Furthermore, even though stress data seem to supoort a larye-scale

7.9



T

horizontal tectonic force, we tend to overloos the third dimension simply Secause
are accustomed to a mag view of stress oriantation in which se ignore:

1) departure from horizontality of the two "horizontal” grincisal stresses
2) changes of stress direction and magnitude with depth

3) the tensor nature of stress (e.g., deviatoric stresses) or the relative mag

Thus, we could easily be overemphasizing horizontal forces (which suggest ridge
push) relative to vertical forces.

The origin of the northeast-southwest compressive stress is unknown, Sut, becauss

one direction dominates, the origin may be considered a large-scale process. ue
purposely avoid an explanation based on large-sc plate tectonic mechanisas.

2-10
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Section 3

TECTULIC FEATURES

Large-scale tectonic forces are postulated to explain the nearly unifarm east-
northeast maximum principal stress direction, and we will assume that tne farces
(whatever their origin may be) are operative and valid for the ant re sast and cen-
tral Worth America. The earthgquake activity, however, is not uniform (Figure 3-.).
The fact that micro-earthquakes are concentrated in areas that are somewhat bSroac
anu  diffuse, but certainly not random,.require formulating and testing hyootheses
to explain why. Tnis requirement is not trivi he mechanisms for concentrating
and  periodically releasing stresses in an jgtrapl tectonic setting represent gne
of the major puzzles of plate tectonic theffy,

The nypothesis that we are attempting as a framewors to analyze intraplate
earthquake potential is stated as follo
L) The complexities of the sthenosphere, and upper mantle give rise t¢

variations in rock stren ) 11 as perturbations of the stress fisld.

2) stresses are relie activation of faults that have already foroeq,
many during earlier tecto episodes.

Every team in the EPRI program is working with essentially this hypotaesis. For tne
first part, the complex processes occurring during the formation of a crustal mass
and throughout its geologic history are likely to produce hetero; eous stress dise
tridutions. The mechanical behavior of geologic materials, the neterogereity of
rock masses, and the existence of penetrative structural features on nany scales miy
all affect the ambient state of stress directly. These complexities also deternine
the response of the crust to any subsequent tectonic stress and further increase the
complexity of the in situ state of stress. For the second part, the reactivation of
preexisting faults is favored over the initiation of new faults because:

-

1) the magnitude of the critical shear stress required for rock faflue is Jene
erally smaller for preexisting fractures than for homogensous rock

2) in estimating future seismic iCtivity, it would Se very aifficult to idens
tify features that do not yet exist.

Thus, the concept that variation in crustal stress and strength cause the

3-1



Section 3

TeCTUNIC FEATURES

Large-scale tectonic forces are postulated to explain the nearly unifarm sast-
northeast maximum principal stress direction, and we will assume that the forces
(whatever their origin may be) are operative and valid for the antire sast and cen-
tral Worth America. The earthquake activity, however, is not uniform (Figure 3-.;

The fact that micro-earthquakes are concantrated in areas that are somewhat Sroac
anu  diffuse, but certainly not random,.require formulating and testing hypotheses
to explain why. This requirement is not trivi he mechanisms for concentrating

and periodically releasing stresses in an jgtrapl tectonic setting represent gne
of the major puzzles of plate tectonic theffy,

The nypothesis that we are attempting as a framewors to analyze intraplate
earthquake potential is stated as follo

L) The complexities of the sthenospnere, and upper mantle give risa
variations in rock stre E) 11 as perturbations of the stress fisld.

2) stresses are relie activation of faults that have alreacdy forneg,
many during earlier tecto episodes.

Every team in the EPRI program is working with essentially this hypotiesis. For tne
first part, the complex processes occurring during the formation of a crustal mass
and throughout its geologic history are likely to produce heterogeneous stress dise
tridutions. The mechanical behavior of geologic materials, the heterogeneity of
rock masses, and the existence of penetrative structural features on nany scales may
all affect the ambient state of stress directly. These complexities also determine
the response of the crust to any subsequent tectonic stress and further increase the
complexity of the in situ state of stress. For the second part, ths reactivation of
preexisting faults is favored over the initiation of new faults Secause:

1) the magnitude of the critical shear stress required for rock failure is 38n=
erally smaller for preexisting fractures than for homogensous rock

2) in estimating future seismic activity, it would Se very aifficult to iden-
tify features that do not yet exist.

Thus, the concept that variation in crustal stress and strength cause the

3-1
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reactivation of existing faults 1is the least astonisning nypothesis ani the o
canvenient nypothesis. This is not to say, however, that rfresh fracturas
occur,

cased on discussions and interpretations during the PRl program, the Rondout tean
would, in the future, add a third statement to the working hypothesis:

3) intersecting features, in particuiar, may de key to reactivetion tectonics
perhaps Dbecause they ara more efficient at both concentrating and relieving
stress.,

APPRUACH TO TDENTIFYING CAWDIUATE SEISMUGENIC TECTOWIC FEATURES

Ae are now ready to address the third assumption stated in our introduction: potan-
tially active seismogenic features can be ident#{ed by using seismological,

sical, and geological data. If we had a perfett, mplete data set,

assunption i1s valid--it follows from our a tion (1) in tne introduction.

4@ Xnow, however, that the available re Wything b.t perfect and complete,
particularly the seismological data, have been reliable for only avout iU
)

years. A histerical record of e a covering only several aundred years may
Je insufficient to develop val pO¥heses for intraplate tectonics. It would >e
analogous to asking an insec seMife span is one eartn day i1 June, to foracast
the weather for the next y insect may not even <now that a summer $nower 1§
a possibility, let alone that bWfzzards are to come. [Imagine how linited the
insect's working hypotheses will be! In reality, the informational uncertainty is
large and the validity of the assumption that potentially active seismogenic
features can be identified in an intraplate regicn can only be Quigad sudjectively.

The members of the Rondout team could not agree on the validity of this

some members Jjudged it to be reasonably valid wnile athers aimost
rejected 1t. WHonetheless, we attempt to identify candidate seismogenic
features. Jur approach initially is to ask what features/faults are most likely
fail?

Earthquakes occur when the local deviatoric stress exceeds the thresnold for bri

failure. An earthquake can be generated Dy a mechanism that either changes the
state of stress or changes tne strength of rocks supporting an axisting stress. m
change in the state of stress could be caused by a surface process, such as changes
in surface loading, or by a deep process, such as delamination of tre upper .uantle.

3-3




Likewise, a cnange in the strength of rocks could se caused oy a near-surfac

W

p
ce2ss, such as the movement of ground water, or Oy a deeper process, Ssuch  as  louer
crustal metamorphic reactions in the silicious continental rocks and aydroly
weakaning. In additicn, stress corrosion may <contridute to changes in  roch
strengta.

As part of our working hypotnesis, we postulate two distinct types of eartnjuake
activity--shallow and deep. Oifferent local geologic processes associated with the
two kinds of seismicity may be superimposed on a regionally uniform tectonic oro-
cess. Though we know little about the depths of Castern earthguakes (except that
most are less than 25 km deep), we will suggest that the "shallow" earthquakes occur
at depths less than about 5 km and are generally less than magnitude 4.J, whereas
the "deep" eartnquakes occur at "mid-crustal" dgpths (e.g. from 5 &n down to

orittle-ductile transition layers) and can be agnitude.

Although some small, shallow earthquakes se orief but locally intense ground
shaking, we are more concerned with the | s "deep" earthquakes for tne purgos2
of estimating seismic hazard at nuclea plant sites. How can we tast tne
hypothesis that there are two types o rthquakes--shallow and deep? Recall that
2arthquakes must be caused dy c¢ch ither the state of stress or the strengtn
of rocks or both. The shallow quake mechanisms are easier to test, Oy virtu2
of operating closer to the many of our observations (i.e. at the surface).

For example, ~e %now that changa$ in the state of stress are caused DLy changes 1in
surface loading at quarries, and we also know that quarrying operations can Zauss
earthquakes. (These operations probably produce changes in both stress and
strengtih, so we cannot isolate the mechanism.) Jo w~e see evidence that geolegd
loading or unloading cycles--deposition and erosion--can be related to loca' changes
in the state of stress that might generate earthquakes? To a first crder, the
stress data (discussed in Section 2 above) do not support this, i.e. the nzarly unie
form east-northeast compressive stress seems to argue that there is little local
parturbation of the stresses assumed to arise from a large-scale tectonic process.
out, 1f we examine the stress data in Figure 2-3 from just the near-surface stress
indicators--nydrofracturing and strain relief measurements--we see consideratle
scatter. Perhaps the stress field is affected near the free surface by variations
in topoyraphy. moreover, in thé northeast United 3tates (Figures 3= and 3-3),
where most of the earthquakes are less than 10 «m deep, and where there is more
topographic relief than in much of the mid-continent, fault-plane solutions apgear
to reflect the complexity of the stresses rathar than their uniformity.

3-4



L T

-

.
.

;_‘I‘l:

[

LOWER HMEMISP=ERE AL

Figure 3-2. Fault-plane solutions for earthquakes around the Newark Basin, New Jer-
sey. Within each stereoplot, open circles are dilitational P wave first motions and
closed circles are compressional first motions (Kafka et al., 18983).
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Figure 3-3. Fault-plane solutions for earthquakes in New England. The stereoplots
indicate compressional quadrants by dark areas and dilitational guadrants by the
light areas (from Fulli and Toksoz, 1981).
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Jesides changes in stress, we can look for avidence of changes in tre strength of

ot

shallow rocks. Here again we begin with an "unnatural" example that illustratas
straagth changes (but probably involves stress cnangas, as well). Earthquakes
induced Dy changes in reservoir water levels may be caused by decrzases in tne coef-
ficient of friction along preexisting faults or increases in por2 pressure recucing
normal stresses. Jy the same token, ground water probably plays a <2y role in the

mechanisms producing naturally occurring shallow earthquakes.

r

o

[t is much more difficult, however, to test the mechanisms for generating the deep

Y

i

earthquakes. This 1is unfortunate because, if larger earthquakes are jenerat
deeper in the crust, then it is these deeper earthquakes tnat are of prinary concern
for hazard reduction. The only "stress measurements" we have at the depths of tne
mid-crustal earthquakes are the earthquake faultaglane solutions. Unfortunately,
fault-plane solutions give no information on s magnitudes. Fault-olane solu-

-4

tions do give the P, T, and 3 axis directiong wnich\Qe the principal dirsctions 2

18

the stress radiated by the earthquake/froeess itself. If fresh fracturas ar
forwed, laboratory experiments indicate tha direction of 9y snd tha ¥ axis are
not the same. If, on the other hand, Wting fractures are slipping, the direc-

el to the measured P axis. anat ue do
ientation of the tectonic stress field, the

tion of 9, is even less Tikely to Be
<now 1s that, regardless of

failure criteria are met when an quake accurs. Therefore, we must Hegin with
the earthguake data. we e a map (Figure 3-4) of the nypothesized "mic-
crustal" earthquakes, i.e., reater than or equal to magnitude 3.0, ani ae try
to figure out if there is anytMing in the existing geopnysical and geological data
that could give us a clue about wnat kinds of features "generated” those modzrats-
to-large earthquakes. Since we cannot hope to observe procasses such as mantle
delamination or metamorphism, this is our only recourse. we invoke a corgllary to
the law of uniformitarianism--the past is a key to the future. That is, th2 nost
likely featuras to fail in the future are those that failed in the past. The trigckie
ast part of all this is that the period of historical earthquake records is mucn
shorter than the expected repeat times for damaging earthguakes. Since we <now lite
tle about prenistoric earthquakes in the east and central United States, tne dest we

can do is try to determine whicn features/faults are spatially associated with tn

o

g
2arthquakes in Figure 3-4 and then to hazard a guess about which of those features
are causally related to earthguakes. Firally, we must ask what is special a»
those features; do we see them elsewhere and does that mean that they w#ill fi
elsewnere also? The way we attempt to identify tectonic features tnat might sustain
noderate-to-iarge earthquakes is to rely, as much as we can, on data that reflect
the geology and tectonics of the "“mid-crust". weé Can only emphasize that ¢tne
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Figure 3-4. Map of earthguakes greater than or equal to magnitude 5.0 in East and
Central United States (modified from Veneziano and ‘an Dyke, 1984 Secause they
are larger than m_ 4.9, these earthquakes are postulated to be deep-to-midcrustal in

v

depth.



Characteristics we chose for assessing th2 seismogenic potential of & tectonic
featurs are those for which we have data, and that understanding the phaysics of
earthquake machanisms requires data that do not exist.

ASSESSING SEISHOGERIC POTENTIAL

Tne TcC teams were asked to think of earthquake potential as something nct neces-
sarily immediate, Out as something possible so long as the presant stress regime
renains operative. Our assigned task was to choose criteria for assessing tne
‘potential of a tectonic feature to sustain moderate-to-large earthguakes (magnitude
greater than or equal to 5.0). After considerable debate, we came up with four mutu-
ally exclusive feature characteristics.

As Coppersmith (1984) points out, "In attemptin o directly apply our evolving

[*8

Jsnderstanding of the failure process to an evdDad]Non of the seismic notantial of
particular tectonic feature, we are usuallyMampered~oy a lack of infcrmation about
the state of stress and strength, particu at seisnogenic depths. levertneless
until our understanding of stress and failur nditions can De successfully meshec

~ith definitive approaches to direct ving them, we nust evaluate earthgquax2
potential on the basis of the avaj le ervational data, tempered w«ith our unuer-
standing of the failure process

The Rendout team's observatdd

paracteristics for assessing earthguake potential
are listed and defined bels
chose is: tha data are available to reasonably estimate probabilities for nearly
all characteristics. The disadvantage is that this set of criteria may not Je the
most discriminating for the spacific task of separating inactive tectonic features

from potentially active ones.

The principal advantage of the characteristics we

PHYSICAL CHARACTERISTICS CHISE
(ELEMEWTS QF MATRIX)

Spatial Association with Seismicity
Moderate-to Large Earthquakes
Small Earthquakes Only
No Seismicity or Seismicity Indistinguishable from Local sackground

Seismicity Level in the Area
High Number of Earthquakes
Low Number of tarthquakes

Geometry of Feature Relative to Stress Orientation
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Favorable
Unfavorable

veep Crustal cxpression
Expressed and liear Intersection of Features
Expressed and 0T Near Intersection of Features
A0T Expressed

Jefinition of Characteristics (and Guidelines for Application)

1) Spatial association with seismicity means the correspondence of the faature
with earthquakes, in three dimensions. The evaluation of the three incependent
possibilities for this characteristic requires estimating uncertaintiss in the
shape and extent of the feature, especially
Jncertainties in the epicenters and depth

in the depth direction, as #2111 as

garthquakes. Recant, instrumen-

tally recorded earthquakes are more rediably ated and will raise the proba-

bilities of spatial association. Al nsider that the epicenters of gsmall
historical earthquakes are often be located than larger ones Secause the
entire area over which a small e is felt can be smaller than tne
nighest intensity isoseism of a erate to large earthquake. «e attampt to
qualitatively estimate tne j e of demographic and geographic features
(e.g. the Great Lakes) on t certainty of historical earthquakes. In addi-
tion, we consider that trunental intensity VI eartnquakes [with littls
or no information on fe ) in underpopulated areas may nave Seen intansity
VII.

2) Seismicity level in the area is a semi-guantitative evaluation of earthquake
activity in the general region of the feature. Since spatial association witn
seismicity does not adequately distinguish areas of low seismicity (e.g. the
central Hudson Valley in .ew York) from areas of high seismicity (e.3.
southwestern viaine), the additional information is deemed valuable. e asti-
mate these prcbabilities Dy visual inspection of the density of earthguake sym-
bols on the EPRI Seismicity map or, failing that, checking tne sarstow et al.
(1581) "Earthquake Frequency" map to see if the area is jenerally in or outside
the contour separating less than 16 from more than 1é earthquakes per 1J,000
xme,

3) The geometry of a feature relative to its stress orientation is estimatas
according to the orientation of the feature (with its uncertaintiss) relativa
to the orientation of S

~h

Hmax (21so uncertain). I[f information on th2 sense o
slip is known for a time which is deemed to have the same stress orientation as
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the Present, thef'l f(f‘lO-ﬂedge Of Whether S.|Irv ]S Ver:vICd’ or nor}:oqta} is '9'3:
torad in.

4) Deep crustal expression is evaluated primarily from 3ravity ana
data, such as gradients, linear truncations of anomalies, zones of disruptad
angmalies, and changes in orientation of general fabric. Also, teleseisnic
travel time anomalies are considered regicnal de2p crustal expre
Interpretations from published seismic reflection lines are also used.

Tectonic Framework

The tectonic framework adopted Sy TEC teams enables us to separate informationa
from scientific uncertainty when assessing the prohability that a given feature has
the potential of faulting in a moderate-to-large (magnitude greater tnan or egual to

5.0) earthquake. The informational uncertainpfladdresses the degree of conficencs

in identifying physical characteristics judged %o ignificantly corralatad .4ith
earthquake potential. The scientific uplériainty is expressad by the astinats of

the probability that a hypothetical featur th given characteristics is capab

g c
a moderate or larger earthquake.
Matrix Uiscussion. Qur choice of icalMharacteristics is representec in matrix
form (Figure 3-3) wherein each resents a particular combination of charac-
teristics. The Rondout team atdd a probability for the earthquake potential of
a nhypothetical tectonic n each cell. We assume that the physical charac-

teristics of the feature are «kn with certainty; thus, we exercise our scientific
Judgment to assign a probability (0-1.0) that the feature has the potential to slip
in an earthgquake greater than or equal to magnitude 5.0. For example, a f2ature in
the first row, first column of the matrix is:

1) associated with at least one past earthquake greater thnan or squal to magni-
tude 5.0

Z) within a region that has a high level of seismicity
3) favorably oriented for failure in the presant stress field
4) expressed in the deep to midcrust

5) at a deep to midcrustal structural intersection.

o
ot
1Y
- |
or
o
-
C
-5

Ae think there is a probability of 1.0 that tne faature has the p

3-11



21-¢t

L3308

‘TH1LS
44

e \"%
RN
&5, O N\ Y
< NP\
gy 2.\ % Generic Matrix
e <\ %
> /‘, (‘/
s ((o & J,"
’Po ¥ 2 4
2 < 20\
Y Wy
% Ip
P
J
g
9
RATE-TO-LARGE |SMALL EARTHQUAKES |NO ASSOCIATION
EARTHQUAKES ONLY WITH SEISMICITY
BLEJUNFAVOR. [FAVORABLE JUNFAVOR. |FAVORABLE {UNFAVOR.
TR ETRY IGEOMETRY |GEOMETRY |GEOMETRY |GEOMETRY
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DEEP CRUSTAL
i HIGH 0.95 0.9 0.7 0.55 0.4 0.2
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another earthquake of at least magnitude 3.U.

association with 3 moderate-to-large eartnquaxe is always given a naigh probadility
Secause, if there is no uncertainty in the data and if thare is a spatial correla-
tion in three dimensions between earthquakes and a tectonic feature, we think the
eartnquakes are evidence of brittle slip along that feature. ~nd, w~e argus further,
if a feature slipped once, it can slip again. Recent palesseismicity studies in liew
Yadrid, Missouri and in Charleston, South Carolina, which suggest prenistoric high-
intensity ground shaking at both locations, support this belief.

In almost all cases we have assigned a sligntly lower probability to a feature in a
region of low seismicity than to a feature with the same attributes in a region of
the last 200 years is nat spa-
[City indicate a higher earthgjuake

hign seismicity. Since the seismicity pattern i

tially random, we think that regions of high s

potential. Yet, compare "nigh" versus "low" seismi in the matrix columns i-s

(Figure 3-5), and notice that the prob ies for "low" seismicity are not subd-
stantially less than those for "high" seis (all else being equal). Hers, we
are expressing a scientific uncer bout the significance of seismicity for
forecasting damaging earthquakes. We a aced with the paradox that, althougn past
earthquakes should indicate wher @ darthquakes will occur, the repeat times of
moderate-to-large earthquakes are bably longer than 200-30U years in nost mid-
plate regions. Uoes the ttern of larger earthquakes (Figurz 3-4) indi-
cate a random distribution o ignificant strain release in EUSAC? Is ths

apparent non-random spatial distribution of smaller earthquakes (Figurs 3-1) simgly
a red nerring?

To iterate the Rondout team's scientific approach, we have assigned nigh probabiii-
ties in most matrix boxes because we are evaluating whether a tectonic featurs has

[y

the potential for a moderate-to-large 2artnguake, irrespective of time. Incaed,
noderate earthquake (m=5.0-6.0) may be the upper limit of earthquakes cne can exp~ct
almost anywhere. Therefore, tne matrix probabilities we assign are nct low unti
the most unfavorable combinations of characteristics are met.

cxamples of Tectonic Feature Assessments. On tne following pages we prese

a
examples of tectonic-feature assessments from northeastern ilorth America. The
assessments for the entire study area are prasentec in Appendix C. Tnsre is a tuo-
page form cevoted to each feature. The form begins with a description and locaticn
of the feature. UJur estimates of how the probabilities are apportioned Jetween
mutually exclusive conditions for each feature characteristic are presented in
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Feature Description:

Realm New York to St. Lawrence Gulf
affected by breakup where crust did not thin.
beginning of necked, thinned crust.
wrench faults which connect the old normal faults--
faulting (frequently developed where earlier fault

(Mcllone and Butler,19684).

Physical Characteristics

FLATURE ASSESSMENT FORM--PAGE | OF 2

(definition, location, extent, type)
northern sector).

Lﬁ.‘______)

Continenta
Western limit at Timit of
Straddles GAR feature.

Probability

Spatial Association
with Seismcity

. Moderate-to-Large

Larthquakes

. Small Earthquakes

Only

. No Seismicity (indis-

tinquishable from
background

Seismicity Level in
the Area

- hgh Number of

tarthquakes

Low Nuwber of
Larthquakes

Final cmngb

Justification of Probabilities:
interpretations, assumptions, key references
(attach extra pages, if needed)

Varlatlion for Probabllitles

1.0

zones are located) are prime candidates for reactivatio

Inboard Mesozoic Extensional Fault (IMEF) Realm
reakup Triassic Jurassic,

Mesozoic dike activity.
The L ctonic framework is Mesozoic high angle faults,
those formed du-ing development of pull-apart basins.

S 1S western area
Eastern limit at

The Mesozoic

Discuss data

.“

.“
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FEATURE ASSESSMENT FORM--PAGE 2 OF 2

" Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key references
Probability [} (attach extra pages, if needed)

Physical Characteristics

< B

Geometry of Feature
Relative to Stress
Orientation

. Favorable Geometry

. Unfavorable Geometry

Deep Crustal Expression

. Einressed and Near Inter-

section of Features

. Expressed and not Near

Intersection of Features

. Not Expressed

Gut Feeling
{that feature is capable
of generate m > 5.0)

Calculated Probability

3. Geometry: Role of Dikes--1) planes of weakness
2) jostling and define boundaries of
significant high angle extensional faulting
3) possibly reuse old reverse faults

.6 .6 g o3 A

- N .3 9 .6
1.0

.3 2 o2

03 . .‘l .6

A 0 ' : 2

— .6 9 A 3
.63
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fFeature Description:

FEATURE ASSLSSHENT FORM--PAGE | OF 2 Clavendon-Linden (CL)

(definition, location, extent, type)Xlarendon-Linden Fault Zone--Western New York Subsurface faults

strike 050, dip steeply to east; west side downthrown. Three major fault traces have been mapped.

Physical Characteristics

Spatial Assocration
with Seismicity

. Moderate-to-Large

Earthquakes

. Small Earthquakes

Only

. No Seismicity (ndis-

tinguishable from
background

Seismicity level n
the Area

. High Number of

tarthquakes

. Low Number of

tarthquakes

Probabilit

15

1.0

Justification of Probabilities: Discuss data
interpretations, assumptions, key references

l__ (attach extra pages, if needed)

1 is a good possibility that the Attica 1929 earthquake was
associated with the fault zone. They are close in map view, the
r e was probably shallow because it was high intensity--relative to

the/Tg1t ar d the fault zone is mapped only 300 m below the surface

1.2 Since oea kes do not align parallel to the Clarendon-l inaen

& there 1 ability that small ~arthquakes or no earthquakes
1.3 are associ h it

2. Ove. 16 earthquakes per knz implies high, but some of these are

induced by salt mining. 5 en®ral comment for the EW feature in the
region.

A “n
A0LIsY
Weh38Y

e



FEATURE ASSESSMINT FOMM- - PAGE 2 OF 2

Justification of Probabilities: Discuss data
Char. interpretations, assumntions, key references
Probability 1§ (attach extra pages, i needed)

3. Geometry of feature 3. Mapping has delineated the orientation of the faults _050/70 E and
Relative to Stress this is entirely consistent with the 1966 and 1969 magnitude 4.5 earth-

Orientation kes, both of which have a nodal plane with the same orientation
e Herrmann, 1978).
. Favorable Geowetry . 4. The Clarendon-Linden fault zone may be very shgllou; there does not
i s o seem to be a deep crustal expzession. except lha; =25 km east of the zone
) f 1 t is a strong gravity gradient (Bouguer unfiltered) subparallel to the fault
BTemriie vy Py inieia zone. Could they be related?

Deep Crustal Expression

. Expressed and Near Inter-
section of features

. Expressed and not Near
Intersection of Features

. Not Expressed

Gut Feeling
{that feature is capable
of generate m > 5.0)

Calculated Probability




FEATURE ASSESSMENT FORM--PAGE | OF 2
feature Description: (definition, location, extent, type) Gravit radient--North Sec

iigh gradient along Appalachians. Northers sector from wesfern Connecticut to La ﬂaibaie. s&gbec. Green Mountain Front,
Mostly shallow thrust faulting, but come steep faults with gravity expression. Not a suture,

Physical Characteristics Probability

Justification of Probabilities: Discuss data
interpretations, assumptions, key references
(attach extra pages, if needed)

I. Spatial Association
with Seismicity 1

I. Moderate-to-Large

3
. tLarthquakes S~ Z.
’ 2. Smal)l Earthquakes
o Only 3
3. No Seismicity (indis-
tinguishable from ____-i__
background

Sersmicity Level ‘n
the Area

1. Hhigh Number of
Larthquakes

S ...

2. Low Number of
Earthquakes /

<lb e s per 10,000 km

a classic "no seismicity" area; Why? Close instrumental

2

togihg in ¥ nt for nearly ten years confirms low seismicity level.

tAawnt
Nnvey

NE3IHLHON
“A

-
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P
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FEATURE ASSESSMENT FORM--PAGE 2 OF 2

T Justi'icatin of Probabilities: Discuss data

Char. interoretat ons, assumptions, key references
Physical Characteristics Probability ‘ (attach ext a pages, if needed) LN
3. Geometry of Feature 3. There is some uncertainty about the stress (um.) direction. It
Relative to Stress could range from north to NE (maybe even E-W, but in general the north
Orientation and northeast striking thrusts would be properly oriented in horizontal

NE compression.
1. Favorable Geometry =
4. The feature is based on Bouguer (125 km and 250 km) anomalies. The
2. Unfavorable Geometry " origin of the gradient is uncertain. Teleseismic p-wave residuals change
very rapidly across this gradient in Vermont. Suspect lithology may be
—_— responsible. North of Vermont-Quebec border modelling of gravity and
1.0 magnetic anomalies suggests a thick metavolcanic sequence here, even
ough they outcrop sparsely (Sutton Mountains, Quebec).

4. Deep Crustal Expression g feeling only based on past history of area. If we did not know

would think there ought to be earthquakes,

1. Expressed and Near Inter-
section of Features o 4

2. Expressed and not Near
Intersection of Features .8
3. Not Expressed @
10
5. Gut Feeling —_—al

(that feature is capable
of generate m » 5.0)




3
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FEATURE ASSESSMENT FORM--PAGE | OF 2

feature Description: (definition, location, extent, type)Maniwaki Feature (M)

Area in western Quebec, north of Ottawa Bounechere Graben, trends NW. WhoTe gravily anomaly defined as area between two
linears, outlinging a subtle change in the overall fabric of anomalies on the Bouguer 125 km high pass filter map. The
feature is vague and may or may not exist if we had more detailed data. The SE portion, though does have a strong gravity
gradient seen especially on horizontal gradient, 1:1 MY. The area includes the northern parts of both the central meta-
sedimentary belt and the Ontario Gneiss. Ontario Gneiss (NW fabr.2) is 2000 MY and granulate facies metamorphism, the
central metasedimentary belt (north and NE fabrics) is 1000 MY and amphilbolite metamorphism (see Forsyth, 1981).

Justification of Probabilities: Discuss data
interpretations, assumptions, key references
(attach extra pages, if needed)

Physical Characteristics  Probability

I. Spatial Association

tial . e several fives in this region. Energy release is high
with Seismicity a

teady as there are one or two fours per year. This 1s

1. Moderate-to-Large

tarthquakes 1.0 ‘ 2
2 Small Earthauakes 2. Regio re ammore than 16 earthquakes per 10,000 km™ .
. quake
Only 0
3. No Seismicity (indis-
tinguishable from 0__“
background
1.0
2. Sgy;miCl!y.Levcl n ﬂ
the Area e
Lhe Ared 2
1. thgh Number of -
tarthquakes _llo_- B
2 Low Number of A-;
tarthquakes . 0 i

e Western Quebec Seismic Zone, well described by Basham, et al.,

e ———
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FEATURE ASSESSHENT TORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability [} (attach extra pages, if needed) L whe
3.1 The NM fabric of the Ontario Gneiss and the northe y fabrics in the
3. Geometry of feature central metasedimentary belt are favorably oriented (2-d, at any rate) and
Relative to Stress fault plane solutions have NNW nodal planes.
Orientation
1. Favorable Geometry -85 3.2 .15 represents the probability that the earthquakes are fracturing
fresh rock.
2. Unfavorable Geometry .15
4. Though the gravity data are ambiguous and may have been misinterpreted
N b, shall we say, overinterpreted, wide-angle reflection datz (Mercer, et
., 1984) show that the boundary between the Central Metasedimentary Belt
d the Ontario Gneiss has a deep seated expression on the Moho.
4. Deep Crustal Expression
1. Expressed and Near Inter-
section of Features -f__
2. Expressed and not Near
Intersection of Features -2
3. Not Expressed 5
R S
5. Gut Feeling 98
[that feature is capable
of generate m.> 5.0)
95



T

column format. Finally, we write notes on the Justification for the probabilities
chosen.  note tnat we also give a gut-feeling probability. Tnis intuitive estimate
includes any xnowledge of other characteristics that mignt De wuseful such as:
recent regional strain, fault-plane solutions, dapths of earthquakes, continuity of
the feature, inferred local stress or strength cnanges. The calculated propability,
referred to as P*, is the probability that fault rupture comnensurate with a magni-
tude 5. or greater earthquake can occur on this feature. To illustrate haw indivi-
dual interpretations can vary, the first tectonic-feature-assassment form (on the
following two pages) shows each team member's choice for the probabilities, as well
as the final choice. A map of the tectonic features that we identify as potentially
seismogenic is enclosed in a back pocket of this volume.

Tectonic Features: Is Absence of Evidence, Evidesce of a Absence?

The assumption that potentially active intrapl ismogenic features can he iden-
tified and that the probability of their artnhquake potential can be estimated is
probably the most uncertain of all the po es invoked for this study. After
completing the procedure of estima ing abilities for tectonic features, one
member of the Rondout team wrote:

Perhaps the most significant ng be learned from the exercise of delinsat-

in? tectonic features with edrthquake potential is how extremely diffi-
Cult it is. Try, as [ wil d what relates potential field data, crustai
thickness, geology, refeact and reflection discontinuities to the seisii-
city, I an almost inva stumped. What, then, can this be telling us?
Perhaps our imaginati limited that we have not yet conceived a fruitfyl
dpproacn. QOr, perhaps w simply looking at tin2 wrong scales. iiot only is

the time scale too short, Dut also the spatial scale is probably too large. In
Nis seminal paper on source-parameters for iid-plate earthquakes, nuttli (lysl)
states, "Uf particular significance is the conclusion that very large magnitude
mid-plate eartnquakes do not require large fault rupture lengtns.” A corollary
might be that they do not require large faults either. Most of the maps we are
using for this study are at the scale 1:2,300,000; they are generally not
detailed enough to reveal the features that rupture in mid-plate garthgquakes.
To correlate earthquakes with large-ccale crustal features may still be fruit-
ful, but [ think we should lean “cavily on the earthquake Zata. Jith that in
nind, [ will venture one more attempt to discuss seismogenic tactonic featurss
east of the Rocky iountains; it will express profound ignorance, if notning
2lse.

For the moment, let us put aside a consideration of long term intraplate tec-
tonism and just work with the current time window--the past several “undrad
years with particular emphasis on the last ten. Since there are enly two
of features that I think I can say anytning about, let us imagine-=-as a thougnt
experiment--that there are only two types of intraplate seismogenic fea
[ shall call them obvious features and obscure features. The classif t
actually amounts to: those features we know a lot adout anz those w€ XNow P
cious little about. [ define obvious features to e those that can 02 o
n la
3

-

Mapped in three dimensions by nicroeartnguaxes anc can Se associated with |
2artnquakes. Local networks have only existad for tie last five to 15 ye
therefore, the mapability of the feature in three dimensions in such a s

t= (D -2
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time is a good measure of activity.

B8y this definition, there are two obvious features--the dew .fadrid faults and
the 5t. Lawrence faults in the region of La albaie, Quebec. They have severa
characteristics in comnon besides meeting the criteria stated above. First,

they are faults. Second, they both include several faults or faull sagments
that belong to much larger fault systems. rioreover, the larger fault systams
have both been interpreted as ancient rifts, yet the current strain is comores-
sional, not tensional.

wow, I will gingerly approach a definition of obscure features. They are

located in the crust that extends from the Rocky ‘lountain Front to the mig-
Atlantic ridge. Indeed, the plate itself is the largest such feature. The
small-scale features within the plate on which moderate to large earthgquakes
could occur are probably as varied as ilew England weather. Recently, a feu
examples of “obscure" tectonic features have come to light. The features are
delineated by well-mapped aftershock zones of three moderate sized gartnquakes:
Sharpsburg, Kentucky, 27 July 1980; Miramichi, New drunswick, ¥ January l»3Z;

o |
and Goodnow, New York, 7 October 1333. Pertinent information about each of
these 1is given in Table 3-1. They are all compressional events. Though ths
rupture areas of the Kentucky and New York/Jearthguakes are deep 2nough to
discourage us from finding a surface ure, this is not the case for tne
Miramichi earthquake ruptures. Possibly telling observation 1is that
not one of the faults was mapped ay)the surYace prior to the moderate sized
garthquakes. Moreover, neither the owing deeper-than-surface faatures
(e.g. potential field) nor the seismicity suggested that these three
areas differ significantly from large a of the crust near them. GEven

though specific failure criteri
wnat is special about them. Ther

meét in each of the cases, [ cannot fing
1 feel compelled to imagine that a
similar earthquake or eartpgyake\$sequence can occur in any similar geologic
setting. In reality, there JUst a few special places where moderate-
to-large earthquakes wil But to date, I am not convinced of that by
examining the existing data

Thus, I am saying: t &

an unknown number of largely unmapped featurss
capable of, say, magnitd 0-¢.0 earthquakes. But what is the maximum eartn-
quake that the “"obscure" Madtures can sustain? Is it at least as large as ths
Charleston earthquake? Yes, I think so. In order to fix the Charleston sartn-
quake at Charleston, something unique about the structure, activity, or state
of stress will not only have to be demonstrated there, Sut its absence will
have to be confirmed elsewhere.

[ should point out that recent paleoseismicity studies (Talwani and Cox, 1
in the Charleston area have uncovered evidence for two pre-1386 events ac
Panied by high intensity ground shaking. This news is encouraging; if 1
earthquakes recur in the Charleston area, then it is more likely to b2 unig
even if we can only call upon the uniqueness of our time window (as onposed
one 10,000 years from now). Thus, the Charleston f~ature (the Ashley ana
woodstock faults?) may be somewhere between an ‘“obvious" feature, sensu
strictu, and an "obscure" feature. The advantage to me of the classification
of "obvious" features is that I believe they remain so for ‘he length of time
that concerns engineers, and we can reasonably estimite recurrence ratss as
well as maximum magnitudes for them. The disconcerting aspect of "obscure"
features is that we do not know where they are or how much strain will Se
released when they turn ca. Suffice it to sa: .nat at the present, "obscure"
features are -better mapped by earthquakes and their aftershock sequences than
Oy the geologic and geophysical techniques commonly used today. C(Chances are
they are pre-existing faults favorably oriented with respect to the present
stress field, but new faults might be created from time to time. Bdased on
fault-plane solutions in eastern North America, these faults are more likely to
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Table 3-1

Focal Parameters for Three Eastern United States Earthquakes

New Brunswick 19821

New York 1983°" Kentucky 1380

my
Faulting

Preferred Plane

Strike
Dip

Other Nodal Plane

Strike
Dip

Focal Depth
Rupture Length
Width
Area
Equivalent Radius
Seismic Moment

Average Dislocation
Stress Orop
Maximum Intensity
Felt Area

Wetmiller et al., 1984

Seeber et al., 1984
Suarez et al., 1984
Herrmann et al., 1982

~ 1,300,000 km

8.7

Reverse
Faulting

195°

48

35-70 bars

V-Vl
2

50°W g 60°W
332" 136°

9.2

Reverse
Faultin

173°

30°E
8-9 km
1.5 km
~8 km
12 km®
2 km
.5-1.3 X 10

?7-18 cm

)

24

270-700 bars

VI-VII

200,000 km®

~670,000 km

80°

12 km
~6 km
~4 km
~30-5Q0 km
3.1-4 km
4.1 X 10

2

23

2-3.4 cm
2.8-6 bars
VII
2




fail with strike slip or reverse motion than with normal o¢or thrust motion
Thus, the minor "creaking and moaning” of the plate that we have abserved seems
to be accomplished by up, down, and sideways adjustiient and not so much 9y

pull-aparts or "thin skinned" horizontal strains.

This view is one of extreme uncertainty. but, since ~e d0 not kndw hou our esti-
nates of P* ultimately affect the site-specific calculations of prabable 3round
motion, it is wise to be reminded of some of the uncertainties that creep in at this
stage in the experiment.
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Sectien 3 x

SEISHIC SQURCE ZONES

The definition of a seismic source zone in this study is "a region of tne crust in
which future seismicity is interpreted to follow identifiable probability distribu-
tions for earthquake size, time of occurrence, and location in space." As with tec-
tonic features, a general hypothesis serves as our model for defining seismic source
zones. iiamely, we believe that complexities of the crust, aesthenosphere, and upper
mantle give rise to variations in crustal stresses and strengthis. Changes in stress

or strength can cause the rupture of faults an

likely in complex regions of deep-seated fault sys .
Instead of attempting to locate specific fa systems with uniform potential for

moderate-to-large earthquakes, we ize our perspective to map large rejions
with similar deep-to-mid crustal fe@and simﬂarvpatterns of seismicity.
Seismicity that is known to be j shdllow crust was considered much less imnpor-
tant. The resultant map (in a ba ocket of this volume) is our interpretation of

seismic source 2ones in the d Central United States. The assumption underly-
ing the delineation of seism ce zones 1is that moderate-to-large intraplate
&

earthquakes occur in “seismogenic zones". If the ov- .., pattern (Figure 3-1)
b |

Y

rhaps, larger ruptures are aor

o

seismicity (to which small earthquakes contribute the most) indicates regions of tn
crust that are more susceptible to stress or strength changes, the assumption is
well grounded. We observe that of the earthquakes greater than or egual to magni-

8

tude 5.0 in the past several hundred years, only three occur ahere no nown smaller
2arthquakes have occurred. (This is after cluster analysis has removed dependent
evants from the catalog.) Since one of the tnree examples is several Awundred kilome-
ters offshore (where smaller earthquakes are not detected) and the other two exan-
ples (in Texas and Canada) may also reflect lack of detection rather than a lack of
smaller earthquakes, we conclude that general seismicity can de interpreted as evi-
dence for the concept of seismogenic zones. (Wnen the depths of small earthiuakes
are <nown detter, we can reevaluate and, perhaps, refine the concept of seisnic
source 2zones.) The use of seismicity, however, is a guideline and JS2es nat ingly
that future moderate-to-large events can occur only wnere past earthquakss have
occurred.
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Ideally, each source zone is based on three-dimensional tectonic regions that ar

identifiable and separable from surrounding regions of the crust. The principal
Ccriteria we used to map seismic source zones are:

1) the number, location, and size of current, historic, and prenistoric earth-
quakes,

?) the location and type of tectonic feature.

Not all seismic sources are directly related to an identified tectanic feature
likewise, not all major tectonic features or regions are considered valid source
zones. Several sources are drawn by analogy to other sources, which are associatad
with Dboth large earthquakes and convincing candidate-seismogenic features. aners
similar features occur, we draw a seismic source zone, regardless of earthquake
activity. There are also source zones based only on zarthquake activity or only on
geologic evidence of earthquake activity. EssgftSqlly, we have delineated seismic
source zones wusing what we know and think we kn bout regional geclogy, geophy-
sics, and seismology.

At this stage of the EPRI “experiment ptity is needed that is particular to
seismic source zones and that can ult ely be used in the probabilistic calcula-

tions of earthquake ground motig citically, the procedure was to estimate a
probability for the earthquake > 5.0) potential of each seismic source zone.
This probability is a functj the probabilities estimated for tectonic features.
Table 4-1 is as straightfo st of these probabilities for each of the Rondout

team's primary seismic source 20nes. The contributions of ingividual tectonic
features within the source zones are summarized in Table 4-2. decause there are
often many features within a source zone, the handling of dependencies among tnese
tectonic features becomes cumbersome. The procedural guidelines (Youngs, 1454) sug-
gested that we avoid dependencies where there are more than two tectonic featurss.
Thus, we base the probabilities (Table 4-2) on the simplifying assumption cf the
independence of tectonic features. This does not, however, imply that we think the
seismogenic potential of tectonic features is necessarily independent. Finally, for
many of the seismic source zones, we do not know if we have correctly identified tne
tectonic features that are most likely to rupture. Therefore, we incorporated our
uncertainty by adding a "surprise seismic source" (SSS* in Table 4-2) to our calcu-
lation of earthquake potential for the zones.

In addition to the primary seismic source zones, we suggest four Dbackground zones
for the remaining areas in the EUSAC. The areas are:



Table 4-1

Earthquake Probabilities for Primary Seismic Source Zones

Primary Seismic Source Zones

l.

. B W

10.
11.
12.
13.
14,
15,

17.
18.
9.
20.
21,
22.
23.

New Madrid, Missouri

New Madrid Rift Complex

Qzark Uplift

Southern I1linois/Indiana

East Continent Geophysical Anomaly
Central Tennessee

Fort Wayne Geophysical Anomaly
Anna, Ohio

Eastarn Tennessee

Southeast Michigan

Northwest Ohio

Cleveland, Ohio

Southern New York-Alabama Lineament
Louisville, Kentucky

Northern [11linois

. Southern Oklahoma Aulacogen/Ouachitas

Aestern Ok lahoma

Nemaha Uplift-Humboldt Fault
Great Lakes Tectonic Zone
Chadron Arch

Great Plains

Texas Bolsons

Nemaha and Anadarko
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.865
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Primary Seismic Source Zones

Table 4-1

Earthquake Probabilities for Primary Seismic Source Zones

24,
25,
28.
27,
28.
29.
30.
3
32.
33.
3,
35.
36.
37.
38.
3y,
10.
al.
42.
43,

44,

Charleston, South Carolina

Southern Appalachians

South Carolina

Tennessee-Virginia Border

Giles County
Central Virginia
Shenandoah

Quakers

Norfolk Fracture Zone

{iagara-by-the-Lake

Nessmuk

Tremblant
Mattagami

La Malbaie
Temiskaming

St. Lawrence Rift
Quahog

Vermont
Campobello
lestigouche

Barely Nantucket

. Orpheus Nose
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Table 4-1

Earthquake Probabilities for Primary Seismic Source Zones

Primary Seismic Source Zones

4o. St. Andrews-by-the-Sea
47. Cornwall/Massena
48. TIKL (Tennessee-I1linois-Kentucky

Lineament) and ECGA
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Table 4-2

Relative Earthquake Potential of Tectonic Features in the Seismic Source Zones

PROBABFI LITY
EATURES IJ FEATURE'S POTENTIAL

F R N
SOURCE ZOHE (MODERATE-TO-LARGE
SEISMIC SCURCE ZONE--#/NANME (ABBREVIATED) EARTHQUAKES ) PROBABILIT

NEW MADRID NMRC-A .97

m
o

NMRC-A
géGD (LEFTOVER)

NEW MADRID RIFT COMPLEX NMRC-A 8“ NMRC-A ONLY
NMRC-B . NMRC-B ONLY
NMRC-D . NMRC-D ONLY

EEGD (LEFTOVER)

OO0 AN

-

 JCOCO OO KOO0 KOICHD

QZARK UPLIFT NQ FEATURE; ESS’
S95° 0D . el

SOUTHERN ILLINOIS/INT [ANA NO FEATU sss*
LD 3

EAST CONTINENT GEOPHYSICAL ANOMALY §§GA % . £L6A
R L

CENTRAL TENNESSEE ; gge/ SELQNLY
qTH '

£ 0

S

FORT WAYNE GEOPHYSICAL ANOMALY

/-
ANNA, OHIO Y/

el Lol el WYINE LW ()

WOAN O

GA ONLY
SS?' ONLY
H

U‘L‘;‘\M (V\M;JO\) OO

£

un

o
-

EASTERN TENNESSEE

190 puKTa e
-

Ll

LD TN
L2

OGOk -4 <N

o -

5

SOUTHEAST MICHIGAN

oL I AN

w
.

o n.g

<D TV

e

1 NORTHWESTERN OHIO

AN L E U At o JCOK b k0 AW 2O

——
RN SEASTS I (WIT e Te ITs 1)

Oy MLDOGH Nt
O LO;m T

#12 CLEVELAND, OHIO

2

AC AN OO b *C O [UOC 0 HCI0C ROCICICIC K ICH0TN -+

WOLNCOr) Gwny

A )

£

#13 SOUTHERN NEW YORK-ALABAMA LINEAMENT g\sfgel_

L 2O < LOwm
- '
x

Coum

#14 LOUISVILLE, KENTUCKY

T

1
sss*

MU £ Mo 2Z iTwn
-

QOO
unanann

O




Table 4-2

Relative Earthquake Potential of Tectonic Features in the Seismic Source Zones

PROBABILITY
FEATURES IN  FEATURE'S POTENTIAL
SOURCE 20K (MODERATE - TO-LARGE
SEISMIC SOURCE ZONE--#/NANE (ABBREVIATED) EARTHAUAKES) PROBABILITIES
#15 NORTHERN ILLINOIS PR-SFS .38 PR-SFS ONLY = .2
- sSss 8 ES;SF HLY - 82
= . .%a
q . 4.0
#16 SOUTHERN OKLAHOMA AULACOGEN- GF .57 GF . .002
QUACHITA MOUNTAINS AU-4BU 139 AU-WBU - 008
AB 7 AB = .00%
ok . o - %%
PCE-C 136 PCE-C = 000
i 53 M eroven; & 00
ﬂ EgGD LEFTOVER) : ;:30‘
#17 WESTERN OKLAHOMA NO FEATWAD, 5 1.
sSs* TQ&FL€;> 1.0 2 s 3
#18 NEMAHA UPLIFT-HUMBOLDT FAULT NAHF . NAKF ONLY = .052
N 2 MGA ONLY = 0%
4 SSS° + NONE = 174
A = 1.0.
#19 GREAT LAKES TECTONIC ZONE- -OA®) .65 L-CLA (B) ONLY = ..
e TR 3°u \5§ '8 SS% ONLY -4
OTH = .5
#20 CHADRON ARCH <CKU .78 A-TKU ONLY = 153
‘\\§§>CLA ‘ '5 GL-CLA -~ ONLY = .Bda
D= § B ee™:
’ E 3 -.U
#21 GREAT PLAINS \V/ BH-CKU 2 BH-CKU = 156
‘\\‘\,/" MGA '8 ¥GA - 086
$S5° 5. $55° e N0k = [083
#22 TEXAS BOLSONS » .26 PCE-C ONLY = 037
gﬁg. .Zg iR z%s
' & Tk |
#23 NEMAHA/ANADARKO NAHF 72 NAHF ONLY = 104
AB 7 AB ONLY - 388
sSs* 5 $SS* e NoNE = 1381
R4 ] s 1. U
#24 CHARLESTON, SOUTH CAROLINA WDST-ASH F .88 WDST-ASH F ONLY = .3
3 7 S$3* ONLY = 12
g0TH .
#25 SOUTHERN APPALACHIANS NY-AL T NY-AL ONLY = .08S
TIK . TIKL ONLY « 018
$SS '8 §SS® ONLY = .080
En =336
#26 SOUTH CAROLINA ZONE BNF .63 BNF = .003
o8 |46 P = 003
IMEF ($) 's THEF (S . .00
OHN% (S) .48 OMNC (S = 002
BSF 48 BSF7 « 003
a8 76 cL = 006
§ o 3 )
s3s* 5 $3s* « NONE = 303
#27 TENNESSEE-VIRGINIA BORDER ZONE NY-AL 84 NY-AL ONLY = 261
cL 176 CL ONLY = 53
§Ss* 7 $§5° GNLY - 48
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Relative Earthquake Potential of Tectonic Features in the Seismic Source Zones

Table 4-2

PROBABILITY
FEATURES IN  FEATURE'S POTENTIAL
souacz ON  (MODERATE-TO-LARGE
SEISMIC SOURCE ZONE--#/NAME (ABBREVIATED) EARTHGUAKES PROBABILITIES
#28 GILES COUNTY ¢ .76 CL ONLY = 08
ghgf (s) 5 ngg (s) = .3
S 3 $ST NN =
#29 CENTRAL VIRGINIA SEISMIC ZONE IMEF (5) 5 xnsF (3 . 017
NFZ 49 NF = 018
EE(SJ :; 5 s = fag?
% x /6 L = 05
s 2 $5* « NONE = 921
~ . s 1.0
#30 SHENANDOAH W .32 Pv = 019
GG (S) - (S) s 017
[MEF (S) . MEF (S) = .40
$s; 3 gse .
' E% = 380
#31 QUAKERS RPNB 7 RPNB = .0015
HRL 29 HRL = .000%
51 c8 . 0007
) 3 86 (N) = 3003
.sg MU = 0003
N) i InEF () s 0011
.63 gé ; « 0011
7 F = .0015
Sﬁzc (N) '%% gé;c N) . 'Sgg;
' BKGD (LEFTOVER) = ’i§oo$
#32 NORFOLK FRACTURE ZONE NF .48 NF = 34
§5e 3 R . '5é*
' 23 = :5?3
#33 NIAGARA-BY-THE-LAKE NMA 7 NMA = 051
C-L 7 C-L = .04l
X 74 X = Q}é
BKGD (LEFTOVER) = 014
#34 NESSMUK g% W 3 gs o) e
HRL 'g; MR . %
5s5° 7 $SS* + NONE = D30
#35 TREMBLANT P 35 "3 . .0
286 3 P « 008
§5s° : 335° + NoNE = 005
{ = .J
#36 MATAGAN! KAPISKAS ING NO DATA
GF 57 GF QNLY . .40
$5s* B $S5° ONLY B
307 = 17
#37 LA MALBAIE LA MALBAIE .39 2 MAL3ALE S
BKGD (LEFTOVER) = .31
By il U Y
#38 TEMISKAMING 16 .32 16 = L
GF 57 G = .5
$55° 7 $S5° o NONE = 1D
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Table 4-2

Relative Earthquake Potential of Tectonic Features in the Seismic Source Zones

PROBABILITY
FEATURES IN  FEATURE'S POTENTIAL
SOURCE ZONE  (MODERATE-TO-LARG
SEISMIC SOURCE ZONE--#/NAME (ABBREVIATED) EARTHUARES) PROBABILITIES
#39 ST, LAWRENCE RIFT SR .36 BR . 3%
sss* '3 sss* = (014
£ = 336
#40 QUAHOG ZEN'S LINE .35 ZEN'S LINE = 0007
W % wh « 008
GAR &3 GAR s 002
IMEF (N) .83 IMEF (N) - .00
oM .24 OnNG = 0004
& CRNE R
@ ' San (LEFTOVER) = .001
’ ) s 1.0
#41 VERMONT g W § 3 g o . %0
1S 8 fow
EEEE (LEFTOVER) = 1Igug
. L.y
#42 CAMPOBELLO - .83 GaR .
.63 IMEF = 002
2 2 4 D
Q - BGD (LeFToven) = 1001
i L O
#43 RESTIGOUCHE e Pr‘e’2=t=2 7§ ng;z s 909
Ingr ; [MEF - 308
gg GA - -206
M0G M0G « .002
OMNC (N) 24 QMNC (N) = .00
§CA CMA = 0009
L 5 L = 002
KGD (LEFTOVER) = 004
£ = 1.0
#44 BARELY NANTUCKET L B NBL = .08
OMNC .24 OMNC = 810
“OFFSHORE FZ* .49 "OFESHORE FZ* = 330
£CA 2 ECHA = .08
BGD (eFToveR) » (331
#45 ORPHEUS NOSE ; CMA = .002
: Sone v .gu MNC (N) = 008
M0G .92 G « 112
$SS* 3 $S* + NONE = .04
#46 ST, ANDREWS-BY-THE-SEA saBs -2 oL ol -
ECMA 2 ECMA = 010
388° -4 2Rs° - 3
#47 CORNWALL/MASSENA gsg gg 555 . :;;3
s 83 b T
66 (N 30 ':;i‘:'*s‘ FETOVER = 2377
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Table 4-2

Relative Earthquake Potential of Tectonic Features in the Seismic Source Zones

PROBABILIT
FEATURES IN  FEATURE'S POTENTIAL
SOURCE Z0HE (MODERATE-TO-LARGE
SEISMIC SOURCE ZONE--#/NAME (ABBREVIATED) EARTHIUAKES ) PROBABILITIES .
#48 TENNESSEE/ILLINOIS/KENTUCKY ECGA .58 ECGA > 174
guméu? - FIKL X FikL . 1%
ST CONTINENT GEOPHYSICAL ANOMALY  SS5° 4 s5s° -

*NOTE: EARTHQUAKE (ER) IS DEFINED AS THE PROBABILITY OF AN EVENT OCCURRING ON ANY OF THE FEATURES
(INCLUDING THE SURPRISE M JRCE ATUR

LEGEND FOR ABBREVIATED

AB ANADARKO BASIN OTTAWA-BONNECHERE GRABEN

AU-WBU AMARILLO UPLIFT- 9, OCEANIC FRACTURE 2Z0ONE
WICHITA BASIN UPLIFT C OUTBOARD MESOZQIC NECKED

BCT BALTIMORE CANYON TROUGH CRUST REALM

BFZ BREVARD FAULT ZONE PRECAMBRIAN CRATON EDGE

BH-CKU BLACK HILLS~- PR PLUM RIVER FAULT
CENTRAL KANSAS UPLIFT PITTSBURGH WASHINGTON

BIY BLOCK ISLAND YAWN LINEAMENT

BPB BLAKE PLATEAU BAS RPNB READING PRONG-NEWARK BASIN

BSFZ BLAKE SPUR NE RT ROME TROUGH

BT-SB BRUNSWICK . SB SYDNEY BASIN

A CHADRON ARCH S§FS SANDWICH FAULT SYSTEM

CB CONNECTICUT BAS sG SAGUENAY GRABEN

cL CLARENDON-L SH SCRANTON GRAVITY HIGH

C-L CLINGMAN SLR ST. LAWRENCE RIFT

coL CENTRAL k3] TEMISKAMING GRABEN

ECGA EAST HYSICAL TIKL TENNESSEE ILLINCIS
ANOMALY KENTUCKY LINEAMENT

ECMA EAST COAST IC ANCMALY ™U TYRONE-MT. UNION LINEAMENT

P GRAVITY LINEAMENT WM WHITE MOUNTAIN

FWGA FORT WAYNE GEOPHYSICAL WTB WEST TEXAN BOLSONS
ANOMALY X GRAVITY ANOMALY

GAR GANDER AVALON REALM

GF GRENVILLE FRONT

GG GRAVITY GRADIENT

GL-CL(A) GREAT LAKES TECTONIC ZONE-
COLORADO LINEAMENT

GL-CL(B) GREAT LAKES TECTONIC ZONE- PRINCIPAL INTRUSIVES

2.2 COLORADO LINEAMENT

1°r HONEY HILL-FREDRICTON
FAULT ZONE & MAFIC INTRUSIVES -

HL HINGE LINE

HRL HUDSON RIVER LINE

IMEF INBCARD MESQZQIC Fl FELSIC INTRUSIVES
EXTENSIONAL FAULT REALM

KS KELVIN SEAMOUNTS

LSB LAKE SUPERIOR BASIN

M MANIWAKI ZIONE

MB MINERALIZED BELT

MF MONCTON FAULT

MH MONTEREGIAN HILLS

MMGA MID-MICHIGAN GEOPHYSICAL
ANCMALY

MOG MENAS TROUGH-ORPHEUS GRABEN

NBL NANTUCKET-BEAR LI

NF2Z NORFOLK FARACTURE ZIONE

NMA NIAGARA MAGNETIC ANOMALY

NMRC NEW MADRID RIFT COMPLEX

NMRC-A REELFOCT RIFT

NMRC-8 SCUTHERN INDIANA ARM
NMRC-C ROUGH CREEXK GRABEN

NMRC-D ST. LOUIS ARM

NY-AL NEW YORK-ALABAMA LINEAMENT




1) Appalachian crust--mapped between the =2ast coast magnetic hign and the
interpreted lapetan rift system.

¢) Grenville crust--adjacent to (1) and extending westward to tine Greaville
rront.

3) Pre-Grenville crust--west of (2) and north of (4).

4) Gulf region--mapped southwest of the Florida fracture 2zone and east of the
Quachita Front.

W& think "background" zones may or imay not have magnitude 5.0 or greater ear.hgiakes
in the future.
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Section S

SCURCE ZQiE SEISMICITY PARAETERS

ScISMICITY DISTRISUTIUN MODELS

There are two principal methods for estimating seismicity distribution. Yo. zan
either:
1) use past earthquakes--their magnitudes and times of occurrence--to selsct
probability cistridutions for seismicity oy
2) derive and apply physical laws to est¥aad earthquake size ars tiz of
occurrence.
de did not consider the sacond method becad e simply do not have thz datz to
apply physical models. Using the method, we postulate that sartnguaks
dccurrence can be modeled as a Poisson Ndcess. For a specified seismic source, ti:
egxponantial model are the following [(licGuirs,

assumptions implicit in the P

enere i (m) is the nunber of earthquakes (per unit time within the sei

\
Lolw}:

--agnitudes of futurg

logarithmic relationshi he form:

10315 5 (m) = a - bn

akes are unknown; trney are charactarized v

source} gyreater than or equal to magnitude m, ani “"a" anZ "3" ara farametars

describing the relationship.

--The magnitudes of successive earthquakes within the source are ir.eger -

.

in oarticular, given a magnitude distriSutisn of the type descriusd ascve,

magnitude of the next earthquake (in tha future) will not depend an  nagnitu

of historical eartiquakes. The earthquake nrocess has no "memery" in the sense

that one occurrence doas not affect others.

--The location of the next eartijuake is 2qually-likely to be anwhzre
the seisnic source.

=-garthquakes accur in time as a Poisson process. That s, tha tines Sat
occurrences are exponentially distributad (and there is

$
cetween occurrences). Importantly, this means that the tins of occurrencs
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the next earthquake is independent of the time since tne last ons. Tha assump-
tion of the Poisson process is not critical, because we ars usually dealing
with rare (improbable) events, implying that the probability of occurrence of

two or more is very, very unlikely, so that the mean rate of occurrence is tn

&
important variable. The assumption underlying the Poisson process, that the
time until the next earthquake is independent of the time since tne last ane,
is quite important, however.

--The magnitudes, locations, and times-of-occurrence of earthjuakes within the
source in the future are independent. As a result, a long time of jJuisscence
in a region does not imply that the magnitude of the next earthquake, whan it
happens, will be Tlarger than if the last earthguake occurrad quite recently.
[f a seismic source represents a fault 2one, and @& largs earthquake nas
occurred within that zone historically, Mhe next event is just as likely to

wsdle

occur an the same segmnent of the fault asd® adjacent segment.
These assumptions give a simple characteri n of seismicity, one reasen any the
Poisson model is so widely used and so co ient for calculating seismic nazard.
Though statistically sound, the<e assul are probably physicaily incorrect.
The magnitudes, locations, and ti; 0 currence of eartihquakes are “ighly depen-
agant phenomena. Of course, if easure everything they are depandent cn, we
would not use probabilistic h essments; so these simplifying assumptions ars
necessary. It would be in » nonetheless, to attempt a hazard 3ssessnant
that wuses all earthgquakes- shocks, aftershocks, and "paired" events--and tiat

incorporates the concept that perhaps no earthquake is an "independent"'eveﬁt.

[NTERPRETATION UF SEISHICITY PARAMETZRS

The task of assigning seismicity parameters (i.e. "a" and "b" valuss and usper-5ouns
nagnitudes) has raised several issues and required some difficult decisisns. Choose
ing "a" and "o" values inevitably requires evaluating the new nethodology developad
for this project by Veneziano and Van Jyke (this will be discussed 2elaw). 1Is the
calculated "e&uivalent“ period of completeness, T:  raalistic? If not, will it
yield unreasonable rates of seismicity? Are the catalog magnitudes good engugn? In
the text, we compare the new methodology to an old methodology in an area with which
~e are familiar, yet the above questions remain unresolved. The examplee-a re
in southeastern iew York and northern New Jersey--may not be indicative
seismic source zones. We think there are regional diffarences in magnituds deterni-
nations and that these differences (not surprisingly) w«ill affect results of calcu-
lated "a" and "b" wvalues. Specifically, the discrepancies between cld and new
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methodology appear most severe (based on ocur work as well as conversations with
other TEC's at Workshop #7) in the northeastern United States. For the Charleston,
South Carolina, seismic zone, on tne other hand, the rates of earthguake activity
are siailar whether dJetermined by old or new techniques, and perhaps, ncre inpor-
tantly, the recurrencz of large earthquakes "predicted” 0y the new methodolegy is
virtually the same as tnat estimatad Ly paleoseismicity data.

Catalog Completeness, Earthquake Magnitudes, and Implications for the Seismicits
Parameters “a" and "b"

Veneziano and Van Oyxe's (139G4) new technique for estimating an "egquivalent" psriogd
of completeness, TE, that is generally longer than a "classical" pericd of complate-
ness is good. It allows us to use all the earthquakes in the nistorical record oy
estimating a time during which all the earthqup®s in the catalog night reasonably
jonarity. Then, Dby wusing all

have occurred, given gross spatial and tempora
the available earthquake data, we can more confident of statistical results

Decause the sample size is maximized.

Although we were not able to review the ues seographically, cell by cell, the
general pattern of the map is n expeyted, i.e. tine periods of equivalant zm-
pleteness are longer for the hi
interval, T tends to incre:
vation raflecting populatio

itude intervals and, for a given magnituis

st to east on the map view (the lattar obsar-
tics).

A2 examined southern iew gngland, southeastern New York, and northern .aw Jersav
(Rondout seismic source zone #31) to compare a "classical" estination of complete-
ness with the calculated version. Figure 5-i illustrates how periods of complate-

ness, To. can be estimated for three magnitude intervals. For comzarison,
culated Dy Veneziano and Van Dyke (13¢d) is given. llotics that TE is LESS THA: tha
cid-style T. estimates. e expectad th2 two 7ethods to aroduce similar results
\with Te perhaps greater than Tc)s Secause a classical completaness test iuwplicit

reflects population and station densities tihrough time, waile tha naw Te is explie
citiy a function of these parameters. Though it can be difficult to estinate &
period of completeness using the old method, we should coasider some of the draue
S3cks to the new method and work to improve it. For exanple, by calculating T. as
function of geograpnic distridution of population, seismic stations, otc., litt
quirks that reflect human history (rather than earthquake nistory) can e ovare
looked. At a certain time and place, people can be more awara of and interested in

)

earthquakes and report more of theu, or a government agency will adapt conscientious
reporting habits for a period of time (e.g. the 1330's), or ever a single interestad
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Figure 5-1. Seismic Source Zone 31. Plot of log (N/T) versus log (years before

1984) for three magnitude intervals. Column labeled "old" gives earthquake rate

estimated from eyeball-fit horizontal lines and gives number of years of complete

reporting (TS) estimated from the intersection of average rate and fall-off lines
b

(as suggested by Stepp, 1972). Column labeled "new" gives earthquake rate and 7.
estimated by new methodology (Veneziano and Van Dyke, 1984). Both "old" and "new"
estimates are based on the EPRI earthquake catalog.




individual can contribute so much to an earthguake cata) 103 that rates of seismicit,
appear to change. Also, advances in communication and transportation can influence
the period of completeness. The point is: there is no real substitute for detailec
observation of raw data because making sense of those data requirses thinking anc
testing assumptions.

[f our spot check of seismic source zone #31 is typical, implying that T. ﬂay be
underestimated relative to old methods, then we can expect the newly der s
of earthquakes to be slightly higher than customary. This would »5e par:chiar?/

)

pronocunce. f you compared rates obtained directly as numbers of eartnguakes (i)

divided dy ne (T), i.e. N (01d)/T¢ versus N(new)/Tg where (N), the number of
earthquake: ror a given magnitude range, would be: il(old)=number of earthjuakes

("b*X) between T¢ and 1334 and ii(new)=total numbgy of earthquakes (my*X) in the ZPRI
catalog.

wne attempted to estimate the rate of eart S as an average annual rate obtained
by drawing a best-fit line on the plot and, comparison, we show the annual ratss
of earthquake activity estimated by t ethodology (Figure 5-1). unly for the
smallest magnitude range (3.3-3.9) are seismicity rates 51gn1f1cantly different;

the new estimate is twice the ra he"old estimate. There is a grzat deal cof

ancertainty in old-style estimase& of both earthquake rate and period of zomplete-
ness and the new mnethodolo e Relpful in evaluating these estimates. For tha
snallest magnitude interval, er, the new estimate of earthguake rate is unrezl-
istic.

[f we take a time interval that we are almost sure would have a complete record of
earthquakes 1in the magnitude range 3.3-3.3, e.g. since 1v3J, and then diviZe tae
aumler of eartnquakes (in the ZPRI catalog) by the number of years since 150, ue
get a rate of 0.50. The fact that this is the same rate .e estimatad fran the olat
(Figure 3-1) strongly suggests that the new methcdology oversstinates tais rats
oecause it is nignly unlikely that we could have missad half the earthquakas (nagni-
tude 3.3-3.9) since 1330,

Other TECs have also noted overestimates of the rates of snal
their areas of expertise, particularly in the northeast. we su
discrepancy between 0ld and new methods for smaller nagnitude earthjuakes can :s2
fixed By calidbrating the new technigue properly. It may not Se a problam inharant
in the methodology. The method assunes spatial and tempora) stationarity of eaarth-
quakes and an exponential distribution. These assumptions appear to he valid for 2
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nunder of studies of global and of eastern United States seismicity, Thus, ever
though earthquakes occur in bursts in time and space, we generally do not observs

phenomenal increases or decreases in seismicity over the long haul,

de conclude that Te for a given magnitude range way exhibit regional variations shat
are independent of population statistics and seismograpn station locations. Further
experimenting with the likelihcod function for the probadility of earthquake detec-
tion should De do¢; in particular the probability of the detectian of smaller
eartnquakes (3.3-3.9) could se raised, at least for the nortneast United States.

A much more serious problem is that the rates of all magnitude intervals for seisnic
source zone #3l are clearly too hign by either the old or thz new estinates. For
exanple, both techniques estimate one magnitude 3,4-4.5 every four years, on aver-

232, and one magnitude 4.5-5.1 about every 2 rs in the region of southeran lew
England, southeastern ilew York, and northern liew Je (seismic source 2ane r3i).
These rates are wrong; they are too high IS probatly means that tha earthjuake
catalog and the magnitude conversions are s ing major problems.

For example, one of the most active suyr ons in seismic source zone #3. is tha
region around the hewark Basin i

detailed study of the magnitudes

Wew Jersey and southeastern 2w York., A

drthquakes in the Newark b5asin suggests tnat
many magnitudes have been timated and, wahen corrected, a much lower rate of
aCtivity is ob.ained; i.2. t iled study estimates one magnituds 3.3-4.3 zvery
33 years (Sykes et al., 1u35), wNereas using the EPRI catalog, the estimate for tnis
sudregion is approximately one eveery G-7 years. Likewise for tha nagnituss rang2
3.3-5.1, the estimated rates are one every 67 years (Sy<es et al., 1923) versus ane
every 20-33 years (the range is the spread between “"o0ld" and “new" methodoleg
indead, a dense local array of seismic stations Jperating in this area nas detac

all earthquakes greater than magnitude 1.3 for 10 sears, and the largest =zarthjuake

Rl

t0 have occurred in that time is one magnitude 3.0 (Kafka et al., 1s33). VYst,
according to the rate estimates derived from tne SPRI catalog, we would nave
predicted 5-12 earthquakes in the magnitude range 3.0-3.5 for an average decade. |In
all fairness, 10 years is too short a time to establish a godd averasge rata anid the

{ past decade could have been a "quiet" gne. Since 1330, however, we count only six

sarthjuakes between magnitude 3.0-3.0 (Sykes et al., 1J33) so it still laaks as if
the average is'one per decade.

[t is obvious that, if there are systematic errors in the estinates of magnitude in
the EPRI catalog, these errors will propagate though the nagnitude conversion
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procedure and then to the estimates of "a" valuss. Uur recomnendation for
ameliorating the magnitude problem is to attempt to estimate seismicity narametzrs
is to find a relationship between 2Cth century sarthquakes witn Soth =

ne

L3
felt areas and then to estimate magnitudes of preinstrumental eartinguakes
ar2a wherever the Jjata exist.

an:
rom falt

Seismicity Parameters "a" and "b" Values

The bottom line is that the "a" and "b" values calculated oy new methods should
agree witnh the previous well-determined values. The average values for "a" and "5"
that we have selected for our seismic source zones are listed in Table 35-1. goth
the "a" and "b" wvalues in all seismic sources have Seen chosen to 52 constant,
representing maximun smoothing. This is a classyOe] approach to zonation.

or

~e repeatedly attempted to use the new methgdology Yto advantage. In most tes

3

cases, nowever, the results do not agred &JOF good data which we have aisle reaso
to trust. Why then, should we believe that new methods yield more accurate "a"
and "0" values in those areas about wh nowx nothing? Because the lower magni-
tude earthquakes are more abundant-ge h some hope of estimating their rate even

if it is only for the last 3 Yet the new results so grossly cverastimats
these rates that w«e cannot ac . The "a" and "5" values presentes in Tadle
5=1 are results we can liy ecause they will give reasonable cuaulative ratas
in several areas for which th e substantial data. The areas we scrutinizasd
are: ivew Ingland, New York, ilew Jersey, WNew 'iadrid, Charleston, anZ L _Wa!:aie.

Jnfortunately, we were forced to circumvent the new methodology in order to produce
tnese results, ana we do not know if they represent the best estinate of seigmicity
paraneters. Cssentially, the "a" and "b" values (Table 3-l) are a pradetermines
outcome, reflecting our input options. We imposed a strong prior "" valizs ¢f J.s
for all the zones except those in New England, for wnich we imposed a value of J..5.
For the magnitude/frequency curve fitting the weighting scheme is as folloas:
weight=.01L for My jnterval 3.3-3.9; weignt=.2, iy interval 3.3-4.3; w2ig
interval 4.5-5.1; weight=1.0, My interval 5.1-5.7; weignt=1.0, .
weight=1.0, My interval 6.3-5.9 and weight=1.0, my interval wu.y-7.3.
options this way was a hard pill for us to swallow, because it is

sest way to treat the data. Jut at present, it apozars L0 be the Sest ady
teract the major weakness of the new methodology, f.e. the overes
rates of smaller earthquakes. I[f we had sufficient time, we think we could imarove
the new methods and nake it not only viable, but extremely useful as well.

5-7



Table 5-1

Average "a" and "b" Values

Spatial averages of “a" (x,y) and "b" (x,y) are such that
103(Xsy)-b(x,y)(m,-3.3)

is the number of earthquakes with magnitude betweenzmb and m_ + 0.6 expected
to occur in one year in a region of area (11l.11 km®) centergd at (x,y).

Primary Seismic Source Zones "a" Average “b" Average
l. New Madrid, Missouri* <¢£§£§;:C = 3.851-1.001(mb)
2. New Madrid Rift Complex 8291 0.921
3. OQzark Uplift -1.21 0.915
4. Southern [1linois/Indiana -1.09 0.88Y
5. East Continent Geophysical Apgmal . =1.54 0.911
6. Central Tennessee -2.28 0.902
7. Fort Wayne Geophysica 1 -1.86 9.902
8. Anna, Ohio -0.80 0.90§
9. Eastern Tennessee -1.75 9.902
10. Southeast Michigan -2.14 0.902
l1. Northwest Ohio «1.73 0.904
12. Cleveland, Ohio -1.56 0.907
13. Southern New York-Alabama Lineament -1.33 J. 902
14, Louisville, Kentucky -1.22 0.902
15. Northern [1linois -1.95 0.913
16. Southern Oklahoma Aulacogen/Ouachitas «1.75 0.91%
17. Western Ox1lahoma -1.6%5 2.910
18. Nemaha Uplift-Humboldt Fault -1.45 0.305
19. Great Lakes Tectonic Zone -1.33 J.913

5-8



Table 5-1

Average "a" and "b" Values

Primary Seismic Source Zones "a" Average “b" Average
20. Chadron Arch -1.05 0.900
21. Great Plains . -1.93 0.927
22. Texas Bolsons -1.30 0.894
23. Nemaha and Anadarko -1.17 0.904

24, Charleston, South Carolina <5:E;:5§.72 | 0.396

25. Southern Appalachians -1.13 0.924
26. South Carolina Q -1.24 0.916
27. Tennessee-Virginia Border % -1.06 0.902
28. Giles County -1.05 0.900
29. Central Virginia -0.80 0.419
30. Shenandoah -1.28 0.905
31. Quakers -1.02 0.954
32. Norfolk Fracture Zone -3.12 0.900
33. Niagara-by-the-Lake -1.13 0.907
34, Nessmuk -1.12 0.907
35. Tremblant -1.00 0.353
36. Mattagami -1.62 0.30%
37. La lMalbaie** 109NC=2.J3-.7(m:Lg)

38. Temiskaming -1.11 0.3%2
39, St. Lawrence Rift -1.33 3.937
40. QJuahog «0.73 0. "6
41. Vermont -2.0% 0.85%
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Table 5-1

Average "a" and "b" Values

Primary Seismic Source Zones

42. Campobello

43. Restigouche

44, Barely Nantucket

45. Orpheus Nose

46. St. Andrews-by-the-Sea

47. Cornwall/Massena

48, TIKL (Tennessee- Illinoic-Kentucky

Lineament) and ECGA

Background Seismic Source Zone

49, Appalachian Basement
50. Grenville Province

51. Gulf Coast to Bahamas Fr

ure Zone

52. Pre-Grenville Precambrian Craton

“2" Average "2" Average

Combination of Seismic Source Zones

23 U 16
23 U 18
50 U 12
2V 14
49 U 32

% Probability

30%
10%
22%
34%
33%

5-10

-0.93 0.864
-1.50 0.887
-1.70 0.896
o 62 0.901
a 0.901
-0.73 0.882
-2.95 0.900
-2.24 0.924
-2.18 0.929
-2.30 0.909
- <2.19 0.938

3" Average ‘D" Average
-1.49 1.059
-1.29 0.959

Values Not Yet Received
Values Not Yet Receivud

Values Not Yet Received



Table 5-1

Average "a" and "b" Values

Permutaions of Seismic Source Zones

Permutations are meant to express the possibility that an activity rate andg
"db" value that were appropriate for Anna, Ohio (#3) may, in the next 50-100
years, be more appropriate for seismic source zones that are analogous to Anna
(i.e. intersecting basement features in Tennessee and in Southeast Michigan--
Seismic Source Zones #9, 10, 48).

3 30% -0.80 3.905
8 30% .73 0.902
8 30% -2.14 0.902
8 10% -2.95 0.900
3 70% -1.75 9.902
9 -0.80 0.905
10 -1.75 0.902
13 30% -0.30 0.90%
a3 0% -2.95 0.900
a3 10% -0.80 0.505

*Johnston and Nava, 1984

**leblanc, Personal Comnunication



The first problem with the results we present is we have ~weighted tha lowest magni-
tude interval minimally, yet this interval almost invariadly has the highest number
of obsarved 2arthquakes. w~e are practically throwing away our Sest data! ir
affect, the weights we have assigned yield something resambling a least squares fit
rather than the preferred naximum likelinhood solution.

Another problem, no more palatable than the first, is the assignment of stronc
rather than weak prior values for "b". The advantage of a weak prior would rave Sesn
to “fix" a reasonable "b* value in areas with very little data and, at the same
time, to allow the actual data to determine the slope in areas with sufficient <ata
Tha use of strong prior "b" values, however, implies that we already know ">" every-
where, and we do not. Yet, in a few selected areas where good "b" values have been
determined, the new "D" values were overestimatedaif we used a weak prior value or
if we weighted the first magnitude interval 3-3.9) as hign as O.i. Specifi

cally, compare these results:

Forme New (with Weak Prior=.3y)

Cape Ann/Write Mountains 1.08
Adaine, new Srunswick 45) 1.18
La Malbaie .35
s2uark gasin, dew Jersey @ 1.1

Since the new method overestimates "b" values for all these examples, we felt .neasy

-~

about using the new "o" value estimates in areas that are not familiar to us. Con-
sequently, we imposed the strong prior "b" values noted above.

In addition, the average time interval between damaging earthguakes 1in S0th iew
ladrid and La Malbaie is overestimated Dy the new methods no matter what actions e

cnoose. Therefore, instead of choosing an "a" and "b" average for our final
results, we give

log Ne = 3 - 5(m)

independently determined for both of th2se source zones.

Strangely enbugn. the new "a" and "b" estimates are not uniformly bad :ﬂ*;,;*34i the
study region. Yo matter what options we assign for the Charlestan seisnic source
20ne, the results are refresningly sensible. Mot only are tne earthjuake rates rea-
sonable for all magnitude ranges, but also the rate of large earthquakes predicted
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9y the current “a" and "b" values is almost identical to the conpletaly indspendent
estimate derived from palecseismology. Specifically, tae recent dating of tuo
Jrehistoric palecliquefaction avents coupled with the 1502 Charleston 2arthguake has
anabled Talwani and Cox (1383) to estimate an average recurrence interval of 1300-
133J years for eartnquakes of magnitude 9.2 (approximately) and graater.

“a" and "o" values calculated by the new methodology predict a magnitude

1700 years. The new methods can work! e suspect that there may Oe
variations in both the probability of earthquake detection and the estimatas o
nitude or intensity. Such regional variations must bDe examined in futurs wors.

Given the caveat that both the new technique and the EPRI earthquake catalog can
improved, our "final" "a" and “b" values (Table 5-1) are calculated by the new t
nigue with medifications that circunvent its majoR weaknesses.

of accepting the new technigue without gquestior

discrepancies between the old and tne new. Qne con ison bears comment:

nijues generally use cumulative frequedgy persus magnitude plots for "5" an
value determinations, whereas the new techn Jyses only the frequency of specifi
nagnitude intervals. Oepartures from nential relationship are much more pr
20unced using discreet magnitude intervd%} and an attempt to make the Jata confar~
to exponentiality partly explain igh rates of smaller earthquakes 2stimatad
the new mnethod. In addition to redsing the rate of thase earthguakes
increasing the probabilit etection), perhaps we should also questio
assumption of exponential LDENG [f there were more or better data, would

the interval and cumulative earthquake frequencies yield good exponential fits?

#2 conclude that the new methodology could 2e a powerful tool for estimating saisuie-
city paraneters and its potential may be realized with further thought and trial.
<eep in mind that statistics are not a sudstitute for odservaticgn; thay are designeq
to yield probabilities, not insights.

APPROACH TO ZSTIMATLING UPPER-B0UND #AGNITUDES

#e¢ are required to specify a maximum magnitude earthquake in each seisnic source
region in order that the probabilities of earthquake ground mgtions can e

lated for seisuic hazard analysis. These upper-Sound magnituges are al

in a statistical sense, for truncating the frequency-magnitudz relationship,

that context, the result is fairly insensitive to the choice of

ang 7ence not as critical. Even though there is very little physic infornaLicn
that can Se used to determine the naximum magnitude earthquake, ~e sould fael nmore

comfortable if we could invent or adopt a netnocalogy for estimating this almost
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Completely uninown parameter. Somehow a system or procedure far ootaining the numbsr
mould fee: more like "scientific practice”, less like an art, and it would probahly

remove us a stez cr two from the nasty repercussions of being wrong (i.e. our metha-
dology was wrong, we wer2 not).

After ~e attempted several different techniques (described in Agpendix ¢, we
decided to group seismic source zones into four classes represanting four differant
maximum magnitudes. we think seismic source zones can be crudely grouped togeths:
and differentiated; some zones could have great earthquakes, other zones appeiar to
be dackground areas and may not nave any large earthquakes. [n Setween these two
extremes might Dbe two categories: 2zones that could have large earthquakes, and

zones that could have a moderate earthguakes.

To express it another way:

1) a few seismic source zones could beQapable Yof "great" intraplate e:
quakes; because the I adrid akes did occur, we must admi
existence of "great" intraplate earthqu in the zastern United States

2) many zones are clearly identifi both tectonic features and seismi-
city, but do not have convin eviM@nce for the possibility cf "great" earth-
quakes; these could be capa arge" intraplata earthquaxes

3) other zones are not early identified either Sy tectonic faatures or
oy seismicity; e.g. seismicity or no currently discernible tactonic
features; nonetheless, they"may be zones and could 2e capadle of “modzrate"
intraplate earthquakes.

4) Finally, there are areas not considered to be in any zone.

cvan though these categories appear to be arbitrary and capricious,
integrated a tremendous amount of information about tactoni

into asking and answering the guestion: which category

source area?

The easiest group to establish is the background. There are four Dbackground zones

defined as the remaining regions not mapped as sefsmic source zenas: the Gu1f Coast,
the Appalachians, the Grenville Province, and the pre-Canbrian (pre-granville)
ton. In addition, two seismic source zones, Cleveland, JUhio ani Losisville,
tucky, both of which have a greatar than 20% probability of naving no potential
a moderate or large earthquake, can 5Se grouped w~ith background zones

the possibility of a slightly-nigher-than-background maxinum nagnitude
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Though it was not difficult to arrive at an agreement on tha constituants of the
"background” group, it was more difficult to settle on the value of the maximun

-

credible earthquake. Opinions varied from magnitudes of ¢.3-6.0. Finaliy, we Har-

9 had b T
J ~

gained for an ny of 5.2 with a range of 4.3-5.5. It neans=that we <2 allow t
possibility of a low-moderate earthquake anywnere. [f we <new nore i
scale tectonic features or if we knew why, for exanple, much of the [ id-Continent
Gaopnysical Anomaly is aseismic or if we could Se entirely certain of spatial sta-

tionarity of seismicity, then ve would suggest that the highest "cackground" earth-

v -m

~
~
i}

fu

s
~“old

quake is less than a magnitude 5.0. Thus, the 5.2 maximun magnitude “backgraouncd’
2arthquake, reflects a degree of ignorance.

All four categories with the zones assigned to them are jiven in Table 5-2. First,

" use an upper-bound magnitude my of 7.4 as limit of my magnitudes and it is
the estimated value of the largest hew Madrid Qguake (.uttli, 1233). The range

for the category is 7.1-7.4. Two obvious cgoices a great intraplate earthguake
are New Madrid and La Malbaie. Uthers n Charleston, Campobello (AKA Passan-
o3u0ddy Bay), Orpheus .iose (AKA Grand ks) and part of the soutnern Uklahoma
aulacogen. .otice in the table of ma nitude categories that Charleston an:
Campobello are assigned a greater rang possible upper-bound nagnituces than ths
others, This 2xpresses our grea rtainty for Charleston and, because Campce
cello is a seismic source zone t we think is similar to Charleston, th2 uncer-
tainty applies to Campobel) 10gy. The specified magnitude range of &.3-7.4
for the two 2zones covers anges we established for both the "great" and the
“large" maximum eartnguake groupS. Thus, the 133G Charleston eartnquake might Gs

the maximum that could occur there, perhaps a repeating earthquake of characteristic
size.

The "large" upper-bound magnitude category was assigned a o.0 with 2 range of u.3-
7.d. The magnitude of the Charleston 1383 earthquake was probably around v.3; thus
it nelps us to think: where could a Charleston (type locality) eartnguake o2cur?
wany of the zones in this categcry are located at intersections of najor featurss.
For all we know, there may be an infinitely small chance of a wagnitude o.3 earth-
quake in these zones, Sut we view many of these deep crustal features as potantially
nazardous. In fact, if we nad trouble deciding which upperedound nagnizude catagery
3 specific zone should De assigned to, we often asked: is it nore or is it )

nazardous than zone x? Thus, the perceived (rightly or wrongly) hazard «as sart o
the mental gymnastics. If we could not agree or simply could not make any comparise
ons, we assigned a digger range of admissible upperedound magnitudes to tne 2one.



Table 5-2

Seismic Source Zones Grouped According to the Assignment of Upper Bound Magnitudes

Great Earthquakes--mb 7.4--Range=7.1-7.4 (Unless Otherwise Specified)

New Madrid (1)
Charleston (24)
La Malbaie (37)
Campobello (42) 6.4-7.4
Orpheus Nose (45)
Southern Oklahoma Aulacogen/Nemaha (23)

Large Earthquakes--mb 6.8--Range=5.4-7.0 (Un] Otherwise Specified)

Southern Appalachians
Giles County

Central Virginia
Quahog

Cornwall/Massena QQ

B

New Madrid Rift Complex
Southern [11inois/Indiana
Anna

Eastern Tennessee
Southeast Michigan
Nemaha

Ok lahoma Aulacoge
Chadron Arch

Texas Bolsons

South Carolina

Quakers

Temiskaming

St. Andrews

Norfolk Fracture Zone
St. Lawrence Rift
Barely Nantucket
Restigouche

Tremblant

TN TN I TN TN ATIIN AN TN AN N N N N S O N B A S S S~
LW B WW R WWMNO NN = O N & aEDMN
NW B OLONOWrH-H-OINOO MO s N O WO

N L S —

§5.76.8
5.7-6.8

Moderate Earthqukes--mb 6.0--Range=5.7-6.3 (Unless Otherwise Specified)

Ozark Uplift

East Continent Geophysical
Central Tennessee

Fort dayne

Northwest Ohio

Southern New York-Alabama Lineament
Mattagami

Northern [1linois

western Ok 1ahoma
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Table 5-2

Seismic Source Zones Grouped According to the Assignment of Upper Bound Magnitudes

Shenendoah (30)
Niagara (33) 5.2-6.2
Nes smuk (34) 5.2-6.2
TIKL (48) 5.2-6.2
Tennessee-Virginia Border (27)
Vermont (41) 5.2-6.2

Appalachian (49
Grenville 80
Gulf Coast

\
Precambrian (52
Cleveland (12 5.0-6.0
Louisville (14 5.0-6.0




Finally, the zones deemed capable of a "moderate" earthjuake are assignec an upper-

Jound magnituce of 0.0 with a range of 3.7-¢.3.




Section o

CONCLUSTIONS

In this study, we were asked to “try on" a particular set of rules for gvaluating
the earthquake hazard in the EUSAC and to accept these rules for tha duration of ths
experiment. While the rules were not always easy to accept, we think that this
study is an improvement over previous studies for two reasons: (1) the rulss wers
clearly delineated and (2) each team followad the same rules. Thus, each team was
constrained by the same assumptions and the rasulting hazard curve can 5e tracsa?
step by step through the procedures. Many pre studies, on the gthar hany,
ralied on ad-hoc interpretatione of seismotactonic\Processes in a ragion ahere lite
tle is really known about what causes eartAguades.

An important aspect of this study is e of the assumpticns that underlis the

experiment. e have presented our perc 0ns of the underlying assumptions ani 10a
they affect the results of the R@Eﬂ. team. The members of the neidout tean

2¢id not always agree on the v ity of these assumptions, and in some cases i
£,

oo

o

range of opinions was drama ch a diversity of opinions f{s, in itse an
indication that tne results entire experiment should Se interpretad 4ith cau-
tion. '

For large parts of the EUSAC, we still have little «nowledge of wizre and uhen
future moderate-to-large earthquakes will occur. It is indead difficult to justify
#here to draw a line between one zone and the next. [t seems, therefors, that 2
complete probapilistic assessment of the hazard in this region should include the
effect of treating the ar ire study area, from the Rocky ountain front &3 thns
Atlantic continental shelf, as one seismic source zone. This interpretation 22-its
total fgnorance and would allow the occurrence of a magnitude 7.4 earthguale anye
ahere in the EUSAC. In other words, we are not yst convinced that the larger intra-
plate earthguakes necessarily occur in what we (or any other tean) are Jelingating
as seismogenic 2ones. Large intraplate earthquakes may occur randanly in Soth spacs
and time! They aay occur in seismogenic zonas that we are tao ignorant to identify,
Alternatively, they may occur 1in seismogenic zones for anich «e are Seginning to
33in insight through the ideas and variables used in tha PRI experinent,
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Lithospheric Stress

The state of stress in the litnospnere results from the supernnsition of
a variety of forces on a variety of scales, e.g.

a. Plate tectonic forces
b. Vertical loading and flexure
i. glaciation/glacial rebound
ii. erosional/deposition
¢c. small mantle convection and upwelling
d. thermal, thickness, and density inhomogeneities

To decide which forces dominate, we need to exaMN the available stress data
and their degrees of reliability

Measurement of Stress

Information on lithosphe
ments outlined in Table
lodack in tneir compilatj

Rss is obtainable through several measurz-
ge indication used extensively by loback ing
geclogic data. Here the dasic assumotion s
that the orientation of yo aults, dikes, and volcanos can be used to infer
the orientations of the stress field. A serious problem with this _avproa

is that inferred stress directions are for the orientation of the stress fi
#hen these particular features were being formed, and do not necessarily imaly

*

A )

ele
stress J1- .ctions which are currently presert. In fact, dike orientations
nave been used in lew England (McHone, 1973) to show the nistory of exten-
sional stress directions. For the very recent past (<3 MY) there are very
little 3Jata indeed.

Also, slip on faults for Holocene or younger movements is scarcely docu-
mented. (ores and dating of fault gouge on the Ramapo Fault, a seemingly
likely candidate, reveal no movement younger than Jurassic. Ther
of

Jrientation and sense of slip are not <nown well encugn to constrain  strass

3
4
(20
wi
'
L
D
3
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Jossible Pleistocene slip on the few York bignt Faul

Y

-
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(9
C
“r

*
L
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*

shere,

arientations. Interestingly, offset cor2 noles in Connecticut na2ar tha =aney

Hill Fauit lone indicate a comoressive stress orientation of W3t and tnis  is

a-1



Table |

Stress Data

Method Estimated Orientation Errors

Geologic Indicators

Fault Slip | & +30°

Joints as Mode I Cracks

(Engelder, 1982) Q

Dikes and Feeder Alianme +10°

Borehoie Caving (Breokou5§§§:> +200
In Situ Stress Measuremen

Hydrofracture <:::::> +150

stress Relief +90°

Fault Plane Solutions +30°




not the predominant orientation indicated by fault plane solutions
land.

dorehole caving or Dreakout. are a promising new approach
nandle on the direction of the least principal stress, but there
able uncertainty renderec by existing rock anisotrooy.

For in situ stress measurement, the hydrofracture measurements yield a
good estimate of the minimum horizontal stress as well as the orientation of
the minimum horizontal stress. To get truly meaningful stress data, it s
imperative that we rely on several data points at different depths in a well,
rather than cone or two observations.

Jeen found to be extremely noisy. However

nels or in mines have yielded useful informdtio d give a reliadble value for
the maximum horizontal stress, both ig/Laxms of its orientation and in terms
of its magnitude.

Of the various methods in Tab! : fault plane soluticns yield 7
axes, which in compressional gimes are usually internreted to imoly
the orientation of the maximug raQntal stress. We do recognize that th:
seismicity is associated wi R isting faults and, as such, the orientation

orientations of the preexisting fault anc

axis. However, what we have found is tnat v
taking an average of several well constrained fault plane solutions, the iver-
age P-axis direction is representative of the actual stress regime. So, the
need would be to obtain well constrained fault plane solutions over ths entire
region.

One other uncertainty in the stress data is that most of tne
neasurements are limited to the top two or three kilcmetars, and th
lation to the seismogenic regions (which is normally mid-crustal)

always De lirear. A possible method is to obtain, wherever it is dossizle,

good fault olane solutions as a function of depth, and tnat can check aut the
valigity of extrapolating the stress gradients to seismogenic ceptns.

some Jbservations of Stress




Stress directions (compressive) from a variety of scurces are shown in
Figure 1 reproduced from Zoback and Zoback. Despite an apparently excellent
chance for error on the basis of any individual estimate, the consistency of
stress orientation over broad regions is nothing short of remarkable. llgwhers
is this consistency better developed than in the mid-continent and eastern U3,
where ENE maximum compression dominates. Examples from the southeast and cen-
tral and northeast US, where we infer that the direction of the maximun nor-
izontal stress is oriented Dbetween NE-SW and E-W, compliment the gata of
loback and Zoback (1vd0, lwsl, 1983) and arque for a uniform stress directicn
in eastern US.

Figure 2 shows *the compilation of the o tation of the maximum orizon-
tal stress in the southeastern United States. hen there ire many sourcss,
fhe point has been labeled with an M, apd/wmen they are basec only on faul
plane solutions, they are labeled FP. outh Carclina, several faylt olane
solutions were used at the differen

ot

ions. In particular, at Charleston,

%

the stress orientation 1is based our fault olane solutions anc wel!l
breakout data of Zoback and Zo

tion is based on an average of

150%). At Monticello, the stress orients-
Praxes of 22 fault plane solutions and some
well breakout data. At L assee, the orientation is basad an throe fay!

plane solutions, hydrofr urements by Haimson (1381) and overcaring in 2
pilot tunnel at depth of aboul 300 meters underground by Schaeffer ot a°.
(1379). A1l three data points show clearly consistent orientatisn of stress.

In Giles County, Virginia, again, the data are based on ravised ~sult
plane solutions Dy “unsey and 30llinger (1433) as well as soma nydrofrac 2at:.

The stress orientation in Kentucky is based on two fault slame scluzizes
oy Mauk et al. (1s82) and by Herrmann et al. {13c2) for tie 1¥d) 3narassurs,
Kentucky 2arthjuake. The fault plane solutions in 2astern Tennesses ars fra
sollinger et al. (1370). For the two data points in Georgia (frem Cr. Lor:
and nis students), we do not nave the final fault plane solutions, 5.t oasac
on the preliminary data, tne orientation of the P axes is in tha i 1.2irirt,

30, we see overall a fairly uniform picture of strass in southrsastern .3;
the orientation of the maximum horizontal stress is in the S.S-Sa ciragtinnm,

The basic differences “atween this and loback and Zodack's | L=ad congilaticn

is that Talwani has removed some dabatable data and the srisntatiang 32322 3
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Figure 2. Maximum horizontal stress inferred from several data sources in the
southeastern United States (presented by Talwani).



geologic data such as the orientation of faults. The lastest JZoback and
loback (1383) compilation also has eliminated those stress orientations.

A recent compilation of stress data for the centra! United St

w

tes pro-
vided Dy Or. William Hinze indicates an ENE maximum compressive stress direc-
tion. Also, the fault plare soiutions for earthquakes in the northern iew
York /western Quebec seismic zone all have P-axis orientations in the northeast
quadrant (rFigure 3). The consistency of direction spans depths from less tran
1 km down to 17 km.

In summary, what we notice in several regimes is a fairly coherent pat-
tern of the maximum compressive stress. [f large regions are consideresd
removed from “local" sources of stress such hermal activity, topograpnic
loading/unicading, significant hetercgeneit®sZ\Dqd residual effects, the zata
may De considered in terms of plate tectgplic forces. In central and eastern
JUS the fit between maximum compressio the computed direction of absolute
motion of the Nortn American Plate,

ey push" using the Minster and Jor-
dan (1378) rotation poles is so good
Richardson et al. (197%), Solo
Forsyth and Uyeda (1975) and
oversimplified in many re

be convincing. 'odeling efforts of
(1900), Hager and 0Q'Connell [(1961),

e impressive though still elementary and
PEL S significant refinements may be expectac

in the next decade.
stress orientation field (

pusn®” does seem required in order to match the
e 4). Present models faver drag forces tna
resist plate motion, but in point of fact the matter remains open until less
simplified models are thorougnly explored. wWe do not have clear knowledge of
the details of the dynamics of plate motion or geometry. ior do w~e have a
handle on the magnitudes of the crustal stresses, ana, even though the
comoressive stress direction is very similar over much of the sastern Lnitad
States, there are variations. In addition to nlate doundary forces applied o
& heterogenious crust, residual stresses may he significant lozall
magnitudes are large in comparison to stresses associated aith p
ics. This seems likely in parts of the Canadian Shield, where tne stress nis-
tory nas been complex (Herget, 1%c0); tnis view is reinforced 5y nydrofrac
data at Oarlington, Ontario (Figure 53) where a discontinuity in magnituce and
orientation occurs near the Precambrian-Paleozoic boundary (maimson, Ll#sl
Comparison of hydrofrac and borehole-deformation gauge

[ Y

ata confirn Soth nag-

- -

nitude and direction. The data supoort the view thiat tn

1astic Crust has

o
¥
1y



MANI|WAX]
T/R/TS

CORNWALL 74/81

—

\\

QUEBEC
=

CORNWALL

MASSENA

7/5/8I

Va/TS, VIS/TS

Figure

-

POTSOAM
4/28/76

as

4d

*

BAY POND
8/21/78

WILMINGT O
/28/77

RAQUETTE L
W/2/7%
NEW YORK
- Goodnow )
0 SOwkm 10/7/84
| i BmML
43 - - 5-3/7).,7-8/

3. Fault-plane solutions from the Adirondack-Ontarigo seismic zone.
Reverse faulting predominance ard the P axes are predominantly ENE.

A-8




.. \

\ MID - CONT
— , |

\

\
Nl
o\

~—

\
¢ a
ses ’ —

~ .  SOYTHERN \ [
GREAT PLAINS J‘-

e

| ) =

v (4P AnatiOn '
W AT R AL TN L TOe ’
- 7
r /Q\j
T M TS AU BT Al r G

-

/ CAMCMATTE 0K mAe oeiCtow / /

o e 10w COueTis fiow  woor

0y oo »

irection,

W

A comparison of stress

A
-
ion and drag from counter f

-
-
-
-~
—



STRESS (MPe) Trmax C{RECTION

0 .r }O‘ 60* £
ON, ONTARIO :
. -
Cene ‘f.
".01 *
-,
Tuaar O *
£, 3! 3.
° §> | N -0
™ Tt
~— .. /
-
a
W R 2
o
g NZ3L
CPS
3 - | !

DARLINGTON, ONTARIOQ

Figure 5. Variation of stress magnitudes and “Hmax direction ‘w:vq:e?:" a:
Darlington, based on hydrofracturing and overcoring measurements (D is depth
in meters).



significant strength for time scales of 107 years.

Stress and Earthquakes: Interpretation

[f plate boundary forces are postulated to explain the nearly uniform SN
maximum principal stress direction, then the process is operative and valid
for the entire east and central North America. However, the seismicity is
localized because of stress variations and preexisting zones of weakness.

m

AR}

From Talwani's study in the last several years he has come to the conclu-
sion that there are two types of earthquake activity in the southeast. In tne
first kind, low level seismicity (M<4) occurd at relatively shallow depth
(Z<5 «m). It occurs as discrete swarms, w¥ic e individually clustered in
space and time, although collectively di a 1diffused pattern. From 13
seismic hazard point of view these are bably not significant. Seismicity
near plutons and reservoirs in the nt Wwould be of this category. The
second kind is associated with mider ocal depths, and the few Sut signi-
ficant larger events (11>35), ing¥is important for the evaluation of
seismic hazards.

In trying to underst tonic ¥+ asses, we need, therefore, to recoa-
nize that there may be dif local processes associated with the two kincs
of seismicity, superimposed on a regionally uniform tectonic oprocess. in
L can Ye

fact, at any given locatisn, any of the mechanisms listed on page
dominant; all are capable of producing stresses of the order of 10° cars.

For the midcrustal-depth earthquakes, Talwani has drawn a parallelisn
with worth China and suggests that the seismicity is associated w~ith discrats
blocks. For examole, a rift zone “block", extending to large crustal daotns
#1171 Le a more efficient transmitter ang concentrator of stress than the sur-
rounding crust. Where zome of these “blocks" or doundaries are intersectac by
Or associated w~ith preexisting zones of weakness in the form of faults (or
other tectonic features), the intersections will Se a place where the earth-
Guakes will be localized.

The iiew Maacrid seismic zone may also result from increased stress an
S

decreasad rock strength at intersecting boundaries. [f severa] sat

secting faults are suitably oriented (for fractures) to tne stress tensor



can expect doth strike slip and reverse faulting (Figure 6). This is obsarved

in New Madrid, Missouri, in North China near Tangshan, and in Charlesten,
South Carolina (Talwani and wu, 1984).

To check the concept that regional stresses are amplified in thas

M

regions, we need detailed stress measurements to see if there are localized
stress gradients. The recurrence rate associated with these earthquakes is
probably hundreds to thousands of years. This range is based on the estinatad

recurrence rate of o000 years for # > 6 earthquakes in the ew Madrid region,
obtained from paleoseismological data (Russ, 1381).

The overall seismicity and strain release patterns may help sort out the
kinds of processes in addition to ridge pu hat generate earthquakes, e.3.
can we identify suitably oriented zones of w¥ak from the seismicity zata
alone? Also, there has been consi @ debate whether the pattern of
seismicity is stationary or not. The te al pattern of historical seismi-

city at Charleston, South Carolj gr €xample, indicates that seismicity
occurs in discrete periods which are artershocks of the 1so8o earthguake,
ni

implying that there is somet igde or 'ocal about Charlaston. The gen-
eral pattern of seismicity app t0"be stationary in that the seismicity
appears to be occurring ac¥ where we have had earthquakes in the past.
The instrumentally locate uakes in South Carolina also appear %0 sus-

port the idea of a stationaryMattern of seismicity.

[n Virginia, Or. 6ollinger nas also compared the seismicity patterns of
well-located instrumental data with a historic pattern, and again argues for a
generally stationary pattern. Likewise, in iew York and adjacent areas the
distridution of seismicity is non-uniform and the ten year sample of instrue
mentally located earthquakes is remarkably similar to the historical sample,
Jne could argue that the pattern of seismicity (primarily the larger evarts,
magnitude of 5 or greater) is basically stationary, ang the current seismicity
would then be a useful indicator of potential seismogenic zones of future
earthquakes. The obvious question is what about nlaces like <Kentucky and

w

-

Jrunswics where there were not earlier indications of seismicity? This suge

3ests, though, that these places lie in potential seismicity zones waich “ag

19

S.

not Deen identified, because of the long recurrence rat







Conclusions

S0 the message is that although the current seismicity is indicative of
future earthquake activity, we need to identify other tectonic featurss that
can be seismically active, but have not been in historic times. The problem
is not so gloomy. [f we can explain the features that have the current
seismic activity and identify these seismogenic zones, tnen we should 2e able
to identify those features where we think future earthquakes can take place.

To seek tectoni. features that can be potential stress concentrators or
to identify preexisting zone; cf weakness, we pged to examine some geophysical
data w~hich include potential field anomalies tered in different ways, P anc
S velocity values, heat flow, electrical condu ity, magneto-telluric, and
remote sensing data. ctach of these ip/dvapious ways can help tc locate

features which occur in the form of suit oriented zones of stress concen-
tration or weakness that help loc served seismic activity in eastern
us.
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STRESS REGIME
IN EAST AND CENTRAL UNITED STATES

[. Origin of Stress

In general, observations show that the state of stress at a point within
a plate is not simply due to the weight of the overlying rocks but results
from several preexisting and present day force fields as well (Figure 1). The
distribution of these different sources of stress probably varies signifi-
cantly in an intraplate region. Considering natural stresses only, what might
be the relative contribution of these different sources expected for different
regions of the east and central U.S.?

A. Active Stress

l. Gravitational Loading/Unloadi

a. Surface

-=Culf Coast-here, rapid ation and measured tension perpendicular
to the Gulf Coast are stsPant with plate flexure

--Atlantic Coastal P rrent sedimentation on continent shelf: how-
ever, it is questionabN/whethner we see plate flexure as a dominant come
ponent of the stress field.

--Northern United States-is glacial rebound still going on?

--Observations suggest that these stresses probably do not make a signi-
ficant contribution to the stress directions, but since horizonta)
stresses are higher in Canada then the U.S., glacial rebound may affect
stress magnitudes.

b. Subsurface

--downwarp and uplift (e.g. Adirondack uplift) may be governed by thermal
changes.

2. Tectonic Forces (no active "plate boundary" tectonics in the region,
but these forces can be transmitted into plates)

--Western Great Plains region
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This region is geographically close to active "plate tectonic" type
forces such as those responsible for the Rio Grande Rift. Unfortunately,
there are not a lot of data for this area.

--Eastern U.S.-The passive margin is relatively close to the the Mid-
Atlantic Rift. We would expect NE compressive forces and the stress mage
nitudes should decrease as one goes from east to central U.S. central
U.S'

--Florida-very close to active plate boundary between Caribbean and North
American plates. The stress direction for that plate interaction is
approximately the same as stresses arising from ridge-push from Mic-
Atlantic.

3. Thermal Changes

--Great Plains-vast uplift over a large ar suggests thermal source,
possibly uplift caused by intrusi f large thicknesses of basic magma
into the lower part of the contin crust.

Further Comment:

Gable and Hatton (1983) n onsMered all available lines of evidence
and conclude that the wes t Plains from Montana southward has been
uplifted from 1000 to 15 th last 10 Ma. This rise in surface eleva-
tion 1s associated with al uplift of the Cordillera during that period

which reaches up to 3000 m orfMmore in the Basin and Range province during the
last 10 Ma.

One of the interesting aspects of the observed uplift is the broad region
of the craton that is involved--a distance of up to 1000 km in the east-west
direction. Much of this region appears to be in early isostatic equilibrium.
Furthermore, crustal seismic studies indicate that in general the Great Plains
has a thickened, higher average velocity crust (Braile et al., 1984', Heat
flow data from the region is sparse, but Swanberg and Morgan (1981), based on
their heat flow map of the United States from silica geothermometry, point
out that a major midcontinent heat flow high (the "Ogallala High") extends
north along the Great Plains from the panhandle of Texas to the C(Canadian
Sorder. the origin of this heat flow anomaly is open to gquestion--it may be
related to nhydrothermal circulation or to a sub-upper crustal sourca.

Several questions come to mind. Are the heat flow high and the abnormal
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crust related to the source of the increased surface elevation? I[f so, what
is the process by which they originated? Can they be-explained b5y a mantle
thermal perturbation or crustal underplating? wWhat is the effect of this sur-
face inflation upon the stress pattern in the upper crust? and deeper?

8. Residual Stress
1. Gravitational Origin

--Mid-continent Gravity High is most likely near-surface source of resi-

dual stress.

Gravity anomalies can tell us where (sp ly) there are mass imbal-
ances; however, they are notoriously igu in specifying the source
depth(s). For example, the positive gr anomaly associated with the Mid-
continent Geophysical Anomaly is derived upper crustal density variations
between host rock and extrusive maf » but in some anomalies a signifi-
cant contribution is derived from\{dep crustal intrusives. Similarly, the
marginal negative gravity ano sociated with the M-CGA originate from
bounding clastic sedimentary we of low-density material, bHut in some areas
all of the negative anoma rived from a related thickened crust. The
point is that in some ca e mass imbalance is distributed throughout the
crust and perhaps upper mantle while in others it is concentrated in a limited
vertical range. The magnitude and pattern of the stresses should be guite
different for these extreme cases.

Therefore, we should consider other likely candidates for stresses of
gravitational origins as shown on the 2° wavelength Free-air gravity anomaly
map in Figure 2 (from Hinze and Braile, 1985). In addition to the Midcon-
tinent positive free-air anomaly extending from Lake Superior to Xansas,
strong mass imbalances are observed along the Rocky Mountain Front, the sub-
surface extension of the Churchill-Superior Basement Province boundary in the
western Dakotas, the head of the Mississippi Embayment, the Mississippi River
Jelta, the Florida Peninsula, and the Appalachian orogen. All of these
involve major mass imbalances which undoubtedly give rise to gravitationally
Induced stresses. However, should we exclude from our consideration loca)

masses measured in a few to several tens of kilometers that have gravity




anomaly amplitudes in the range of 25 to 75 mgals? These anomalies, like the
Bloomfield Pluton Anomaly in Missouri, the Clam Lake Anomaly in Wisconsin, tne
Sandusky Anomaly in OQhio, and Colwell Compiex Anomaly of Lake Superior, are
lost in long wavelength anomaly maps, but may have a role in developing local
gravitational forces as well as focusing regional stress patterns. These
forces may produce only minor earthquakes, but to the best of our / xnowledge,
the magnitude of the stresses derived from these mass imbalances has not been
investigated. We should also keep in mind that negative gravity anomalies
such as those observed over intrusive granitic plutons will also produce grav-
itationally induced stresses.

2. Tectonic QOrigin

--Atlantic Coast/Triassic-Jurassi -stresses left over from opening
of Atlantic

elapsed since tectonism
/4

Comment :

--Appalachians and Ouachitas-s%left over from Paleozoic collision
--Precambrian zones of t east likely because so much time has

There is no convincing evidence that stresses related tc past tectonic
events are a major contribution to the current stress field. According to
Long and White (EPRI Workshop #?), "such events are accompanied by concditions
that are conducive to stress relaxation."

3. Thermal Origin
--any aulocogens not covered by the above

[I. Stress Measurements

There are a number of ways to estimate stress orientation or magnitude.
de outline below the advantages and disadvantages or ambiguities associatad
with the methods, because interpretations of the stress regime could Se open
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to question given the uncertainties of the primary data and its interpreta-

tion.

Fauit Plane Solutions

1. Advantages

--yield approximation of three principal stress directions

--sample depths we are interested in
2. Disadvantages

-=-do not uniquely define principal stré<€s ctions

--do not give stress magnitudes

--uncertainties can be large u me of the following criteria are
met

a. good azimuthal distri f stations

b. knowledge of cru locity structure

C. agreement of data fO#a main shock-aftershock sequence

d. agreement for a given earthquake between different types of data such
as:

1. P-wave first motions

2. P-to Sy-wave amplitude ratios

3. body wave focal mechanism models

4. surface wave focal mechanism models
Then, the best solutions give you, from P, T, and B axes, the radiated
stresses which represent the difference between the stress hefore ang

after the earthquake.

Problem:
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How to estimate the pre-earthquake stress directions. I[f one of the
nodal planes can be identified as the fault plane, one could assume, on the
basis of laboratory experiments, that one of the principal stress directions
is 30° from *the fault plane. Perhaps this gives a better estimate of stress.
Yet the possible presence of preexisting fauits allows the direction of § to
be anywhere within the dilitational quadrant (McKenzie, 1969).

8. Hydrofracture
1. Advantages

--gives measure of stress magnitude as as orientation
--can sample well away from a free Adrface

--can sample stress at different dep giving change of stress with
depth at a site

. Amr~iguities

--the technique gives good imates of the magnitude of o Hmine from the

shut-in pressure. h?¥ uncertainties in estimating = ax can be
large because measu f the fracture reopening pressure hg? greater
uncertainty and est g pore pressure requires assumption of linear

elasticity around the w bore

-=uncertainty in the actual orientation of hydraulic fractures gives rise
to uncertainties as high as 50% in the principal stress directions

--effects of opening preexisting fractures on the determination of stress
direction can not be perfectly accounted for

--innibiting the opening of preexisting fractures using hign-viscosity
fluids can lead to overestimates of breakdown pressure

=-one assumes that one of the principal stiesses is vertical, yet, where
the complete stress tensor has been determined, it appears that the prin-
cipal stresses are not normally oriented vertically and horizontally,
though they tend to cluster within 30° of deviation from alignment with
vertical coordinates (Figure 3)

McGarr and Gay (1973) note:




“stress measurements made in deep mines in Canada, Australia, and the
United States support the conclusion (from South African data in Figure 3)
that departures from the assumption that one of the principal stress direc-
tions is vertical are significant. Most of these data, however, were obtained
in mines...so it is perhaps not surprising that the observed principal stress
directions show so much scatter. Orientations of stresses measured at depth
in sedimentary basins might be expected to conform more closely to the assump-
tion that one of the principal stresses is oriented vertically."

C. Stress Relief Measurement

Borehole deformation cells, borehole strain cells, direct
strain-qauge technique, borehole inclusiopm stresSNheters.

1. Advantages

--gives a measure of magnit
stress direction

de o urrent strain and estimate of current

--gives complete stre
boreholes

By if measurements made in three non-paralle!

2. Disadvantages

--operationally limited to distances of 30 to 50 m from a free surface,
yet you need to get farther away from mine surfaces in particular, other-
wise results are inconsister over short distances

--to obtain reliable results not overly affected Dy small-scale inhomo-
geneities 1in the rock properties or the stress field you must make a
series of measurements along each boreshole

--measuring strain does not give stress exactly; accurate dcierminations
of the elastic constants of the rock are required to solve for stress.
Correct determination of Poisson's ratio is particularly important in
calculations made from st-ain, rather than stress meters.

Well Breakouts

1. Advantages
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--many wells exist that can provide estimates of shallow stresses over
much of the continent

--azimuth of b*2akout 1is not affected by pore-water pressure or
driliing-mud pressure.

2. Disadv:aitages

--Most breakout data is measured by four-arm dipmeters, rather “han opti-
cal or acoustic imaging devices. The cruder dipmeter can underestimate
the extension of the borehole diameter and the azimuth will only bde
approximate (simply because of the size of the dipme ter caliper pads).

Geologic Indicators

Fault Slip

1. Advantages

--measurement of fault slip direc eld strain axes from naturally
produced brittle deformation i.e. a thquake

2. Disadvantages

--measured historic offse 8 diTficult to obtain and not terribly
reliable

--measurements of grg
of slip, particular
style of deformation is'™

and slickensides do nct always give direction
gn not in a tectonically active area, where the
own

--mady be giving paleo-stresses that are not indicative of current stress
field

Linear Volcanic Feeders e.g. Dikes, Cinder Core Aliqrzents

[II.

--give paleo stress in an intraplate environ  ent
Stress Magnitudes and Gradient
General Comments:

Stress magnitudes tynically ~ange from 10's of bars to kilobars dzpending
on depth.

Measurements.of vertical stress (SV) are generally consistent with the
assumption that S, corresponds to the weight of the overburden.

Vertical stress is close in orientation (e.g. within 30° for southern



Africa) to one of the principal stresses.

The extent that Sﬁmjn and Symax depart from Sy is limited only by the
strength of the rock.

For depths less than 2.3 km, stress increases linearly with a gradient of
15 MPa/km.

Magnitudes of minimum stress are generally less than Sy except very near
the surface.

--stress measurements within plates do show some gross regional charac-
teristics e.g. horizontal stress is higher in Canada and Australia than
in the United States or South Africa or Europe (Figure 4)

r in Canada than in the USA,
ifference?

-=-if, indeed, horizontal stresses are hi
can models of ridge-push account for thj

--3 decrease in the magnitude of ho ntal stress as one goes westward,
as predicted by ridge-push, is n ily apparent in the United States
data set

[V. Stress Directions

Given all the uncertaintji iated with each type of stress mcasure-
ment, there is good agrsegen etween different types of measurement in a

region. This gives us c‘)e in the estimation.
in all of

The rose diagram of pritedpal compressive stress azimuths
eastern North America (Figure 5) shows that most of the measurements indicate

an easterly horizontal compressive stress. There is remarkably good agreement
between one type of stress indicator énd another. Seventy-one percent of the
focal mechanisms yield P-axes between 529-112°, a spread of 60°, with a median
of 82%9. Likewise, 70% of the hydrofracture orientations lie between 52° and
1129, Fifty-four percent of the strain relief measurements lie between 33°
and 98°; these are indicating a slightly more northerly orientation. Geologic
indicators, however, do not agree closely with cther measurements; heie 76% of
the stress data fall between 93° to 158°, i.e. to the southeast rather than
east-northeast. This direction, though, may represent the compressive stress
direction at an earlier time. 3reaking geologic data down into time windows
may provide constraints on the direction of North American plate motion since
the C(Cretaceous. On the other hand, if geologic data can show that the stress
directior was different from the current direction in the not-too-distant




past, then perhaps ridge-push is not the best model to account for North Amer-
ican lithospnere stresses then or even now.

Regionalization of stress orientations yielding stress provinces is still
somewhat subjective because there are large regions with no stress measure-
ments and there are regions with considerable scatter in data.

One interpretation of stress provinces is that of Zoback and Zoback
(1979), shown in Figure 6. Compare this with the regionalization shown in
Figure 7, a recent compilation from which tﬁe rose diagram (Figure 5) was con-
structed. The overall picture is the same (the data sets are certainly simi-
lar) but these two figures illustrate that boundaries between provinces are
not hard and fast; i.e. boundary designation yHpartly up to the viewer. P;r—

ticulariy instructive are the rose diagrams Figure 8) for the regions
selected in Figure 7. The eastern Gr Lakes¥and the Midcontinent regions
are very well constrained; most of the fall within a small range of
azimuth. The mode for the Coastal jn  region, showing NW compressive

stress, is also well defined, out i dominated by geologic indicators of
stress and thus could be giving

sive stress direction. In fa

eNyneous estimate of the current compres-
sy erpretations of old data as well as col-
at least the southeast coastal plain can be
forary compressive stress (see Part II, Section

lection of new data shg
characterized by £ to NE
€ (Talwani), this report).

New England and the southern Appalachians both show more scatter in the
directions. Could this mean that the crustal heterogeneities in the
Appalachians distort the stress field arising from ridge-push and that stress
directions are harder to predict in this region?

V. Analysis

[t is difficult to fine-tune the interpretation of the forces responsible
for intra-plate stresses becaute there is not an overabundance of the sort of
data that will sati=fy the skeptic. However, the remarkable similarity of
directions both from different measurements and over large regions does sug-
gest that a large scale process is responsible for most of the hor zontal
stresses in the upper crust. The fact that the direction of maximum

B-11



compressive stress is, on average, east-northeast in many regions 1is con-
sistent with models of mid-Atlantic ridge-push forces transmitted into the
plate. Bear in mind, however, that we tend to overlook the third dimension
(vertical stresses) simply because we are attuned to a map view of stress
orientation in which we ignore both: 1) departure from horizontality of two
principal stresses and 2) stress magnitude and the relative intensity of I
versus o, versus Oj. Thus, we may be overemphasizing horizontal forces such
as ridge-push relative to vertical forces such as epeirogenic uplift. I[f,
despite this, we decide to use a model of ridge-push forces to predict the
stress at a particular site, we still have to worry about the scale to which
calculated ridge-push stresses apply. ConfAnental lithosphere is highly
heterogeneous and, to varying degrees, th gterogeneities amplify, dimi -
ish, and reorient the stress field.
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Figure 3. Orientation of principal stresses measured in southern Africa.
Filled symbols refer to sites within the Witwatersrand system and open

symbols to sites elsewhere. Circles denote S,, sguares, S,, triangles, S,.

-

This is an equal area projection of the lower hemisphere “(from McGarr
and Gay, 1978).
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Figure 7. Trends of horizontal component of compressive stress directions for
eastern North America from Harrison et al., 1983. Dashed lines enclose regions
of similar stress direction data for which mean values of compressive stress
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refer to a table in Harrison et al., 1983).
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CURRENT THOUGHTS ON THE
CAUSE OF THE CHARLESTON EARTHQUAKES

I. Introduction

In this paper, we present our current (July 1, 1984) understanding of the
cause of seismicity in the Charleston, South Carolina area. In the last ten
years, there has been a considerable effort aimed at understanding the
seismotectonics of the Charleston area. These efforts consist mainly of the
work done by USGS scientists under contracts from NRC and published in USGS
Professional Papers 1028 (Rankin, 1977) and 131 (Gohn, 1983a) and Open File
Report 83-843. Other efforts in-iude studies the University of South Caro-
lina, Virginia Polytechnic Institute and University, Georgia Institute
of Technology and Columbia University. The criti elements in these studies
consist of an evaluation of histori d current seismicity, accumulated
seismic reflection and refraction data, tial field data and various geo-
logical data. Based on these, hypotheses have been proposed to
explain the cause of seismicity in t harleston, South Carclina area.

As newer data, especiall ng the direction of the maximum horizon-
tal stress (Sh fielgd

ax) ¥ available it is now possible to reevaluate
some of the proposed hypq

In the following sectioMs, we present some background information on the
geology tectonics and seismology (Section [1), and then discuss the various
hypotheses suggested to explain the cause of earthquakes in Charleston (Sec-
tion III).

[I. Background

[1.1. Geologic and Tectonic Background

Before the start of the NRC sponsored multidisciplinary studies in the
Charleston, South Carolina and surrounding areas in 1974 (Rankin, 1977), geo-
logical data there consisted primarily of shallow stratigrapnic studies by
0.J. Colguhoun and his students at USC (e.g. Colquhoun, 1969), and reconnais-
sance refraction surveys onshore by Bonini (1956), Woollard et al. (1957, ang
Bonini and Woollard (1960), and offshore by Pooley (1959).




Shallow stratigraphic studies by the USGS for example Force (1978a, b)
and McCartan et al. (1984) have complemented the work by Colquroun, without
any serious efforts at coordination of the two groups. Recently Colquhoun
(1983) has compiled a series of isopach maps and cross sections through the
Coastal Plain. These maps include the resulis of several years of strati-
graphic mapping, analysis of well logs, etc. Some of the findings have impor-
tant implications to our understanding of the neotectonics of the area, and
will be mentioned again in a later section.

However, the geologic interpretation of the regional nature of the base-
ment has been mainly inferred from the analyses of potential field data (Kane,
1977; Long and Champion, 1977; Phillips, + Popence and Zietz, 1977;
Talwani, 1977a; Williams and Hatcher, 1982% 1d et al., 1983; Higgins and
Zietz, 1983 and Klitgord et al., 1983), £@ismic refraction data (Bonini, 1956;
Woollard et al., 1957; Pooley, 19 nini ana Woollard, 1360; Ackerman,
1977, 1983; Talwani, 1977b; Amick, Logan et al., 1979), seismic
reflection (Colquhoun and Comer, Cook et al., 1973, 1981; Harris and
Bayer, 1979; Behrendt et al., ; Iverson and Smithson, 1982, 1983;

Hamilton et al., 1983; Schilt 1983, Yantis et al., 1983; Coruh et al.,
1984 and Petersen et al., » Mnd sparse well data (Stephenson, 1914;
Cooke, 1936; Hazel et 1977; Gohn et al., 1977, 1978, 1983 and Gohn,
1983b).

Based upon the analysis of the above mentioned studies, there are essen-
tially two broadly defined tectonic provinces. A northwestern province,
extending from the fall line to upper Coastal Plain appears to be an extension
of the Appalachian Piedmont beneath the overlying Coastal Plain sediments. [t
consists largely of crystalline metavolcanics and schists, mafic and felsic
plutans (Paleozoic age?), and possibly several smal! Mesozoic basins (Gohn,
1983b, Daniels et a!., 1383).

From mid Coasta. Plain to Charleston the region is characterized by high
magnetic values and was designated the"Charleston block" by Popence and Zietz
(1977). The geology consists of an apparently complex rift system which is
filled with continental sibaerial clastic sedimentary rocks, basalt flows and
diabase sills (Hazel et al., 1977; Gohn, 1983b; Gohn et al., 1977, 1978, 1983;
Daniels et al., 1983). The continuity of this area appears to be broken up by
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inliers of basement thought to be horsts which contribute to the variable mag-
netic contrasts found throughout the province (Daniels et 2l., 1383).

Williams and Hatcher (1982, 1983) have interpreted the regional potential
field data to suggest the presence of suspect terranes. They have interpretad
Popence and Zietz's (1977) Charleston block as being a part of a more regional
Brunswick terrane, whereas Higgins and Zietz (1983) using essentially the same
data call it the "Charleston magnetic terrane".

There are very few wells that have penetrated the Mesozoic basement in
the Charleston area. The earliest well which penetrated the Mesozoic base-
ment, was drilled in 1920 or 1921 near Summerville, South Carolina to a tota)

depch of 2570 feet (Cooke, 1936). This wellggger having drilled througn Cre-

taceous and younger overlying sediments, penét approximately 870 feet of
Triassic sediments and bottomed out 120 feet of diabase. Three other
wells were also drilled in the mid 197 ear Clubhouse Crossroads, located
about 40 km west of Charlestcn es¥ wells (CC#l, CC#2, and CC#3) were
drilled and cored over a magnetic an ity high and penetrated through the
overlying Coastal Plain sedime GohWVet al., 1977, 1983; Gohn, 1983b; Haze!
et al., 1977). The CC#l and s bottomed out at .750 m in Mesozoic
basalt flows (Phillips, 1 ere, 1983) while CC#3 penetrated the basalt
and bottomed out in a con | red bed sequence (Gohn, 1983b). Another

well (DOR-211) was drilledWear St. George located about 42 «m northwest of
the Clubhouse Crossroads wells by the Water Resources Division of the USGS.
After penetrating the Coastal Plain sediments, it penetrated a basalt flow at
a depth of 600 m. The well bottomed out in the basalt flow, after penetrating
32 m through the basalt.

The sequences of basalt flows encountered in the Clubhouse Crossroads
wells were studied by paleomagnetic (Phillips, 1983) and radiometric (Gonn et
al., 1978; Lanphere, 1983) methods in order to determine a possible age of
emplacement. They have inferred the age of emplacement to be early Jurassic.
Similar basic igneouc activity in the eastern North America has also bSeen
interpreted to have occurred in the Late Triassic to Early Jurassic (de Boer,
1968; Dallmeyer, 1975; Sutter and Smith, 1979).

Beneath the Coastal Plain sediments numerous linear magnetic anomalies,
trending northwest and north have been interpreted as diabase dikes (Daniels
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et al., 1983). These diabase dikes irtrude the crystalline basement around
Charleston and extend nortnwast and north where they are found to intrude the
exposed crystalline rocks of the Appalachian Piedmont in South Carclina and
North Carolina (Burt et al., 1978; Ragland et al., 1983). The age of these
diabase dikes has been determined by paleomagnetic and radiometric methods to
be Early Jurassic-Late Triassic (de Boer, 1968; Dooley and Smith, 1982; Smith
and Dooley, 1983) which agrees well with the ages of other diabase dikes in
eastern North America (de Boer, 1968; Smith and Noltimier, 1979; Sutter and
Smith, 1979) and northiest Africa (Dalrymple et al., 1975).

The similarity in caes of the diabase dikes, basalt flows and diabase
sills suggests that they are related to the r/£ing and eventual separation of
the North American plate and the incipier* fdr \on of the proto Atlantic
Ocean (Larson and La Fountain, 1970; *2 and Holden, 1970; May, 1971; and
Dooley and Smi~... 1982).

I1.1.1.

To evaluate any hypothes lated to explain the cause of earthquakes
at any location, especially i intraplate setting, it is important to know
about the nature of the stress field.

This was recognized by and the current thinking about the state of

stress was described at the second workshop.

In the following, we '] concentrate on the stat2 of stress in the
southeastern U.S. in general, and the “harleston area in particular.

The results of a hydrofracture in situ stress measurement near Clubhouse
Crossroads suggested a NW-SE orientation for the maximum horizontal stress
field (Shi.,) (Zoback et al., 1978). In view of the sparse in situ stress
data and many NE trending Cenozoic faults in the Atlantic Coastal Plain,
Zoback and Zoback (1980) concluded that the orientation of Shpax N
southeastern U.S. was NW-SE, and differed markedly from that in central U.S.
and also from earlier results of Sbar and Sykes (1973). However, based on
four composite fault plane solutions of microearthquakes in the Charleston
area, and the agreement of the inferred P-axes with that derived for the M 3.8
November 22, 1974 event by Tarr (1977); Talwani (1982) suggested that the

orientation of Sh .  is ENE-WSW. He suguested that Zoback et al.'s (1978) in

B-26



situ measurement at a depth of 344 m in unconsolidated sediments may not be
representative of Sh .  at seismogenic depths. Comparison with stratigraphic
da.> led Talwani and Colquhoun (1982) to suggest that the stress directicn
inferred from geologic data (NW from s"max) was the orientation of Shy, ~ in
Tertiary times but had changed to NE-SW at present--as indicated by seismic

and geomorphic data.

This led Zoback (1983) to reevaluate his position, and using televiewer
data to map well breakouts at the Clubhouse ( ossroads and Monticello Reser-
voir wells, he concluded that the orientation of Shmax is in the NE-SW direc-
tion.

A compilation of available (and reliab) ault plane solutions, in situ
hydrofracture measurements and one relial le Ove ing stress measurement in a
tunnel, led Talwani (1984) to suggest t e orientation of Shmax in the
southeastern U.S. was uniform and lie tween ENE-WSW and C-W; a direction

similar to that in central U.S.

Figure 1 shows the compilatiqn oR ¢he orientation of the maximum horizon-

tal stress in the southeas When there are many sources, the point
has been labeled with an M, _and they are based only on fault plane solu-
tions, they are labeled South Carolina, several fault plane solutions
were used at the different tioons. In particular, at Charleston, the

stress orientation is based on four composite fault plane solutions (Talwani,
1982), one single event solution (November 22, 1974, M 3.8 by Tarr, 1977) and
well breakout data of Zoback (1983). At Monticello, the stress orientation:
is based on an average of the P axes of 22 fault plane solutions, hydrofrac-
ture measurements by Haimson (1975) and overcoring in a pilot tunnel at depth
of about 300 meters underground by Schaeffer et al. (1979). All three data
points show clearly consistent orientation of stress.

In Giles County, Virginia, again, the data are based on revised fault
plane solutions by Munsey and Bollinger (1983) as well as some hydrofracture
data.

The stress orientatior in Kentucky is based on two fault plane solutions
by Mauk et al. (1982) ard by Herrmann et al. (1982) for the 1380 Sharpsburg,
Kentucky earthquake. The fault plane solutions in eastern Tennessee are from
8cllinger et al. (1976). For the two data points in Georgia (from Dr. Long
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Figure 1: Maximum horizontal stress inferred from several data sources in th
Southeastern United States (presented by Talwani).



and his students), we do not have the final fault plane solutions, but based
on the preliminary data, the orientation of the P axes is in the NE guadrant.

So, we see overall a fairly uniform picture of stress in southeastern
U.S.: the orientation of the maximum horizontal stress is in the ENE-WSW
direction. The basic differences between this and Zoback and Zoback's (1980)
compilation is that Talwani has removed some debatable data and the orienta-
tions based on geologic data such as the orientation of faults (see Part [V,
Section A of this report). The latest Zoback and Zoback (1984) compilation
also have aliminated those stress orientations.

The current observations for northeastern U.S. (as alluded to at the
second EPRI workshop) are in substantial agpéément with those in southeastern
and central U.S.--suggesting a uniform rcgidha ress orientation for the
entire eastern U.S. (There are spdrsg, isolated data, especially in
northeastern U.S. tnat are in disagreem Zoback et al. (1984) nhave now
updated their catalog, in which t leted stress data based on geolo-
«]y Questionable fault plane solutions

gic indicators (for the southeastern

and the hydrofracture data at StoHn.

Now the consensus appears e that the Shmax in southeastern and cen-
tral, and perhaps also eastern U.S. is oriented in the ENE-WSW to E£-4
directions. This conclus found to be valid, has significant implica-

tions in defining what structures are likely to be seismogenic, and under-
standing the cause of seismicity in the Charleston area. Many of the
hypotheses that were postulated to explain the cause of seismicity near
Charieston were based on Zoback et al.'s (1978) interpretation of Shmax' i.e.
WW-SE (e.g. Behrendt et al., 1981, 1983; Wentworth and Mergner-Keefer, 1981,
1983; Seeber and Armbruster, 1981). Now, however, our current understanding

's that Sh, .. is oriented in an ZNE-WSW direction. Thus, a careful reevalua-
tion of these models is in order.

[1.2. Seismological Background

In this section, we discuss only the available seismological data base
for the Charleston area. Various hypotheses suggested to explain the cause of
earthquakes in the Charleston area are discussed in Section [Il. The seismo-
logical data can be divided into the following four categories:
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l. First hand descriptions of the 1886 earthquake and its immediate aft-
ershocks.

2. Listing and evaluation of historical seismicity data.

3. Source parameters for the 1886 Charleston earthquake.

4. Instrumentally recorded seismicity.

5. Evaluation of temporal pattern of historical and current seismicity.

These categories are iscussed in turn.
[1.2.1. Descriptions of the 1886 Earthquakes

The classic and often quoted work by Dutton (1889) is familiar to all.
However, his was a compilation of reports of several other workers. We have
obtained unpublished manuscripts of first hap§/accounts by Sloan, Manigault,
McGee and Gibbes. We note that some cri servations in these accounts
are missing in Dutton's account. Anothesource of information is in the
various 1issues of the Proceedings of ‘igEEZLiot Society--a scientific society
that met regularly in Charleston. A Tros@er, an English woman who visited

Summerville in the spring of 188 888, maintained an excellent "earth-
quake diary" (Louderback, 1944

Besides interesting anec ta in some of these sources, we have
uncovered a sizable bo seful scientific data that were not included in
Dutton's account. These us sources have allowed us to infer the

existence of two major sourceS of seismicity (Talwani and Wu, 1984).

[1.2.2. Historical Seismicity Data

The first attempt to compile a list of earthquakes in the Charleston area
was Dy Taber (1914). He compiled a 1Iist of historic earthquakes in the
Charleston area from 1754 to 1886, and a detailed list of the seismicity there
to 1913. His list was the first to suggest the occurrence of foreshocks to
the August 31, 1886 event, in June and late August 1886. He was also the
first to seek a tectonic cause of the seismicity in the Charleston area (see
Section 1I1).

There were no significant studies until the early 1970's, when B8ollinger
wrote a series of papers, describing the seismicity in South Carolina (1372),
in southeastern U.S. (1973a), and compilec a catalog of earthquakes in the
southeastern U.S. (1975). He suggested that the seismicity in the Charleston
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area was a part of a general NW trending South Carolina--Georgia seismic zone.
Unpublished studies by Whorton of South Carolina Electric and Gas Co. in con-
nection with the licensing of V.C. Summer nuclear plant had uncovered some
earlier events in the Charleston-Summerville area--dating back to 1898. These
were incorporated in a paper by Bollinger and Visvanathan (1977) describing
the pre-1886 earthquakes in the Charleston area. B8ollinger and Stover (1976)
also reinterpreted Dutton's intensity data--using Modified Mercalli intensity
scale rather than Rossi Forrel intensity scale used by Outton (1389).
Visvanathan (198Q) incorporated earlier catalogs and published a list of felt
earthquakes in South Carolina in the period 1698 to 1975.

Seeber and Armbruster (1981 and Armbrus and Seeber (198l) reviewed
seismicity before 1886 and suggested that " heard in April 1385 in the
town of Ninety Six located about 200 km of Charleston were foresnocks of
the Charleston event (on 8-31-86). uster and Seeber of Lamont-Doherty
Geological Observatory in New York made? a concerted effort to search for
historic earthquakes not listed eously listed in Taber's (1914) and
Bollinger's (1975) catalogs. ¢l to have uncovered an donut pattern of
seismicity preceding the 1 eston event (Seeber et al., 1932). They
further claim that the 1i guakes before and after the 1386 event s
both incomplete and e (Armbruster and Seeber, 1933a, b, 1934),

[1.2.3. Source Parameters for the 1886 Charleston Earthquake

Nuttli et al. (1979) estimated the body-wave magnitude of the 1386
Charleston earthquake from intensity data by several different ways. They
obtained m, values between 6.6-6.9 with a preference for the value of 5.5.
Sollinger (1983) used empirical scaling relations developed by Kanamori and
Anderson (1975) to infer source parameters for the 1886 Charleston event. He
obtained a range of values corresponding to the range of his assumptions. Mis
preferred values are: seismic moment of 1029 dyne-cm, a stress drop of (J0
bars, fault area of 100 km and an average slip of 1.7 m, Nuttli (1983) found
that for midplate earthquakes an my of 6.6 corresponds %o 2 su-fice-wave



magnitude (MS) of 7.5. Frum the scaling relations that he had established for
midplate earthquakes, Nuttli (1983) estimated the seismic moment to be 2.5 X

1026 dyne-cm, the fault rupture length 30 km, a rupture width of 20 km, and an
average fault displacement of 150 cm and the average stress drop of 50 bars.

[I.2.4., Instrumentally Recorded Seismicity

The establishment of the South Carolina seismographic network (Tarr and
King, 1974), and the preliminary results (Tarr, 1977) and later data (Tarr and
Rhea, 1983) indicated that of all the seismically active zones in South Carn-
lina, Charleston was the most active. Tarr et al. (1981) described the

results of network monitoring and noted that seismicity in the Coastal
Plain was clustered at Summerville (in th eston area) and Sowman (about
60 km NW of it) and was diffuse in the Pjmdmont. Using an improved velocity
model, Talwani (1982) reanalyzed the i entally recorded seismicity in the

Charleston area and concluded that it was urring cn two steeply dipping

faults, the deeper NNE striking Woo ault and the more shallow NW strik-
ing Ashley River fault.

At the Charleston worksh@ 1983, one of the points on which the
seismology group concurnpef s\that the current seismicity was occurring on

‘IQ
(Talwani and Amick, 1983).

steeply dipping faults a ot appear to be related to horizontal surfaces

[soseismal configuration for felt earthquakes in the Charlestonn area also
appear to be related to the underlying crustal structures (Talwani, 1377a;
Bagwell and Amick, 1979).

Dewey (1983) relocated larger events (M-4) that occurred before the
establishment of the South Carolina Seismographic Network, and that were
recorded on regional stations. For the events recorded between 1528 and 1972
his relocated epicenters also suggest an apparent NW-SE trend.

There is general agreement between various models that the observed
seismicity lies between about 3 and 13 km. However, there is considerable
debate about the presence (or definition) of any seismogenic structures, and
if the seismicity describes any spatial pattern, either locally, or in a
regional sense.



[1.2.5. Temporal Pattern Seismicity

Based on their evaluation of historical seismicity in the Charleston
area, Bollinger (1973a, 1983) and Tarr (1977) argued that current seismicity
at Charleston are aftershocks of the 1886 event. At the Charleston workshop
in May 1983, Talwani presented a reanalysis of the seismicity data, that led
him to conclude that the aftershocks of the 1886 earthquakes lasted only up to
1393. He further suggested that the spurts of seismicity observed at Charles-
ton in the 1910's and 1950's etc. were discrete events at a localized seismo-
genic zone, and not a part of an ongoing aftershock series.

8y scanning newspaper accounts, Seeber and Armbruster (1933) discovered
possible earthquakes in the area, that had ogdy¢rred between 1886 and 1839, and
had not been included in earlier catalogs. “fh oral pattern of seismicity
that developed also led them to conclu at aftershock activity lasted only
a few years after the 1886 event.

These observations persuaded 8 and Wheeler (1983) to retract
their original position and agree thy¥(the current seismicity was not an afte-
ershock series.

The determination of a of current seismicity is an important
element in the evaluatio smic hazard, and determination of the cause of
seismicity in the Charlesto ea.

[1.2.6. Recurrence Rates

At present, there are no reliable data on the recurrence rates of earth-
quakes in the Charleston area.

In his study of southeastern United States earthquakes, Bollinger (1973a)
noted that intensity values (lo) are known for a majority of the earthquakes,
with the exceotion of the aftershocks of the 1886 Charleston earthquake.
Using frequency-intensity relationships in his analysis, Bollinger cbtained
mean recurrence rates.

Historically, the seismicity in the South Carolina-Georgia seismic zone
(SCGSZ) (excluding the Charleston seismic zone) has been significantly less
than the southern Appalachian zone. According to Bollinger (1972), the number
of MMI > V shocks in South Carolina has been about one per decade, excluding



the aftershocks of the 1886 Charleston earthquake. The rates of occurrence of
MMI VII and stronger events are about 2.5 per century for SCGSZ, and an
overall activity level in SCGSZ is about 31.8 events per 10,000 «m? in the
last century (Bollinger, 1973a).

However, these statistical methods do not give a meaningful value of the
recurrence rate of the larger and more hazardous events. One approach has
been to obtain evidence of prehistoric earthquakes in the geologic record--a
rapidly growing field of paleoseismology. Russ (1981) has used this technique
to identify and date three possible events (M > 6) in the New Madrid area in
the last 2000 years to get an average recurrence rate of about 600 years.

A search for prehistoric earthquakes in e Charleston area has been

started recently with the discovery a sahrblow caused by liguefaction
induced by the 1886 earthquake (Cox and ni, 1983, 1984; Cox, 1984).
[II. Hypotheses Suggested to Expla Wgicity in the Charleston Area

The seismicity in southeas U d States is dominated by the Charles-
ton earthquake, its aftershod the ongoing seismicity there, and inten-

sive studies have been carris in the Charleston area by the USGS and by
various agencies and @ Consequently, much has been written
regarding these studies and Q¥ speculations about the cause of seismicity 1in
the Charleston region. Several models have been proposed to explain the
seismicity at Charleston. Some of these models are local in nature, 1i.e.,
they apply to certain conditions thought to occur only in the source region
near Charleston. Qthers are more regional in character, i.e., they describe
conditions that also may be characteristic of other regions and suggest that

seismicity similar to the Charleston events can occur at other locations in
the eastern United States.

However, all the proposed models have one feature in common--none of them
has been wuniversally or completely accepted by the scientific community. In
this section, the existing models advanced to explain the seismicity near
Charleston, South Carolina, are reviewed.

[T1.1. Background
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The cause of the 1886 Charleston earthquake has been the subject of con-
siderable debate. Outton (1889) examined the isoseismal data and located two
“epicentrum”, which agreed with the then-prevailing theory of Mallet [(i.e.,
earthquakes have two sources--dipole in nature); however, he refrained from
speculating on the cause of the earthquake. Taber (1914) attributed the
Charleston earthquake and the seismicity that occurred in the following 30
years to “readjustments taking place along a plane of faulting located in the
crystalline basement underlying the Coastal Plain sediments, not far from
Woodstock, and extending in a general northeast-southwest direction”. This
inferred fault came to be known as the Woodstock fault.

Bollinger (1972, 1973a) described the hy&£Lorical seismicity (1754 to

1970) in the Charleston area as being a pa diffuse northwest-southeast
trending South Carolina-Georgia seismic (SCGSZ), which is dominated by
the activity in the Charleston area. plain the presence of such a zone,
Bollinger (1973b) compared the releyedd a of Meade (1971) covering the
period from 1915 to 1965 with the ical seismicity for the period from
1920 to 1970. He noted that " iffegential crustal uplift data currently
available does not explain s tant aspects of the region's seismicity,
most notably, the concentr c™ity near Charleston, South Carolina“,

The results of other ling surveys (Holdahl and Morrison, 1374;

Balazs, 1974; Brown and Oliver, 1976; Lyttle et al., 1979) have been contrad-
ictory and/or inconclusive and, consequently, have failed to provide insight
to the causes of the region's seismicity. Poley and Talwani (1984) have
recently made a systematic study of all the first order leveling data for the
South Carolina Coastal Plain. Analyses of first order releveling data suggest
the presence of localized vertical crustal movements, which appear to Dbe of
tectonic origin. Poley (1984) shows that inferred local uplift from relevel-
ing data near Charleston area cannot be explained by systematic errors in lev-
eling or due to fluid withdrawal.

The results of the Consortium for Continental Reflection Profiling
(COCORP) deep-reflection surveying in Georgia suggested that much of upper
crust in the vicinity of the SCGSZ was allochthonus and had been thrust
northwestward several hundred kilometers (Cook et al., 1879, 198l). Harris
and Bayer (1979) claimed that, based on onshore and offshore seismic



reflection profiles, most of Virginia was allochthonus. Petersen et al.
(1984) have reanalyzed the COCORP data under the Coastal Plain. They argue
for the presence of the decollement ..icer the Coastal Plain, deepening seawarad
to 20 km near the coast.

The interpreted depth to the decollement near Charleston is 10 to 12 km,
which is the approximate maximum depth range of the observed seismicity (Tarr
et al., 1981). Although the extent of the decollement is seriously gquestioned
(Long, 1979; Hatcher and Zietz, 1980; Iverson and Smithson, 1982, 1983), its
inferred presence near Charleston has spawned two new models of far-reaching
consequences. These are discussed below.

[I11.2. The Models

The models postulated to explain thé/ohserved seismicity can be broadly
divided into two classes--mechanisti d structural. In the former, a
mechanism is suggested without speci™eag t geologic feature responsible.
Taber's (1914) readjustments of rystalline basement and Sollinger's

(1973b) attempt to explain the icMy by differential crustal uplift are
mechanistic. Only models tha ated to a controlling geologic structure
are discussed below.

The structural models evolved since the start of the Charleston pro-
Ject in 1974 and are divided into three categories. The first category
hypothesizes stress amplification near plutons and suggests that seismicity is
associated with certain intrusive rock bodies. These models are based on the
spatial association of seismicity with the location of intrusive igneous rock
bodies. In the second category, earthquake activity is postulated to be
directly or indirectly related to the postulated omnipresent decollement. In
this category, the main causative feature is essentially a deep-buried (about
10 to 12 km) horizontal surface. In the third category, movement is associ-
ated with steeply dipping faults which are essentially vertical.

Before discussing the various models, in light of our current understand-
ing of the nature of the state of stress (Section [I.1.1) a few observations
are in order. The stress field appears to be uniform in the southeastern U.S.
and oriented ENE-WSW. The current/historical seismicity is limited to a few
clusters in the Coastal Plain, and is apparently diffuse in the Piedmont.




This distribution suggests three possible scenarios. The first, that there is
something unique about these locations in terms of stress concentrators or
zones of weakness, or their geometry vis a vis the direction of Shnax'
this scenario, there is stationarity in the temporal pattern of seismicity--
thus locations of current and historical seismicity are potential sources of
future large earthquakes. Comparison of the pattern of historical seismicity
and precise locations of current seismicity recorded on networks supports this
concept. '

In

In the second scenario, there are many other potentially seismogenic
structures in the East, but because of their long return periods (thousands of
years), these other locations have not bec tive, Data to support this
view include the unexpected large (f tern U.S.) earthquakes at
Sharpsburg, Kentucky and New Brunswick.

In the third category, places like North Carolina Coastal Plain, that

have had few (if any) signifi ist¥rical earthquakes are seismic gaps
between active regions, such as Char of and the central Virginia seismic
si

zone. This view of equatin continental margin with an active one

(where such seismic gaps are occur) was suggested by Seeber and Arm-
bruster at the May 198 le3ton workshop. [ do not see any overwhelming
scientific evidence for nario.

[11.2.1. Stress Amplifications Near Plutons

Several authors including Long and Champion (1977), Kane (1977), Simmons
et al. (1976), McKeown (1978) and Barstow et al. (1981) have suggested that
there is a spatial association between mafic (and ultramafic) plutons and
local seismicity. Where they were not exposed, localized gravity highs were
inferred to be due to mafic plutons. The hypothesis of the stress amplifica-
tion model 1is that mafic intrusions tend to concentrate stress along their
margins because of rigidity contrasts between the pluton and the country rock.
The amount of stress which can be concentrated in the vicinity of a mafic
intrusion is primarily a function of the effective rigidity moduli of the two
materials (Campbell, 1978). Kane's proposed mechanism for stress amplifica-
cion calls for serpentinization of ultramefic rocks. Ouring monotonic stress
increases (tectonic loading) the effective rigidity modulus is given by the
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slope of the tangent to the curve of shear stress versus shear strain. [f the
intrusion has wundergone serpentinization and is deeply buried, its effective
rigidity modulus may drop well below the modulus of the surrounding plate as
regional stress increases (Campbell, 1978). If the serpentinized mafic body
is buried at even interuediate depths, the temperature and pressure increases
may induce ductile flow rather than brittle failure. As ductile flow
develops the effective rigidity of the serpentinite is further reduced. Camp-
bell (1978) developed analytical solutions for stresses adjacent to circular
and elliptical inclusions and calculated the "differential stress concentra-
tion factor" and the stress trajectory direction. The differential stress
concentration factor is defined as the ratio ofythe maximum shear stress at a
point in « plate having an inclusion, and t ferential stress if no inclu-
sion were present in the plate (Campbell, 4978). the inclusion 1is weaker
than the plate it is intruding, the st values of maximum differential
stress will occur in pockets in the
intrusion and will be oriented perpex

late t outside the margin of the
to the uniaxial stress direction.

Campbell (1978) calculated the lpgg 2ss concentration to be increased by a
factor of two for strong i bodies and increased by a factor of nine
for weak intrusive bodies. ¢el implies that if brittle failure (earth-
quakes) results from an ation of stress, they will occur on the peri-
phery of the pluton, not in it.

Some conditions required for the stress amplification to be valid are
summarized below.

l. Unserpentinized mafic intrusions are unlikely to produce local
seismicity. However, mafic plutons having very sharp contacts with the host
rock and if a very high regional differential stress field exists, then unser-
pentinized mafic intrusives may be seismogenic.

2. The chemical composition of the pluton is the primary factor in
determining seismogenic potential, 1{.e., have the pyroxene and olivine
minerals within the mafic body altered to serpentinite?

3. The serpentinized intrusive must be buried to at least intermediate
depths in order to have a potential for seismicity.

4. The pluton must have small radii of curvature and the orientation of
the pluton should be such that its longest axis (plan view) is normal to the



direction of the maximum compressive stress in order to concentrate enough
stress to produce brittle failure in the surrounding rocks.

The following calculation illustrates why the large contrasts required
for the model to work, may not always be available.

Campbell (1978) noted that the rigidity contrast, G(inclusion)/G (enclos-
ing rock) varies with depth due to changes in temperature, pressure and chemi-
cal composition, and the regional differential stress field. To approximate
physically possible extremes he assumed the rigidity contrast to be 2 for
unserpentinized and shallow serpentinized inclusions, and a factor of 0.1 for
serpentinized intrusions at intermediate crustal depths. Even with density
contrasts of 0.4 gm/cc, (assuming the bulk mgdRlus varies in the same way as
the rigidity modulus) these contrasts that Vp for the inclusion is

32% greater for the stiff inclusion. at is,”if Vp for the surrounding
typical felsic crustal-plate rocks s
for the inclusion will be 7.9-8.3 km/sec,

granite is 6.0-6.3 km/sec, the Vp
ared to known values of 6.5-6.8

km/sec for diabase and 7.6-8.0 km/s unites. However, at locations like
Charleston, there is no eviden or presence of dunites or for seismic
velocities in the range 7.9 ¢ at seismogenic depths. OQur best esti-

mates at Charleston are t depths to .15 km lies at or near 5.7
km/sec. For a softer t‘:’n #ith a density contrast of 0.3 gm/cc, the Vp
of the inclusion will be 34 the surrounding rocks. Thus, if Vp for the

surrounding rocks lie between 6.0 and 6.3 km/sec, that for the inclusion will
be 2.0 and 2.1 km/sec. No existing data support these values.

Also, it is not clear how stresses large enough for earthquakes with
large magnitudes (about M=6 or greater) can be concentrated on the periphery
of relatively small (in tectonic terms) cylindrical structures. However,
Campbell's (1978) mode! suggests that under favorable circumstances, stress
amplification may account for low-level microearthquake activity.,

There is another possible explanation for the observed spatial associa-
tion of buried plutons and seismicity. These plutons are symptomatic of a
zone of weakness in the earth's crust, i.e., the plutons rise where there was
an existing weakness in the earth's crust, thus, any seismic response to the
earth's stress field would be at the location of the weakness. [n canclusisn,
the spatial association appears to be valid; however, the postulated mechanism
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may not be.

[11.2.2. Reactivation of the Decollement

Behrendt et al. (1981) identified a northeast-trending zone of high-angle
faulting near Charlaston based on seismic reflection profiling. They termed
the zone the Cooke fault, and identified 50 m of separation witn the southeast
side down, which they tentatively interpreted as being a Cenozoic reverse
fault. Upward extension of the fault coincides with a cluster of epicenters
of earthquakes that occurred between 1973 to 1978 (Figure 2). Trey suggested
that this fault may be causally related to those earthquakes several kilome-
ters below. (Recent work by Coruh et al. ) questions the existence of
the Cooke fault, and attributes the observ continuwty in the seismic
reflection data as being due to velocit®pull up’ over an Eocene stream chan-
nel.) Behrendt et al. (1981) believe ¢ e northeast-striking, high-angle
reverse faults are produced as seco njugate shear faults in response
to slip along the decollement of Co% (1679, 1981) and Harris and Bayer
(1979). They further interp slip to be caused by active regional
compression in the Charleston based upon the stress provinces defined
by Zoback and Zoback (1980

Hamilton et al, (198 ned additional seismic data and identified
t.0 additional faults--the GaMs fault and the Orayton fault (Figure 3).

Hamilton et al. (1983) suggested Cenozoic movement on the NE oriented
Cooke and Gants faults, with the SE side down thrown in both cases. For the
Cooke fault they noted an offset in the 8 horizon (basement) of about 190 m
and in the J horizon of 50 m. A similar throw was suggested for the Gant
fault. Mesozoic faulting was suggested for the Orayton fault, with the J
reflector down to the southeast.

The seismic reflection line SC 2 crosses the Edisto River. Hamilton et
al. (198°) noted that the J horizon is about 20 ms (.20 m) higher an the
west. The orientation of the fault was not determined.

In an attempt to explain the seismicity near Charleston, Benrandt et al.
(1983) suggest that horizontal movement on the inferred decollement (located
at a depth of 10-12 «m) is the primary cause of earthquakes, and the secondary
cause of earthquakes is the movements on the supposedly listric NE trending
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high angle reverse Cenozoic faults such as the Cooke and Helena Banks faults,
or on the Triassic boundary faults. A cartoon of their model is shown in Fig-
ure 4. They further suggest that "...The 1386 earghquake may have been only
one event on a moving, nearly horizontal, thrust plane within the present-day
compressive stress regime perpendicular to the coast (Zoback and Zoback,

1980). The seismicity since 1886 may just be an aftershock seguence,..."

Many investigators believe that reactivation of basement faults of Pre-
cambrian to Mesozoic age resulted in slip which produced the 1886 Charleston
event. Wentworth and Mergner-Keefer (1981, 1983) have suggested that most
Cenozoic reverse faults of the Atlantic margin “prohably follow older discon-
tinuities, especially near Mesozoic normal fayPts..." They infer that the
Charleston event probably had a reverse-fa igin and cite Benhrendt et al.
(1981) as evidence of the Cooke and Helep® Banks “faults. Their mode! also
requires a northwest-southeast directi the maximum horizontal stress.

In view of the many northeast- ingMaults in the Atlantic Coastal
Plain, the belief that the current icity at Charleston is an aftershock
sequence of the 1886 event, an asMimption of northwest-southeast maximum
horizontal compression, the tion of these two models 1is that a
Charleston-type earthquak takéd place almost anywhere in the Atlantic Coa-
stal Plain.

Some of the problems associated with these models are listed Helow:

*The existence of a master decollement underneath the Coasta! Plain nas
not been established.

*There are not currently available geophysical data that suggest that the
boundary faults of Triassic basinsg become listric.

*The inferred orientation of the maximuym horizontal stress  axes,
northu:sf-:0utnoast. is not supported by current understanding (see Sec-
tion II.1.1).

*The existence of the Cooke fault 1s open to Juestion.

*The pattern of relocated earthquakes 1s at variance with the location of
postulated faults,
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*Concentration of seismic flux in the Charleston area suggest that the
current seismicity 1is not aftershock activity of the 1386 event, but an
indication of a local center of activity (see Section [I.2.5).

[11.2.3. Backslip of a Master Decollement

This model is based on an interpretation of the reported effects of the
Charleston earthquake, the postulated existence of a master decollement sur-
face below the Coastal Plain, and the temporal relationship of the 1886 event
with sounds (interpreted as microearthquakes) heard in the Piedmont several
months before it. According to the model proposed by Seeber and Armbruster
(1981), backslip of the decollement surface due to gravity over an area cover-
ing most of South Carolina can explain the obfgrved intensity effects of the
1886 event,

The implications of this model ar the observed seismicity near
Charleston 1{s not unigque and that sim large events can take place any-
where east of the Appalachians,

Some of the problems assoc d h this model are listed below:

8

5 | lement underneath the Coasta! Plain has

*The existence of a
not been establishe

*There are other possibN explanations of the observed intensity data.
The pattern of intensity for the November 22, 1974, M_ 3.8 event was
remarkably similar to the 1886 event. The former was “instrumentally
located at Middleton Place, South Carolina.

*The “foreshocks" at Ninety Six, South Carolina, have been cited as evi-
dence of a large area becoming active. However, these foreshocks can e
explained as local features associated with massive plutons, similar o
f;;l}"‘ seismicity near Newberry, South Carolina (Rawlins and Talwani,

*The mechanics of moving such large land masses 1imply the presence of
extremely high pore pressure over large areas, or universally low coeffi-
clents of friction (<0.08), and it 1s unclear how these land masses would
ride over perturbations at the edges of basins.

*The inferred orientation of the maximum horizontal stress, northwests-
southeast, 1s not supported by current thinking (see Section [[.1.1).

[11.2.4, Seismicity Along the SCGSZ--and [ntersecting Faults
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The northwest trend in historic seismicity in South Carolina was labeled
the South Carolina-Georgia Seismic Zone (SCGSZ) (Bollinger, 1972, 1973a).
This apparent trend is also shown by relocated, instrumentally recorded earth-
quakes (Dewey, 1983). The relocated epicenters of current seismicity combined
with the velocity model of Talwani (1382) also define a northwest trend under
the Ashley River, which lies along the trend of Dewey's (1983) relocations.
Fault-plane solutions of the November 22, 1974, event also yield northwest-
striking nodal plans (Tarr, 1977). These trends are supported by various
potential-field anomalies (Talwani, 1983). Tarr et al. (1981) suggest that
clustering in the Coastal Plain is along the SCGSZ an4 diffuse in the Pied-
mont. Earlier studies (Sbar and Sykes, 197 Talwani and Howell, 1976;
Fletcher et al., 1978; Sykes, 1978) noted t SCGSZ may be related to the
offshore Blake Spur fracture zone (B8SFl). A The iddhtification of buried Trias-
sic Dbasins under the Atlantic Coastal led Talwani et al. (1979) to sug-
gest that the seismicity in the South Car Coastal Plain and in the cen-
tral Virginia seismic zone was occ t localized zones of weakness which
formed at the intersection of ap reexisting zone of weakness (PIW)
(e.g9., the extension of BSF Q$h Carolina and the Norfolk fracture zone
in Virginia) and boundary f ) Triassic basins. Relocation of instrumen
tally located earthqua the Charleston area (1974 to 1980) led to the
delineation of two possible rsecting faults (Talwani, 1982). The shallow,
northwest-trending Ashley River fault is inferred to be related to the 3SFZ.
These intersecting faults then define the edges of crustal blocks, which with
suitable geometry (i.e. orientation with respect to S Lax) can become seismo-
genic (Talwani and wWu, 1984),

This mode) offers an explanation for the location of seismicity and sug-
gests that it is unique to localized structures. Some of the problems associ-
ated with this mode! are listed below:

*There is no unambiguous evidence for the presence of a Nw-SE trending
zone or linear feature in the available data. In fact, the very
existence of such a trend is questioned by some, e.q. wheeler (1983).

*There are no definite data to suggest the presence of a Nw extension of
the 85F1, particularly onshore.




*The Dewey's (1983) revised epicentral locations and several years of
monitoring current seismicity indicate that there are no offsnore sarthe
quakes lying on the 8lake Spur fracture zone or its postulated shoreward
extension.

[11.3. Summary
~

Out of the various hypotheses presented above, those requiring reactiva-
tion of the decollement (Behrendt et al., 1981, 1983; and Seeber and Armbrus-
ter, 1981) appear to be weakest in that other factors being equal, these rely
on a NW-SE direction of Sh,., to activate the proposed NE-SW trending faults,
According to our current understanding such a driving force is not available.
Reactivation of NE oriented Cenozoic and other faults, the model proposed dy
dentworth and Mergner-Keefer (1981, 1983) a uggest a NW-SE direction of

Shoaxs and thus may not be applicable.

Talwani (1982) has suggested the nce of two faults in the Charles-

ton area (Figure 5). | suggest thgse to viable candidates for future stu-
dies; some of the arguments for IM% them are listed below.

Arguments for the Wo ult

These are both dlrndiroct and include the following:

*Current seismicity data.

*Pattern of isoseismals of the 1886 event.
*Indications of two sources.

*Coherent inferred stress directions.

*Provides source dimensions required to explain the observed isoseismal
effects.

*The geometry of faults with respect to the direction of .. 18 similgr
to New Madrid and Tangshan--two other cases of intraplate esfhiuakes.

Arguments Against the Inferred Woodstock Fault

*lts suggested extent is based on few data points, especially the earthe.
Quakes to the south near Ravane!, Thus they are open to
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Figure 5: (E) Edisto, (A) Ashley, and (S) Stono Rivers,
(MP) Middleton Place, (CH) Charleston, (ARF) Ashlev
River Fault, (WF) Woodstock Fault., From Talwani,
1982.
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reinterpretation.
*There is no potential field signature associated with it.

*There is no evidence of it on currently available seismic refraction or
reflection data.

Arguments for the Ashley River Fault
*Location of current sefsmicity and fault plane solutions.
*Coherent pattern vis a vis the stress directions.
*Indicated on the COCORP reflection profjde.
*Both gravity and magnetic data suppor? i esence.

*Colquhoun's stratigraphic data s its presence.

relevelings data by 4) are in agreement with the calculated
movement on the faulte- litude and location for an earthquake
with a seismic momen le to that estimated for the 1836 event.

*Geomorphic data also support ?uud vertical movements on it,
*The observed vertical the fault based on the analyses of
L
r
Arguments Ag he Ashley River Fault

*Association with the 8lake Spur Fracture lone are questionable at best.

*The existence of major NW trending features of which Ashley River faylt
s a part, is questionable.

Thus, given our current stress field, the observed seismicity may be due
to the avatlability of local stress concentrators, or the avallapility aof
suitably oriented “zones of weakness". In the former category 1s the
hypothesis of stress amplification near plutons and in the latter category the
suggestion of suitably oriented intersecting zones of wedakness. These two
$hould perhaps be considered our most likely working models«<for the search of
A cause of sefsmicity near Charleston,
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THE NEW MADRID FAULT ZONE
A GEOPHYSICAL APPROACH TQ THE MODEL AND ITS IMPLICATIONS

[. Introduction

A. The Problem

l. The Mississippi Embayment is a broad, spoon-shaped re-entrant of
Mesozoic and Cenozoic sedimentary rocks pointing into the Paleczoic terrain of
the North American craton from the Gulf Coastal Plain with its axis roughly
coincident with the Mississippi River. As suggested by Burke and Dewey
(1973), it is a likely candidate as a failed-arm rift. Ervin and McGinnis
(1975) also proposed a failed-arm mode! to axplain the Embayment. In their
model, the Reelfoot Rift (with its accompa surface manifestation, the
Mississippi Valley Graben) formed in latg Prec ian-early Paleozoic time as
proto-North America broke up to begi Wilson cycle that formed the
Appalachian-Quachita orogenic system. T evidence consists of similarities
in timing and geometry with the wel Southern Ok lahoma aulacogen, orien=
tation with respect to the congipentyK margin, high seismic velocities in the
lower crust and a prominent r ravity maximum. They also suggested
that this feature was react ed in Mesozoic time to form the present-day
embayment and lzte Paleo 0zoic intrusives.

2. A major area of earthquake activity occurs at the head and near the
axis of the Mississippi Embayment in the southwestern Missouri region. The
most intense historical epicenters and microseismicity occur along a linear
northeast trend and a transverse northwest trend. No clear correlation exists
between these trends and mapped faults in the upper Mississippi Embayment area
(Figure 1 of Braile et al., 1982, Appendix iii)). Therefore, subsurface data
principally derived from geophysical studies have been used to develop tec-
tonic and seismic models for the New Madrid Seismic (Fault) Zone.

8. Investigative Procedure

l. The lack of surface geological evidence, the low earthquake
recurrence interval and the relatively short historical and microseismicity
record in the New Madrid Seismic Zone has prevented direct determination of

0w
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the nature of the seismic hazard and the cause of the seismicity. [n the
pre-1970 era most explanations for seismicity focused on correlation with
Phanerozoic geologic structures and surface attributes.

for the seismicity and has put important constraints on the nature of the

i
|
|
|
|
2. Nevertheless, an integrated analysis has provided a viable hypothesis }
seismic hazard.

3. The integrated analysis has included:

a. Seismicity--study of the historical /fecord; microseismicity; focal

mechanisms; focal depths; recurrence i Is, etc.

b. Geological--surface geological ing (trenching); vertical crustal
movements, deep drilling; petr » 1isctopic age, geochemistry, and
physical properties of basement roc tress measurements; etc.

c. Geophysical--crustal seis tudies; shallow and deep crustal
reflections; high-resolu seyymic reflection; gravity and magnetic
anomaly mapping; heat f1 ements; electrical sounding; etc.

C. Present Concer,
l. Evidence for buri t in New Madrid region and its extensions.
2. Development of tectonic and seismicity models.
3. Comparison of New Madrid attributes with other intra-plate rifts.

4. \Unresolved problems of New Madrid Seismic Zone.

5. Use of the New Madrid Study--in terms of both process and results--as
a mode! for seismo-tectonic investigations of other intra-plate regions--Anna,
Ohio seismogenic region.

[I. Evidence for a Rift in the New Madrid Region

A. Definition
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l. Rift-- zones beneath which the entire lithosphere has ruptured oy

extension (Burke, 1377).
2. Active rift-- rift as a result of thermal upwelling of asthenosphere.

3. Passive rift- rift as a response to regional stress field (Baker and
Morgan, 1981).

4. Modern rift-- rift with recent tectono-magmatic activity.

5. Paleorift-- dormant rift (Neumann and Ramberg, 1978).

6. Failed arm-- portion of triple jupction developed in.0 spreading
oceanic basin (Burke and Dewey, 1373).

7. Aulocogen-- paleorift on cr Aich has been frequently reactivated
Dy compressional events.

8. Paleorifts are n d wide spread in eastern U.S. and they have

had a profound role in th nic development of the region (Figures 2, 4, 3
and 10 of Keller et al., 198 Appendix ii).

C. Characteristics of Rifts

| Rifts have diverse characteristics because there are several

processes that lead to rifting, e.g., continental margins, isolatad intra-

17
(9%

plate rifts, associated with orogenic belts, or related to transform 2oun-
daries. Rifts may be expressed as complex structures (e.g., Basin and Range),
intracratonic rift basin, or hot-spot track.

2. Comparison of characteristics of modern rifts, paleorifts, and New

Madrid (Mississippi Embayment) region (modified after Ramderg and Morgan, in
press). Table lA, B, and C.




3. Observations related to Table lA, 8, and C;

a. New Madrid region has essentially all of the paleorift and most of
the modern rift structural and geomorphic features.

b. Although information on the magmatic features of the New Madrid
region are sparse and magmatic features of both modern and paleg-rifts
are highly variable, the New Madrid region has several magmatic features
in common with some paleorifts.

C. New Madrid region has most geophysical characteristics in common with
paleorifts and some characteristics in common with modern rifts.

4. Conclusion from review of characteristics of rifts:

a. New Madrid (Mississippi Embayme \§ a paleorift formed as a
failed-arm.

b. Critical diagnostic features:

1. Broad (long-wavelength) BO‘E::7!vd Free-air gravity anomalies coin-
cident with re-entrant (Mis issi‘% Embayment).

2. Thickened high-veloci 0 crust.

3. Eocambrian, cla led graben with rift-margin mafic intrusives
and central "disturbe e.

[II. Development of Tectonic and Seismicity Models for New Madrid Region

A. Tectonic Development

1. Eocambrian development of New Madrid Rift Complex (NMRC) with per-
vasive mantle intrusions intorlower crust in response to continental breakuo,
uplift and erosion of felsic bazsement rocks prior to or contemperanecus with
graben development (Figures 9 and 10, Braile et al., 1984, Appendix ii)).
Principal evidence for NMRC are rift-margin gravity and magnetic anomalies and
regional gravity high (Figure 5, Braile et al., 1982, Appendix iii; Figure 1,
Braile et al., 1984, Appendix i). Volcanic activity (at least mafic volcanic
activity) is minimal (dry rift), but grabens are filled with pre-Mt. Simon
clastic ro:<s.
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2. Mass excess in crust caused regional subsidence in Paleozoic resylt-
ing in overlying sedimentary basins (Figure 7 and 8, Braile et al., 1384,
Appendix 1).

3. DOuring early Mesozoic rifting of the continent, craton was uplifted
and erosion tock place with removal of considerable thicknesses of sedimentary
rocks over intracontinental arches. Reactivation of faults with structural
uplifts and intrusions of mafic plutons near the margins of the rift complex.

4. Regional subsidence in Cretaceous and Cenozoic over paleorift with
deposition in Mississippi Embayment.

8. Seismic Model

l. The zones of weakness asso ith the paleorift zone in the New
Madrid region provide a viable han for the observed seismicity. Accord-
ing to this model, contempora uake activity is due to reactivation of

ancient faults within the line crust which are presently subjectad to

an appropriately orienteg

f\al stress field.

2. The orientation of the New Madrid Seismic Zone, the earthquake focal
mechanisms, the correlation of the trend of seismicity with the most structur-
ally disturbed portion of the Reelfoot Rift (Mississippi Valley Gradben), and
the nearly east-west compressive stress field of the Midcontinent are con-
sistent with the "zone of weakness" model for the earthquake activity in the
New Madrid Seismic Zone. This mode] may be enhanced by stress focusing asso-
ciated with the crustal layering variations.

3. The "local basement inhomogeneities" model appears to best explain
small 2zones of low-magnitude earthquake activity which can be shown to be
associated with local crustal inhomogeneities evidenced by pronounced gravity
and magnetic anomalies.

[V. Comparison of New Madrid Rift Complex and Other Intra-Plate Rifts of the



Eastern U.S. (see Keller et al., 1983, Appendix ii)

A. Age--paleorifts of central craton appear to be older (> 1100 Ma) than
probable age of NMRC (500-800 Ma). However, 1100 Ma rifts within craton have
not undergone major regional metamorphism west of the Grenville Front.

B. Crustal layering--evidence is sparse but only Midcontinent Rift Sys-
tem from Kansas to Lake Supericr to Tennessee has related thickened high velo-
city, high density lower crust.

C. Gravity and magnetic anomalies--mo eorifts of the craton have
initially been recognized by a segmemged, liWear positive gravity anomaly
which marks the axial portion of the ri Commonly, these axial positive
anomalies are bounded by broad negative a lies. Generally, but not univer-
sally, the magnetic anomaly pattern elative. The New Madrid Rift Com-
S. e broad gravity anomaly along the axis
\pated by a 250 km high-pass filter unlike
The NMRC (Hildenbrand et al., 1977 and
dix 11) 1s associated with a broad gravity

plex shows none of these attrib
of the Mississippi Embayment }
other rifts of the intra-pl;
1982; Braile et al., 1984
positive anomaly and loca ity and magnetic anomalies which mark the mar-
gins of the graben. The wavelength of anomalies over the Reelfoot Rift are

longer than over the margins. The long-wavelength magnetic minimum observed
over the Mississippi Embayment is not observed over other craton rifts in
eastern U.S.

0. Reactivation--most craton rifts have been subjected to reactivation
subsequent to the termination of the original extensional forces. This reac-
tivation is manifest as either early-stage axial or late-stage broad uplift
and/or early-stage or late-stage broad subsidence. Only the NMRC has under-
gone obvious correlative reactivation resulting in observed structural gefor-
mation.

V. Unsolved Problems of the Ne . Madrid Seismic Ilone



A. Seismicity

l. Why is the zone of intense seismicity limited to only a portion of
the NMRC?

3. Most intensely structurally disturbed zone.
b. Center of greatest mass excess.

¢. Transecting Missouri Gravity Low.

d. Association with Pascola Arch

e. Transecting crustal features whjoh decolfle zone.

2. Why are seismicity zones of_ NMRC ociated with axial portion and
cross-cutting zone? What is geolog rce of cross-cutting zone?

a. Most intensely struc isturbed zone.

b. Welding or rela omenon of marginal faults during intrusions of
mafic plutons.

c. Cyclic seismicity.
3. Why is seismicity primarily limited to 15 km?
a. Rock properties.

b. Stress focusing.

4. Is available evidence sufficient to gefine recurrence intervals and
other seismicity characteristics?

5. Is there a relationship between the NMRC and the recent Arkansas
seismic swarm?



6. Are there less intense, parallel zones of seismicity on the margins
of the NMRC?

¥

What is the origin of the seismic activity in the NMRC?
a. lone of weakness.
b. Local basement inhomogeneities.

¢. Combination or other.

B. New Madrid Rift Complex
1. How and where is the NMRC terminat the south?
a. Quachita orogenic belt.

b. Other.

2. Does the northeast ex ion the NMRC extend as far as Anna, 0Ohio
seismogenic region? the St. rift?

3. What is the rela p of the interpreted St. Louis arm of the
NMRC to the rest of the compl&x? Why is it not a sedimentary rock filled gra-
ben as the other arms?

4. Are there parallel rifts to the southeast of the AMRC?
5. What is the age of the NMRC?
a. 500-800 Ma

b. pre 500-300 Ma

6. What is the age of the plutons associated with the global gravity and
magnetic anomalies of the NMRC? Are they all the same age?

a. Eocambrian,



b. Early Paleozoic.
¢c. Late Paleozoic.

d. Mesozoic.

7. What is the relationship of the New Madrid Fault Zone and the Wabash
River Valley Fault Zone?

a. Connected at depth.

b. Decoupled by faults associated with the 38th Paralle! Lineament.

8. What is the relationship of the faults the 38th Parallel Lineament
to the NMRC?

9. Are there felisic volcanic v the NMRC grabens?
10. What is the relati etween the NMRC and the associated broad
vertical movements? .

a. Pascola Arch.

b. I1linois Basin.

C. Mississippi Embayment.

11. Is the upper crust thinned and the Mono deeper along the axis of the
NMRC as suggested by some geophysical interpretation?

12. What is the source of the long-wavelength magnetic minimum over the
Mississippi Embayment?

13. Is the local increased heat flow in the NMRC region a result of
hydrothermal circulation or cooling of Cenozoic intrusives?



14. Is the west-northwest striking inversely correlated gravity and mag-
netic anomaly trend in southern [1linois related to an ancient suture zone?

VI. The Anna, Ohio Seismogenic Region--A Case History I[llustrating the New
Madrid Seismo-Tectonic Study as an Analog

A. Introduction

l. Numerous events with intensities ranging up to VIII occurred in the
Anna, Ohio seismogenic region from 1929 to 1939. Subsequently, the seismicity
has been less, but abnormally high for the s e craton (Figure 1).

2. It is enigmatic because despit rous studies of the Jlocal area,
there are no obviously related tecton atures in the Paleozoic rocks and
the source and mechanism of earthqu ain undetermined. Complicated by

arapeli and Saul, 1966) which suggests

hypothesis (e.g., Woollard, 1958;
that it is related genericall '

3. Seismo-tectonic
of available data.

gations being conducted largely on the basis

8. Regional Crustal Analysis

1. Basement geologic studies utilizing both petrologic and isotopic ages
place the contact between the 100 Ma metamorphic Grenvillian rocks to the east
from the only slightly modified 1500 Ma felsic igneous rocks to the west along
a north-south trending belt in western Ohio (Figure 2).

2. This belt has been traced geophysically to the outcrop of the Gren-
ville Front in the Precambrian Shield (Figure 3 and 4). The pattern of grave
ity and magnetic anomalies differs across the Front and a broad magnetic
minimum marks the edge of the Front (Figure 5).



3. Modeling of the gravity and teleseismic time residuals are compatible
with a thickened crust along the Front.

C. Local Crustal Analysis

1. Bouguer gravity anomaly (Figure 6) and aeromagnetic anomaly (Figure
7) maps of the immediate Anna, Ohio area show a complex array of anomalies
that are generally correlative.

2. A series of positive gravity and magnetic anomalies transects the
area from northwest to southeast. These an ies are believed to be relatead
to rift complex, the Fort Wayne Geophysical , that predates the Gren-
ville orogeny. [nterpretation is b3dedpn basement rocks, primarily mafic
volcanic rocks, encountered in deep dri and potential-field modeling.

3. A major gravity mini d ociated essentially featureless mag-
netic zone is related to a gr trusive along the Grenville Front,

4. An intense isol‘} ity and magnetic closure in the northeast

quadrant is interpreted as a“gdtamorphosed mafic intrusive.

5. The southwest quadrant consists of a complex of gravity and magnetic
anomalies which are disrupted by northeast trending features which terminate
in the Fort Wayne Geophysical Anomaly.

6. Particular attributes of the gravity anomaly field have been selec-
tively enhanced by wavenumber domain filtering (e.g., Figures 8 and 9).

0. Interpretation and Relation to Seismicity

l. General interpretation of principa) basement rocks based on analysis
of gravity and magnetic anomaly data and basement rocks (Figure 10 and 11).




2. A modeled two-dimensicnal gravity profile 40%30'N shows a thickened
crust, nigh density mafic rocks in both the upper and lower crust associated
with the Fort Wayne Rift province and a low density intrusive granite immedi-
ately east of the Grenville Front between 250 and 325 km (Figure 12).

3. Overlay of epicenters on the gravity and magnetic anomaly maps (Fig=
ures 13 and 14) show considerable scatter, but there is a) a concentration of
events along the NE edge of the central mafic volcanic body of the Fort Wayne
Rift feature, b) some events are scattered around and within the large nega-
tive anomaly, c) epicenters at the southwestern margin of the negative anomaly
may be associated with the boundary be n the two contrasting anomaly
sources and their relative physical propert fés, d) there is a concentra-
tion of epicenters associated with the 1 anomaly closure in the northeast
quadrant.

a, Consideration of the eismicity and the interpreted
geophysical/geologic data su hat the seismicity of the Anna, Ohio area
may be related to one or more o e following (Figure 15):

a. Reactivation of r ults on the northeast flank of mafic volcanic
body within the Fort ne Rift feature. Stress pattern is poorly con-
strained by three diverse results from strain relief measurements. How=
ever, the mean trend of the maximum compressive stress in the Grea: Lakes
region is N60CE,

b. Gravitationally induced stresses associated with mafic rocks of the
rift feature and adjacent low-density granitic rocks.

€. Local basement innomogeneities within the Grenville basement as evie
denced by seismicity associated with the local positive amomaly northeast
of Anna, Ohio.

E. Conclusion

Compisx crustal geology with zones of weakness associated with Precam-
brian rifting which intersects a major crustal province boundary as well as
strong mass imbalances and local basement inhomogeneities provice viable
hypotheses for concentration of earthquake epicenters in Anna, Ohio region,

o
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TABLE 1

CHARACTERISTIC FEATURES OF CONTINENTAL RIFTS
(modified from Ramberg and Morgan, 1984)

A) Structural & Geomorphic Features

Mcodern Paleo New
rifts rifts Magrid

Width of graben, 35-60 km X X X
Length, s 1000 km X X X
Development of rift valley X - -
Complex graben-like structure X X
Extensional features, normal faulting

and dikes ) . X
Qften occurring:

Asymmetric cross-sections X X

[ntrarift horsts and grabens <5£EE::> X X

Dog-leg patterns X X

Polarity change along strike X X ?
Broad domal uplifts (x) - .
Thin crust, 35 km or less X (x) -
Thickened crust (x) X
Thin lithosphere X - -
Broad early stage sedimentary basins X x X
8road late stage sedimentary basjim X X
Transects prevailing structura Qa 3 X X X

x = typically o in modern and paleo-rifts, occurs in New
Madrid (Miss Embayment) region

(x) = sometimes occurring
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TABLE 1

B) Magmati

Both 'wet' and 'dry' rifts

Composition diverse, predominantly
alkaline (also calc-alkaline and
tholeiitic)

8imodal igneous activity

Progression from (per-) alkaline to
tholeiitic composition

Migration from peripheral to axial
activity

Oike swarms, ring complexes

Subvolcanic and/or midcrustal magma
chambers/plutonic rocks

Subcrustal asthenosphere diapir

Deep crustal rift "cushion"

Rift-margin intrusives

f \
-
(eont. )

¢ Features

Modern Palen
rifts rife
X X
X X
X X
(x) (x)
(x) (x
(x) X

T

\ew




TABLE 1 (cont.)

C) Geophysical Features

Pn velocities < 7.8 km/s

Pn velocities > 8.0 km/s

Crustal low-velocity layers

High velocity lower crustal layers

Teleseismic P-wave delay

Long-wavelength Bouguer gravity low
(low density mantle)

Lon?-wavelcngth Bouguer gravity low
thickened crust

Axial Bouguer gravity high

Long-wavelength Bouguer gravity high

Axfal Free-air gravity high

Lecal Bouguer gravity and magnetic
highs and Jows

Complex magnetic ancmaly apttern

High surface heat flow

Elevated lithospheric isotherms

Normal heat flow and isotherms

Shallow Curie point depth

Magneto-tel Turic anomalies
Upper crustal seismicity, alig
with rift

Extensional tectonics infe
from fucal mechanisms
Long-wavelength magnetic |

8-789
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Fi‘gure 5  Aeromagnetic anomaly man of the greater Anna, Qhio region
with interpreted positive (solid black) and negative (dotted
pattern) magnetic anomalies along the Grenville Front,

g-.34



*eavp ooy Aoy

juamaseq pasoduyiadns Yiga eare oo ‘euuy aygar jo dem Largarvad sondnog 9 aanb
ONAAYY - ILNOI0 &
JIAMOVNL v 1SS I /M . SHAL o ]
LvSve @ I0ANN 1 o R
EIRR L LT L EILLLL LA R ——— Y
SSIIND - DILINVHD @ HOOM AMY IN IO IS Sawm '
NOLLYNY 1dX 3 g A
ol B ot 8 o8 o

(O3 (o AVSNSANE ()
(/

&~ =
(N
2

oOb

oib |

Mw o)y — (O=Z
e SR W,&VN &

N8

~
Ga 098

8-85



(2861

“Lpeasng) paae oLy ‘euuy Yy jo dem Syaubem Aytsuaju |P10|

.- .~ . R AR YRR ’ .
— — — . R - "
SHIL IO I ~ \..‘ { /
e e —
59w | .i__ | _.. :
P, I vt '
(HIvOg. 1O - '

- SN

~5 '

0) (X7 nl 7 \A

“f aanhy

ov

B-86



8-87
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Introduction

We found 't extremely difficult to delineate tectonic features with uni-
form earthquake potential. After considerable debate, we came up with the
feature characteristics listed below. The principal advantage of these is
that we have the data to reasonably estimate probabili..es for nearly all
characteristics (excepting perhaps favorable versus unfavorable geometry).
The disadvantage is that this set of criteria may not be the most discriminat-
ing for the spec.fic task of separating no-account tectonic features from
those that are the concern of seismologists and earthquake engineers alike.

TABLE 1

CHARACTERISTILS CHO
ELEMENTS TRIX

Spatial Association with Sei
Moderate-to-Large Eart es
Small Earthquake
No Seismicity or city Indistinguishable from Local Background

Seismicity Level in the Area
High Number of Earthquakes
Low Number of Earthquakes

Geometry of Feature Relative to Stress Qrientation
Favorable
Unfavorable

Deep Crustal Expression
ixpressed and Near Intersection of Features
Expressed and NOT Near Intersection of Features
NOT Expressed




Definition of Characteristics (and Guidelines)

l. Spatial association with seismicity means the correspondence of the
feature with earthquakes in three dimensions. The evaluation of the three pro-
babilities required for this characteristics requires estimating uncertainties
in the shape and extent of the feature especially in the depth direction as
well as uncertainties in the epicenters and depths of earthquakes. Receant,
instrumentally recorded earthquakes are more reliably located and will raise
the probabilities of spatial association. Also, consider that the epicenters
of smell historical earthquakes are often better located than larger histori-
cal earthquakes because the entire area over Aich small quakes are felt can
be smaller than the highest intensity i&ds of moderate to large earth-
quakes. We attempt to qualitatively estiphte the influence of demographic and
geographic features (e.g. the Great ) on the uncertainty of historical
earthquakes. In addition, we consje t pre-instrumental intensity VI
earthquakes (with little or no ion on felt area) in underpopulated
areas have some probability of ng Mden intensity VII and thus ‘“moderate”
in size.

2. Seismicity level afea is a semi-quantitative evaluation of
earthquake activity in eneral region of the feature. Since the first
seismicity characteristic doe¥ not adequately distinguish areas of low seismi-
city (e.g. the central Hudson Valley in New York) from areas of high seismi-
City such as southwestern Maine, the additional information is deemed valu-
able. We allow these probabilities to be estimated by visual inspection of
the density of earthquake symbols on the "All Seismicity" map or, failing
that, checking the Barstow et al. "€arthquake Freguency" map to see if tne
area is generally in or outside the contour separating less than 15 from more
than 16 earthquakes per = 10,000 < .

3. Geometry of feature relative to stress orientations--this s
estimated primarily based on the orientation of the feature (with its uncer-
tainties) relative to the orientation of " Hmax (a1s0 uncertain). [f informa.
tion on the sense of slip is known for a time which is deemed to have the same
stress orientation as the present, then knowledge of whetner "My s vertical
or horizontal is factored in.




4. Deep crustal expression is evaluated primarily from gravity and mag-
netic data as gradients, linear truncations of anomalies, zones of disrupted
anomalies, and changes in orientation of general fabric. Also, teleseismic
travel time anomalies are considered regional deep crustal expressions.
Interpretations from published seismic reflection lines are also used.

5. A note on the gut feeling probability--this estimate includes any
knowledge of other characteristics that might be useful such as: recent
regional strain, fault plane solutions, depths of ‘arthquakes, continuity of
the feature, inferred local stress or strength changes.

Matrix Discussion

“General propositions do not decide/gompcrete cases. The decision will
depend on a judgement or intuition more le then any articulate major preme
ise." (0.W. Holmes, Jr.)

With that caveat, we pre matrix (see following figure). Associa-
tion with a moderate-to-large e uake is always a high probability because,
assuming no informationa ainty, if a feature did it once it can do it
again. Recent paleoseismi tudies in New Madrid, Missouri and Charleston,
South Carolina that evidence pre-historic high-intensity ground shaking at
both locations support this belief. In almost all cases we have assigned a
slightly lower probability to a feature in a region of low seismicity than to
a feature with the same attributes in a region of high seismicity. Since the
seismicity pattern of the last 200 years is not spatially random, we think
that regions of high seismicity will generally lend a slightly greater proda-
bility to the feature's earthquake potential. In a sense, we have cheated Oy
considering the past 200 years to represent processes in the near future, and
have thus added a time-dependent likelinood factor into the feature assess-
ment., For the characteristics not related to seismicity, however, we 30 not
take time into consideration except in the provision that the stress regime be
the same as the present. In fact, we have assigned hign probabilities in most
matrix boxes because we are evaluating whether or not a tectonic feature s
capable of generating moderate-to-large earthquakes, irrespective of time, [n
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addition, a moderate earthquake (m=5-6) may be the upper limit of earthquakes
one can expect almost anywhere. Therefore, the matrix probabilities we assign
are not low until the most unfavorable combinations of characteristics are met
(way over on the right-hand side of the matrix).

For the features not associated with a moderate-to-large earthquake,
there 1is a fairly large decrease (generally .l-.2) in probability as you move
a from the “favorably oriented” box to the "unfavorably oriented hox". A deep
crusta! expression 1is considered more diagnostic than is proximity to an
intersection, thus the probabilities decrease more for “no crustal expression”
than they do between "near an intersection" and "not near an intersection”.
This is a general rule-of-thumb for the matrjk’excepting the conditions of low
seismicity and no association with seismic? re we emphasize proximity to
an intersection more).

[f you ask us why our probabilitie ry so little between adjacent boxes
(down, up, across, or diagonall wil]l tell you that this expresses our
scientific uncertainty in the abilit hese characteristics--the best we
could come up withe-to re istriminate Detween capable and incapable
features,

Fﬂsgr

There are four basic provenences in the study region: exposed Precam-
brian craton (e.g. Western Quebec area, northern Minnesota) sediment-covered
Precambrian craton (most of the mid-continent including low-grade deformed
Paleozoic metasediments of the Appalachian Valley and Ridge on the decolle-
ment) exposed Phanerozoic crystalline rocks (mostly Appalachians, bdut some
areas of Quachitas) and sediment-covered Phanerozoic crystalline rocks (e.q.
Coastal-Plain, Gulf Coast). Different filters are applied to the different
provenences, in the hope that we can identify the most appropriate seismogenic
structures. We do not pretend to apply filters independently of the earth.
quake record. Ultimately, earthquake locations must guide our choices,

l. Exposed Precambrian Craton. For these regions, we are considering
both surface and subsurface features that are spatially associated with earth-
quakes. Even though some areas have been complexly deformed in the Grenville




|
orogeny, we do not have evidence that there are major horizontal discontinuie

ties in vast areas of the Precambrian crust. In fact, surface quarry blasts -

in Quebec can be fairly well located using arrival times (at seismic stations

located on Precambrian Grenville rock) with a simple layer-over-a-half space

velocity model. This suggests that, at least within the depths appropriate

for brittle deformation there are no major velocity discontinuities. Thus, we

assume that potentially seismogenic features might be expressed or even mapped

at the surface as well as at depth,

2. 3ediment Covered Precambrian Craton. The sedimentary rocks of the :

mid-continent probably do not define structures capable of larger earthquakes.
Since the advent of densely arrayed local se c networks, we find that many

earthquakes are located in the crystalline ¥a t rocks beneath Phanerozoic
sediments. Several examples emerge fr ent high quality data. Earthe
quakes in the New Madrid Seismic re located along faults within the
Dasement rift complex. The Sharpsb KenMicky 1980 earthquake at 12 «km
depth is well below the basement/s boundary which-is = 2km Selow the

surface. well-located microea

aked/near Albany, New York are about 12 «m

below the Paleozoic rocks Appalachian Plateau. Eastern Tennessee
earthquake foci are locat atw the valley and ridge and, in addition,

both the alignment of akes and the fault plane solutions are much .
closer to the orientation oMbasement structures inferred from magnetic
anomalies than they are to the structural fabric of the southern Appalachians

at the surface.

This 1s not to say that no earthquakes ever displace the Paleczoic rocks.
Firstly, there are faults that cut these cover rocks and often the time of tne
last movements on them is unknown. Secondly, more than half of the snallow
earthquakes (= 30) 1in the mid-continent (designated "e" in Nuttli's (1380)
catalog) are estimated to be in the sedimentary rocks because local basement
depths are greater than 3 km. Not one of the shallow earthquakes, however, is
deemed to be as large as magnitude 5. Therefore, in seexing tectonic features
that might have potential for magnitude 5 oor greater earthquakes, we eliminate
shallow features that are not associated with faulting, such as the St.
Francis mountains, Llano uplift, Bourbon arch, Arkoma basin, central Xansas
uplift, Salina basin, and Forest City basin because they are regional fold
structures within the Phanerozoic sedimentary rocks. On the other hand,

L6



potentially seismogenic features such as the Sandwich faylt, S5t. Genevieve
fault, OQuachita orogen, Reelfoot rift, and Anadarko basin are associated w~ith
basement faulting and/or extend to seismogenic depths.

3. Exposed Phanerozoic Crystalline Rocks. (with some Precambrian rocks,
locally) Scientists have long been baffled by the lack of a spatial correla-

tion between earthquakes and known faults in the Appalachians. For example,
one of the few place where earthquakes seemed to align along a fault trace is
the Ramapo Fault in New York and New l'ersey. Yet, many earthquakes with
better depth determinations appear to be within the Precambrian HMudsor High-
lands, not on the fault trace at depth which has been well mapped along
several seismic reflection lines. Severay{ypotheses to explain why earth-
quakes are not on mapped faults come to miNd. 1d Paleozoic and Mesozoic
faults are welded and strong; they do ove. The faults are not favoranly
oriented to the present stress. The s @ geology belies what is underneath
(€.9. a decollement, or faults ¢ grientation with depth). Maybe earth-
quakes are more closely associated utons, than with mapped faults. what
we have learned from dense s arvays and from careful monitoring of aft.
ershock sequences is that e es are occurring on relatively small
features that are probab! ped by the earthquakes themselves.

Qur current understa oes not allow us to apply a systematic filter
to the crystalline rocks of old orogenic belts. Seismicity is often the best
guide for identifying general areas of crust that are treated as featyres.
These general areas are defined by the styles of tectonism they experienced in
the past. We distinguish between regions of thin-skinned and deeper deforma-
tional styles during Paleozoic orogenic pulses. The last major tectonism in
the eastern United States was the breakup of the continent in the Mesozoic.
Two DSroad realms have been delineated as features of interest, One, the
inboard Mesozoic extensional fault realm (IMEF) is the westernmost region of
high angle throughgoing faults in the thick crust. East of this is the oute
board Mesozoic necked-crust realm of “transitional" or thinned crust extending
to the oceanic basalts. Here there are wider Mesozoic basins (mainly on the
shelf). The framework elements are essentially the same for both realmse«i, e,
normal and wrench faults active during the current breakup with concurrent and
consequent dike activity. The difference 1in crustal thickness thickness
implies different behavior in the present stress field. Wwe have attempted to




discover the best union between seismicity and crustal characteristics based
on geology, magnetics, gravity features, seismic reflection profiles and,
lastly teleseismic P-wave travel time residuals.

4, Sediment-Covered Phanerozoic (Crystalline Rocks. (primarily the
southeast Coastal Plain) Most of this area is treated as part of the outhoard

Mesozoic necked crust (OMNC) realm identified above. Seismicity is not hign
in the OMNC except in areas of intersecting features, therefore, the key tec-
tonic element here is intersections.

A
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LEGEND FOR ABBREVIATED FEATURES
(PRIMARILY IN THE NORTHEAST)

Baltimore Canyon Trough

Brevard Fault Zone --Southeast

Block Island Yawn--Qffshore Southern New England
Blake Plateau Basin

Blake Spur Fracture Zone--Qffshore

Connecticut Basin--Central New England

Clingman Lineament--Southeast (Magnetic)
Clarendon-Linden--Western New York

Central Ohio Lineament

East Coast Magnetic Anomal

Fall Line
Gander Avalon Realm--gqs
George’s Bank Abenag n

Gravity Gradient-zfasX€rn United States
Honey Hill-Fr qult Zone
Hudson River L{ astern New York

Inboard Me Extensional Fault Realm

King’s Moun elt

Maniwak! Zone--Quebec

Mineralized Belt

Moncton Fault--New Brunswick

Monteregian Hills--Montreal Quebec and Eastward

Menas Trough/Orpheus Graben--Qffshore New Brunswick to Gror
Marguerie Trough Banks
Nantucket-Bear Line (Magnetic)--Qffshore Southern New Englanc
Norfolk Fracture Zone--Qffshore

Niggara Magnetic Anomaly

New Madrid Rift Complex

Reelfoot Rift

Southern Indigng Arm

Rough Creek Graben

St. Louis Arm

New YOork Alabama Linegment

New England

y
East Pledmont Fault Sy5tem<;3;;?
Gravity Lineament (Dlmené)--No hern New York

Cell
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Ottawa-Bonnechere Graben --QOntario-Quebec border
Qutboard Mesozoic Necked Crust Reglm

Pittsburgh Washington Linegment

Reading Prong/Newark Basin --New Jersey

Sydney Basin-.St. Lawrence Gulf

Saquenay Graben --Quebec, south of Charlevuix
Scranton Gravity High

St. Lawrence Rift--Quebec |

Temiskaming Graben --gntario-Quebec border

Tyrone-Mt, Union Lineament

White Mountain Magma Series & Related Terrane --gxtends 0ffsho

Gravity Anomaly (Diment) --wesgern Mew York tO Kelvin Seamou
Zen's Taconic Cratonic Marqj%g;:>

Zen’'s Line Taconian Marg
Principal Intrusives
Mafic Intrusives

Felsic Intruslvei;
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FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type) A Paleozoic Craton Edge (PCE) (Appalachians)

Buried edge of Precambrian cratom in Appalachian orogen prior to subduction assoclated with Appalachian mountain
building.

Follows trend of Appalachians into Alabama and Mississippi.

Positioned along prominment reglonal gravity gradieat which separates the regional Appalachina gravity minimum
from the castern gravity positive anomaly. Magnetic anomaly patterns also change alomng cratom edge.

Justification of Probabilities: Discuss data

‘ Char interpretations, assumptions, key references
Physical Characteristics Probability #/ /) (attach extra pages, if needed)
A -
S

1. Spatial Association
with Seismicity in Virginia.

1. Moderate-to-Large
Earthquakes -2 @

2. Small Earthquakes

Only -4
3. No Seismicity (indis-

tinguishable from i .4

background

1.0

2. Seismicity Level in 2. Low selsmicity levels.

the Area
1. High Number of

Earthquake< o2
2. Low sumber of

Larthquakes .8

No pervasive correlation, only local correlations especially

b2teive

(SNYIHD

3903 NOLY¥D 21




| FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data
Char. interprecations, assumptions, key references

Physical Characteristics  Probability ¥ (attach extra pages, if needed)
3. Geometry of Feature 3. Where Appalachian trend turns to west at southern end,
Relative to Stress geometry is unfavorable.
Orientation
1. Favorable Geometry .6
2. Unfavorable Geometry 4
1.0
4. Deep Crustal Expression Cravity and magnetic anomalies suggest deep crustal ex-
esslon which locally may be intersected by continental
1. Expressed and Near Inter- ex ions of ocean fractures.
section of Features -4
© 2. Expressed and not Near
- Intersection of Features -6

3. Net Expressed

1.0
5. Gut Feeling .6
{that feature is capable
of generate m > 5.0)
Calculated Probability 49

SEY REFERENCES:
Kankin, DWW, 1975, The continental margin of castern North America in the Southern Appalachisns: The opening
and «lositng of the proto-Atlantic Ocean, Am. Jour. Sci., 275-A, 298-1%.

Hatoher, KD, w0, amd 1. Zre o, 1580, Tectonic e lications of regional acromagretic ead gravity data from the
N LT T L ET S T . e e N Pew rtes Calialom bb.. i thee M QS A" WP M P o FAS_ WL
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FEATURE ASSESSMENT FORM--PAGE 1 OF 2

-eature Description: (definition, location, extent, type) B Paleozolc Craton Edge (PCE) (Appalachian-Ouachita Transfor

Break or discomtinuity in gravity and magnetic anomaly pattern im Mississippi that has been related to a transform
fault that connects the Appalachian and Ouachita orogens.

Justification of Probabilities: Discuss data

Char interpretations, assumptions, key references
Physical Characteristics Probability ’ a extra . if needed)
1. S.atial Association ® Limited small earthquakes.

with Seismicity

1. Moderate-to-Large

Earthquakes .
2. Small Earthquakes

Only -2
3. No Seismicity (indis-

tinguishable from .8

background
1.0

~0
2. Seismicity Level in 2. Bam 4 3
the Area S 2m
, -
1. High Number of £a
Earthquakes .1 gn
2. Low Nusber of ég
La. thquakes .9 ==
L
Ll = J
S ——— -4
1.0 e

JENYL.
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FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

) } ) Char. interpretations, assumptions, key references
Physical Characteristics  Probability ¢ (attach extra pages, if needed)
3. .wfl of Feature 3. Evidence limited, but max. horizontal compression may
k!ct"e_ to?trgg closely parallel feature.
Orientation
1. Favorable Geometry .4
2. Unfavorable Geometry .6
1.0
4. Deep Crustal Expression
1. Expressed and Near Inter-
section of Features .4
2. Expressed and not Near
Intersection of Features .6
3. Not Expressed %
1.0
5. Gut Feeling —d
(that feature is capable
of generate m > 5.0)
.20

Calculated Probability

EEV REFERENCL:

ll

Thomas, WA, 1977, Evolution of Appalachian-Ouachita sallents and recesses from reentrants and premontories
e the contiocntal margin, Am. Jowr. Sci., 2717, 1233-1278.
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FEATURE ASSESSMENT FORM--PAGE 1| OF 2

Feature Description: (definition, location, extent, type) £ Paleovzoic Craton Edge (PCE) (Ouachitas)
Bur led cdge of Precambrian cratom prior to subduction assoclated with Ouachita orogen.

Extends acruss Arkamsas into Oklahoma, south iato Texas and then westerly into West Texas.

ccurs along cratom side of gravity high shich correlates with Ouachita orogenic belr.

Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key references

Physical Characteristics Probability ) {attach extra pages, if needed)

1. Spatial Association Q_/

with Seismicitly

1. Moderate-to-Large
Earthquakes
2. Small Earthquakes &

Only ol
3. No Seismicity (indis-
tinguishable from .7
background
1.0
2. Seismicity Level in
the Area
1. High Number of
Earthquakes !
2. Low Number of
Larthquakes -9

(SYLIHIVNO)

3903 NOLY¥d 21070374




FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key references
Physical Characteristics Probability i (attach extra pages, if needed)

3. Geometry of Feature 3. Evidence limited, but max. horizontal compression
Relative to Stress paratlels feature.
Orientation

. Favorable Geometry
. Unfavorable Geometry

Deep Crustal Expression

. Expressed and Near Inter-
section of Features

. Expressed and not Near
Intersection of Features :

. Not Expressed

Gut Teeling
(that feature is capable
of generate m > 5.0)

Calculated Probability

KEY REFERENCE:
King, F.8., 1975, Ancient southern margin of North America, Ceology, 3, 732-73%.




Feature Description:

FEATURE ASSESSMENT FORM--PAGE 1 OF 2

(definition, location, extent, type) A New Madrid Rift Complex (NMRC) (Reelfoot Rift)

Eocambrian rift which was reactivated in the Mesozolc that lies along the axis of the Mississippe Embayment.

Assoclated with broad gravity high derived from high density layer at base of crust and mafic intrusives along

margin of graken.

Physical Characteristics

Probability

Char.
LIVFN

Justification of Probabilities: Discuss data
interpretations, assumptions, key references
(attach extra pages, if needed)

rE_3

61+

Spatial Association
with Seismicity

1. Moderate-to-Large

Earthquakes

2. Small Earthquakes

Only

3. No Seismicity (indis-

tinguishable from
background

Seismicity Level in
the Area

1. High Number of

tarthquakes

2. Low Number of

Earthquakes

1.0

1.0

1.0

N\

Q ighly active with moderate-to-large earthquakes.

R
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FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability ¥ (attach extra pages, if needed)
3. Geometry of Feature 3. East-west maximum horizontal compressive stress.
Relative to Stress
Orientation
1. Favorable Geometry 1.0

2. Unfavorable Geometry

1.0

4. Deep Crustal Expression

1. Expressed and Near Inter-
section of Features

2. Expressed and not Near
Intersection of Features =3

3. Not Expressed

1.0

5. Gut Feeling Lo
(that feature is capable
of generate m > 5.0)

Calculated Probability .97

KEY REFERENCES:
Stander, W., 1982, Present-day seismicity and identification of active faults in the New Madrid Seismic Zone, in
F.A. McKeown and L.C. Pakiser (eds.) Investigations of the New Madrid Earthquake Region, U.S. Ceol. Surv.
Prot, Paper 1236, 15-20.

Evvin, C.PF. and L.D. McGinnrs, 1925, Reelfoot riit; Reactivated precursor to the Misdissippi Embayment, Geol,
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FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type) B New Madrid Rift Complex (NMRC) (Southern Indiana Arm)

Continuation of Reelfoot rift into southern Indiana and Wabash River Valley fault reglon.
Assoclated with similar geophysical expression as Reelfoot rift.

Eocambrian graben interpreted from seismic reflection studies,.

Justification of Probabiiities: PMiscuss data
Char. interpretations, assumptions, key references

Physical Characteristics Probability (attach extra pages, if needed)

/A
77y
1. Spatial Association @

with Seismicity

1. Moderate-to-Large

Earthquakes -8
2. Small Earthquakes @
Only _ a2

3. No Seismicity (indis-
tinguishable from

background

1.0
2. Seismicity Level in 2. Hadley and Devine (1974) indicate high earthquake density. -3
the Area e
Ihe Area —~=
85
1. High Number of =¥
Earthquakes -8 m*°
2. Low Number of 22
Earthquakes .2 s A
OO
-
3
.0 £
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FEATURE ASSESSMENT FORM--PAGE 2 OF 2

! Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key references
Physical Characteristics Probability 4 (attach extra pages, if needed)

3. Geometry of Featdre
Relative to Stress

Orientation
1. Favorable Geometry 1.0

2. Unfavorable G ometry
1.0

4. Deep Crustal Expression

1. Expressed and Near Inter-
section of Features .8

2. Expressed and not Near
Intersection of Features .2

3. Not Expressed

1.0
5. Gut Feeling -8
{that feature is capable
of generate m > S.OY
Calculated Probability - 94

KEY REFERENCES:
Braile, L.W., G.R. Keller, W.J. Hinze, and E.G. Lidiak, 1982, An ancient rift complex and its relation to contem-
porary seismicity in the New Madrid Seismic Zone, Tectonics, 1, 225-237,

Bralle, ‘L.W., W.J. Hinze, J. .. cexton, G.R. Keller, and E.G. Lidiak, 1984, Tectonic development of the New Madrid
Seismic Zone, Tectonophysics, in press, ’ ’



FEATURE ASSESSMENT FORM--PAGE 1 OF 2

feature Description: (definition, location, extent, type) L New Madrid Rift Complex (NMRC) (Rouph Creek Graben)

East-west Eocambrian or earliest Cambrian arm of NMRC. Associated graben is confirmed by drilling and peophysical data.

Located In western Kentucky.

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability # /C:E\ (attach extra pages, if needed)
S I(f/li
l. Spatial Association <;\~—’/, Only arm of New Madrid Rift Complex without associated
with Seismicity seismicity.

1. Moderate-to-large
tarthquakes

2. Small Earthquakes
Only

3. No Seismicity (indis-
tinguishable from 1.0
background

2. Seismicity Level in
the Area

1. High Number of
tarthquakes

2. Low Number of
tarthquakes

—
O m
Oz
5
X >
o
< 0
A v
mo
m
-~ 0
.
G m
X
p
O
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FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key references
Physical Characteristics Probability 13 (attach extra pages, if needed)

Geometry of Feature 3.

- Max, horizontal compression aligned with feature.
Relative to Stress ’ P g it

Orientation

. Favorable Geometry

. Unfavorable Geometry

4. Deep Crustal Expression Correlative regional gravity high with local gravity and
8
magnetic ¢ wmalies dc 'ved from mafic intrusions along
1. Expressed and Near Inter- mapgins of graben.
section of Features .5

: 2 Expressed and not Near
- Intersection of Features 3

3. Not Expressed

1.0

5. Gut Feeling -
(that feature is capable
of generate m > 5.0)

Calculated Probability .18

KEY REFERENCES:
As in 28.

Ammerman, ML, and G.R. Keller, 1979, pDelineation of Rome Trough in castern Kentucky with pravicy and deep
deiliing, Am. Assoc. Pet, Secl, Bull., 63, 341-153.



FEATURE ASSLSSMENT FORM--PAGE 1 OF 2

feature Description: (definition, location, extent, type) D New Madrid Rift Complex (NMRC) (St. Louis Awm)

Braile et al. (1982) interpret the regional positive gravity anomaly and high gradient gravity and magnetic anomalies
which straddle the Mississippl River from its confluence with the Ohio River to St. Louis as the northwest arm of
the NMRC.

Hadley and Devine (1974) identify this arm as a region of high seismic activity.

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability ¥ /N _(attach extra pages, if needed)

L4 3

1. Spatial Association
with Seismicity

1. Moderate-to-Large

tarthquakes 8
2. Small Earthquakes
Only el

3. No Seismicity (indis-
tinquishable from
background

§2=)

2. Seismicity Level in
the Area

1. High Number of
Larthquakes 1.0

2. Low Number of
Larthquakes

(WEY SIN0Y °1S)
37dW0D L3T¥ CTHOVW M3IN
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FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

5.

Char, interpretations, assumptions, key references

Physical Characteristics Probability B (attach extra pages, if needed)

3. Geometry of Feature 3. Max horizontal compressive stress favorably oriented
RQ_!"“VQT.LO Stress for reactivation of rift-related zones of weakness.
Orientation

. Favorable Geometry -9
. Unfavorable Geometry 1
1.0
4. Deep Crustal Expression Broad reglonal gravity anomaly and high gradient gravity
and magnetic anomalies indicate both deep crustal pertur-
. Expressed and Near Inter- 8 b ns and upper crustal intrusions.
section of Features ’ .

. Exoressed and not Near
Intersection of Features .2

. Not Expressed

1.0
Gut Feeling e
(that feature is capable
of generate m > 5.0)
Calculated Probability .94

KEY REFERENCES:

As in 28B.
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Feature Description:

FEATURE ASSESSMENT FORM--PAGE 1 OF 2

(definition, location, extent, type) Amarillo Uplifr-Wichita Basin Uplift

Uplifts are assocliated with Southern Oklahoma Aulacogen extend NW from Ouachita orogenic belt across Oklahoma and
the Texas Panhandle.

Aulacogen is Eocambrian but uplift occurred in Pennsylvanian Deformation of associated basins to the related basins
to the north took place in Mississippian (Wichita orogeny).

Seismicity active, but less so than in bordering basins to the north.

Physical Characteristics

Justification of Probabilities: Discuss data
Cha:;,\\L interpretations, assumptions, key references
s

Probability (attach extra pages, if needed)

#
r 4

~nN

Spatial Association
with Seismicity

. Moderate-to-Large

tarthquakes
Small Earthquakes

[ Only
3. No Seismicity (indis-

tinquishable from
backqround

seismicity Level in
the Area

. Mgh Number of

Earthquakes

Low Number of
Larthquakes

&

1.0

SIM

=1d417dN 0T INvWY

4I17¢N NISYE Vi
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FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

T Char. interpretations, assumptions, key references
Physical Characteristics Probability - (attach extra pages, if needed)
3. Geometry of Feature 3. Genmerally favorably oriented to max. horizontal compres-
Relative to Stress sive stress.
Orientation
1. Favorable Geometry -8
2. Unfavorable Geometry 2
1.0
4. Deep Crustal Expression Prominent rift-related gravity and magnetic anomalies.
Intersects with Ouachita orogenic belt and possibly with
. Expressed and Near Inter- 80 rn extension of Midcontinent Rfit System.
section of Features 3

2. Expressed and not Near

Intersection of features .3
3. Not Expressed

1.0

5. Gut Feeling -8

(that feature is capgble

of generate m > 5.0)

Calculated Probability ... 2.

KEY REFERERCES: s 7
Keller, G.R., E.G. Lidiak, W.J. Hinze, and L.W. Braile, 1983, The role of rifting in the tectonic development of
the midcontinent, U.S.A., Tectonophysics, 94, 391-412.

Hottman, V0., J.F. Dwewy, and K.A.C. Burke, 1974, Aulacogens and their genetic relation to geosyndines with
Proterozoie example from Croot Slave Lake, Canada, in R Dott, Jr., and R.H. Shaver (eds.), Modern and
Anclent Geosyndinal scdimentary, Soc. Econ. Paleontol. Miner. Spec. Pub. 19,.38-55.
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FEATURE ASSESSMENT FORM--PAGE 1 OF 2

feature Description: (definition, location, extent, type) Central Ohio Lineament

Based on ENE-WSW trending linecament in the magnetic anomaly map of Ohio.

Intersects PW lineament near Cleveland, Ohio seismogenic region.

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability f /AN (attach extra pages, if needed)
77 Y}

1. Spatial Association
with Seismicity

® Correlated with Cleveland, Ohio seismogenic region.

1. Moderate-to-Large

tarthquakes ol
2. Small Earthquakes
Only .6

3. No Seismicity (indis-
tinquishable from o3
background

1.0
2. Seismicity Level in 2. Generally correlated with high seismicity in eastern Ohio.
the Area
1. High Numbcer of
tLarthquakes ]
2. Low Number of

tarthquakes R

1.0

IN3WY3NIT OIHO TWHLIN3D
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FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability [ (attach extra pages, if needed)
3. Geometry of Feature
Relative to Stress
Orientation
1. Favorable Geometry .8
2. Unfavorable Geometry _e2
1.0
4. Deep Crustal Expression 4 th and geophysical expression suggests deep crustal
ure which intersects PW lineament.
1. Expressed and Near Inter-
section of Features -7
2. Expressed and not Near
Intersection of Features 3
3. Not Expressed
1.0
o3

5. Gut Feelirj
(that feature is capable
of generate m > 5.0)

Calculated Probability 60



Feature Description:

(definition, location, extent, type)

FLATURE ASSESSMENT FORM--PAGE 1 OF 2

Rome Trouﬁ (RT)

Eocambrian rift which strikes N-E from eastern Kentucky into western West Virginia.

Interpreted from deep drilling into graben and geophysical data.

Justification of Probabilities: Discuss data

Char interpretations, assumptions, key references
Physical Characteristics Probability #IZ:E\ (attach extra pages, if needed)
A,

. Spatial Association
with Seismicity

1. Moderate-to-Large
Earthquakes

2. Small Earthquakes
Only

3. No Seismicity (indis-

tinguishable from
background

2. Seismicity Level in

the Area
1. High Nuwber of
Larthquakes

2. Low Number of
Earthquakes

<:> Limited associated seismicity.

A

HONOY.L 3WOY¥



Justification of Probabilities: Discuss data
. Char. interpretations, assumptions, key references
Physical Characteristics Probability @ (attach extra pages, if needed)

Geometry of Feature 3. Maximum horizontal compressive stiess is in direction
Relative to Stress of feature. .

Orientation

. Favorable Geometry

. Unfavorable Geometry

Deep Crustal Expression

. Expressed and Near Inter-
section of Features

. Expressed and not Near
Intersection of Features

. Not Expressed

Gut Feeling
(that feature is capable
of generate m > 5.0)

Calculated Probability

KEY REFERENCE:

Ammcrman, M L. and G.R. Keller, 1979, pelineation of Rome Trough in castern Kentucky with gravity and deep
drilling data, Am. Assoc. Pet. Geol. Bull,. 63, 341-153,




FEATURE ASSCSSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type) Grenville Front (CF)

Fault and/or metamorphic contact between 1100 m.y. metamorphosed rocks to east and older generally unme tamor phosed
rocks to west.

Extends from North Shore of Lake Huron and southward to Mississippi ¢nd then displaced to western Texas where it
has a NE-SW strike.

Not observably seismic except where intersected by rifts.

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability - (attach extra pages, if needed)
1. Spatial Association @ Locally seismic in Anna, Ohio seismogenic region.

with Seismicity

1. Moderate-to-Large

- tarthquakes .
= 2. Small Earthquakes
g Only A
3. No Seismicity (indis-
tinguishable from ad
background i
1.0 |
2. Seismicity Level in 2
the Area -
| =
1. High Number of 2 e
Larthquakes o -
X
2. Low Number of g
Larthquakes .8 ~




FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: ODiscuss data

. Char. interpretations, assumptions, key references
Physical Characteristics Probability - (attach extra pages, if needed)
3. Geometry of Feature 3. Favorably located in eastern U.S., but not in Texas.
Relative to Stress
Orientation
1. Favorable Geometry i »$
2. Unfavorable Geometry L4
1.0
4. Deep Crustal Expression Coincident geophysical anomalies suggest deep expression,
locally intersected.
1. Expressed and Near inter- 5

section of Features

2. Expressed and not Near
o Intersection of Features .5
(]
'S

3. Not Expressed

1.0
5. Gut Feeling .6
(that feature is capable
of generate m > 5.0)
Calculated Probability .57
KEY REFERENCES: Sy

Lidiak, E.G., R.F. Marvin, H.0. Thomas, and M.N. Bass, 1966, Geochronology of the midcontinent region, United
States: Pr. 4, eastern area, Jour. Geophys., Res.; 71, 5427-54138,

Lidiak, E.CG., W.J. Hinze, G. R Keller, J.E. Reed, L.W. Braile, and R.W. Johnson, 1984, Geologic significance
of regtonal gravity and wmogpetic anomalies in the east-central midcontinent, in The Utllity of Regional Gravity
and Magnetic Anomaly Maps, Soc. Expl. Geophys., in press. '




FEATURE ASSESSMENT FORM--PAGE 1 OF 2

eature Description: (definition, location, extent, type) East Continent Geophysical Anomaly (ECGA)

Strong positive gravity and magnetic anomalies together with basement drilling suggest a late Precambrian rift zone
(1100 m.g.) that probably is a part of the Midcontinent Rift System.

Selsmicity is limited, but earthquakes such as the 1980 Sharpsburg, KY earthquake suggests that the feature may be
assoclated with moderate earthquakes.

Justification of Probabilities: Discuss data

Char interpretations, assumptions, key references
Physical Characteristics Probability (FVIN (attach extra pages, if needed)
b 7%
I. Spatial Association @ 1980 sharpsburg, KY earthquake (w=5.1)

with Seismicity

1. Moderate-to-Large
tarthquakes .15

2. Small Earthquakes @
Only -25

3. No Seismicity (indis-
tinguishable from 0
background

1.0
2. Seismicity level in
the Area
1. High Number of
Larthquakes .2
2. Low Number of
Larthquakes 8
1.0

(AXININIY) ATVWONY

TWIISAHAO39 IN3NILINOD LSV3
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FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Physical Characteristics

Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key references
Probability ¥ (attach extra pages, if needed)

Geometry of Feature
Relative to Stress

Orientation

. Favorable Geometry

. Unfavorable Geometry

Deep Crustal Expression

. Expressed and Near Inter-

section of Features

. Expressed and not Near

Intersection of Features

. Not Expressed

Gut Feeling
(that feature is cappble
of generate m > 5.0)

Calculated Probability

1.0

3. Favorably oriented generally.

<E) Ceophysical anomalies indicate feature extends deeply
into crust and is intersected in several regions.

A
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FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type) East Continent Geophysical Anomaly (ECCA)-Central

Tennessee

Reglonal gravity anomaly and local magnetic anomalles in Central Tennessee which extends ncrth into Kentucky and
south into Alabama is interpreted as a segment of the ECGA.

Justification of Probabilities: Discuss data
Char; interoretations, assumptions, key references

Physical Characteristics Probability # (attach extra pages, if needed)
B e ZZ Yy

1. Spatial Association
with Seismicity

1. Moderate-to-Large

Earthquakes .2
. Small Earthquakes
Only .5

3. No Seismicity (indis-
tinguishable from ) 3
background

N

2. Seismicity Level in

the Area

1. High Number of

tarthquakes "7,7,._-

2. Low Number of
Lavthquakes TS
1.0

(33553NN3L TVELINID) A TVWONY
T¥IO1SAHdO39 IN3INILNQOD 1SY3
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FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key references

Physical Characteristics Probability B (attach extra 'a_pages, if needed)

3. Geometry of Feature

Relative to Stress

Orientation
1. Favorable Geometry 7
2. Unfavorable Geometry .3

by the Tennessee-Illinois-Kentucky 1ineament.
1. Expressed and Near Inter-

4. Deep Crustal Expression Co Gravity anomaly suggests deep crustal expression, crossed

section of Features 4
2. Expressed and not Near
Intersection of Features L
3. Not Expressed
.
1.0
5. Gut Feeling .
(that feature is capable
of generate m > 5.0)
Calculated Probability —  -58

KEY REFERENCE:
Keller, G.R., E.G. Lidiak, W.J. Hinze, and L.W. Braile, 1983, The role of rifting in the tectonic development
ot the midcontinent, U.S5.A., Tectonophysics, 94, 391-412.

P ——



FEATURE ASSLSSMENT FORM--PAGE 1 OF 2

feature Description: (definition, location, extent, type) Fort Wayne Geophysical Anomaly (FWGA)

Regional gravity high with local magnetic anomalies which extends from west-central Ohio (Anna, Ohio seismogenic
zone) NW into Lake Michigan.

Interpreted as a late Precambrian rift related to the ECGA. This interpretation is supported by data from basement
drill holes.

Assocliated with Anna, Ohio seismogenic region where it intersects Grenville Front.

Justification of Probabilities: Discuss data

Physical Characteristics Probability “ (attach extra pages, if needed)

Chi;’\\\ interpretations, assumptions, key references
PaN
£ 33

e 3 ¥ &

1. Spatial Association
with Seismicity

1. Moderate-to-Large

Earthquakes .7
2. Small Earthquakes
Only 3
3. No Seismicity (indis-

tinguishable from

backqground
1.0

2. Seismicity Level in
the Area

1. High Number of
tarthquakes oy

2. Low Number of
tarthquakes W1

VAONY TWOISAHAO39 3NAWM L¥04

-
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FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability " (attach extra pages, if needed)
3. Geometry of Feature
Relative to Stress
Orientation
1. Favorable Geometry -l
2. Unfavorable Geometry -8
T 1.0
4. Deep Crustal Expression Geophyiscal anomalies and modeling support deep crustal
expression. Intersects Grenville Front.
1. Expressed and Near Inter-
section of Features -8
2. Expressed and not Near
Intersection of Features 2
3. Not Expressed A
1.0
5. Gut Feeling -7
(that feature is capgble
of generate m > 5.0)
Calculated Probability .81

KEY REFERENC:
Hinze, W.0., R.L, Kellogg, and N.W. O'Mara, 1975, Geophysical studies of basement geology of Southern
Peninsula of Michigan, Am. Assoc. Pet. Geol. Bull., 59, 1567-1584.



FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type) Midcontinent GCeophysical Anomaly (MGA)

Cravity, magnetic seismic reflection, crustal seismic, and geologic information support the hypothesis that the MGA
is assoclated with a late Precambrian rift system, the Midcontinent Rift System.

Despite the profound crustal distrubrance there is little directly related seismicity.

Extends from southern Kansas (perhaps Oklahoma) northerly to the west end of Lake Superior.

Justification of Probabilities: Discuss data

Char interpretations, assumptions, key references
Physical Characteristics Probability #éé (attach extra pages, if needed)

1. Spatial Association <3E:5$]

with Seismicity

1. Moderate-to-lLarge <:7

tarthquakes .3
2. Small Earthquakes
Only .6

3. No Seismicity (indis-
tinguishable from "
background

1.0
2. Seismicity Level in

the Area
1. High Number of ‘

tarthquakes -z
2. Low Number of

Larthquakes .8

Lo

ATYWONY

TWIISAHA039 LININILNODQIW



FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key references
Physical Characteristics Probability # (attach extra pages, if needed)

3. Geometry of Feature . Max. horizontal compressive stress favorably oriented.

Relative to Stress
Orientation

. Favorable Geometry

. Unfavorable Geometry

Deep Crustal Expression Geophysical studies and geologic interpretation support
deep crustal expression. Locally intersected.

. Expressed and Near Inter-
section of Features

. Expressed and not Near
Intersection of Features

. Not Expressed

Gut Feeling

(that feature is capable
of generate m > 5.0)

Calculated Probability

KEY REFERENCES:

Halls, H.C., 1978, The late Precambrian Central North American rift system - a survey of recent geological and
peophysical lavestigations in E.R. Neumann and |. Ramberg (eds.), Tectonics and Geophysics of Continental
Rites, NATO advanced Study Iast., Series €, 37 , Reidel, Boston, 111-123,

King, e.K, and i. Zietz, 1%, seromapnetic stody of the midcontinent gravity high of Central United States,
Conl Soe Am Rl K2 PRI MNR




Feature Description: (definition, location, extent, type)

FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Lake Superior Basis (LSB)

The Lake Superior Basin is a rift basin of late Proterozoic age (1100 m.g.) containing up to 15 km of mafic volcanics
and elastic sedimentary rocks. Both geological and geophysical data support this interpretation.

The MCA extends southerly from western Lake Superior and the MMCA from eastern Lake Superior.

Selsmic and gravity evidence suggest profound crustal disturbance.

Justification of Probabilities: Discuss data

Char interpretations, assumptions, key references
Physical Characteristics Probability zrth (attach extra pages, if needed)
St o

1. Spatial Association
with Seismicity

1. Moderate-to-Large

Earthquakes A
2. Small Earthquakes
Only .5
3. No Seismicity (indis-
tinguishable from .1
background
1.0
2. Seismicity Level in
the Area
1. High Number of "
Larthquakes
2. Low Number of 1.0
Earthquakes )

NISYE ¥0I¥3dNS Y
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FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability - (attach extra pages, if needed)
3. Geometry of Feature 3. Generally NE max. horizontal compressive stress.
Relative to Stress
Orientation
1. Favorable Geometry -8
2. Unfavorable Geometry 2
1.0
4. Deep Crustal Expression Profound seismic and gravity anomalies support deep

crustal expression,
1. Expressed and Near Inter-

section of Features .6
2. Expressed and not Near
Intersection of Features .4

3. Not Expressed

1.0

5. Gut Feeling
(that feature is capgble
of generate m > 5.0)

Calculated Probability -7

KEY KEFERENCES: epsiie-0 e ot e
Wall, H.C., 1978, see 12

Hinze, W 0., K.J. Wold and N.W. O0'Hara, 1982, Gravity and magnetic anomaly studles of Lake Superfor, in R.J,
Wold and W. . Mlinze (eds.), Ceology and Tectonics of the Lake Superlor Basin, Ceol, Soc. Am. Mem., 156, 203-221.



R A

FEATURE ASSESSMENT FORM--PAGE ) OF 2

Feature Description: (definition, location, extent, type) Mid-Michigan Geophysical Anomaly (MMGA)

Gravity, magnetic, seilsmic reflection, and drilling data support the MMGA as a late Proterozoic rift which extends
southerly from the eastern end of the Lake Superior Basis. It is connected to the MGA through Lake Superior and
is part of the Midcontinent Rift System.

Despite profound crustal disturbance it is not seismically active.

Physical Characteristics

Justification of Probabilities: Discuss data
Char interpretations, assumptions, key references
Probability B (attach extra pages, if needed)

1.

L L )

Spatial Association
with Seismicity

. Mederate-to-Large

Earthquakes

. Small Earthquakes

Only

. No Seismicity (indis-

tinguishable from
background

seismicity Level in
the Area

. High Number of

Earthquakes

. Low Number of

Larthquakes

A TYWONY

WOISAH03D NYOIHIIW-QIW
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FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability [ (attach extra pages, if needed) i
3. Geometry of Feature 3. NE maximum horizontal compression.
Relative to Stress
Orientation
.8
I. Favorable Geometry
2. Unfavorable Geometry .2
1.0
4. Deep Crustal Expression 4&) Profound disruption of crust with local intersecting
features.

1. Expressed and Near Inter-
section of Features -2

2. Expressed and not Near
Intersection of Features 7

3. Not Expressed

.1
1.0
5. Gut Feeling .
(that feature is capable
of generate m > 5.0)
.63

KEY REFERENCES:
Halls, W.C., 1978, sce 12,

Hinze, W.J., R.L. Kellogg, and N.W. O'Mara, 1975, Geophysical studies of basement geology of Southern Peninsula
of Hichigan, Am. Assoc. Pet. Geol. Bull., 59, 1562-1584,
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FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type) A Creat Lakes Tectonic Zone-Colorado Lineament (GL-CL)

Linear southwest striking feature which is a continuation of the Great Lakes Tectonic Zone extending from South Dakota
into Colorado.

Identified as Wrench fault in Colorado.

Justification of Probabilities: Discuss data

Char interpretations, assumptions, key references
Physical Characteristics Probability /A0 (attach extra pages, if needed)
W S,
1. Spatial Association Selsmicity less than in 15B.

with Seismicity

1. Moderate-to-Large

Earthquakes .3
2. Small Earthquakes
Only -4

3. No Seismicity (indis-

tinguishable from 3
background
10
2. Seismicity Level in 2. Low level background seismicity.
the Area

1. High Number of

INIWY3INIT 00V¥010D

% 3NOZ JINOLJ3L SV LV3Y9

tarthquakes 0___
2. Low Number of
tarthquakes 1,0
1.0

(00V¥07100 04 YLOMYQ HLNOS)



8v=2

FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability i (attach extra pages, if needed)
3. Geometry of Feature 3. Mean direction of max. horizontal compressive stress
Relative to Stress s NS9OE,
Orientation
1. Favorable Geometry -4
2. Unfavorable Geometry -6
1.0
4. Deep Crustal Expression Limited geophysical expression in this segment. Inter-
sected by Chadron Arch.
1. Expressed and Near Inter-
section of Features -6
2. Expressed and not Near
Intersection of Features 2
3. Not Expressed
28
1.0
5. Gut Feeling ..
(that feature is capgble
of generate m > 5.0)
Calculated Probability 30

KEY REFERENCES:
Warner, L.A., 1979, The Colorado Lineament: A middle Precambrian Wrench fault system, Geol. Soc. Am. Bull.,
90, 314-316.

Brill, K.G. and O.W. Nettic ‘B3, Setsmicity of the Colorado lineament, Geology, 11, 20-24.
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FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type) B Great Lakes Tectonic Zone - Colorado Lineament (Gi~C

Linear southwest striking ‘cature that extends from western Lake Superior into South Dakota.
Identified as a suture (thrust fault) which separates two Archaen terrains with contrasting ages and rock types.

Vertical offset of Cretaceous rocks identified in western Minnesota along this feature. Displacement up to 95 m.

Justification of Probabilities: Discuss data
Char interpretations, assumptions, key references
)

Physical Characteristics Probability i (attach extra pages, if needed)
. 7
U
.- Spatial Association U Good spatial assoclations with seismicity.

with Seismicity

1. Moderate-to-Large

tarthquakes o3
2. Small Earthquakes
.4

Only

3. No Seismicity (indis-
tinguishable from .1
background

1.0
’ . . » » ~ OO
2. Seismicity Level in »2m
the Area Eg=p
w S L
1. thigh Nusber of %8;
tarthquakes _‘_f’___ ,Bgm
2. Low Number of =) g =
Larthquakes 1.0 ™ 9
OO0
- =
IEIIET & &
1.0 =3 g
= (3’
o m
e

Oy



FEATURE ASSESSMENT FORM--PAGE 2 OF 2

“Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability # (attach extra pages, if needed)
3. Geometry of Feature
Relative to Stress
Orientation
1. Favorable Geometry -4
2. Unfavorable Geometry L
1.0
4. Deep Crustal Expression Expressed in regional geophysical anomalies.
1. Expressed and Near Inter-
section of Features -2
v 2. Expressed and not Near
s Intersection of Features 4
3. Not Expressed
1.0
5. Gut Feeling W1
(that feature is capgble
of generate m > 5.0)
Calculated Probability .5

KEY REFERENCES:
Brill, K.C. see 15A.

Sims, P K. et ai., 1980, The Great Lakes Tectonie Zone -- A major crustal structure in central North Amer!
Geol. Soc. Am. Bull., 91, 690-698.

&



FEATURE ASSESSMENT FORM--PAGE 1 OF 2

feature Description: (definition, location, extent, type) € Great Lakes Tectonic Zone - Colorado Lineament

Northern Michigan segment of CLTZ.

Justification of Probabilities: Discuss data
Char interpretations, assumptions, key references

Physical Characteristics Probability TN (attach extra paces, if needed)
. =il T W
1. Spatial Association
with Seismicity
1. Moderate-to-Large
Earthquakes .1
2. Small Earthquakes
Only -5
3. No Seismicity (indis-
tinguishable from -4
backqround
ST
2. Seismicity Level in SRR
the Area 3185
X >
» mor
1. High Number of S8
Larthquakes _‘(_’ﬁ__ -5
2. Low Number of &";:‘,:,‘
Larthquakes .0 o ma
20
A
A R
1.0 ~
9
m
e
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FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

Gut Feeling
(that feature is cappble
of generate m > 5.0)

Calculated Probability

KEY REFERENCES:

See 158,

Char. interprgtations. assumptions, key references
Physical Characteristics Probability # (attach extra pages, if needed)
3. Geometry of Feature
Relative to Stress
Orientation
. Favorable Geometry .4
. Unfavorable Geometry -6
1.0
4. Deep Crustal Expression
. Expressed and Near Inter- 1
section of Features .
. Expressed and not Near
Intersection of Features .5
. Not Expressed
A
1.0



FEATURE ASSLSSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type) Nemaha Anticline-Humboldt Fault

Extends N20"E through eastern Kansas into Nebraska and southerly into central Oklahoma.

Assoclated with basement uplift and faults in late Paleozoic.

Steeply dipping shear zone assoclated spatially and in orientation with Midcontinent Rift System,

Justification of Probabilities: Discuss data

Char interpretations, assumptions, key references
Physical Characteristics Probability Q/f;tb\ (attach extra pages, if needed)
JE 12:‘);1
1. Spatial Association v Moderate earthquakes along trend.

with Seismicity

1. Moderate-to-lLarge

tarthquakes -7
Small Earthquakes 9
Only :

3. No Seismicity (indis-
tinguishable from -
bac ground

G-
n

1.0
2. Seismicity Level in
the Area
1. High Number of
Larthquakes 7
Z. Low Number of _
Larthquakes R

17NYs L108WNH
=3NITJIINY YHYW3N
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FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability s (attach extra pages, if needed)
3. Geometry of Feature 3. Generally favorable for thrust faulting.
Relative to Stress
Orientation
1. Favorable Geometry -5
2. Unfavorable Geometry .5
1.0
4 Deep Crustal Expression <:i:> No gravity or magnetic anomalies indicating deep crustal
. expression.

1. Expressed and Near Inter-
section of Features 1

?. Expressed and not Ne.r
Intersection of Features -3

3. Not Expressed

5. Gut Feeling _ -8

{that feature is capable
of generate m > 5.0)

Calculated Probability 12




FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type) Principal Felsic Batholiths and Mafic Intrusions

Principal observed or inferred felsic batholiths and mafic intrusions outside of rift zones.

Distributed throughout midcontinent.

Justification of Probabilities: Discuss data
Char interpretations, assumptions, key references

Physical Characteristics Probability #//N\\ _(attach extra pages, if needed)
o T I

1. Spatial Association
with Seismicity

. Moderate-to-Large
tEarthquakes

. Small Earthquakes

Only

. No Seismicity (indis-
tinquishable from
background

Seismicity Level in
the Area

. High Number of
Larthquakes

SNOISNYLNI

JIdvW ¥ J1S734 TWdIINI¥d

2. Low Number of
tLarthquakes

(NOID3¥ IN3INILINOJGIW)




FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key references
Physical Characteristics Probability - (attach extra pages, if needed)

3. Geometry of Feature
Relative to Stress

Orientation
1. Favorable Geometry o
2. Unfavorable Geometry .5
1.0
4. Deep Crustal Expression
1. Expressed and Near Inter- 5

section of Features

2. Expressed and not Near 9
= Intersection of Features .

3. Not Expressed

1.0

5. Gut Feeling e
(that feature is capable
of generate m > 5.0)

Calculated Probability .33

T P ey



FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definitien, location, extent, type) West Texas Bolsons

Bolsons or grabens are observed in West Texas especially along the course of the Rio Grande River. These bolsons
may be related to the southward extension of the Rio Grande rife.

Justification of Probabilities: Discuss data
Char interpretations, assumptions, key references
/AN

Physical Characteristics Probability (attach extra pages, if needed)

A T

I. Spatial Association <:)
with Seismicity

1. #oderate-to-Large

carthquakes -7
. I
o 2. Small Earthquakes
-~ Only

3. No Seismicity (indis-
tinquishable from
background

1.0
2. Seismicity Level in
the Area
1. High Number of
Earthquakes IR
2. Low Number of
Larthquakes .3

1.0

SNOST08 SvX31 LS3M



FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

. o o Char, interpretations, assumptions, key references
Physical Characteristics _Probability ¢ (attach extra pages, if needed)
3. Geometry of Feature
Relative to Stress
Orientation
1. Favorable Geometry __ .8
2. Unfavorable Geometry __ a2
1.0
4. Deep Crustal Expression Geophysical anomalies do not support a deep crustal
expression, however, probable association with rift
1. Expressed and Near Inter- suggests that the bolsons must be indirectly related

section of Features €p structures,

2. Expressed and not Near
Intersection of Features -6

85-2

3. Not Expressed

ST
1.0
5. Gut Feeling vy
(that feature is capgble
of generate m > 5.0)
Calculated Probability .79

Key Reference:
Keller, G.R., R.A. Smith, W.J. Ninze, C.L.U. Aiken, 1984, A regional gravity and magnetic study of West Texas,
tn the Utility of Regional Gravity and Magnetic Anomaly Maps, Soc. Expl. Ceophys., in press.




65-2

FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type) Plum River - Sandwich Fault Zone

Located in eastern lowa and northern Illinois, Plum River strikes E-W and Sandwich fault strikes NW-SE. They
probably are not connected. Age of faulting is post-Silurian and pre-:leistocene. Faults are high angle with
displacements of up to 800 feet.

Justification of Probabilities: Discuss data

Char interpretations, assumptions, key references
Physical Characteristics Probability Illstb\ (attach extra pages, if needed)
F 47 o A
1. Spatial Association <:—/,7 Beloit earthquake of moderate intensity is located near
with Seismicity intersection of faults,

1. Moderate-to-Large

Earthquakes o2
2. Small Earthquakes
Only o2

3. No Seismicity (indis-
tinguishable from .6
background

1.0

2. Seismicity Level in
the Area

1. High Number of

Earthquakes ,__;g___

2. Low Number of )
tarthquakes .
1.0

L 1NV3 HOIMONYS-¥3AIY WNd

7
- -

1
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FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

09-2

Char. interpretations, assumptions, key references

Physical Characteristics Probability © (attach extra pages, if needed)

3. GEONEFWY of Feature 3. Favorably oriented with respect to Herramann's (1979) local
Re!al've.to Stress mechanism of faulting associated with 1972 earthquake,
Orientation

1. Favorable Geometry -l

2. Unfavorable Geometry .3

1.0
4. Deep Crustal Expression
1. Expressed and Near Inter-
section of Features .1

2. Expressed and not Near
Intersection of Features -1

3. Not Expressed

-~
1.0

5. Gut Feeling %3
(that feature is capable
of generate m > 5.0)

.38

Calculated Probability



19+)

Feature Description: (definition, location, extent, type)

FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Ouachita Mountains

Exposed part of Ouachita orogenic belt in central Arkansas and Oklahoma.

Deformation including thrusting and uplift was initiated in the Pennsylvanian. The Ouachitas are believed to

be allochthonous.

Physical Characteristics

Probability

Char

Justification of Probabilities: Discuss data
interpretations, assumptions, key references
(attach extra pages, if needed)

/N
Y4 ]

1. Spatial Association

with Seismicity

1. Moderate-to-Large
Earthquakes

2. Small Earthquakes
Only

3. No Seismicity (indis-

tinguishable from
background

2. Seismicity Level in

the Area
1. High Number of
Earthquakes

2. Low Number of
Earthquakes

AR

SNIVINNOW VY.1IHIYNO



293

FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability # (attach extra pages, if needed)
3. Geometry of Feature 3. NE max. horizontal compressive stress parallels many
Relative to Stress tectonic features.
Orientation
. Favorable Geometry -4
2. Unfavorable Geometry -6
1.0
4. Deep Crustal Expression Intense geophysical anomalies suggest deep crustal expression.
. Expressed and Near Inter- 9
section of Features ’
2. Expressed and not Near
Intersection of Features .8
3. Not Expressed
1.0
5. Gut Feeling -7
(that feature is cappble
of generate m > 5.0)
Calculated Probability -83



FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type) Anadarko Basin

Intensely deformed and faulted Paleozoic basin which is related to the Southern Oklahoma Aulacogen. Deformed in

late Paleovzoic.

Extends along northern side of Amarillo Uplift in the Texas Panhandle and western Oklahoma.

Justification of Probabilities: Discuss data
Char interpretations, assumptions, key references
Physical Characteristics Probability #/ N\ (attach extra pages, if needed)

Spatial Association
with Seismicity

. Moderate-to-Large
Earthquakes

. Small Earthquakes
Only

. No Seismicity (indis-
tinguishable from
background

seismicity Level in
the Area

. High Number of
Larthquakes

. Low Number of
Earthquakes

NISYE OXY¥YOVNY




r9-2

FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities:

Discuss data

(that feature is capable
of generate m > 5.0)

Calculated Probability -7

Char. interpretations, assumptions, key references
Physical Characteristics Probability - (attach extra pages, if needed)
3. Geometry of Feature
Relative to Stress
Orientation
. Favorable Geometry -8
2. Unfavorable Geometry -2
1.0
4. Deep Crustal Expression Relationship to Southern Oklahoma Aulacogen suggests
deep crustal expression.
. Expressed and Near Inter-
section of Features
2. Expressed and not Near
Intersection of Features .8
. Not Expressed
il
1.0
5. Gut Feeling 6



FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type) Black Hills-Centra! Kansas Uplift

NNW-SSE trending uplifts extending from Central Kansas Uplift in central Kansas across nebraska into the Black
Hills of South Dakota and into Montana.

Tertiary intrusives assocliated with Black Hills.

Justification of Probabilities: Discuss data
Char interpretations, assumptions, key references

Physical Characteristics Probability #/,\\ lattach extra pages, if needed)
Fr '3

Spatial Association
with Seismicity

Moderate-to-Large
tarthquakes

. Small Earthquakes
Only

. No Seismicity (indis-
tinquishable from
backoround

Seismicity Level in
the Area

. High Number of
Earthquakes

. Low Number of
Earthquakes

SYSNUX TWYEIN3I=STTIH MIV8




98-

FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

(that feature is cappble
of generate m > 5.0)

Calculated Probability

Char. interpretations, assumptions, key references
Physical Characteristics Probability ¥ (attach extra pages, if needed)
3. Geometry of Feature 3. Favorable for thrust faulting.
Relative to Stress
Orientation
. Favorable Geometry 7
2. Unfavorable Geometry -3
1.0
4. Deep Crustal Expression
1. Expressed and Near Inter-
section of Features 4
2. Expressed and not Near
Intersection of Features L4
3. Not Expressed
—.2
5
Gut Feeling R




(9=

FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type)

CHARI ESTO~

Cooke faul hallow ~ 500 m, 50 m offset - NE trending.
Behrendt et (1983). Recent work (unpublished) by VPI questions its existence.

Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key references
#

Physical Characteristics Probability (attach extra pages, if needed)

o &

PN
T A
1. Spatial Association @

with Seismicity

1. Moderate-to-Large

Earthquakes 0
2. Small Earthquakes
Only -1

3. No Seismicity (indis-
tinguishable from 9
background

1.0

2. Seismicity Level in
the Area

1. High Number of

Larthquakes =9
2. Low Number of
tarthquakes L
1.0

YNITO¥YD HLNOS=-LINvd 3N009



FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key references
Physical Characteristics Probability # {attach extra pages, if needed)-

3. Geometry of Feature
Relative to Stress
Orientation

. Favorable Geometry

. Unfavorable Geometry

Deep Crustal Expression

Expressed and Near Inter-
section of Features

. Expressed and not Near
Intersection of Features

. Not Expressed

Gut Feeling
(that feature is capable
of generate m > 5.0)

Calculated Probability




CHAKLESTON

FEATURE ASSESSMENT FORM--PAGE | OF 2

feature Description: (definition, location, extent, type)

Woodstock fault (Talwani, 1982) 9-13 km deep ~ 30-40 km long - NNE cres ding.
Interred from earthquake data. No other supporting evidence.

Physical Characteristics

Justification of Probabilities: Discuss data
Char, interpretations, assumptions, key references
Probability & (attach extra pages, if needad)

- X

1. Spatial Association
with Seismicity

i 1. Moderate-to-Large
Earthquakes

. Small Earthquakes
Only

|

\

| 3. No Seismicity (indis-
tinguishable from
background

69°2
~

2. Seismicity Level in
the Area

1. High Number of
Earthquakes

2. Low Number of
Larthquakes

St

-

1o

HINOS=1INY4 %J01SO00M

-
~

1708y



FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

Char, interpretations, assumptions, key references
Physical Characteristics Probability B (attach extra pages, if needed)
3. Geon-try of Feature
Relative to Stress
Orientation
1. Favorable Geometry -8
2. Unfavorable Geometry 2
1.0
4. Deep Crustal Expression
1. Expressed and Near Inter- 9
section of Features )
2. Expressed and not Near "
Intersection of Features .1
3. Not Expressed
10
5. Gut Feeling .
(that feature is capgble
of generate m > 5.0)
.91

Calculated Probability




Feature Description: (defimition, location, extent, type)

CHARLESTON
Ashley River tock Fault-(Talwani, 1982)

Additional evidence from potential field, stratigraphic, geomorphic and releveling data. Earthquake at intersection
with boundary faults of Triassic basins. (Series of talks AGU Fall 1984-Talwani, et al.)

Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key references
Physical Characteristics Probability - AN (attach extra pages, if needed)

e Z7
. Spatial Asseciation @

with Seismicity

. Moderate-to-Large
tarthquekes

. Small tarthquakes
Only

. No Sersmicity (indis-
Linguishable from
back ground

Sersmicity Level in
the Area

. High Number ot
t arthquabes

2. Low Number of
tarthguakes

v ¥3A1¥ A3WMSY

8W02) S1TNv4 %J0.S000Mm

1
‘

(N3N




$i°)

FEATURE ASSESSMENT FORM--PAGE 2 OF 2

~ Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Cheracteristics Probability ’ (attach extra pages, if needed)
i. Geometry of Feature
Relative to Stress
Orientation
1. Favorable Geometry .8
Z. Unfavorable Geometry .2
1.0
4. Deep Crustal Expression
1. Expressed and Near Inter-
section of Features -5
2. Expressed and not Near
Intersection of Features -3
.
3. Not Expressed
- -
1.0
5 Gut Feeling <

(that feature is capable
of generate m - 5.0)

Calculated Probability -88



FEATURE ASSESSMENT FORM--PAGE 1 OF 2

feature Description: (definition, location, extent, type) New York-Alabama Lineament.

NE trending acromagnetic ancmaly ~ 1600 km, from Alabama to New York, with apparent SE offset near TN-VA border
and NW offset in PA. Interpreted as basement sirike slip fault (King and Zeitz, 1978). Coincident with gravity
gradient. K & Z suggest strike slip movement.

Justification of Probabilities: Discuss data

Char interpretations, assumptions, key references
Physical Characteristics Probability /) (attach extra pages, if needed)
s 77 )
1. Spatial Association Possible association with Giles County and S. Appalachian
with Seismicity seismic zone (Bollinger & Wheeler, 1981, 1983; Johaston
epnl. 1984).
1. Moderate-to-Large
o tarthquakes .6
o 2. Small Earthquakes
Only A
3. No Seirsmicity (indis-
tinguishable from 0
background
1.0
2. Seismicily Level in 2.1. Oaly in certain parts of the NY-AL lineament do you
the Area see a higher seismic flux.
1. High Number of )
Larthquakes 5
2. Low Number of

tarthquakes .

INIWYINIT VWYBYTY=X¥0A M3N




FEATURE ASSESSMENT FORM--PAGE 2 OF 2

&=

Justification of Probabilities: Discuss data

Calculated Probability

Char. interpretations, assumptions, key references
Physical Characteristics Probability [ (attach extra pages, if needed)
3. Geometry of Feature
Relative to Stress
Orientation
1. Favorable Geometry -8
2. Unfavorable Geometry o2
1.0 :
4. Deep Crustal Expression Both the Giles County and southern Appalachian zone
eq. seem to lie near inferred deep crustal intersec-
1. Expressed and Near Inter- - from gravity and magnetic data. However, the
section of Features 5 le feature is not. Hence the distribution of
2. Expressed and not Near peias.
Intersaection of Features .5
3. Not Expressed %
1.0
5. Gut Feeling o7
{tnat feature is capable
of generate m > 5.0)
.84



FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type)

East Coast Magnetic anomaly 1400 km along coast.

Ma jor feature - edge of craton (?) Zeitz (1970).
No known earthquake associated with ft.

Justification of Probabilities: Discuss data

Char interpretations, assumptions, key references
Physical Characteristics Probability s \ (attach extra pages, if needed)
T &

1. Spatial Association
with Seismicity

1. Moderate-to-Large

Earthquakes 0
2. Small Earthquakes "

Only
3. No Seismicity (indis-
tinguishable from .9
background
g B
2. Seismicity Level in
the Area
1. High Number of
tarthquakes 0
2. Low Number of
Larthquakes o '
:—:ITO:: Ref: Zeltz, 1., 1968, Eastern Continental Margin of the

United States, in Maxwell, A.E. (ed.) The Sea, pp.
293-310.

ATYWONY J1L3NOVW LSY0D 1SY3



8.°)

FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key references
Physical Characteristics Probability # (attach extra pages, if needed)

3. Geometry of Feature
Relative to Stress

Orientation
1. Favorable Geometry .5
2. Unfavorable Geometry .5
1.0
4. Deep Crustal Expression
1. Expressed and Near Inter-
section of Features -,

2. Expressed and not Near
Intersection of Features 23

3. Not Expressed 0

5. Gut Feeling .05
(that feature is capgble
of generate m > 5.0)

Calcuiated Probability .20




FEATURE ASSLSSH [ FORM

¢ 1ea \ 3 .
Feature Descy {_"' t)lll’lﬂ'l, l""’!“"'- t "‘”Y) [V""‘ ‘_»ll('-l_"lll‘lll IIH«_.:“.{QVI
E and parallel to NY-AL iineament nearly 1000 km long NE trending interpreted t«

Precambrian-cambrian normal tault,.

Justification of Probabilities: Discuss data
Char. Iinterpretations, assumptions, key references
al Characteristics l’vulmh!ll!_y “ (nttmn extra pages, 1f needed)

. /

Spatial Associatior '
'd . A 1on : Southern Appalachian seismic zone lies between the
with Sei1smicity )

N.Y.-Alabama lineament and the Clingman | ineament

ay be assoclated.
Moderate-to-Large

e { B ¥ and Zeitz (1983).
ymall Earthquakes m

v (indis-
from

Ih Numbey
irthquakes

w ru’)"fvl 0t

farthquake




FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability # (attach extra pages, if needed) o
3. Geometry of Feature
Relative to Stress
Orientation
1. Favorable Geometry .7
2. Unfavorable Geometry ol
1.0
4. Deep Crustal Expression
1. Expressed and Near Inter-
section of Features .7
2. Expressed and not Mear
Intersection of Features .3
3. Not Expressed _ '
1.0
5. Gut Feeling .6

(that feature is capgble
of generate m > 5.0)

Calculated Probability .76




3
)

feature Description:

FEATURL ASSESSMENT FORM--PAGE 1 OF 2

(definition, location, e-tent, type) Buried Precambrian-Cambrian Normal faults

(Inferred to lie below decollement in the Valley and Ridge, Blue Ridge and Inner Piedmont provinces) - one edge
defined by the N.Y.-Ala. lineament (King & Zeitz, 1978).

Physical Characteristics

Justification of Probabilities: Discuss data
interpretations, assumptions, key references

1.

Spatial Association
with Seismicity

. Moderate-to-Large

Earthquakes

. Small Earthquakes

Only

. No Seismicity (indis-

tinguishable from
background

Seismicity Level in
the Area

. High Number of

tarthquakes

2. Low Number of

tarthquakes

Char.
Probability l,(;géi (attach extra pages, if needed)
y & &

Ref. Bollinger and Wheeler (1981,1983).

= A

.
L0
2.1. Because of Giles County eq. and ongoing seismicity
in TN.
o3
P
1.0

S1INYS TVWHON

NYI¥BWYI=NYI¥8WYI34d Q31808



08-2

FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability B (attach extra pages, if needed)
3. Geometry of Feature

. Unfavorable Geometry

Relative to Stress

Orientation
. Favorable Geometry .6

1.0

Deep Crustal Expression

. Expressed and Near Inter-

section of Features 3

Expressed and not Near
Intersection of Features -7

. Not Expressed

1.0
Gut Feeling -
(that feature is cappble
of generate m > 5.0)
.63

Calculated Probability



A

FEATURE A

cription ,{x"-lHl!lluH, location, extent,

rofic Rift basins (border faults

(Wentwor th and Mergner Keefer, 1983) suggest that border faults ot NE trending faults get reactivated.

Justification of Probabilities: Discuss data
interpretations, assumptions, key references
Lharacteristics “mlm!»l]!!! (attach extra pages, 1f needed)

soclation
Ji1th ISmicily

Moderate-to-Large

tarthquake:

tarthquakes

vy (indis
from

t

tarthquak




FEATURE ASSESSMENT FORM--PAGI

Justification of Probabilities Discuss data
Char. Interpretations, assumptions, key references

)
k
Characteristics l'l't'?rll»I'H,},‘ “ (attach extra pages, i f m'wfmi)

of Feature
to Stress

Urientation
Favorable Geometry

Unfavorable Geometry

Deep Crustal Expression
Expressed and Near IH"""
section of Features

pressed and not Near
Interse Ltion of .‘Q‘L'.',“’f"l

Not Expressed

Gut Feeling
(that fe 1S capable
enerate m 5.0)

O QO
v )

lculated Probability




FEATURE A

Feature Description: (("‘YIHIYIHH, 1O ation, extent, ty

Generic: "Onshore extensions"of Fracture Zones (Sykes, 1978).

Various authors, including Sykes (1978) have suggested that seismicity is assoclated with onshore extensions

of racture zones, I'he onshore extension has not been conclusively proven, although several data sugpest

their possible existence.

Justification of Probabilities: Discuss data
Char Interpretations, assumptions, key references
Phys ] Chara teristics t'mrmz.tln_, “ (attach extra pages, 1f needed)

Spatial Association Q

with Sei1smi( Hj

Moderate-to-Large </

tarthquakes

Small Earthquakes s}

”‘rl,'

No Seismicity (indis
tinquishable from




FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilit® ..
Char. interpretations, assumptic 5, vo, <.
Probability - (attach extra pages, if nieced)

Physical Characteristics

3. Geometry of Feature
Relative to Stress
Orientation

. Favorable Geometry

. Unfavorable Geometry

Deep Crustal Expression

. Expressed and Near Inter-
section of Features

. Expressed and not Near
Intersection of Features

. Not Expressed

Gut Feeling
(that feature is capable
of generate m > 5.0)

Calculated Probability




cription (definition

plutons.

|I|\.l|'li»’l' Oof generating moderate to I.Al}'t' earthquakes (my ]tlti)'l‘lhl'lal).

Justification of Probabilities: Discuss da*
interpretations, assumptions, key refer
Physical Characteristics Probability ] (attach extra pages, if needed)

yvati1al Association
with Se1smi« il_\,‘

‘rate-to-Large
' "la‘:) 1k ee

tarthquakes




98-

FEATURE ASSESSMENT FORM--PAGE 2 GF 2

Justification of Probabilities:

Discuss data

(that feature is capgble
of generate m > 5.0)

Calculated Probability .37

Char. interpretations, assumptions, key references
Physical Characteristics Probability # (attach extra pages, if needed) oL
3. Geometry of Feature
Relative to Stress
Orientation
. Favorable Geometry .8
. Unfavorable Geometry .2
1.0
4. Deep Crustal Expression
. Expressed and Near Inter-
section of Features )
2. Expressed and not Near
Intersection of Features 6
3. Not Expressed
1.0
5. Gut feeling .2



LB~

FEATURE ASSESSMENT FORM--PAGE 1 OF 2

feature Description: (definition, location, extent, type)

Generic: Granitic plutons

Some evidence of micro earthquake activity M 1-2. No evidence of moderate to large earthquake.

See Different models.

Physical Characteristics Probability

Char.
l

Justification of Probabilities: Discuss data
interpretations, assumptions, key references
(attach extra pages, if needed)

1.

25
I iy

Spatial Association
with Seismicity

1. Moderate-to-Large

Earthquakes 0
2. Small Earthquakes
Only _lﬁ___
3. No Seismicity (indis-
tinguishable from 6
background
T
Seismicity Level in
the Area
1. High Number of ’
tarthquakes L LA
2. Low Number of
tarthquakes .7
1.0

(*s°n
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88-2

FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities- Discuss data

Char, interpretations, assumptions, key references
Physical Characteristics Probability ¥ (attach extra pages, if needed)
3. Geometry of Feature
Relative to Stress
Orientation
. Favorable Geometry o
. Unfavorable Geometry 3
L0
4. Deep Crustal Expression
. Expressed and Near Inter-
section of Features .2
. Expressed and not Near
Intersection of Features .8
. Not Expressed
1.0
5. Gut Feeling i
(that feature is capable
of generate m > 5.0)
Calculated Probability 35



68-2

FEATURE ASSESSMENT FORM--PAGE | OF 2

Feature Description: (definition, location, extent, type)

Kings Mountain Belt-Middleton-Lowdensville-Towaliga Fault System. (Horton & Butler, 1981)
“Besides geologic indications, this system is coincident with a steep gravity gradient, a chdnge in the character of
aercmagnetic data long A to short A anomalies and a possible root zone of the de -allement. Low level seismicity
has been noted on this feature and the Union County, South Carolina earthquaie o' 1'14 (MMI VII-VIII) is probably

associated with it,

Justification of Probabilities: Di- e O ¢

_ _ Char. interpretations, assumptions, key r « ¢
Physical Characteristics Probability (attach extra pages, if needed)

1. Spatial Association
with Seismicity

1. Moderate-to-large

tarthquakes 3
2. Small Earthquakes .
Only .

3. No Seismicity (indis-

tinguishable from <A
background
1.0
2. Seismicity Level in
the Area
1. High Number of
Larthquakes '2_ _

2. Low Number of
Larthquakes 7 8

W3LSAS 1Nv3 v9I1TvMOL
Ol 1738 NIVINNOW SONIX



06-2

Physical Characteristics

P

FEATURE ASSESSMLNT FORM--PAGE 2 OF 2

robability

Char,
¥

Justification of Probabilities:

Discuss data

interpretations, assumptions, key roferences

(attach extra pages, if needed)

3. Geometry of Feature
Relative to Stress
Orientation

1. Favorable Geometry

2. Untavorable Geometry

4. Deep Crustal Expression

1. Expressed and Near Inter-
section of Features

2. Ebxpressed and not Near
Intersection of Features

3. Not Expressed

5. Gut Feeling
(that feature is capable
of generate m » 5.0)

Calculated Probability




FEATURE ASSESSHENT FORM--PAGE 1 OF ¢

Feature Description: (definttion, location, extent, type)

Eastern Piedmont Fault System (Hatcher et al., 1977).

ldentified on aeromagnetic maps, corroborated by surface exposure extend from Alabama to Virginia. Low level seismicity
has been observed on it,

Justification of Probabiiities: Discu  date
Char, Interpretations, assumptions, key referer .

Physical Characteristics Probability # /N, (attach extra pages, ij;needed)
l. Spatial Association
with Seismicity

l. Moderate-to-Large

- tarthquakes el
.13 2. Small Earthquakes @
¥ Only .6

3. No Seismicity (indis-
tingurshable from e
backqground

1.0
2. Seismicity Level in
the Area
1. High Number of
tarthquakes 3
2. Low Number of
Larthquakes . 7A
1.0

131SAS L17Nv3 LINOWO31d NY¥3LSY3



¢6-)

<

Physical Characteristics  Probability
Geometry of Feature
Relative to Stress
Orientation
. Favorable Geometry .6
. Unfavorable Geometry .4
L0
Deep Crustal Expression
. Expressed and Near Inter-
section of Features 2
. Expressed and not Near
Intersection of Features _“M;f___
. Not Expressed a
<5
Gut Feeling _ak
(that feature is capable
ot generate m - 5.0)
.43

FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Lalculated Probability

Char.
-

Justification of Probabilities:

Di.cuss data

interpretations, assumptions, key re‘erences

(attach extra pages, if needed)
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FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type) Central Virginia Seismic Zone

Weakness zones related to Norfolk Fracture Zone, cross cutting, older Appalachian features with NE trending structures.

Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key references
Physical Characteristics Probability # /N (attach extra pages, if needed)

e ————— .y P oz %,

1. Spatial Association @

with Seismicity

1. Moderate-to-lLarge
tarthquakes .3

2. Small Earthquakes
Only _ﬂﬂ;ﬁ_,‘

3. No Seismicity (indis-

tinguishable from __:j{___
background .
T
2. Seismcity Level in
the Area
1. High Number of 5
Larthquakes S
2. Low Number of
Larthquakes %

VINID¥IA TV¥IN3D
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FEATURE ASSESSMENT FORM--PAGE 2 OF 2

T T ustification of Probabilities: Discuss data
Char. interpretations, assumptions, key references
Probabilitv i (attach extra pages, if needed)

Physical Characteristics

3. Geometry of Feature

Relative to Stress

Orientation
1. favorable Geometry _of
2. Unfavorable Geometry .3

1.0

4. Deep Crustal Expression

1. Expressed and Near Inter-
section of features 5

2. Expressed and not Near
Intersection of Features ‘_;f_"
3

. Not Expressed 1

1.0

5. Gut Feeling .
(that feature is capable
ot generate m - 5.0)

Calculated Probability .61
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FEATURE ASSESSMENT FORM--PAGE 1 OF 2

feature Description: (definition, location, extent, type)Maniwaki Feature (M)

Area in western Quebec, north of Ottawa Bonnechere Graben, trends ole gravity anomaly defined as area between two
linears, outlinging a subtle change in the overall fabric of anomalles on the Bouguer 125 km high pass filter map. The
feature is vaque and may or may not exist if we had more detailed data. The SE portion, though does have a strong gravity
gradient seen eSpeClally on horizontal gradient, 1:1 MY. The area includes the northern parts of both the central meta-
sedimentary belt and the Ontario Gneiss. Ontario Gneiss (NW fabric) is 2000 MY and granulate facies metamorphism; the
central metasedimentary belt (north and NE fabrics) is 1000 MY and amphilbolite metamorphism (see Forsyth, 1981).

Justification of Probabilities: Discuss data

. Char. interpretations, assumptions, key references
'hysltdl Characteristics Probability # (_Ltach extra pages, if needed) P N
1. gpagjgj_ASSOClatlon are several fives in this region. Energy release is high
with Seismicity steady as there are one or two fours per year. This is
he tern Quebec Seismic Zone, well described by Basham, et al.
1. Moderate-to-lLarge 1979
tarthquakes 1.0 2
N . Regiona re more than 16 earthquakes per 10,000 km". o
2. Small Earthquakes ‘ 9 P
Only ,.-?,-,
3. No Seismicity (indis-
tinguishable from “_ﬁjl__
hackqground
1.0
2. Seismicity Level in =
the Avea :i
1. High Number of s
tarthquakes 1.0 )
e L
2. Low Number of =
Larthquakes 0 -

1.0



FEATURE ASSESSMENT FORM--PAGE 2 OF 2

~ Justification of Probabilities: Discuss data

Char, Interpretations, assumptions, key references
Physical Characteristics Probability R (attach extra pages, if needed) Yt oo L
- 3.1 The NW fabric of the Ontario Gneiss and the northerly fabrics in the
3. Geometry of Feature central wetasedimentary belt are favorably oriented (2-d, at any rate) an

Relative to Stress
Orientation

. Favorable Geometry .85
2. Unfavorable Geometry .15
o

Deep Crustal Expression

. Expressed and Near Inter-
section of Features

. Expressed and not Near
Intersection of Features __qf{__
3. Not Expressed )
L0
Gut Feeling 295
(that feature is capable
ot generate m ~ 5.0)
95

Calculated Probability

fault plane solutions have NNW nodal planes.

3.2 .15 represents the probability that the earthquakes are fracturing
fresh rock.

4. Though the gravity data are ambiguous and may have been misinterprete
8, shall we say, overinterpreted, wide-angle reflection data (Mercer, et
,» 1984) show that the boundary between the Central Metasedimentary Bel
the Ontario Gneiss has a deep seated expression on the Moho.

A
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Feature Description:

FEATURE ASSESSMENT FORM--PAGE 1 OF 2

(definition, location, extent, type) Monteregian Hills (MH)

Cretaceous plutons striking EW from Montreal to Chain Lakes Massif at New Hampshire, Maine, Quebec border. Carbonatites
imply deep seated origin for the magmas. Probably a major crustal weaknes: here.
: P -
Justification of Probabilities: Diccuss data
Char. interpretations, assumptions, key references
Physical Characteristics Probability 0,/;§>\ (attach extra pages, if needed)
- ¢ o e ==
1. Spatial Association
with Seismicity
. Moderate-to-Large
Earthquakes .5
. Small Earthquakes
Only i .1
. No Seismicity (indis-
tinquishable from .4
background
e
2. Seismicity Level in é
the Area m
-8 5 A
m
. High Number of 8 e
. T
Larthquakes - =
2. Low Number of ) é
tarthquakes .2 -




FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability B (attach extra pages, if needed)
'
3. Geometry of Feature 3. .5 represents maximum uncertainty as we do not have a good handle
" Belative ts Stress on either maximum stress or P axes here.
Orientation
TR T 4. Expressed on more detailed maps. Intersects n?ny major features
.5 as it goes across the grain of the Appalachians. t cross-cuts the
V- Faverable Geamstry St. Lawrence Rift, the high gravity gradient near Logan's Line and it
2. Unfavorable Geometry 5 intersects Zen's Tacenian margin,
1.0
4. Deep Crustal Expression
1. Expressed and Near Inter-
section of Features .4
2. Expressed and not Near
Intersection of Features -4
3. Not Expressed
.2
N
5. Gut Feeling .8
(that feature is capable
of generate m > 5.0)
.63

Calculated Probability



Feature Description:

Whole rift system (Kumarapeli & Saull, 1966).

FEATURE ASSESSMENT FORM--PAGE | OF 2

(definition, location, extent, type) St. Lawrence Rift

Probability

Physical Characteristics

Justification of Probabilities:

Discuss data

Char. interpretations, assumptions, key references

# (attach extra pages, if needed)

Spatial Association
with Seismicity

. Moderate-to-Large

Larthquakes

2. Small Earthquakes

Only

. No Seismicity (indis-

tinquishable from
background

Sersmicity Level in
the Area

. igh Number of

tarthquakes

Low Number of
tarthquakes

&,

AR

l31¥ 3IN3YMYT ° LS



FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability " (attach extra pages, if needed)
3. Geometry of Feature 4. High gravity gradient SE boun
Relative to Stress
Orientation 5. For intersections.
1. Favorable Geometry .8
2. Unfavorable Geometry ok

1.0

4. Deep Crustal Expression

1. Expressed and Near Inter-
section of Features

8
2. Expressed and not Near
Intersection of Features ___-5

3. Not Expressed _ 0
1.0
5. Gut Feeling Lo

(that feature is capgble
of generate m > 5.0)

Calculated Probability .96

*Except Anticosti Segment
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FEATURE ASSESSMENT FORM--PAGE 1 OF 2 LaMalbaie, Canada

Feature Description: (definition, location, extent, type)aMalbaie "block" reactivated paleorift faults dipping steeply.
Faulting 1s occurring on planes of 52/70 SE orientations predominantly reverse but with significant strike slip. Activity
is not related to impact structure faults, but the impact may have weakened the crust here. All earthquakes are in Pre-
cambrian rock, east of or deeper than Logan's line. The "Gouffre NW" fault is particularly active. Northere limit of

microseismicity is Palissades fault (of the Saguenay Graben).

Justification of Probabilities: Discuss data
Chaf}/\\\ interpretations, assumptions, key references
7

Physical Characteristics Probability i (attach extra pages, if needed)
oS —— 4 ol
I. Spatial Association derate earthquakes, some large.
with Seismicity 2

] &) than I8 earthquakes per 10,000 km".

1. Moderate-to-Large
tarthquakes

Y 1.0
o 2. Small Earthquakes 0 @

Only

3. No Seismicity (indis-

tinguishable from o _}!__
backqground
1.0
2. Seismicity Level in =
the Area - =
P
) w
1. High Number of 1.0 . =
Larthquakes o o
2. Low Number of 0 o
Larthquakes W
m
o




€0

Physical Characteristics

3.

o

FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Probability

LaMalbaie, (anada

~ Justification of Probabilities: Disciss data

Char. interpretations, assumptions, key references
L

(attach extra pages, if needed)

Geometry of Feature
Relative to Stress
Orientation

. Favorable Geometry 1.0

. Unfavorable Geometry

1.0
Deep Crustal Expression
. Expressed and Near Inter-
section of fFeatures .8
. Expressed and not Near
Intersection of Features -2
3. Not Expressed 0
T
Gut Feeling 1.0

(that feature is capable
of generate m > 5.0)

Calculated Probability 99

3. Occurrence of earthquakes on steeply dipping old normal faults of the
St. Lawrence rift is proof positive of favorable crientation,

Hasegawa and Wetmiller, 1980

Anglin, 1984

Anglin and Buchbinder, 1981

LeBlanc et al., 1973 and 1977

4. The St. Lawrence Graben widens dramatically to the north of the activi
as seen in large gravity low. This is part of a longer NE jog in the rift
L. all of our data extend this far north, so it is difficult to fully
4£5¢\s the deep crustal structure; thus the uncertainty is high. Near

@/ gnay Graben.

A
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Feature Description:

North of La Malbaie.

FEATURE ASSESSMENT FORM--PAGE 1 OF 2

(definition, location, extent, type) Lower St. Lawrence

Physical Characteristics

1.

Probability

Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key references
l_/f:§\ (attach extra pages, if needed)
F =3

Spatial Association

with Seismicity

. Moderate-to-Large

tarthquakes

. Small Earthquakes

Only

. No Sersmicity (indis-

tinguishable from
background

Sersmicity Level in
the Area

. High Number of

tarthquakes

. Low Number of

tarthquakes

%

&

A
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FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Physical Characteristics

Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key references

Probability W (attach extra pages, if needed)

3. Geometry of Feature
Relative to Stress
Orientation

1. Favorable Geometry

2. Unfavorable Geometry

4. Deep Crustal Expression

1. Expressed and Near Inter-
section of Features

2. Expressed and not Near
Intersection of Features

3. Not Expressed

5. Gut Feeling

(that feature is capable
of generate m > 5.0)

Calculated Probability

1.0




FEATURE ASSESSMENT FORM

Ottawa Bonnechere system

pkaming _GLraben

15}
e

Ot ation, extent o 7\,'[»1 } ,!S”!

{definition,
laraoer ¢ Lawrend

small NW graben; part of

tion

> \
)

Justification of Probabilities: Discuss data
Char. Interpretations, assumptions, key references
Probability 4 ‘LJH‘H“ extra pages, 1f needed)

racteristics
aming 1935 magnitude 6 associated with the Temiskaming Graben.

sociation 6
)

M1 C 1Ly
. ¥Mo than Jl6 earthquakes per 10,000 km

Larqge

(ind1s

from




FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Prcbabilities Discuss data
interpretations, assumptions, key references
Probability (attach extra pages, 1f int‘(‘wi('nﬁ

4. Intersection with Grenville Front is thought to be the seismic hot
spot. Wide-angle reflection data (Mercer, et al., 1984) have mapped
a 5 km thickening of the crust beneath the Grenville Front in this area.

orable Geometry

ble Geometry

Deep Crustal tq'wm.u-n

i and Near Inter

{

reatures

ot Near

Features




FEATURE ASSESSMENT FORM

Iiption tdefinition, location, extent, type) QOttawa Bonnechere Graben (0BG)

ian Graben described by Kay, 194”7, Many en e h.:T:vvii-}_:Tqivl .!'H:)it‘ faults with \.!—e‘;. overs. Strikes are EW and NW.

Justification of Probabilities: Discuss data
interpretations, assumptions, key references
Probability , (attach extra paqges, if needed)

»

1 association with several magnitude fives. We think the
ew York 1944 5.9 earthquake was probably on an extension of
one G n's NW striking faults (Schlesinger, et al., 1984).

64 hquakes per 10,000 km".




MENT FORM

Justification of Probabilities: Discuss data

Interpretations iIssumptions, key references

»

(attach extra pages, 1f needed)

Feature 3.1 Faults of the Ottawa-Bonnecherre graben strike EW and NW Fault
plane solutions invariably give one or two planes striking north to NNW.
(Schlesinger et al., 1984).

Leometry . 3.2 There are many faults striking NNE, but they are probably not

favorably oriented because none of the nodal planes strike NNE.
'\rw;'!lc‘tl",'

Iiitersections are at the "ends" of the graben (Grenville Front and
niskaming Graben on the west, St. Lawrence Rift on the east). Wide-
e reflection data (Mercer, et al., 1984) show lateral velocity con-
erpendicular to the Ottawa Bonnechere Graben and a very disturbed
5510N its length Interestingly, it is not expressed in the gravity

ind Near Intey

teatures

ind not Near

( ,;gl i !c‘

(“}}
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FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type) Hud iver Line (HRL

Why 1s the river there and so straight to boot plus that Helderberg escarpment! Suspicion of a structure. Smith's map
(1966) show alignment (weak) of historic earthquakes along river. Thought maybe just population bias, but there seem to

be temporal variations. Burst of activity near Albany in last few years may be related.

Justification of Probabilities: Discuss data

Only

Char, interpretations, assumptions, key references
Physical Characteristics Probability lléé;:;%jattach extra pages, if needed) i a5 i A g
I. Spatial Association » indicates that we are missing a "big" one in the historical
with Seismicity rec he area has been populated a long time. There is not much
setsmiAty and in a sense maybe it is typical of the background.
l. Moderate-to-Large 2 On the o nd, \there has been historical seismicity presumed to be
tarthquakes . in the area pgcor to Smith's 1966 map.
2. Small Earthquakes
il 2. lLow and sporatic.
3. No Sersmicity (indis-
tinquishabie from __:}___
backqround
1.0
2. Seismicity Level in =
the Area a
B
1. High Number of x
tarthquakes . 3. 5‘:
2. Low Number of )
Larthquakes na g*
m



2

3

stal

teristics

Feature

t l}‘lt“.‘;“)l‘.

ind Near Inter-
reatures
'Jr‘ﬂ

i Features

Probability

FEATURI

ASSESSMENT FORM--PAGH

data

references

Justification of Py ir!».if)rl lities: Discuss

Iinterpretations, assumptions, key

{attach extlra paqes,

1f needed)

there been

reverse

the but have earth
show predominantly faulting on

Of course, there is the possibility that ti
on faults that not
the microearthquakes

not really know what feature 1s,
fault
striking pla
occurred

At

1984) to be on a large structure

j. We do
ind olutions
or NW
microearthquakes
earthquakes

al

quakes plane

north ne¢
large enough for

(18 ki

have are

larger least are ‘.h'z‘gl enouqgh

see Houlday et

4. The possibility of a deep structure is deduced by virtue of the fact
that the crust is thick, 40 km (Taylor and Toksoz, 1979) and the micro-

2arthquakes are deep.
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SMENT FORM--PAGE 1 OF ¢ Clarendon-Linden (CL)

(definition location, extent, type)Xlarendon-Linden Fault Zone--Western New York Subsurface faults
2ast,; st side downthrown Ihree major fault traces have been mapped

Justification of Probabilities: Discuss data
Interpretations, assumptions, key referer
Probability (attach extra pages, i1f needed)

is a good possibility that the Attica 1929 earthquake was

ssociated with the fault zone. They are close in map view, the
ear { yrobably shallow because it was high intensity--relative to
the fe the fault zone is mapped only 300 m below the surface

Since mio m‘h“. do not align parallel to the Clarendon-L inden

there 1s advequyl ;u\% bility that small earthquakes or no earthquakes
are associated th/ p
/ /

2. Over 16 e‘.nHuumh“.({n-v 10,000 km™ implies high, but some of these are
induced by salt mining. See general comment for the EW feature in the
reqion,

)




911-2

FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

Char. Interpretations, assumptions, key references
Physical Characteristics Probability B (attach extra pages, if needed)
3. Mapping has delineated the orientation of the faults -050/70 E and
- gﬁ?ﬁfﬁﬁi"gl g:::::e this is entirely consistent with the 1966 and 1969 magnitude 4.5 earth-
Orientation uakes, both of which have a nodal plane with the same orientation
P — ?Merrmann. 1978).
4. The Clarendon-Linden fault zone may be very shallow; there does not

1. Foworable Gaemstry L0 seem to be a deep crustal expression, except that 25 km east of the zone

0 is a strong gravity gradient (Bouguer unfiltered) subparallel to the fault

%, Wnfaverable Goometry zone. Could they be related?

4. Deep Crustal Expression .

1. Expressed and Near Inter-
section of Features .2

2. Expressed and not Near
Intersection of Features .3

3. Not Expressed

o3
1.0
5. Gut Feeling .8
(that feature is capable
of generate m - 5.0)

Calculated Probability 75
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Feature Description:

FEATURE ASSESSMEN: FORM--PAGE 1 OF 2

(definition, location, extent, type) Western New York Seismotectonic Features.

Niagara Magnetic Anomaly

A magnetic lineament,

marking a rather abrupt boundary between short wavelength circular magnetic anomalies (to the north) and |8nger wavelength
magnetic anomalies that are elongate N-S (to the south of the boundary). The trend of the lineament is 110"; it's length is

65 km long,

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability 0‘,1!517 (attach extra pages, if needed)
1. Spatial Association A 1929 earthquake, in map view is “8 km north of this line and
with Seismicity the y be associated. In fact, | am strengthening the association
Attita Adth theslineament on the basis of instrumsntally located micro-
1. Moderate-to-Large earthqdke he area aligned along a trend 105,
Larthquakes .6 2
. ) 2. There ar 16 earthquakes per 10,000 km" in the region, but
¢ Bﬂ?" Earthquakes 4 seismicity is v SDoratac in time. Before 1929, there was thought to
y — be none. Since monitoripQf microearthquakes (excluding induced earth-
3. No Seismicity (indis- quakes) there is a burs k¥ temporal pattern. A few pop off, then for
tingquishable from B 0 “4 years nothing happ Then it repeats. .
background
1.0
- 5
2. Seismicity Level in s
the Area s
; &
I. High Number of <
tarthquakes -5 §
2. Low Number of =
Earthquakes 5 P~
-
—tae e
1.0 m
~
3



eature

capable
5.0)

Probability

ORM l"'\\lxt

stification of Probabilities Discuss data
Interpretations, assumptions, key references
i1t needed)

(attach extra pages,

3. In two dimensions (map view) the trend of the magnetic lineament is JU(
off the orientation of the nearest stress measurement at Auburn, New York.
Ideal, except that we do not know stress locally or what the magnetic line
ament is, if anything in three dimensions. Still there is support for the
EW feature, because the two earthquakes (1966, 1969 (Herrmann, 1978)) botl

have nodal planes striking ESE, subparallel to the magnetic 1ineament.

4. A vague zone ~100 km wide and trending 150" in the gravity (horizontal

gradient and 125 km Bouguer) encloses the magnetic lineament. The gravity

"“tNstrubance" marks a slight change in orientation of the fabric of anoma
from NS (south of disturbance) to more NNE (north of disturbance) so
l\,}l'ulmnuf is a measure of something subparallel to magnetic deeper

h Qt We know that the lineament intersects both the Clarendon
Lind# i)t zone and a steep gravity gradient east of the fault zone at a

higfVan ;)v.




FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type)_L%ﬂQ_%W.,
Diment, 1980 describes several NW trend lineaments defined primarily by offsets of gravity highs and lows across the lines.

3

Justification of Probabilities: Discuss data
Char, interpretations, assumptions, key references

Physical Characteristics Probability ¥ /) (attach extra pages, if needed)
77 )Y

Spatial Association : ity to Attica, New York.
with Seismicity

2. FgW ear akes, but seismicity in this area exhibits strong
. Moderate-to-Large temporal ions even over the ten year period of instrumentation.
Earthquakes

. Small Earthquakes
Only

. No Seismicity (indis-
tinquishable from
background

Seismicity Leve! in
the Area

. High Number of
Earthquakes

. Low Number of
Larthquakes

(ALIAVYD) X 3NIN




FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key references
Physical Characteristics Probability “ (attach extra pages, if needed)

Geometry of Feature 3. Geometry looks good but this feature is not as close (in orientation)
Relative to Stress to the nodal planes for the Attica earthquake:.

Orientation

4. Nice gravity expression and intersects the Niagara Magnetic Anomaly
. Favorable Geometry . and the Clarendon-Linden fault zone.

. Unfavorable Geometry

Deep Crustal Expression

. Expressed and Near Inter-
section of fFeatures

. Expressed and not Near
Intersection of Features

. Not Expressed

Gut Feeling
(that feature is capable
of generate m > 5.0)

Calculated Probability
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FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type) F
Along SW edge of Adirondacks Geophysical Anomaly described by Diment, 1980.

Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key references
Physical Characteristics Probability # /. (attach extra pages, if needed)
g

1. Spatial Association °
with Seismicity

1. Moderate-to-Large

Earthquakes 0
2. Small Earthquakes
Only .6

3. No Seismicity (indis-

tinguishable from .4
background
1.0
2. Seismcily Level in
the Area
1. High Number of
Larthquakes -7

2. Low Number of
tarthquakes 3

—-,—

1.0

(ALIAVY9) 4 3NIT




2el=d

FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability - (attach extra pages, if needed)
3. Geometry of Feature

Relative to Stress

Orientation
. Favorable Geometry N J
. Unfavorable Geometry .

Deep Crustal Expression

. Expressed and Near Inter-

section of Features

. Expressed and not Near

Intersection of Features .7

. Not Expressed

.3
1.0

Gut Feeling 6
(that feature is capable
of generate m > 5.0)

Calculated Probability 3



FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type}[g[] Line (FL)
The fall line is important, not so much for seismogenesis (though it may be a hinge line) but more for its

amplification of seismic waves and hence increased ground shaking.

Justification of Probabilities: Discuss data

Physical Characteristics Probability (attach extra pages, if needed)

. _BE

Char interpretations, assumptions, key references
/A
o/

1. Spatial Association
with Seismicity

~ 1. Moderate-to-Large

Larthquakes -
o 2. Small Earthquakes

On]y .4

3. No Seismicity (indis-
tinguishable from -3
background

I-

2. heismicity Level in
the Area

1. High Number of
tarthquakes

2. Low Number of
tarthquakes -5

1.0

3NIT 774



FEATURE ASSESSMENT TORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references

Physical Characteristics Probability B (attach extra pages, if needed)
3. Geometry of Feature

Relative to Stress

Orientation
1. Favorable Geometry .
2. Unfavorable Geometry .3

1.0

4. Deep Crustal Expression

I. Expressed and Near Inter-
section of Features

2. Expressed and not Near
Intersection of Features

3. Not Expressed

5. Gut Feeling
(that feature is capable
of gererate m > 5.0)

Lalculated Probability

.49
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FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type) Scranton Gravity High (SH)
Scranton, high may be an old rift.

Justification of Probabilities: Discuss data
Char. interpretations, as<umptions, key references
Physical Characteristics Probability ¥ /AN _(attach extra pages, if needed)

- 77 X

1. Spatial Association @

with Seismicity

1. Moderate-to-Large
Earthquakes

2. Small Earthquakes
Only

3. No Sersmicity (indis-
tinguishable from
background

2. Seismicity Level n
the Area

1. High Number of
Earthquakes 23

2. Low Number of
Earthquakes -9

HOIH ALIAVYD NOLNVYIS



FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Physical Characteristics

Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key references
Probability - (attach extra pages, if needed)

3.

Geometry of Feature
Relative to Stress
Orientation

. Favorable Geometry

. Unfavorable Geometry

Deep Crustal Expression

. Expressed and Near Inter-

section of Features

. Expressed and not Near

Intersection of Features

. Not Expressed

Gut Feeling
{that feature is capable
of generate m » 5.0)

Calculated Probability

= a

1.0

e




FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extont, type) PU-TMU Lineament s

Pittsburgh-Washington and Tyrone-Mt. Union lineaments strike NW-SE across the Appalachian orogen to the vicinity
of Lake Erie.

Identified in geophysical and various geologic data.

Justification of Probabilities: Discuss data
Char interpretations, assumptions, key references

Physical Characteristics Probability 5,1”\. (attach extra pages, if needed) a
T

S

Spatial Association Strong seismicity correlation at northern end of PW lineament
with Seismicity (Cleveland) .

Moderate-to-Large

. Earthquakes
. Small Earthquakes
Only 6

. No Seismicity (indis-

tinguishable from
background

Seismicity Level in
the Area

. High Number of
Larthquakes

2. Low Number of
farthquakes

INTT NOINN * LW=3NO¥AL
¥ NOLONIHSYM-HO¥NBSLlId

SAN3
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FEATIV © ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability i (attach extra pages, if needed)
3. Geometry of Feature
Relative to Stress
Crientation
1. Favorable Geometry -8
2. Unfavorable Geometry -2
1.0
4. Deep Crustal Expression Length and geophysical expression suggests deep crustal
e expression. Intersects with several Appalachian and
1. Expressed and Near Inter- Grenville basement trends.
section of Features ™
2. Expressed and not Near
Intersection of Features .3
3. Not Expressed A
1.0
5. Gut Feeling 5
(that feature is cappble
of generate m > 5.0)
Calculated Probability .32

KEY REFERENCE:

Lavia, P.M., D.L. Chatfin, and W.F. Davis, 1982, Major linecaments and the Lake Erfe-Maryland crustal block,
Tectonies, 1, 431-440.



Fxtensional Fault _l,'”t," !t_"i

1S the western area affected by breakt the
fimit defined !I" LGettysburg Ba

in in Pennsylvana
|

along aravity high east of and 1n¢ luding old
framework 1s Mesozoic high angle faults, wrench
f pull-apart basins The Mesozoi

are located) are prime candidates for reactivation. Of special

the reverse faulting that beqin after the ope of the Atlanti«
) ‘

formed during '_:u]!l!u;

interest

and may be continuing to the

systems, for example, are | )f that significant fault movement occurred

stificati ) f Probabilities

sroretati

EXiia

/(1‘{)}‘ul*r), high in central Virginia.

y 5
e




Justification of Probabilities Discuss data

Interpretations, assumptions, key references
i1 f needed)

3 Variable, most favorable in Virginia and New Jersey and northwest

Carolina.

On balance, a few exceptions.

3] Expression
and Near Inter-
reatures

it Near

reatures

(VA, NJ)

f elsewhere
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FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type) Inboard Mesozoic Extensional Fault (IMEF}

Realm New York to St. Lawrence Gulf (northern sector). Continental breakup Triassic Jurassic. S 15 western area
affected by breakup where crust did not thin. Western limit at limit of Mesozoic dike activity. Eastern limit at
beginning of necked, thinned crust. Straddles GAR feature. The tectonic framework is Mesozoic high angle faults,
wrench faults which connect the old normal faults--those formed during development of pull-apart basins. The Mesozoic
faulting (frequently developed where earlier fault zones are located) are prime candidates for reactivation.

(McHone and Butler,1984).

Justification of Probubilities: Discuss data
interpretations, assumptions, key references

Char.
Physical Characteristics Probability B ,C2t\ (attach extra pages, if needed)
) Z7 )

I. Spatial Association <<E:ﬁil

with Seismicity

1. Moderate-to-Large
tarthquakes -i
2. Small Earthquakes
Only .4

. No Sersmicity (indis-

tinquishable from R
backgrounda
L0
2. Seismicity Level in
the Area
1. thgh Number of
tarthquakes "
2. Low Number of
Larthquakes |
1.0

YOLO35 NE3IHIYON) WIW3Y 1Nvs
IYNOISNILY3 J10Z0S3W G¥YO8NI



ATURE ASSESSMENT FORM--PAGE 2 OfF

Justification of Probabilities: Discuss data

interpretations, assumptions, key references
i'v\.—fztlwll!_! (attach extra pages, 1t needed)

Geometry:

Role of Dikes

1) planes of weakness

2) jostling and define boundaries of significant high angle
extensional faulting

3) possibly reuse old reverse faults

Expression

Near Inter

*atures
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FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type) Outboard Mesozoic Necked Crust (OMNC) (North Realm
“Transitional” crust, that is thinned during Mesozoic breakup of continent. North realm extends from o ight

to beyond Grand Banks.

'

Physical Characteristics

Char.
Probability /A

Justification of Probabilities: Discuss data

interpretations, assumptions, key references
(attach extra pages, if needed)

F

1. Spatial Association
with Seismicity

1. Moderate-to-Large
Earthquakes

2. Small Earthquakes
Only

3. No Seismicity (indis-
tinguishable from
background

2. Seismicity Level in
the Area

1. High Number of
tarthquakes

2. Low Number of
Earthquakes

-
offs

amont and Grand Banks

inder~ooks like background with low seismicity (but far
e; "

R

(WIY3Y NM3IKLI¥ON) 1SNED
O3I3N J10Z0S3w Q¥YOELNO




FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Physical Characteristics

Probability

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references

(attach extra pages, if needed)

3. Geometry of Feature
Relative to Stress
Orientation

1. Favorable Geometry

2. Unfavorable Geometry

4. Deep Crustal Expression

1. Expressed and Near Inter-
section of Features

2. Expressed and not Near
Intersection of Features

3. Not Expressed

5. Gut Feeling
(that feature is capable
of generate m > 5.0)

Calculated Probability

1.0

.3

.24

3. Unfortunately features within this are under water and not mapped,
SO uncertainty is maximum,

5. Looks like intersections dominate large earthquake distribution,
but...



- \
Outboard Mesozoi »cked Crust (Real OMNC)
st extends 141 eda up .],v\y,;ﬂnm_’ 14
3 > : .

Justification of Probat lities: D1scus

!"["’[llt"d!_}'ll“, assumptions, key referenct

attach extra | ] needed)

~

Excluding
Lhar ](' s LOn




FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

Lalculated Probability .92

Char, Iinterpretations, assumptions, key references
Physical Characteristics Probability # (attach extra pages, if needed)
Geometry of Feature _
Relative to Stress Excluding
Orientation All Areas Charleston
. Favorable Geometry " oS
. Unfavorable Geometry ol oD
X5
Deep Crustal Expression
. Expressed and Near Inter- 2
section of Features 29 .
. Expressed and not Near
Intersection of Features yD 9
. Not Expressed
.3
T
Gut Feeling .8 .9
(that feature is capable
of generate m > 5.0) )
.46



FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type) Connecticut Basin (CB)
Basin extends from New York Bight fault on the Atlantic Shelf through central Connecticut and narrowing along the

Connecticut River between Vermont and New Hampshire.

Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key references
Physical Characteristics Probability l[,,L (attach extra pages, if needed)

I. Spatial Association <E§;§Z/ is drawn to include Moodus, because the extensjonal faults
with Seismicity east of the basin also. In addition, the New York Bight
S Fa ears _to be an active feature (Hutchinson, et al., 1982).

. Moderate-to-Large

farthquakes 2. Seis is xariable, but high.
2. Small Earthquakes &
Only ‘

3. No Seismicity (indis-
tinquishable from
background

Seismicity Level in
the Area

. High Number of
tarthquakes

2. Low Number of
Larthquakes

NISYE LNJILI3INNOD




FEATURE ASSESSMENT FORM--FAGE 2 OF 2

Justification of Probabilities: Discuss data

Char, interpretations, assumptions, key references
Physical Characteristics Probability - (attach extra pages, if needed)

3. Geometry of Feature 3. NS extensional faults consistent with fault plane solutions for
Relative to Stress Long Island Sount earthquake, m=3.8.

Orientation

4. Big gravity high in southern portion of this feature.
. Favorable Geometry

. Unfavorable Geometry

Deep Crustal Expression

. Expressed and Near Inter-
section of Features

. Expressed and not Near
Intersection of Features

. Not Expressed

Gut Feeling
(that feature is capable
of generate m > 5.0)

Lalculated Probability
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DEPTH=6.4km
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FEATURE ASSESSMENT FORM--PAGE 1 OF 2

feature Description: (definition, location, extent, type) Reading Prong/Newark Basin (RPNB)
SE edge drawn to gravity high which could be the edge of Taconian craton Tn this area, though this regional is transitional.
Reading Prong and Hudson Highlands are Precambrian, highly faulted rocks, reactivated in Mesozoic (Ratcliffe, 1982).

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
ll/ﬁzk\ (attach extra pages, if needed)
ZZT)

Physical Characteristics Probability

I. Spatial Association ¢ arthqauke may well have been in the highlands as Rockwood (1885

with Seismicity th ather than of Brocklyn as mapped by recent workers. The person

T o who” wah) aroupdyat the time of the earthquake is probably judging on all

l. Moderate-to-Large kinds “of some of which were never written down.

tarthquakes o3

- 2. lots of {gar S.

2. Small Earthquakes

Only - -7_

3. No Seismicity (indis-

tinguishable from __‘_f[__
background
1.0
oo Sersmicity Level in E
the Area o)
:g
1. High Number of -
Larthquakes .8 §
2. Low Number of o
Larthquakes .2 =
RR.. .~ ™M
PSS
b=
2
1.0 -
n
2



FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability - (attach extra pages, if needed)

3. Geometry of Feature 3. Geometry of feature itself and the Ramapo fault are not very favorabl
Relative to Stress oriented, Earthquakes do occur and some nodal planes of fault plane sol
Orientation tions are subparallel to the Ramapo fault, Many microearthquakes are no
=T WUty on the Ramapo, but may be utilizing anastomosing Precambrian shear zones

1. Favorable Geometry .6 (which offer a variety). The Hopewell fault splay near the southern
T Watchung basalt flow outcroppings may be well oriented. Two earthquakes
2. Unfavorable Geometry 4 one in January 1983--have locations and depth comparable with the Hopewe

The Hopewell 1s more northerly striking and (I think) less steeply dippi
eastward than the Ramapo.

1.0

xpressed as broad low on Bouguer 250 km filter between highs of
tan Rift" and the Scranton High. Both the vibroseis data and the
4. Deep Crustal Expression some earthquakes indicate that this feature (at least on the
o ast ) extends to the mid crust. It does intersect the lapetan
1. Expressed and Near Inter- rif t at a fairly low angle sarficially but here is where the dee
section of Features -2 earthqdgkes
(o] i e
Y. 2. Expressed and not Near 5. HWhere“thye i ke, there is fire! Definitely some action here.
& Intersection of Features .6 Also depth oWe uskes from 15 km to near surface indicates that some
3. Not Expressed faults are at -crustall\depths.

5. Gut Feeling
(that feature is capable
of generate m > 5.0)

Calculated Probability _—
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feature Description: (definition, location, extent, type) Zen's "Taconic" Marqin
Taconian suture: marks general boundary between “thin-skinned" tectonic to the west and northwest and the accreted

FEATURE ASSESSMENT FORM--PAGE 1 OF 2

terranes to the east and southeast.

Justification of Probabilities:
Char. interpretations, assumptions, key references

Probability # /N (attach extra pages, if needed)

Discuss data

Physical Characteristics

l. Spatial Association

with Seismicity

l. Moderate-to-Large
1 tarthquakes

2. Small Earthquakes
Only

3. No Seismicity (indis-
tingquishable from
background

2. Seismicity Level in
the Arvea

1. High Number of
tarthquakes

2. Low Number of
tarthquakes

L A

NID¥VW WIINOJVL. S.N3Z



FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key references
Physical Characteristics Probability - (attach extra pages, if needed)

3. Geometry of Feature
Relative to Stress
Orientation

. Favorable Geometry

. Unfavorable Geometry

Deep Crustal Expression

. Expressed and Near Inter-
section of Features

. Expressed and not Near
Intersection of Features

. Not Expressed

Gut Feeling
(that feature is capable
of generate m - 5.0)




Feature Description:
East of Zen's Taconian margin extending to the boundary of Avalon and Meguma Terranes.
residual stress "generators”--rock bursts, mega pop-ups or pluton boundaries potential sites for earthquake.
feature contrasts with the Mesozoic fault feature (IMEF) for same general geographic region.
two different models.

(definition, location, extent, type) Gander Avalon Realm (GAR)

FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Large plutons.

Physical Characteristics

Probability

Justification of Probabiiities:
interpretations, assumptions, key references
A\ (attach extra pages, if needed)

Discuss data

l. Spatial Association
with Seismicity

1. Moderate-to-Large
tarthquakes

2. Small Earthquakes
Only

3. No Seismicity (indis-

tinguishable from
backqround

the Area
1. High Number of
tarthquakes

2. Low Number of
Larthquakes

Seismicity Level in

1.0

irimachi earthquakes > 5,
akes in the range 4.0-4.9 in the realm.
inland Maine and New Brunswick, it is likely that some
rthquakes have been missed or underestimated.

region of mafy
plutons may be “involved

Also there are a large number (-40)
Given the low popula-

cord is particularly illuminating.
enly distributed earthquakes, suggesting that
stress release (i.e. very little alignment).

Granites as
Note this
We are really assessing

This is a

WIY3¥ NOTYAY-¥30NYD
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FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Prosabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability ¥ (attach extra pages, if needed)
3. Geometry of Feature 4. Plutons well expressed.
Relative to Stress
Orientation
1. Favorable Geometry -5
2. Unfavorable Geometry -5
1.0

4. Deep Crustal Expression

1. Expressed and Near Inter-
section of Features "

2. Expressed and not Near
Intersection of Features .7

3. Not Expressed

%
.

Gut Feeling
(that feature is capable
of generate m > 5.0)

qugqlqtcd4Pf9bg§j}j£y ‘ .63

o
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FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type) White Mountains Zo
Extends to Bear Seamount (Jurassic opening -190 MY) instrusives formed at time os openlng of Atlantic zone of weakness.

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability 'A/CQF (attach extra pages, if needed)
S Rt o F ¥ et e e
l. Spatial Association A ee, Cape Ann.

with Seismicity

1. Moderate-to-Large

tarthquakes .7
2. Small Earthquakes @
Only "

3. No Seismicity (indis-
tinquishable from .1
background

1.0

2. Seismicity Level in

the Area
1. High Number of

tarthquakes ;9

Bl '

2. Low Number of

tarthquakes "~

3NOZ NIVINNOW 3LIHM



FEATURE

ASSESSMENT FORM--PAGE 2 OF 2

Physical Characteristics

&

Probability

Char.

#

“Justification of Probabilities: Discuss data
interpretations, assumptions, key references
(attach extra pages, if needed)

Geometry of Feature
Relative to Stress
Orientation

. Favorable Geometry

. Unfavorable Geometry

Deep Crustal Expression

. Exprossed and Near Inter-

section of Features

. Expressed and not Near

Intersection of Features

. Not Expressed

Gut Feeling
(that feature is capable
of generate m > 5.0)

Calculated Probability

3. The alignment of Triassic and Jurassic intrusion is probably
reflecting the trend or strike of the deduced crustal weakness. Since
the alignment is roughly NS and fault plane solutions are consistent
with this, f¢ -able geometry exists. Offshore we are not certain if
stretching of the crust has changed the orientation of the weakness.
The Nantucket-Bear Lineament is probably the orientation. Large earth-
quake near Bear Seamount suggests that the crustal weakness is still
favorably oriented.

By virtue of being an avenue for upper mantle derived magmas.

Q)

A
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FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type) Gravity Gradient--North Sector
High gradient along Appalachians. Northers sector from western Connecticut to La Malbaie, Quebec. Green Mountain Front.
Mostly shallow thrust faulting, but some steep faults with gravity expression. Not a suture.

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references
Physical Characteristics Probability “ g {attach extra pages, if needed)

in Nermont for nearly ten years confirms low seismicity level,

1. Moderate-to-Large )

tEarthquakes -1

1. Spatial Association @ .
with Seismicity 1. a classic "no seismicity" area; Why? Close instrumental
monMoyifig
2. <16

akegnper 10,000 km

2. Small Earthquakes
Only 1

3. No Seismicity (indis-
tinguishable from .8
background

1.0

2. Seismicity Level in
the Area

1. High Number of
Larthquakes 2

2. Low Number of
Larthquakes _ " i

(¥0133S NY3HLYON)
IN3IOVHD ALIAVYD

1.0



0§1-2

FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

Char. interpretations, assumptions, key references

Physical Characteristics Probability B (attach extra pages, if needed)

3. Geometry of Feature 3. There is some uncertainty about the stress (u“-ax) direction, It
ﬁ@lative_go Stress could range from north to NE (maybe even E-W, but in general the nort
Orientation and northeast striking thrusts would be properly oriented in horizontal
n NE compression.

1. Favorable Geometry s |
4. The feature is based on Bouguer (125 km and 250 km) anomalies. The
2. Unfavorable Geometry o origin of the gradient is uncertain. Teleseismic p-wave residuals change
very rapidly across this gradient in Vermont. Suspect lithology may be
— responsible., North of Vermont-Quebec border modelling of gravity and
1.0 gnetic anomalies suggests a thick metavolcanic sequence here, even
gh they outcrop sparsely (Sutton Mountains, Quebec).
4. Deep Crustal Expression . eling only based on past history of area. If we did not know
would think there ought to be earthquakes,
1. Expressed and Near Inter-
section of Features . .
2. Expressed and not Near
Intersection of Features .8
3. Not Expressed
T e '
1.0
5. Gut Feeling 1 .
(that feature is capable
of generate m > 5.0)
.30

Calculated Probability
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Feature Description:

(definition, location, extent, type)_Honey Hill-Fredricton Fault (H

FEATURE ASSESSMENT FORM--PAGE 1 OF 2

2F2)

This is actually a zone encompassing the fault systems geneF371y separating the Gander from the Avalon terrane. This

includes Lake Char,

fault systems.

Clinton Newberry, Bloody Bliff, and Norembiga faults. Many portions are thought to be low angle

Justification of Probabilities: Discuss data

1.

Char interpretations, assumptions, key references
Physical Characteristics Probability 0142:\, (attach extra pages, if needed)
v -
Spatial Association : of earthquakes, not one >5 (NB's opinion: Cape Ann not on
with Seismicity f this system).
1. Moderate-to-Large
Larthquakes .4
2. Small Earthquakes
Only -4
3. No Seismicity (indis-
tinquishable from ol
backqround
o
) b =4
Sersmcity Level in <
the Area =
x
1. Wigh Number of 9 -
farthquakes : .
—— "
2. Low Number of A
ELarthquakes __-_1__ o
a
— e — 8
Lo -
2
':
—.
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FEATURE

ASSESSMENT FORM--PAGE 2 OF 2

Char.
Physical Characteristics Probability o

Justification of Probabilities: Discuss data
interpretations, assumptions, key references
(attach extra pages, if needed)

3. Geometry of Feature
Relative to Stress

Orientation
I. Favorable Geometry 7
2. Unfavorable Geometry 3
1.0
4. Deep Crustal Expression
1. Expressed and MNear Inter-
section of Features .3
2. Expressed and not Near
Intersection of Features .7
3. Not Expressed 0
1.0
5. Gut Feeling 9
(that feature is capable
of geaerate m > 5.0)
71

Calculated Probability

3. Unfavorable, too shallow (?) e.g. Bath, Maine m=4 earthquake, though
its aftershocks align along the Cape Elizabeth fault (NE part of this
system) the main shock seems to have occurred on a NS fault (Ebel,1984).

4. Deep old suture (Avalon) strong magnetic signature of boundary.

5. BV's gut feeling: strike slip motion occurred during accretion
and same sense of slip possible now. Reactivation likely?



©)

=
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Feature Description: (definition, location, extenf, type) Moncton Fault Zone gﬂfl
01d Avalonian fault system. ocation for Mesozoic movements along

FEATURE ASSESSMENT FORM--PAGE 1 OF 2

New Brunswick and offshore extending southwest.

segments of it. Oak Bay fault intersects it.

1

Physical Characteristics

Probability

Char.

LIVIN

Justification of Probabilities: Discuss data
interpretations, assumptions, key references
(attach extra pages, if needed)

¥ 5 A

1. Spatial Association
with Seismicity

1. Moderate-to-Large
Earthquakes

2. Small Earthquakes
Only

3. No Seismicity (indis-
tinquishable from
background

2. Seismicity Level in
the Area

1. High Number of
Larthquakes

2. Low Number of
tarthquakes

er of earthquakes near Moncton.

A

3NOZ 17N¥3 NOLINOW



FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities:

Discuss data

. Expressed and not Near

Intersection of Features ol

. Not Expressed

0
1.0

Gut Feeling S

(that feature is capable
of generate m > 5.0)

Calculated Probability .

Lhar. interpretations, assumptions, key references
Physical Characteristics Probability ¥ (attach extra pages, if needed)
Geometry of Featu.e
Relative to Stress
Orientation
. Favorable Geometry <9
. Untavorable Geometry %
1.0
Deep Crustal Expression
. Expressed and Near Inter-
section of Features -



derinition tent, type Menas Trough and Orpheus Graben (MOG )

ré

~

tivated in the | 1ssic. Intersects East Coast Magnetic Anomaly at Grand Banks. lay of Fundy

hange erhaps more

'

ju.tification of Probabilities: Discuss data
Interpretations, assumptions, key references

F‘rw!mf:!il?_v, :’;\17’.1'h extra paqges, 11 needed)

//,;li

Greater MOG &(2}\)/)
éﬁ -
2

U

N




FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key references
Physical Characteristics Probability [ (attach extra pages, if needed)

Geometry of Feature .
Relative to Stress Greater MUG  MOG
Orientation

. Favorable Geometry .6

. Unfavorable Geometry .4

Deep Crustal Expression

. Expressed and Near Inter-
section of Features

. Expressed and not Near
Intersection of Features

. Not Expressed

Gut Feeling
(that feature is capable
of generate m > 5.0)

Calculated Probability




FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (definition, location, extent, type) St. Andrews By the Sea ‘SABS!

NW zone of gravity anomaly truncations and high gradients trending NW. Oa ay en echelon faults on land parallel and
are included in the feature. Also magnetic signature offshore from Maine-New Brunswick border, SW of Nova Scotia and
to East Coast Magnetic Anomaly.

1

Justification of Probabilities: Discuss data

Char interpretations, assumptions, key references
Physical Characteristics Probability l/{:;\f (attach extra pages, if needed)
55 — 2 F 3%
1. Spatial Association 1 1 moderate-to-large earthquakes here.

with Seismicity

1. Moderate-to-Large

v tarthquakes .8
;} 2. Small Earthquakes
Only W2
5. No Seismicity (indis-

tinquishable from
background

2. Seismicity Level in
the Area

1. High Number of
tarthquakes

Low Number of
Larthquakes .3

~N

V3S=3H1=A8-SMIYANY LS



FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

Char, interpretations, assumptions, key references
Physical Characteristics Probability - (attach extra pages, if needed)

Geomtry of Feature 3. NW strike is favorable.
gﬁ:::l::i;z atress 5. Revelling data and archeological research indicate that Passamaquoddy
O o Bay is subsiding at a very rapid rate (6 mm per year). If this is the

. Favorable Geometry 8 case, we think strain could be building for a big earthquake here.

. Unfavorable Geometry

Deep Crustal Expression

. Expressed and Near Inter-
section of Features .8

2. Expressed and not Near )
Intersection of Features 2

3. Not Expressed

gs1-2

5. Gut Feeling .9
(that feature is capable
of generate m > 5.0)

Calculated Probability



FEATURE ASSESSMENT FORM--PAGE 1 OF 2

Feature Description: (defimition, location, extent, type) Nantucket Bear Linea
NW magnetic line connecting mafic intrusives as “extension" of New England seamounts. Weak zone and intrusive/country
rock contacts. Region of stretched crust.

Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key referen-es
Phiysical Characteristics Probability (attach extra pages, if needed)

W
1. Spatial Association <;\—4f/ : eamount earthquake.

with Seismicity

2. Prgbabl r coverage for small earthquakes.
1. Moderate-to-Large

A Larthquakes .1
o 2. Smal)l Earthquakes
- Only .

3. No Seismicity (indis-

tinguishable from .8
background
1.0
Z. Seismicity Level in
the Area
1. High Number of
tarthquakes n_“tl
2. Low Number of
tarthquakes er:?_‘_
1.0

JINIWYINIT dY38/L3ININLNYN
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FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

Deep Crustal Expression

. Expressed and Near Inter-

section of Features

. Expressed and not Near

Intersection of Features

. Not Expressed

Gut Feeling
(that feature is capable
of generate m > 5.0)

Calculated Probability

1.0

1.0

- 8

Char, interpretations, assumptions, key references
Physical Characteristics Probability ¥ (attach extra pages, if needed)
Geometry of Feature 5. Gut apparent low frequency of seismic events, probably low
Relative to Stress recurrence.
Orientation
. Favorable Geometry ad
. Unfavorable Geometry il



1912

Feature Description:

FEATURE ASSESSMENT FORM--PAGE 1 OF 2

(definition, location, extent, type) Block Island Yawn (BIY)

Stretched crust N-S aligned extensional fault.

Physical Characteristics

1.

Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key references
Probability (PN (attach extra pages, if needed)

67

Spatial Association
with Seismicity

. Moderate-to-Large

Farthquakes

2. Small Earthquakes

Only

. No Seismicity (indis-

tinquishable from
background

Seismicity Level in
the Area

. High Number of

tarthquakes

. Low Number of

tarthquakes

- A

1.0

NMYA ONYIST %2078



FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data

291-3

Char, interpretations, assumptions, key references
Physical Characteristics Probability il (attach extra pages, if needed)
3. Geometry of Feature 3. N-S extensional faults,
Relative to Stress
Orientation
1. Favorable Geometry .7
2. Unfavorable Geometry -3
1.0
4. ‘wep Crustal Expression
1. Expressed and Near Inter-
section of Features .2
2. Expressed and not Near
Intersection of Features .3
3. Not Expressed 5
1.0
" I3
5. Gut Feeling
(that feature is capable
of generate m - 5.0)
.27

Calculated Probability



FEATURE AS

Feature Description {‘t!""fi‘rlw'l‘ 1O« .]'iivll' extent, type) Nuter Shel f Basins

Blake Plateau

Carolina Trough

AB-George's Bank-Abenaki Basin
HF-Sydney Basin, Hermitage Fault
Cabot-Antagonish Faults

i-Baltimore Canyon Trough

Justification of Probabilities: Discuss data
Interpretations, assumptions, key references
,1cal Characteristics Probability : (attach extra pages, 1f needed)

ociation ne location could reflect bias due to offshore location
bUhHJ’lHP).

Larqe

irthauakes

tarthquakes

{indis

from




FEATURE ASSESSMENT FORM--PAGE 2 OF 2

Justification of Probabilities: Discuss data
Char. interpretations, assumptions, key references
Physical Characteristics Probability # (attach extra pages, if needed)

Geometry of Feature 4. May be more surficial features.
Relative to Stress
Orientation

. Favorable Geometry

. Unfavorable Geometry

Deep Crustal Expression

. Expressed and Near Inter-
section of Features

. Expressed and not Near
Intersection of Features

. Not Expressed

Gut Feeling

(that feature is capable
of generate m > 5.0)
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SEISMIC SOURCE ZONES
RED ZONES--TOP PRIORITY
GREATEST LIKELIHOOD OF MODERATE TO LARGE EARTHQUAKES

RED
1 New Madrid
24 Charleston
25 Southern Appalachians
23 Giles County
29 Central Virginia S.Z.
35 Tremblant
37 La Malbaie
40 " Quahog &
42 Campobello
45 Orpheus Nose <2§§;
GREEN ZONES--1 ATE PRIORITY
2 New Madrid Rif X
3 Ozark Uplift
4 Southern [ and Indiana
5 East Contine ophysical Anomaly
6 Central Tennessee
7 Fort Wayne Geophysical Anomaly
3 Anna, Onhio
9 Eastern Tennessee
10 Southeast Michigan
11 Northwestern Ohio
12 Cleveland, Ohio
13 Southern New York-Alabama Lineament
14 Louisville, Kentucky
16 Southern Oklahoma Aulacogen-Quachita Mountains
18 Nemaha Uplift-Humboldt Fault
20 Chadron Arch
22 Texas Bolsons






CXPLANATION OF SEISMIC SQURCE ZONE PROBABILITIES

The table on the following pages gives the calculated probabilities for
the activity of individual tectonic features within the outlined seismic

source zones. These probabilities are based on the assumption of independence
of tectonic features. This is more a simplifying assumption than it is a
reflection of scientific judgement. Because there are often many features
within a source 2one, the handling of dependencies becomes cumbersome. Even
with the assumpticn of independent features, a staggering 1list of numbers
begins to accumulate at the rate of 2", where n is the number of features hav-
ing some probability of moderate-to-large earf{Mmuakes. This 1is why we are
only reporting the probability that the fea lone has earthquake potential
rather than reporting all possible combinations.

The bottom line for each source 29 probabilities is labeled "EQ" and
is defined as the probability of an nt derate-to-large) occurring on any
feature or combination of features a as the "background" (area not
covered by features). All t urchzones are handled similarly, but minor
differences, dependent on con ns of local circumstances, are explained
below.

The simplest case is % gmic source zone having no identified feature,

for example, seismic source zones (SSZ) #3 and #4. For both SSI's an earth-
quake greater or equal to magnitude 5.0 has occurred, thus the value of "EQ"
(on the right hand side of the table) must equal 1.0. Therefore, the so-
called background is assigned a marginal probability of 1.0 since there are no
features with competing probabilities. Here the background is actually the
crust that is contained within the zone boundaries and 1is believed to have
similar earthquake potential primarily because of the pattern of historical
seismicity in the area.

A different result is illustrated by SSI's #1 and #37--New Madrid and La
Malbaie. For these two we have a high degree of confidence that the seisme-
genic feature is identified--the Reelfoot paleorift structure for New Madrid
and the combination of the St. Lawrence paleorift and the Charlevoix impact
crater for La Malbaie--even though we do not understand the mechanics or the
“cause" of the localized earthquake activity. Since the marginal
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On the other hand, if we are uncertain of the identified feature (thus
requiring a marginal probability for the background) and there has been no
historical earthquake greater than or equal to magnitude 5.0 in the SSI, we
assess the feature and background as unconditionally independent probabili-
ties, thus allowing the probability of both being incapable to be non zero.
SSZ #7 is an example of this case. Here the p (neither FWGA nor BKGD capable)
is calculated to be .076. Therefore, the probability of an event occurring on
any of the features or combinations of features will be: 1.0-0.076=0.924 and
this is the number reported for "EQ" in the table.

[f there are more than two marginal assessments in a given source 2zcne
and there has been an historical earthquak the requisite magnitude (i.e.
p(nothing capable)=0)), solving for the zoné/p bilities becomes impossible
without independent marginal assessme of combined features. Instead of
assessing combined features, we treate probabilities as totally indepen-
dent and the value for p(nothing ¢ le either a) added to p(B8KGD only),
becoming (BKGO+None), if the SSZ su the need for a marginal probability
for the background (i.e. t ndizaovered feature) or b) reported as the
p(BKGD, leftover) if the iden atures are judged to cover the most
likely possibilities for e qu genesis.

For any SSZ with mor two marginal probabilities, the table only
lists the calculated probabYlity for each feature being the only one active,
given the assumption of independence. No probabilities for combinations of
features are listed. Obviously, as the number of features in a zone goes up,
the probability that any one feature, alone, is active decreases. Numbers
that are 1073 or 10°% are not very meaningful and they should probably only be
used to assess the relative importance of each feature with respect to tne
other features. (This can also be done by examining their marginal probabili-
ties.)

As a final comment, we reiterate that the choice of independent probabil-
ities was more a matter of necessity than one of scientific choice. we
honestly do not know enough to begin to outline complex dependencies among
different tectonic features and styles of deformation. We do feel, however,
that dependencies could be important to the scientific wunderstanding of the
intraplate earthquakes even if they are unwieldy and perhaps not frigntfully



important in hazard calculations.
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PROBABILITY
OF
FEATURES IN FEATURE'S POTENTIAL PROBABILIT!
SEISMIC SOURCE ZONE SOURCE ZONE (MODERATE-TO-LARGE FOR
#  NAME (ABBREVIATED) EARTHQUAKES) ZONE

# 1 New Madrid NMRC-A - NMRC-A .97
BKGD .03(1=-NMRC-A)
EQ 1.0

2 New Madrid Rift ¢ NMRC-A only .003
Complex : -8 only .002
-0 only = .002
BKGD
(leftover) .0001
EQ =

3 Qzark Uplift No Feature; B8KGD
BKGD " EQ

t 4 Southern [11inois/ No Feature; BKGD
Indiana BKGD EQ

5 East Continent ECGA . ECGA
Geophysical Anomaly GF GF
BKGD BKGD+None
EQ

6 East Continent ECGA . ECGA only
Geophysical Anomaly BKGD R BKGD only
Both
EQ

# 7 Fort Wayne . FWGA only

Geophysical Anomaly : BKGD only
Both

.324
114
486
924

163
01
051
BKGD+None . 085
EQ 1.0

.096
.016
011
.01l
. 988

8 Anna, Ohio

9 Eastern : ECGA

Tennessee GF
TIKL

BKGD
EQ

*NOTE: Earthquake (EQ) is defined as the probability of an event occurring on any of the
features (including background) or any combination of features,




PROBABILITY
OF
FEATURES IN FEATURE'S POTENTIAL PROBABILITIES
SEISMIC SQURCE ZONE SOURCE ZONE (MODERATE-T0-LARGE FOR
#  NAME (ABBREVIATED) EARTHQUAKES ) ZONE

#10 Southeast MMGA ' MMGA
Michigan FI " FI
GF , GF

BKGD . BKGD
EQ

MI . MI
FI o F1
GF . GF
. BKGD

EQ

.091
.026
.071
083
L8947

. 066
.066
179
.058
. 865

. 326
102
.054
., 782

3
.16
.54

0

Cleveland, Ohio . COL only
PW only
BKGD only
EQ

Southern New York- NY-AL only
Alabama . BKGD only
Both
EQ

Louisville MI . MI only
BKGD ; BKGD only
Both
EQ

N/
Northern [11inois PR-SFS ‘\\\4/, ; PR-SFS only
BKGD " BKGD only
Both

Southern Qklahoma GF
Aulacogen Quachita AU-WBU
Mountains AB
oM
PCE-C
MI

(leftover)
£Q

*NOTE: Earthquake (EQ) is defined as the probability of an event occurring on any of the
features (including background) or any combination of features,




PROBABILITY

OF
FEATURES IN FEATURE'S POTENTIAL PROBABILITIES
SEISMIC SOURCE ZONE SQURCE ZONE (MODERATE-TO-LARGE FOR
# NAME (ABBREVIATED) EARTHQUAKES) ONE
#18 Nemaha Uplift NAHF T2 NAKF only = 082
Humbolt Front MGA .60 MGA only = 098
BKGD .4 8KGO+Nene = 17
EQ = 1.0
#20 Chadron Arch BH-CKU .78 BH-CKU only = 158
: GL-CLA .5 GL-CLA only = 044
BKGD .6 BKGD+None = 110
EQ = 1.0
#21 Great Plains BH-CKU .78 BH-CKU = 156
MGA .6 MGA = 066
BKGD 1&3 8KGD+None = 088
- EQ = 1.0
/
#22 Texas Bolsons PCE-C - PCE-C only = ,0Q37
WTB .7 WTB only s 337
BKGD % BKGO*None = ,173
/) £Q = 1.0
V,
#24 Charleston WDST-ASH F. .88 WOST-ASH F.
BKGD o7 only = .3
BKGD only = .12
Both = 58
EQ = 1.0
#25 Southern NY-AL .84 NY-AL only = 085
Appalachians TIKL 3 TIKL only = .01
BKGD .8 BKGD only = 060
EQ = 985
#26 South Carolina BNF .63 BNF = ,003
Zone Kv8 .46 KMB « 002
IMEF(S) 9 IMEF(S) = ,002
OMNC(S) .46 OMNC(S) = ,002
BSFZ .49 BSFZ = ,002
CL .76 CL = 006
FS .43 FS = ,001
BKGD .5 BKGD+None = 004
EQ s 1.0

*NOTE: Earthquake (EQ) is defined as the probability of an event occurring on any of the
features (including background) or any combination of features,
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PROBABILITY
OF

FEATURES IN FEATURE'S POTENTIAL PROBABILITIES
SEISMIC SOURCE ZONE SOURCE ZONE (MODERATE-TO-LARGE FOR
#  NAME (ABBREVIATED) EARTHQUAKES) =ZONE
327 Tennessee NY-AL .84 NY-AL only = 061
Virginia CL .76 CL only = 036
Border Zone BKGD ol BKGU only = 030
EQ = 389
#28 Giles County CL .76 CL only = .08
IMEF (south) .8 IMEF (south)= ,02
BKGD .8 BKGD+None = 12
EQ = 1.0
429 Central Virginia IMEF(S) 8 IMEF(S) s 017
Seismic Zone NFZ .49 NFZ = ,016
MB .5 MB = 017
GG(S) GG(S) = 007
CL {7 CL = 054
BKGD BKGD+None = 021
£Q = 1.0
#30 Shenandoah PW w32 PW = ,006
MB oS M8 = 014
GG (south) - GG (south) = 006
IMEF(S) .50 IMEF(S) = ,014
™U o ™U = 006
cL @ 76 cL . .043
BKCD .3 BKGD = 006
_EQ = 386
#31 Quakers RPNB .70 RPNB = 0015
HRL .57 HRL = 0009
C8 .51 c8 = ,0007
GG (north) .3 GG (north) = ,0003
™U .32 ™U = 0003
IMEF(N) .63 IMEF(N) = ,0011
GAR .63 GAR = 0011
Hor? 71 HeF? = 0018
BlY .27 BlY = 0002
OMNC(N) .24 OMNC(N) = Q002
BKGD
(1eftover) = .0007
EQ = 1.0

*NOTE:

features (including background) or any combination of features,

0-10

Earthquake (EQ) is defined as the probability of an event occurring on any
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FEATURES IN

PROBABILITY
OF
FEATURE'S POTENTIAL

PROBABILITIES

SEISMIC SOURCE ZONE SOURCE ZONE (MODERATE-TO-LARGE FOR
3 NAME (ABBREVIATED) EARTHQUAKES) ZONE
#32 Norfolk Fracture NFZ 49 NFZ = ,314
Zune ECMA | ECMA = ,082
BKGD % BKGD = ,082
£Q = 674
#33 Niagara-by-the- NMA .79 NMA = 081
Lake C-L .75 C-L = 041
X .74 X = 039
BKGD
(leftover) = ,014
EQ = 1.0
434 Nessmuv SLR .96 SLR = 0005
GG (north) .3 GG (north) = ,0001
F .43 B = 0001
HRL HRL = 0003
0BG 08G = ,0018
8KGD : BKGD+None = .0002
EQ = 1.0 .
#35 Tremblant M 3;;.95 M = ,008
08G .89 0BG = ,003
MH .63 MH = ,001
BKGD .8 BKGD+None = 0004
N EQ = 1.0 L
#36 Matagami 6 V .92 TG = 119
GF .57 GF = 014
BKGD .7 BKGD+None = ,034
£Q s 1.0
#37 La Malbaie La Malbaie .99 La Malbaie = .89
8KGD = ,01(l-La Malbais
£Q = 1.0 o
- 438 Baie Commeau SLR .96 SLR = ,336
GG (north) .3 GG (north) = 006
BKGO o9 BKGD+None = 028
£Q = 1,0
#39 Anticosti SLR .96 SLR = 336
GG (north) .3 GG (north) = ,Q06
BKGD .5 BXGD = ,014
EQ = 986

*NOTE: Earthquake (EQ) is de“ined as the probability of an event occurring on any of the
features (including background) or any combination of features,
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PROBABILITY
oF
FEATURES IN FEATURE'S POTENTIAL PROBABILITIES
SEISMIC SOQURCE ZONE SOURCE ZONE (MODERATE-TO-LARGE FOR
¢ NAME (ABBREVIATED) EARTHQUAKES) ZONE

#40 Quahogs Zen's Line « 38 Zen's Line . 0007
WM .85 M .008
GAR .63 GAR .002
IMEF(N) .63 IMEF (N) .002
OMNC .24 OMNC .0004
Her? 7 Her? = .003
c8 .51 8 .001

BKGD

(leftover) .001
EQ .0

#4] Kennebec WM . WM .0027
MH r MH ,0008
IMEF . IMEF .0008
GAR GAR . 0008
Heg? Wl .0012
Zen's Line ) len's Line = 0002
MF " MF . 0009
8KGD
(leftover) .0004

@, £Q 1.0

#42 Campobello GAR . 002

. ME 002
. W2l

.002
.003
SABS .012
BKGD
(1eftover)
EQ
uegl
MF
[MEF
GAR
MOG
OMNC(N)
SABS
ECMA
ZL
BKGD
(le“tover)

EQ

.001
0

.0007
. 0006
.000%
.0008
.0001
. 00009
.0035
.00007
. 0002

.0003
1.0

#43 Restigouche

*NOTE: Earthquake (EQ) s defined as the probability of an event occurring on any of %he
features (including background) or any combination of features,




PROBABILITY

oF
FEATURES IN FEATURE'S POTENTIAL PROBABILITIES
SEISMIC SQURCE ZONE SOURCE ZONE (MODERATE-TQ-LARGE FOR
¢ NAME (ABBREVIATED) EARTHQUAKES) ZONE
#44 Barely Nantucket NBL .33 NBL = ,015
WM .85 aM " 177
OMNC .24 OMNC = 010
"Offshore FZ" .49 "Offshore
7 o = ,030
ECMA 2 ECMA = 008
BKGD
(leftover) = 031
EQ = 1.0
#45 Orpheus Nose ECMA 2 ECMA = 002
OMNC(N) 24 OMNC(N) e ,003
MOG i MOG = 112
BKGD .8 BKGD+None = 0439
14?)?‘ EQ 2.0

*NOTE: Earthquake (EQ) is defined as the probability of an event occurring on any of the
features (including background) or any combination of features,
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LEGEND FOR ABBREVIATED FEATURES

AB Anagdarko Basin

AU-WBU Amarillo Uplift-Nichifa Basin Uolift
BCT Baltimore Canyon Trough

BFZ Brevard Fault Zone--Southeast

BH-CKU Black Hills-Central Kansas Uolift

BlY Block Island Yawn--0ffshore Southern New England
BPB Blake Plateau Basin

BSFZ Blake Sour Fracture Zone--0ffshore

BT-SB Brunswick Terrane--Southern Boundary

CB Connecticut Basin--Centracl Mew England
CL Clingman L1necment--Soutnadzgtﬁgcgnettc>
C-L Clarendon-Linden--Westeps New ¥ork

CoL Central Ohio Llneomenu(ézg;

ECGA East Continent Geoonvsi Anomaly

ECMA East Coast Mcgnetléa§ggmylv

EPFS East Pledmont Fowlt tem

F Gravity Line ment)--Northern New York
FL Fall Line

FWGA Fort wam(" ysical Anomaly
GAR Gander AvaloRiféalm--Eastern New Enaland

GBAB George’'s Bank Abenagki Basin
GF Grenville Front
GG Gravity Gradient--Eastern United States

GL-CL(A) Great Lakes Tectonic Zone-Colorado Linegment--Western Portior
G%-%L(B) Great Lakes Tectonic Zone-Colorade Lineament--Eastern Portiqr
HEF Honey Hill-Fredricton Fault Zone

HL

Hinge Line
HRL Hudson River Line--Eastern New York
[MEF Inboard Mesozoic Extensicaal Fault Realm
KMB King’s Mountain Belt
'.SB Lake Superior Basin
M . aniwgk|l Zone--Quebec
MB Mineralized Belt
MF Moncton Fault--New Brunswick

D-14



MH
M-MGA
MOG

MT

NBL
NFZ
NMA
NMRC
NMRC-A
NMRC-B
NMRC-C
NMRC-D
NY-AL
oM

0BG
OFC
OMNC
PCE

PR

RPNB
RT
SB
SFS
SG
SH
SLR
TG
TIKL
™U
WM

WTB

Monteregian Hills--Montreal-Quebec and Egstward

Mid-Michigan Geophysical Anomgly

Menas Trough/Orpheus Graben--0ffshore New Bruns
Grand Ban

Marguerie Trough

Nantucket-Bear Line (Magnetic)--0ffshore Southe

Norfolk Fracture Zone--0ffshore

Niggara Magnetic Anomaly

New Madrid Rift Complex

Reelfoot Rift

Southern Indiang Arm

Rough Creek Graben

St. Louls Arm
New York-Alabama Llnecmeang;:>
Quachita Mountains

Ottawa-Bonnechere Gra ntario-Quebec Border
Oceanic Fracture Zones

Outboard Mesozoic NﬁSE;g,Crust Realm
Precambrian Cratop E

Plum River Fa ,@\

Pittsburgh Wgsh\®gon Linecment

Reading Pr wark Basin--New Jersey

Rome Trough

Sydney B8asin--St, Lawrence Gulf

Sandawich Fault System

Saguenay Graben--Juebec-South of Chorievoix
Scranton Gravity High

St. Lawrence Rift--Quebec

Temiskaming Graben--Ontaric-Quebec Border
Tennessee [11inols Kentucky Linecment
Tyrone-Mt, Union Lineament

White Mountain Magma Series & Related Terrane--

West Texan Bolsons
Gravity Anomgly (Diment)--Western New York
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wick to
KS

rn New Encland

Extends
Qffshore to
Kelvin Secmount



Z Zen’s Taconic Cratonic Margin
-7 Zen’s Line Taconian Margin

Principal Intrusives
Mafic Intrusives
Felsic Intrusives
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has a northwest strike and extends for a few tens of kilometers into Tennes-
see. The northern element has a northeast strike and is displaced to the
northwest of the extension ~f the southern element by roughly 30 km. This
portion of the zone is considerably shorter than the other two. Herrmann ang
Canas (1978) have studied the focal mechanism of earthquakes in this zone.
Their results indicate right-lateral strike-slip motion along the NE-SW por-
tions and reverse faulting on the northwesterly-striking element. Details
regarding earthquake characteristics are cited b5y numerous authors (e.g.,
Stauder, 1982).

Recent studies of a combined geophysical/geological nature have been suc-

cessful in developing a tectonic framework this zone which has been uysed
to explain the source of the seismicity. and et al. (1977) building
upon the interpretations of Ervin McGinnis (1975) have identified the
seismicity with a late Precambrian-Eoc n rift. Recent seismi¢c reflection

profiling (Hamilton and Zoback, ~.382) d drilling have confirmed the
existence of this rift. Mooney ct 1983) have shown that the rift
involves disturbance of the tird) crust and Braile et al. (1984) have

developed a model for the t elopment of the New Madrid Seismic lone
in which slippage along ofJeakness related to the rift is due to reac-
tivation of the structur he contemporiry, nearly east-west regional
compressive stress which is result of current plate motion.

seismic Zone #2-New Madrid Rift Complex-- Braile et al. (1982) building
upon seismo-tectonic studies in the New Madrid Seismic Zone have on the basis
of geological, geophysical, and seismic information extended the Reelfoot Rift
which lies a'ong the axis of the Mississippi Embayment i 0 a multi-element
complex. According to their interpretation the Reelfoot Rift breaks up into
three arms near the confluence of the Mississippi and Ohio Rivers. The Rougn
Creek Graben which extends to the east into Kentucky and the Southern Indiana
Arm which is the northeasterly continuation of the Reelfoot Rift into Indiana
are both manifested in late Precambrian-early Paleozoic grabens. The aseismic
Rough Creek Graben is excluded from the defined seismic zone because it it not
favorably oriented for reactivation by the prevailing east-west horizontal
compressive stress field. The third arm extends northwesterly straddling the
Mississipp! River nearly to St. Louis, Missouri. This element of the Complex,
the St. Louis Arm, as well as the Southern Indiana Arm are indicated in the
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earthquake density contour map prepared by Hadley and Devine (1974). The geo-
logical history and tectonic development of the New Madrid Rift Complex has
been discussed by draile et al. (1984),

seismic Zone #3-0Ozark Uplift-- A poorly defined region of intense, low to
moderate seismicity occurs northwest of the southern portion of the New Madrid
Rift Complex (SZ#2) in southeastern Missouri and northern Arkansas. This
sourc2 of the seismicity in the Qzark Uplift Seismic Zone is not known. [t
may be related to reactivation of ancient faults which parallel and date to
the rifting of the New Madrid Rift Complex. Earthquakes may be concentrated
in this r23ion by the intersection of these faults with prevailing Nw-SE
structural trends (Guiness et al., 1982; Hin nd Zietz, 1984). These trends
are interpreted as part of a Proterozoic me ic complex that wunderlies
much of the midcontinent to the west/hd north of the Qzark Uplift Seismic
Zone.

Seismic Zone #4-Southern [1lin ndiana-- This seismic zone lies
north of the Southern [ndiana and ouis Arms of the New Madrid Rift Com-
plex. The origin of the seis his zone 1is not known and is not
related to a known tectonic fe? . However, the proximity of the seismicity
to the New Madrid Rift C ugdests a prob-“le association, perhaps simi-
lar to that suggested for ismicity of SZ#3.

seismic Zone #5-East Continent Geophysical Anomaly-- This seiemic zone

extends northerly from southern Tennessee across Kentucky into southern Ohiag.

The historical earthquake record does not indicate intense seismicity in this

region, but the Sharpsburg, Kentucky earthquake of 7/27/80 (m=5.1) verifies

the potential hazards of thhis zone (Mauk et al., 13982). The zone corresponds
with positive gravity or magnetic anomalies which Keller et al, (1982) inter-

pret using collateral basement drill hole data and seismic refraction informa-

tion as a Precambrian rift possibly of the same age as the Midcontinent Rift

System (= 1100MY). The rift lies within the Grenville basement province and

thus has been metamorphosed during the Grenvillian orogenic event.

seismic Zone #6-Central Tennessee-- A NNE-SSW striking feature which
extends across central Tennessee into Kentucky and northwestern Alabama has
been identified as a seismic zone because of its interpretation (Keller et
al., 1983) as another possible component of the East Continent Geophysical




Anomaly (SZ#5). The zone is characterized by a regional positive gravity ang-
maly and local but discontinuous magnetic anomalies. Geophysical anomalies to
the west of this zone and east of the New Madrid Rift Complex which paralle!
SI#6 may indicate that the western edge of the zone should be moved farther
west,

Seismic Zone #7-Fort Wayne Geophysical Anomaly-- The Fort Wayne Geopnysi-
cal Anomaly (Hinze et al., 1975) has been interpreted as the manifestation of
a late Precambrian rift zone which extends southeasterly from southern Lake
Michigan across northern Indiana into western QOhio where it intersects and
likely extends into the Grenville basement province. It is indicated dy a
linear positive gravity anomaly, occasion intensely positive magnetic
anomalies and locally mafic extrusives base cks. It may be related to
the rifting event associated with t East Tontinent Gecphysical Ancmaly
(Keller et al., 1983). Its possible as fon with the East Continent Geo-
physical Anomaly (SZ#S) and the Anng, Ohio\Qeismogenic region (51#3) argue for
its place as a seismic zone.

Seismic Zone #8-Anna, Ohi e Mna, Ohio seismogenic region in west-
central Ohio has in historica een subject to several moderate-intensity

earthquakes. Recently it efMvseismicly quiet in contrast to the multiple
events recorded dur1n§ 30's. The roighly equi-dimensional seismicity
zone occurs at the intersect of the Fort Wayne Geophysical Ancmaly (Hinze
et al., 1975) and the interpreted extension of the Grenville Front (Lidiak et
al., 1966). The Grenville Front is a fault and/or metamorphic contact which
separates the Grenvillian rocks to the east from the older rocks to the west.
[t is interesting to note that the 1935 magnitude 6.2 event near Lake Tem-
iskaming, Ontarioc occurred at the intersection of the Temiskaming rift and the
Grenville Front (Forsyth, 1981). I1lies (1982) recognizes a similar center of
seismicity 1in southern Germany where the Hohenzollern graben intersects a
shear zone. Another possible crigin of the seismicity in the Anna, Ohio area
may be the marked change in the basement rock strength characteristics where
the mafic rift-related rocks are in juxtaposition with the granite intrusive
to the north. The intrusive is characterized by a marked gravity minimum and
a featureless magnetic anomaly field.

Seismic Zone #3-Eastern Tennessee-- The Eastern Tennessee Seismic lone fis







Seismic Zone #12-Cleveland, Ohio-- The Cleveland, Ohio region on the
south-central shore of Lzke Erie is noted for its high level of low-intensity
earthquakes. However, the tectonic features associated with the seismicity
have remained elusive. Recently, this situation has changed with the acquisi-
tion of regional geophysical data. Tentatively, it is proposed that the
Cleveland, Ohio seismic source zone is related to the intersection of two
major basement features which have been observed in regional geophysical data.
A major vertical basement discontinuity (fault?) is observed in the magnetic
anomaly data striking north-northeasterly into the Cleveland area from central
Onio. This feature intersects with a major northwest-striking
geophysical/geclogical lineament, the Pittsbupfh-washington Lineament (Lavin
et al., 1982).

Seismic Zone #13-Southern Mew York-AYabama Lineament-- King and Zietz

(1978) mapped a major discontinuit the basement rocks underlying the
western part of the Appalachians fo the basis of a striking change
in the magnetic anomaly pattern. ear anomaly pattern extends for more
than 1600 km from the Mississi ent to New England. The portion of
the lineament in eastern Ten d to a lesser extent in northern Georgia
and Alabama is correlativ INEense seismicity justifying the delineation

of a seismic source zoneS

Seismic Zore #l4-LouisviYle, Kentucky-- Correlative positive magnetic and
gravity anomalies in the Louisville, Kentucky area indicate the presence of a
mafic basement rock unit. This interpretation is supported by the presence of
mafic volcanic rocks in nearby basement drill holes (Lidiak et al., 1984).
The mafic rock unit which may serve to localize the regional stress pattern
and the several earthquakes that have been noted in the region support the
delineation of a local seismic source zone in the Louisville, Kentucky area.

Seismic Zone #15-Northern I1lingis-- The northern [1linois seismic zone
is a region of diffuse seismicity which strikes northeasterly across northern
[T1inois and adjacent states. No obvious correlative tectonic feature is
observed, but Coates et al. (1983) have noted that there is a marked change in
the regional magnetic and gravity anomaly pattern along the northern margin of
the zone. Furthermore, Hoppe et al. (1983) identify a nearly correlative zone
of local intense magnetic anomalies which is intruded by felsic rocks which




are dated by zircon U-Pb ages of 1450-1500 MY. Also, Dott (1983) suggests
that a Proterozoic suture lies within the region of the seismic source zone.

Seismic Zone #16-Southern Oklahoma Aulacogen-Ouachita Mountains-- This
seismic source zone extends westerly from the Mississippi River across Arkan-
sas, Oklahoma into the panhandle of Texas. It is associated with a complex
disturbed crust related to the Eocambrian Southern Ok lahoma Aulacogen (Hoffman
et al., 1974; Keller et al., 1983), the Quachita and Arbuckle Mountains and
associated Paleozoic basins such as the Arkoma and Anadarko 8asins. The
entire area is seismicly active, particularly the eastern Oklahoma region,
without obvious direct correlation between specific tectonic features and
observed seismicity.

Seismic Zone #l7-Western Southern Oklaho ulacogen Extensione- This
seismic 2zone 1is an extension to the wedf-gorthwest of SI#16. The epicenters
observed in this zone are widely disper an uncorre’ated with specific tec-
tonic features. The observed earth are of low intensity.

Seismic Zone #18-Nemaha Uplift- oldt Fault-- This seismic source 2zone

extends slightly east of nor southern Ok lahoma, across eastern Kansas,
into southern Nebraska. It cor tes with the Nemaha Uplift in central and
southern Kansas and its ly extension across Oklahoma and with the Hum-
boldt Fault in northern Ka nd Nebraska. The parallel nature of these

features to the southern segment of the Midcontinent Geophysical Anomaly sug-
gests a cause and effect relationship between the controlling tectunic feature
of the uplift and fault and the structural effects of the Midcontinent Rift
System. The late Paleozoic reactivation of this feature and the present
seismicity testify to its susceptibility to reactivation in an appropriately
directed stress field.

Seismic Zone #13-Great Lakes Tectonic Zone-Colorade Lineament-- The Great
Lakes Tectonic Zone has been identified as a suture that separates the 2500 MY
granite-greenstone terrain in northern Minnesota from the +3000 MY gneissic
terrain to the south (Sims et al., 1980) geological and geophysical evidence
have been used to map this feature across Minnesota and northern Michigan.
Mooney and Morey (1981) .nhave shown the correlation of seismicity with this
feature in Minnesota and, subsequently, Brill and Nuttli (1983) have related

seismicity in the Great Plains to the extension of the Colorado Lineament
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instrumentally located seismicity lying below the decollement. Possible asso-
ciation with inferred deep seated normal faults--inferred from the aeromag-
netic anomalies associated with New VYork-Alabama and Clingman lineaments.
Although no magnitude 5 earthquake has been recorded, conditions are available
for one.

Seismic Zone #26-- South Carolina Seismic Zone. Area elongated to the

NW, extending from the eastern boundary of the Brunswick Terrane to roughly
the Clingman Lineament in North Carolina. The feature parallels and encom-
passes northwest, cross-cutting fracture zones mapped on the detailed aeromag-
netic map of South Carolina. This large zone captures a number of earthquakes
and it may be related to ancient crustal we sses that might be responsible
for the location of the oceanic Blake Spur #£3 e Zone offshore.

Seismic Zone #27-- Tennessee-Virgi order Zone. Essentially, this is
like Zone #13. It is along the New -Alabama Lineament between the more
active areas of East Tennessee and Qufity.

Seismic Zone #28-- Giles Cguqty ollinger and Wheeler, 1982, 1983).
These authors suggest that th MNgcity is deep, lying below decollement and
is possibly associated with _the x@yctivation early Paleozoic normal faults--
inferred from aeromagn ta--the New York-Alabama lineament by Kina and
Zietz (1978). In view of historic earthquakes (M .5.8), and other con-
ditions being present, this feature is included as a potential seismic source

Zone.

Seismic Zone #29-- Central Virginia Seismic Zone. At intersection of

extension of Norfolk fault zone and the NE trending linear zone defined by
aeromagnetic, gravity and volcanic-plutonic belt (Pavlides et al., 1982).
Current studies at VPI (unpublished) suggest possible association with
decollement. As of now, spatial association suggested above is valid, but the
cause has not been established.

Seismic Zone #30-Shenendoah-- We are considering this a low priority

source 2zone because it includes the intersection of the Pittsburgh-Washington
lineament and the strong gravity gradient interpreted to be the ancient Paleo-
20ic cratonic edge. In addition, the Potomac River takes a right angle jog at
the fall line near the crest of the wide gravity high (lapetan rift?).
Roughly a meter of Post-Cretaceous offset nas been observed in sediments in



Wwashington, OC and the fall line amplifies ground shaking.

Seismic Zone #31-Quakers-- (Named for early settiers in Pennsylvania)
This zone has been repeatedly reactivated. The old Palec o ¢ cratonic edge is
mapped by gravity beneath the surface. Crustal weaknesses related to the
opening and closing of lapetus were reactivated during the Mesozoic continen-
tal breakup. Steep faults and dike emplacements are very likely to fail in
the present stress regime and horizontal strains across the Hudson Highlands,
if accurately measured, indicate sufficient strain accumulation over a large
enough area to culminate in a fairly large earthquake.

Seismic Zone #32-Norfolk Fracture Zone-- (projection onshore) Though
correlation with earthquakes is low, an und ing crustal weakness is possi-
ble here and should be considered a potentidl e quake source.

Seismic Zone #33-Niagara-by-the-L ; Sources of earthquakes may be lim-
ited to the intersections of small faul ith either the gravity or magnetic
lineaments mapped here. I[f, as we most of the faulting is shallow,

large earthquakes are not expect only occasional moderate earthquakes.

Interestingly, during 13 year

ocal seismic networx, the activity

appears to be very sporatic; ere are a few small earthquakes over several

months and then years go re another temporal cluster.
Seismic Zone #34-Ness The Adirondacks and the segment of the St.

Lawrence Rift north of Montreal to La Malbaie are deemed to exhibit roughly
the same potential for moderate and large earthquakes. Though the seismicity
is high, cumulative strain release remains fairly low, that is there are many
small earthquakes.

Seismic Zone #35-Tremblant-- Fasccinating area: frequent earthgquake

activity, high cumulative strain release over a large region, and no readily
apparent feature where much of the seismicity is. We have delineated the
Maniwaki geophysical feature and, of course, the Ottawa-Bonnechere Graben and
the southern portion of the Temiskaming Graben are included in the source
zone. Values of "a" and "b" should probably vary within this zone because so
many features give rise to potential earthquakes. The Qttawa-Bonnechere Gra-
ben does not stand out in the gravity data the way many of the midcontinent
rift systems do. Recent wide angle reflection data, however, reveal a highly
disturbed 2zone in the Moho beneath the Ottawa-Bonnechere Graben, so it is not
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a superficial feature. More earthquakes, though, are to the north and the
association of seismicity with the Ottawa-Bonnechere Graben could reflect a
population bias along the Ottawa River more than reactivation of the graben
faults. But, since the most likely candidate for the Massena, New York m=%5.9
earthquake in 1944 is a NNW fault probably extending from the Ottawa-
8onnechere Graben, it is necessary to include the graben.

Seismic Zone #36-Mattagami-- Encloses seismicity west of Grenville Front
and along general trend of an extension of the Tremblant zone. A number of

fairiy large earthquakes in this zone, but we do not know how well-located
they are. Recent instrumentally located microearthquakes indicate that the
Caspiskacing Province may be “active".

Seismic Zone #37-La Malbaie-- Tectonic fra rk: weakened crust roughly

coincident with the conjunction of the Lawrence Rift System and the Char-
levoix impact crater. Oblique-slip fau is observed and we believe it s
the NE striking moderately dippin elated faults that are moving, based
on microearthquake studies. Beyond adow of a doubt, the La Malbaie region

is an active source of modey d Yarge earthquakes. The feature provokes
some interesting questions, th Why are the earthquakes confined to a
small area, but not perf incident with the impact-created faults? Does
the Saguenay Graben to th play any role in localizing strain? Are the
earthquakes causing any stFain buildup in the adjacent portions of the St.
Lawrence Rift?

Seismic Zone #38-Baie Comeau-- North of La Malbaie along St. Lawrence
Rift. There are many more earthquakes here than along the St. Lawrence rift
to the south of La Malbaie, in spite of the rift's change in orientation from
NE to ENE along the Baie Comeau segment.

Seismic Zone #39-Anticosti-- Proposed horst and graben portion of St.
Lawrence Rift. Earthquake'activity is minimal, hence a low priority zone.

Seismic Zone #40-Quahog-- A major crustal weakness, possibly responsible
for development of an Atlantic transform fault and the related Kelvin
seamounts, is deemed the source of moderate and large earthquakes-Cape Ann and
Ossipee. Construction of many building on Tland fill in the Boston area
increases the hazard from the moderate earthquakes which are Dbound to occur
here.
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Seismic Zone #4l-Kennebec-- The source of larger earthquakes here is, for

all intents and purposes, the same as the Restigouche (#44). In fact, given
the capability to vary "a" and/or "b" values within a single source zone,
these too could be combined. We would simply like to preserve the “guieter”
zZone separating the two.

Seismic Zone #42-Campobello-- We would not be surprised if a magnitude 7
earthquake occurs here. Subsidence rates from many different data sources all
point to same conclusion; regardless of the specific numbers one assigns, the
area 1is subsiding at an alarming rate while the general region is still
rebounding from the last ice 1load. Faults such as Oak Bay cross cut
Appalachian structures and the same trends reflected by a strong gravity
gradient offshore. Rates of microearthquak&/Asdiyity cught to be closely mon-
itored.

Seismic Zone #43-Restigouche-- Mod earthquakes have occurred and
will occur. Microearthquake loc are widely scattered and activity is

fairly high. We see no geologic/geo 1cal grounds to separate a Miramichi
"block" from other areas of th th the same characteristics i.e. large
granitic plutons, reworked crudy’{n Yroposed accreted terrain, thickened crust
( ~40 km) and superposed

ic

igh angle faulting.

Seismic Zone #44-Bare tucket-- This zone is an extension of Quahog,
but even in the instrumental data, there seems to be a paucity of offshore
earthquakes. We have observed that intersections appear to be the critical
factor in earthquake locations in the tectonic realm called outboard Mesozic
necked crust. Might this be significant?

Seismic Zone #45-Orpheus Nose-- It is difficult to evaluate whether this

zZone 1is immanently a source of moderate or large earthquakes, because we are
not monitoring microearthquake activity this far offshore. Another large
earthquake like Grand Banks is probably a long way off in the future.

Seismic Zone #46-Bahamas Fracture Zone-- (background area) Large "back-
ground” 2zone presumed to have a similar seismic potential based on a similar

geologic history for this part of the crust. There is, however, no other rea-
son to lump this area together,

Seismic Zone #47-Appalachian Crust-- (background) Similar to #46 above.
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This crust was formed after the Precambrian and lies to the east of the Pre-
cambrian cratonic edge. The basement is a complex accretionary terrane and
may not have a uniform seismic potential.
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ALTERNATIVE SOURCE ZONES FOR EASTERN UNITED STATES

24 Coast of Shelf Zone

25 Massachusetts-New Hampshire-Maine-New Brunswick
Intrusive Zone

26 Connecticut-New Jersey Mesozoic Basins at Major
Appalachian Break

27 Southern Apoalachian Thin-Skinned Zone

(but includes crust down to Moho)

*NOTE: Numbers 1-23 and 33-39 Same as First Version
(only drawn on First Verslonéggztzfll)
NO Numbers 28-32 ?

QF

Q
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ALTERNATE SEISMIC SOURCE ZONES

As an alternate approach to the seismic source 2zones in the eastern
United States, we have delineated four very large zones instead of the many
smaller areas mapped for the original zones. Because we are not certain
whether the large historical earthgquakes are confined to special local combi-
nations of tectunic features, we would like to see the results of treating
large areas as having uniform earthquake capability. The idea is that large
terranes have similar geologic histories and may have many local areas with
the requisite combination of tectonic featurég®, but because no large historic
earthquake has occurred, there are no detaiiégéaigdies to either confirm or
reject this possibility.

Alternate Source Zone #24-Coast and\lelf Area-- The eastern boundary is
the East Coast Magnetic Anomaly rowdhly coincides with the continental
slope. In the south, this boundar:Q$§§552 westward along the Brunswick Ter-
rane boundary. South of d,Ythe western boundary is along the steep
gravity gradient interpreted %e edge of the Precambrian craton and
north of Maryland this da is parallel to the boundary marking the
western limit of the Qut sozoic Necked Crust. The reason for grouping
this large area together i3 'that the earthquake data suggest a similarity of

processes here. That is, earthquake activity 1is generally guite low, but
large historic and prehistoric earthquakes occur in this realm. Even though

the low values for the region as a whole are undoubtedly influenced by limited
coverage of small earthquakes offshore, this does not explain low seismicity
onshore in the southeast. We think that intersections of major features play
a key role in focusing the earthquake activity in this zone. Other than 3 few
outliers of Precambrian slices, the crust was formed in the Paleozoic during
episodic orogenic events and then was severly modified in the Mesozoic when
the old continent broke apart.

Alternate Source Zone #25-Massachusetts-New Hampshire-Maine-New Brunswick

Intrusive Zone-- This roughly coincides with the Gander/Avalon Realm but

extends southeast to the southeast border of the Inboard Mesozoic Extensignal



Fault Realm. This 1is a belt of thick crust formed eastward of the Taconian
craton edge and is characterized by relatively high rates of earthquake
activity in a region of extensive intrusions. The relationship between
intruded crust, later faulted during continental breakup, and current earth-
quake activity is, of course, hypothetical.

Alternate Source Zone #26-Major Apt _achian Fold Belt-- The area has
three large Mesozoic basins: the Connecticut Basin, the Newark Basin, and the
Gettysburg Basin, and the rate of small earthquakes is fairly high but, by
comparison, the rate of moderate-to-large earthquakes is low. Is there some
reason structurally for this pattern?

ppalachian "“Thin-Skinned" Zone--
well) Unlike the thrust regime in

Alternate Source Zgne #27-Southe

(including crust under the decollement,

the northern Appalachians, which w t consider a seismic source zone, the
southe:n 2zone 1is much wider and s irregular but significant earthquake
activity. It is not actually rusts themselves that are of concern, as
the earthquake foci are for th st part in the underlying Precambrian rocks.
We do include the whole calse the overthrust Paleozoic rocks may be
affecting water transpo other factors in the mechanics of earthquake

generation in underlying Precimbrian rocks.
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Introduction

The task of assigning seismicity parameters i.e. "a" and “b" values and
upper bound magnitudes has raised several issues and required some difficult
decisions. Choosing "a" and "b" values inevitably required evaluating the new
methodology . Is the calculated “equivalent" period of completeness, TE- real-
istic? If not, will it yield unreasonable rates of seismicity? Are the cata-
log magnitudes good enough? In the text, we compare the new methodology to an
old methodology in an area with which we are intimately familiar, and the
questions above are still not completely resolved. The example, a region in
southeastern New York and northern New Jersey, may not be indicative of all

seismic source zones. We think there aref€gional differences in magnitude
determinations and these differences (n risingly) will affect the
results. Specifically, the discrepa s between 0old and new methodology
appear most severe (based on our work SE?;;%;I as conversations with other
TEC's at Workshop #7) in the nort rnNdnited States. For the Charleston,
South Carolina seismic zone, on th

2
r hand, the rates of earthquake
mioed by old or new technigues and perhaps

activity are similar whether er
more importantly the recurre ge earthquakes "predicted" by the new
methodology is exactly th that estimated by paleoseismicity data.

In assigning maximu@udes, we raised the question: how do we use
what we think we know about Tectonics? Ultimately we judged that grouping the
seismic source zones into four categories (representing four different maximum
magnitudes) is a reasonable approach. The categories provide a rough .zpara-
tion of potential for either great, large, moderate, or background earthquakes

and the judgements about the relative potential of each seismic source zone
ideally rely on seismicity, geophysics, and geology.




I. Catalog Completeness, Ie’Magnitudes, and Implications for "a" and “b"

The new technique (Veneziano and Van Oyke, 1984) of estimating an
"equivalent" period of completeness which is actually longer than the period
of completeness is a good one. This is the idea behind the estimate of TE; it
allows us to use all the earthquakes in the historical record by estimating a
time (greater than or equal to a completeness period) during which all the
earthquakes 1in the catalog might reasonably have occurred, given 31 gross sp:i-
tial and temporal stationarity. Then, by using all the available earthquake
data we can be more confident of statistical results because the sample size
is maximized.

Though we were not able to review the E es on a cell-by-cell basis,
the general pattern of the map is unexpected, i.e. time periods of
equivalent completeness are longer for 1gher magnitude intervals and, for

a given magnitude interval, T; te if¢rease from west to east on the map
view (the latter observation reflec pulation statistics).

We examined southern New d, southeastern New York, and northern New
versey (Rondout seismic sour one #31) to compare a "classical" estimation
07 completeness with the ted version. Figure 1 {llustrates how the
periods of completeness ( different magn1tude intervals were estimated.

Figure 1 is a plot of log (N/T) versus log (years befcre 1984) for three mag-
nitude intervals from seismic source zone #31. Raw counts of earthquakes are
chtained from Yankee Atomic. The column labeled “0ld" gives the earthquake
rate as estimated from eyeball-fit horizontal lines and gives number of years
of complete reporting (T.) as estimated from the intersection of average rate
and fall-off lines. This is a version of the technique proposed by Stepp
(1972). The column labeled "new" gives earthquake rate (N Total/Tg) deter-
mined for seismic source zone #31 by the new methodology. To approximate this
parameter for the entire seismic source zone, rather than cell-by-cell, we
take "expected counts" (before any curve-fitting or smoothing patterns nave
been applied to the data set) for each magnitude range and divide by 415, the
maximum len,th of the catalog. Té is the average of Tg for all degree cells
that seismic source 2zone #31 includes either wholly or partially. The
equivalent periods of completeness (TE) are consistently LESS THAN the old-
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style T estimates: for 3.3 < my < 3.9, Te (average) * 65 years and T, =
110 years; for 3.9 < m, < 4.5, Tz ¥ 112 years and T = 150 years; and for
4.5 <m < 4.5 Tg =170 years and Tc = 220 years. Since the equivalent
period of complieteness is defined to be greater than or equal to the period of

completeness that is calculated by the method of Veneziano and Van Dyke
(referred to as the new T.), this means that the new T¢ is smaller than a
“classical™ T. derived in Figure 1. We expect the two methods to produce
similar results because a classical completeness test implicitly reflects
population and station densities through time, while the new TC is explicitly
a function of these parameters. Though it can be difficult to estimate a
period of completeness using the old mett ad, should consider some of the

drawbacks to the new method and work rove it. One problem, easily
remedied if the records exist, is that seismic Thetrumentation history is used
(by the new method) without accounting strument "down time" (inoperative
instruments and malfunctions) or for rel \Jity and consistency of station

reporting. This is probably not us problem because we are examining
earthquakes larger than magnitude 3. d, since most earthquakes over magni-
tude three are felt in the €5> agn United States, population density could
provide a good estimate of the PcbRability of earthquake detection, if not of

accurate earthquake loca

Another point is inter ng and noteworthy. By calculating TC as a
function of geographic distribution of populatior seismic stations etc. you
can miss little quirks of the earthquake catalog that reflect human history
and that might bias interpretations. At a certain time and place, people can
be more aware of and interested in earthquakes and report more of them, or a
government agency will adopt counscientious reporting habits for a period of
time (e.g. the 1930's), or even a single interested individual can contribute
S0 much to an earthquake catalog that rates of seismicity appear to change.
Also, advances in communication and transportation can influence the period of
completeness. The point is: there is no real substitute for detailed obser-
vation of raw data because making sense of those data requires thinking and
testing assumptions.

Returning to seismic source zone #31, if our spot check is typical,

implying that T. new and, therefore, T may be underestimated relative to old
methods, then we can expect » (the rate of earthquakes) to be slightly higher
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than customary. This 1is particularly pronounced if one directly compares
rates obtained as numbers of earthquakes divided by time, i.e. N/T old versus
N/T new where:

N/T old = N(between T. and 1984)/T; old

and N/T new = N(total)/TE

Because N(total) generally will be larger than N (counted only in the interval

of “complete" reporting) and Te is smaller (at least in seismic source zone
#31) than To o1d, then N/T old < N/T new. Wy have attempted, however, to
estimate 1, the rate of earthquakes, no N(between TC and 1984)/T; old,
but rather as an average N/T obtained by grawin line on the plot. You can
see from Figure 1 that it is difficu] choose the best average earthquake
rate over time and the best curve for th te of fall-off and hence old-style
estimates of both A and T. have a al of uncertainty. Indeed, the new
methodology can be very helpful pactcularly in the magnitude intervals
without much data. For examp 0 not attempt to estimate an average rate
for magnitudes > 5.1 using th ts because the period of the entire catalog
is too short relative Itiple repeats of these higher magnitude earth-
quakes. Notice that, usi 14 years of data for earthquakes between mag-
nitude 3.9 and 4.5, you would underestimate their rate and using only 34 years
of data for earthquakes between magnitude 4.5 and 5.1 you would overestimate
their rate of occurrence (see Figure 1). Thus, depending on where you happen
to fall in the average repeat cycle of a certain earthquake, it is difficult
to estimate a rate for that earthquake unless there is enough time for multi-
ple recurrences. In Figure 1, we compare the annual rates of earthquake
activity estimated from: a) the plots and b) the new methodology,
N(total)/Te. oOnly for the smallest magnitude range (3.3-3.9) are the seismi-
city rates significantly different; the new estimate of earthquake rate is
twice that of the old. Which is closer to the truth?

[f I take a time interval that [ am almost sure would have a complete
record of earthquakes in the magnitude range 3.3-3.9, e.g. since 1950 and then
divide the number of earthquakes by the number of years since 1950, I get a
rate of 0.50. The fact that this is the same rate that was estimated from the




plot (Figure 1) is coincidental, but it strongly suggests that the new metho-
dology overestimates this rate because it is highly unlikely that we could
have missed half the earthquakes (magnitude 3.3-3.3) since 1950. We need a
calibration of the new method at the lower magnitude intervals. [t is partic-
ularly important to reexamine the judgements of what constitutes a complete
record of earthquakes in the range 3.3-3.9 for this study.

Because we felt that rates of lower magnitudes may be overestimated by
the new .ethod, we chose to weigh this magnitude interval much lower than
other intervals in the frequency-magnitude calculations. This choice, how=
ever, may not be satisfactory. What we want to do is to weigh the magnitude
intervals for which we have the most data th ighest, not to down play them.

For the smaller magnitudes there are mor quakes and therefore greater
likelihood that ) is based on a meaning#P! average rate. Also, since Te s
less than 416 years (the length of rthquake catalog) for small earth-
quakes, we can estimate an appropri va of Tc or Tg. Conversely, for
large earthquakes the number is sma he time required to obtain a stable
estimate of rate may be much gr r n 416 years but we do not have any way
to estimate it; therefore A oorly determined for the large magnitude

ranges and should NOT gre;’, in nce the fit to the log( %) versus My data.
In addition, if the "¢ ristic“ earthquake model has any credence, one
might want specifically :;~!~b d weighing the higher magnitudes too heavily
because there may be physical reasons against exponential recurrence rates of
earthquakes in the higher magnitude ranges. Thus, a maximum likelihood solu-
tion to the frequency-magnitude curve is the most desirable.

We suspect that this discrepancy between old and new methods for smaller
magnitude earthquakes can be fixed by calibrating the new technigue properly.
[t is probably not a problem inherent in the methodology. The method assumes
spatial and temporal stationarity of earthquakes and an exponential distribu-
tion. These assumptions appear to be valid for a number of studies of global
and of eastern United States seismicity. Thus, even though earthquakes occur
in bursts in time and space we generally do not observe phenomenal increases
or decreases in seismicity over the long haul. Also, our experience shows
that an exponential distribution is appropriate for the magnitude range 2.0-
5.1 (in seismic source zone #31, for example). t may simply be a matter of
calibrating this low magnitude end using the last 40 years of data or using a



higher initial probability of detection.

A much more serious problem is that the rates of all magnitude intervals
for seismic source zone #31 are clearly too high by either the old or the new
estimations. For example, both estimate one magnitude 3.9-4.5 every four
years, on average, and one magnitude 4.5-5.1 about every 20 years in the
region of southern New England, southeastern New York, and northern New Jersey
(seismic source zone #31). These rates are wrong; they are too high. This
probab’y means that the earthquake catalog has major problems (which we all
know) and that the magnitude conversions are suffering because of it.

For example, one of the most active subregions in seismic source zone #31
is the region around the Newark Basin in no ern New Jersey and southeastern

New York. A detailed study of the magn1tu earthquakes in the Newark
Basin suggests that many magnitudes /Rave been overestimated and, when
corrected, a much lower rate of activi obtained; i.e. the detailed stuay
estimates one magnitude 3.9-4.5 ars (Sykes et al., 1985), whereas
using the EPRI catalog the estimate is subregion is approximately one
every 6 1/2-7 years. Likew magn1tude range 4.5-5.1 the estimated
rates are one every 67 years , 1985) versus one every 26-38 years

pread between “01d" and "new" methodology).
Indeed, a dense local arfg eismic stations operating in this area has
detected all earthquakes -ater than magnitude 1.8 for ten years and the
largest earthquake to have occurred in that time is one magnitude 3.0 (Kafka
et al., 1985, included as an Appendix to this report). Yet, according to the
rate estimates derived from the EPRI catalog, we would have predicted 6-12
earthquakes in the magnitude range 3.7-3.6 for an average decade. In all fair-
ness, ten years is too short a time to establish a good average rate and the
past decade could have been a "quiet" one, explaining why there was only one
earthquake. Since 1930, however, we count only six earthquakes between magni-
tude 3.0-3.6 (Sykes et al., 1985) so it still looks as if the average is one
per decade.

(EPRI catalog: the ran?ér.

[t is obvious that if there are systematic errors in the estimates of
magnitude in the EPRI catalog, these errors will propagate though the magni-
tude conversion procedure and then to the estimates of “"a" values. Our recom=-
mendation for ameliorating the magnitude problem is to attempt to estimate
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seismicity parameters using only 20th century earthquakes with Mylg (1 Hz)

-

magnitudes. Another suggestion is to find a relationship between 20th century

earthquakes with both myLg (1 Hz) and felt areas and then to estimate magni-
tudes of pre-instrumental earthquakes from felt area wherever the data exist.

We conclude that T for a given magnitude may exhibit regional variations
that are independent of population statistics and seismograph station loca-

tions. Further experimenting with the likelihood function for the probability
of earthquake detection should be done; in particular the probability of the
detection of smaller earthquakes (3.3-3.9) could be raised for the northeast
United States.

The EPRI earthquake catalog can be improdgd (of course, this can be said
of virtually all earthquake catalogs). Sp&€i 11y, care must be taken that
information such as felt area appears wi the "preferred" entry for a given
earthquake, even if the original refe for the "preferred" entry does not
provide the felt area. Care must be en that the correct evaluation is
entered in the column labeled ~indicating the type of magnitude
determination--especially beca MB,Mhe standard deviation of M, will
directly reflect the type of 1tyde determinations as explained below. It
was decided at Workshop #J ss™gn values of SMB in the following way: 1)
for instrumental magnith erminations, SMB = 0.1 (suggestion: we mignt
want to separate pre-1960 post-1960 earthquakes in the future, e.g. pre-
1960 = .15, post-1960 = .10), 2) for intensity-fall-off-with-distance magni-
tude determinations, SMB = 0.2, 3) for felt-area magnitude estimates, SMB =

0.3, and 4) for Iy magnitude estimates, SMB = 0.6 (this value comes directly
fron the regression analysis).

We think these new values reflect the "true" uncartainty better than some
of the old values. For example, a standard deviation of 0.3 for an instrumen-
tally determined magnitude is reasonable only if gne station reports a magni-
tude. Many late 20th century earthquakes, however, are recorded by many sta-
tions and the standard deviation decreases as the number of stations
increases. - Not surprisingly, given the number of people involved in this
study, it requires several iterations to reach the best we can achieve.
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II. Seismicity Pa~ameters “a" and “"b" Values

The bottom line is that the “a" and "b" values calculated by new methods
should agree with the previous values that are well determined. The average
values for “a" and "b" that we have selected for our seismic source zones are
listec in Table I. Both the "a" and "b" values in all seismic sources have
been ci'cien to be constant, representing maximum smoothing. This is a classi-
cal approach to zonation.

We repeatedly attempted to use the new methodology to advantage. In most
test cases, however, the results do not agree with good data which we have
ample reason to trust. Why then, should we bgJieve that the new methods yield
more accurate “a" and "b" values in thos S about which we know nothing?
Because the lower magnitude earthquakes are mor2ibundant, we have some hope
of estimating their rate even if i ly for the last 30 years. Yet the
new results so grossly overestimate thes tes (see Section I, this report)
that we cannot accept them. The V.,, “d" values presented in Table [ are
results we can live with becausg theX ¢ill give reasonable cumulative rates in
several areas for which thg [sybstantial data. The areas we scrutinized
are: New England, New York, Ne arsey, New Madrid, Charleston and La Mal-
baie.

Unfortunately, we wereN{#rced to uncermine the new methodology in order
to produce these results and we do not know if they represent the best esti-
mate of seismicity parameters. Essentially, the "a" and "b" values (Table I)
are a predetermined outcome, reflecting our input options. wWe imposed a
strong prior “b" value of 0.9 for all the zones except those in New England
for which we imposed a value of 0.85. For the magnitude/frequency curve fit-
ting the weighting scheme is as follows. Weight=.01 for My interval 3.3-3.9;
weight=.2, m, interval 3.9-4.5; weight=.5, my interval 4.5-5.1; weignt=1.0, my
inter.al 5.1-5.7; weight=1.0, m, interval 5.7-6.3; weight=1.0, my interval
6.3-6.9 and weight=1.0, M, interval 6.9-7.5. 3etting the options this way was
a hard pill for us to swallow, because it is simply not the best way to treat
the data. But at present it appears to be the best way Lo counteract tne
major weakness of the new methodology, i.e. the overestimation of the rates of
smaller earthquakes. If we haa sufficient time, [ think we could improve the
new methods and make it not only viable, but extremely useful as well.
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TABLE I

Average “a" and “b" Values

Spatial averages of "a" (x,y) and "b" (x,y) are such that

is the number of earthquakes with magnitude between

lOa("y)'b(XQY)(mb-3.3)

and

+

to occur in one year in a region of area (111.11 km@)°centered at

“a" Average

Primary Seismic Source Zones

10.
1.
12.
13.
14,
15.
16.
17.
18.
19.

New Madrid, Missouri*

New Madrid Rift Complex -0.91
Ozark Uplift .21
Southern [1linois/Indiana -1.09
East Continent Geophysical Ano -1.54
Central Tennessee 3; -2.28
Fort Wayne Geophysical An -1.86
Anna, Ohio . -0.80
Eastern Tennessee -1.75
Southeast Michigan -2.14
Northwest Ohio -1.73
Cleveland, Ohio -1.56
Southern New York-Alabama Lineament -1.33
Louisville, Kentucky -1.22
Northern [1linois -1.95
Southern Ok 1ahoma Auiacogen/Ouachitas -1.75
Wwestern Ok lahoma -1.65
Nemaha Uplift-Humboldt Fault -1.45
Great Lakes Tectonic Zone -1.38

"

0

0.

0
0
0
0
0
0
0
0.
0
0
0
0
0
0
Q
0

0.6 expected
(X,¥).

b" Average

TogNe = 3.851-1.001(my)

.921



Chadron Arch

Great Plains

Texas Bolsons

Nemaha and Anadarko
Charleston, South Carolina
Southern Appalachians
South Carolina
Tennessee-Virginia Border
Giles County

Central Virginia
Shenandoah

Quakers

Norfolk Fracture Zone
Niagara-by-the-Lake
Nessmuk

Tremblant QéE;;?
Mattagami

La Malbaie*~

Temiskaming

St. Lawrence Rift
. Quahog

Vermont
Campobelilo
Restigouche
Barely Nantucket
Orpheus Nose

St. Andrews-by-the-Sea




47. Cornwall/Massena -0.73 0.882
48. TIKL (Tennessee-I1linois-Kentucky -2.95 Q.900
Lineament) and ECGA

Background Seismic Source Zones

49. Appalachian Basement Values Not Yet Received
50. Grenville Province Values Not Yet Received
51. Gulf Coast to Bahamas Fracture Zone Values Not Yet Received
52. Pre-Grenville Precambrian Craton Values Not Yet Received
Combination of Seismic Source Zones <§ig;::>
% Probék "a" Average “b" Average

23 U 16 30 -1.49 1.059
23 U 18 -1.29 0.959
S50 U 12 Values Not Yet Received
52 U 14 Values Not Yet Received
49 U 32 33% Values Not Yet Received

Permutaions of Seismic Source Zones

Permutations are meant to express the possibility that an activity rate and

“b"* value that were appropriate for Annna, Ohio (#8) may, in the next 50-100
years, be more appropriate for seismic source zones that are analogous to Anna

(i.e. 1intersecting basement features in Tennessee and in Southeast Michigan--

Seismic Source Zones #9, 10, 48).

8 30% -0.80 0.905
8 30% -1.75 0.902
8 30% -2.14 0.902
8 10% -2.95 ¢.900
9 70% -1.75 0.902
9 30% -0.30 0.905
10 70% -1.75 0.902



10 30%
48 90%
48 10%

*Johnston and Nava, 1984

**_ eblanc, Personal Communication

-0.80
-2.95
-0080

0.905
0.900
0.905



The first problem with the results we present is we have weighted the
lowest magnitude interval minimally, yet this interval almost invariably has
the highest number of observed earthquakes. Wwe are practically throwing away
our best data! In effect, the weights we have assigned yield something resem-
bling a least squares fit rather than the preferred maximum Ilikelinhood solu-
tion.

Another problem, no mere palatable than the first, is the assi-nment of
strong rather than weak prior values for “b". The advantage of a wiak pricr
would have been to “fix" a reasonable "b" values in areas with very littie
data and, at the same time, to allow the actual data to determine the slope in

areas with sufficient data. The use of str prior “b" values, however,
implies that we already know "b" everywler nd we do not. Yet, in a few
selected areas where good "b" values ha en determined, the new "b" values
were overestimated if we used a weak r value or if we weignted the first
magnitude interval (my 3.3.3.9) as s U.1. Specifically, compare these
results:
Values

Former New (with Weak Prior=.9)
Cape Ann/White Mountains .75-.85 1.08
Maine, New Brunswick <.085 1.18
La Malbaie .70 .85
New Basin, New Jersey 1.1 1.1

Since only the Newark Basin region is correctly estimated, we felt uneasy
about wusing the new “b" value estimates in areas that are not familiar to us.
Consequently, we imposed the strong prior "b" values noted above.

In addition, the average time interval between damaging earthquakes in
both New Madrid and La Malbaie is overestimated by the new methods no matter
what options we choose. Therefore, instead of choosing an "a" and "b" average
for our final results, we give

log N. = 3 - p(m)
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independently determined for both of these source zones. Note that the “a“
value (see Table I) for La Malbaie must be adjusteg for the appropriate size
of the actual source. When we originally drew the seismic source zone, we
specifically tried to capture historic earthquakes that, in all likelihood,
were at La Malbaie but locational inaccuracies have spread them out over a
greater area. The size of the “actual" source to use for hazard calculations
should be only 3440 kmz. the area of instrumentally located earthgquakes (see
Figure 2).

Strangely enough, the new “a" and "b" estimates are not uniformly bad
throughout the study region. No matter what options we assign for the
Charleston seismic source zone, the results refreshingly sensible. Not
only are the earthquake rates reasonablé/f 11 magnitude ranges, but aiso
the rate of large earthquakes predicted the current “a" and “t* values 1is
almost  identical to the complete ndependent estimate derived from
paleoseismology. Specifically, th ent™\dating of two prehistoric paleoli-
quefaction events coupled with 86 Charleston earthquake has enabled
Talwani and Cox (1985) to estj an\dverage recurrence interval of 1500-1800
years for earthquakes of mag 2 (approximately) and greater. Likewise,
“a" and "b" values calcul y\¥he new methodology predict a magnitude > 6.4
every 1700 years. The ds can work! We suspect that there may be odd
regional variations in both“tfe probability of earthquake detection and the
estimates of magnitude or intensity. Such regional variations could have
Caused the new methodology to discombobulate some places and not others.

For our “final" “a" and "b“ assignments, we somewhat reluctantly decided
to accept the values calculated by the new technique for most of the seismic
source zones with the caveat that both the new technique and the EPRI catalog
could be improved. Though we attempted to use the “old“ technigues for the
northeastern United States and eastern Canada seismic source zones, we found
that, even with fairly large numbers of earthquakes (e.g. 80-100 per source
zone), it was very difficult to estimate stable rates for discreet magnitude
intervals. Instead of guessing the rates, we will use the magnitude/frequency
relations derived by the options that tend to undermine the new technique, but
we are still concerned that there may be regions we have not yet come across
where major discrepancies in the rates of damaging earthquakes exist. Lest we
be accused of accepting the new technique without questicn, we will continue
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to investigate the discrepancies between the old and the new. One compariscn
bears comment: old techniques generally use cumulative frequency versus mag-
nitude plots for “L“ and "a" value determinations; whereas the new technique
uses only the frequency of specific magnitude intervals. Oepartures from an
exponential relationship are much more pronounced using discreet magnitude
intervals and an attempt to make the data conform to exponentiality partly
explains the high rates of smaller earthquakes estimated by the new method.
In addition to decreasing the rate of these earthquakes by increasing the pro-
bability of detection, perhaps we should also question the assumption of
exponential behavior. [f there were more or better data, would both the
interval and cumulative earthquake frequencigy yield good exponential fits?

We conclude that the new methodology ¢ be a powerful tool for
estimating seismicity parameters ang//i potential may be realized with
further thought and trial. Keep in min at: statistics are not a substi-
tute for observation; they requi e sample sizes; and essentially, they
are designed to yield probabilities,\Xgt insights.
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II. Upper Bound Magnitudes

Like it or not, we must specify the maximum magnitude earthquake for each
seismic source region in order to calculate credible earthquake ground motion
for seismic hazard analysis. Maximum magnitude is also necessary for truncat-
ing the frequency-magnitude relationship, but, in that context, the result is
fairly insensitive to the choice of maximum magnitude and hence not as criti-
cal. Even though there is very little physical information that can be used
to determine the maximum magnitude earthquake, we would feel comfortable if we
could invent or adopt a methodology for estimating this almost completely unk=-
nown parameter. Somehow a system or procedure for obtaining the number would
feel more like "scientific practice", less/i{ke an art and it would probably
remove us a step or two from the nasty repercus s of being wrong (i.e. my
methodology was wrong, [ was not).

After we attempted several differen chniques, we decided to group
seismic source zones into four representing four different maximum
magnitudes. Before we adcnted is \Ximplistic approach we tried several
methodologies (especially sin uggestion of "gut-feeling" maximum magni-
tudes was met with so mucn 0 {on back in Workshop #6).

We began with the 1 known historical earthquake, and wound up
inventing a parameter call *** something 1ike our old P* which was defined
(EPRI Workshop #6) to be the estimated probability of the potential for a
given tectonic feature to rupture in an earthquake of magnitude 5 or greater.
We will report all the approaches; then, if there is an interest in doing a
sensitivity study using one set of seismic source zones and different tech-
nigques for estimating maximum credible earthquake, these examples could be

used.

A. Historical Earthquake plus Increment

Probably the only thing we do know about the maximum credible earthquake
is that it is either equal to or greater than the largest earthquake we know
of in the seismic source zone. There is considerable uncertainty, however, in
the magnitude and location of historical earthquakes. A magnitude or or
intensity, Iy, for the largest earthquake known in each of the seismic source
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zones is listed in Table II. When the earthquake catalog in an area is incom-
plete and the "a" and "b" values are unreliable, an estimate of My (max) is
provided by adding 1/2 my unit to the largest known earthquake in the area.
Justification for this approach comes from the following argument: Let My (m)
be the largest earthquake to occur in the time period of consideration (416

years in this case). my(m) thus obeys the relationship
log (1/416 year) = a - b (m(m)) (1)

The difference between My(m) and my(max) from equation is:

My(max) - my(m) = 0.38/b <§£§:§> (2)

Nuttli and Herrmann (1978) and Chinner 9) state that the value of "b" is
0.92 for most seismic zones. This leads a value of My (max) -my(m) of 0.4 My
units, which, given the uncertaint he calculations, may be rounded to

0.5 my units. Parenthetically~if is to add equivalent amounts of energy
to the largest earthquake in jsmic source zone then the telescoping of

the my scale at the hige udes near saturation must be accounted for.

The major shortcoming, is that the whole game depends on one earth-
quake and that one eartMgQeké may not be well located and it's magnitude may
not be well determined. When a prescribed value (e.g. 0.5) is added, the
results seem too detailed. I do not know whether small differences ‘n maximum
credible earthquakes affect hazard calculations, but it seems absurd, given
the many uncertainties involved, to assign an My 5.3 to one zone and a 5.4 to
another (e.g. Louisville, Kentucky and the Nemaha Uplift). The absurdity lies
not in a tectonic comparison of two zones but in the notion that a few tenths
of a magnitude are actually known and applicablc -.antities.

Another possible shortcoming'is the Tlack of tectonic considerations.
Though certainly not a useless bit of information, the size of the largest
earthquake to have occurred in a relatively short period of time in a specific
area probably will not clue you in to what is going on there.

8. Estimation of My (max) from “a" and "b" Values
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Table II

Largest Earthquakes known in eacn Seismic Source Iane

Seismic Source Zone

“aximum Magnitude or #aximum Intansity

from EPRI Map of Earthquake Catalog

l. New #adrid, Missouri 7.4
2. ‘lew Madrid Rift Complex 8.0
3. 0 rk Uplift 5.0
4. . Jtharn Illinois/Indiana 5.8
5. tast Continent Geophysical Anomaly 5.0
>, Central Tennessee 4.2
7. Fort Aayne Geophysical anomaly 4.3
3. Anna, Ohig S.0
¥. Eastern Tennessee 4.2
iJ. Southeast richigan 8.2
L1. Northwest Chio 4.2
12. Clevelana, Ohio 4.3
"3. Southern iNew York-Alabama Lineament 5.0
14, Louisville, Kentucky 4.0
13. horthern [1linois 5.0
16. Southern Oklanoma mulacogen/Uuachitas 5.4
s7. destern Oklanona 4.5
l6. iiemaha Uplift-Humboldt Fault d.¢
ly. Great Lakes Tectonic Zone 4.8
20. Chadron Arsh 5.0

2l. Great ?lains

22. Texas solsaons
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Southern Uk lahoma Aulacogen/‘iemana
Charleston, South Carolina
Southern Appalacnians
South Carolina
Tennessee-Virginia dorder
Giles County

Central Virginia
Shenandoah

Quakers

worfolk Fracture Zone
iiagara-by-the-Lake
essmuk

Tremblant

Mattagami

. La Malbaie

Temickaming

St. Lawrence Rift
Juahog

Vermont
Campobello
Restigouche
Jarely iWantucket
Jrpheus fose

St. Andrews-by-the-3ea

. Cornwall/Massena

3. TIKL (Tennessee-I1linois=-Kentucky

.ineament) and ECGA

VI

o

L8]
-

[

“



Appalachian dasement
arenville Province
Gulf Coast to Banhamas Fracture Zone

Pre-Grenville Precambrian Craton
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We now present an estimation of M, (max) from "a" and "b" values. Nuttls
and Herrmann (1978) suggested that one way to estimate My(max) is to use the

“a" and "b" values from the recurrence relationship (cumulative "¢ or incre-
mental “i")

Log (Nc,i/yr) = a - b (my) (3)

and compute the m, value which corresponds to a return time of 1000 years.
This value of My (max) is

(3+a)/b = My, (max ) sg (4)
For example, Nuttli (1974) determined t folM™sking incremental recurrence

relationship for Central Mississippi V earthquakes

Log (Ni/yr) = 3.55 - 0.87 (m, (5)

where Ni is the number of ear ‘:D-Qi' in the range My +/- 0.2. Application of
equation (4) yields a value of pax) of 7.5 +/- 0.2. Incremental recurrence

relationships can be ea erted to cumulative recurrence relacionships.
If the cumulative recurren lationship is
Log (Ni/yr) = A - 8 (m) (6)

and the incremer..al recurrence relationship is

Log (Ne/yr) = a - b (my) (7)
then
b=8 (8)
and
10A = 102 (1082™ . 10-Bamy)-l ()

k..



where.:ﬂb is the magnitude increment (see Herrmann, 1977). The Log (N/yr)
versus m, relationship used for seismic zones in the EPRI projection is some-
what different than the standard form of equation (l1). Here the recurrence
relationship is of the form

Log (Ni/yrA) = "a" - "p* (m,.3.3) (10)

where 3.3 is the minimum magnitude considered, A is the area of the seismic
zone in square degrees, and Ni is the number of events in the magnitude range

(my, my + 0.6). The number of events in the range (my, my + 0.6) is the same
as the number of events in the range (mb +0,20.3, my + 0.3+0.3, so if we add

0.3 My ynits to the maximum magnitude calc for a seismic zones, we can
directly compare the results with copyentio calculations. The va'ue of

My(max) in this case is

(3 + "a* + 3.3(b) + Log(A))/b My (max) (11)
Values of my(max) for our se es are given in Table IIl As a further
aid to the interpretationgf e results, the magnitude of the 10,000 year
raturn time earthquake iven in the table. The value of this magni-
tude may be computed (max) by adding 1.0/b. The "a" and "b" values

used in the calculation (and listed in Table Il are not always the final “a"
and "b" we chose. Though thess magnitudes will not change drastically, we
regret that we will nct be able to provide the M, based on all the final "a"
and "b" value choices because we did not receive the results in time.

A Note on the Computation of Seismic Zone Areas

[f the seismic zone is defined as a polygon with n points, Pi(xi, i),
then the area of the polygon is

A= 1/2(x(1)y(2) + x(2)y(3) + ... + x(n=1)y(n) + x(n)y(l)=
y(1)x(2) = y(2)x(3) = ..o = y(n=l)x(n) = y(n)x(]'
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TABLE III

1,000 and 10,000 Year Earthquake Calculated for £ach Seismic Source lone

Using the "a" and "b" Values from Table |

AREA  my4+/.0.3

20NE SQ. KM. 17000 YEAR
1. New Madrid, Missouri 9964 6.8
2. New Madrid Rift Complex* 118024 6.9
3. OQzark Uplift 48936 6.2
4. Southern I[1linois/Indiana 56967 6.5
5. East Continent Geophysical 32808 )
Anomaly &
0. Central Tennessee 4128 5.0
7. Fort Wayne Geophysical 39567 5.4
Anomaly
d. Anna, Ohio _E 9 6.2
3. Eastern Tennessee 7142 4.7
10. Southeast Michigan 22238y 4.8
l1. Northwest Ohio 16827 5.2
12. Cleveland, Uhio 2398. 5:3
13. Southern Hew Yorke 33634 5.9
Alabama Lineament
14, Louisville, Kentucky 1u522 -
15. Northern I1linois* 170183 8.7
lo. Southern Uk1lahoma* 275803 5.9
Aulacogen/Quachitas
17. Western Ok lahoma 81320 6.9
18, WNemaha Uplift-Humbolidt 43287 5.9
Fault

+/=0.3
10,000 YEAR

7.8
7.9
7.3
7.6
7.2

5.8

w
.
w

0.3

7.0



19. Great Lakes Tectonic Zone 92742 6.3 7.4

20. Chadron Arch 31266 6.2 7.3

21. Great Plains* 1301834 5.7 0.8

22. Texas dalsons 50804 6.2 7.4

23. Nemaha and Andarko 20126 5.9 7.0

24, Charleston, South Carolina lodye 6.3 7.4

25. Southern Appalachians 27234 0.0 il

26. South Carolina* 164375 6.6 %

27. Tennessee-Virginia Border 22019 ) 7.1

28. Giles County 12028 & 6.9

29. Central Virginia 2277 6.3 7.4

30. Shenandoah LA&l4 7 6.8

31. Quakers 85 6.6 7.6

32. Norfolk Fracture lone 0 4.1 5.2

33. Niagara-by-the-Lake 6539 0.2 7.3

34. Nessmuk 30054 0.l 7.2

35. Tremblant 85693 6.6 7.6

Jo. Mattagami 72548 6.0 7vd

37. La Malbaie 29098 2ol

33. Temiskaming 19895 6.0 7.1

39. St. Lawrence Rift* 183475 0.4 7.4

40. Quahog 34081 0.6 7.8

41. Vermont 54031 5.6 6.7

42. Campobello 12122 6.0 7.1 ‘
43. Restigouche* 194415 5.3 7.4
44, darely Nantucket 45963 5.7 0.8

45. Orpheus Nose 125971 6.6 7.7 i
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do0. St. Andrews-Dy-the-Sea 35424 4.2 5.4

47. Cornwall/Massena 35202 0.7 7.8
48. TIKL (Tennessee-I1lionis- 3584 3.3 4.4

*Seismic Source Zones with Area > 100,000 kmé have been Normalized to 100,000

kmé

AN

m
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The advantages of estimating m (max) from "a" and "b" values is that it
is not based on only one earthquake but on the whole catalog. Glaring errors
for a few earthquakes should come out in the wash. Indeed, the maximum credi-
ble earthquake in a seismic source zone may well be related to the local rate
of seismic activity and to the proportion of small to larger earthquakes. For
example, wusing "a" and "b" values determined from all but the largest earth-
quakes, Nuttli (1974) predicts the approximate size of the largest historical
earthquakes for both New Madrid and Charleston by calculating the 1000 year
earthquake for each of the two regions. The disadvantage of estimating
My(max) from “a" and “b" values is that many of the earthquake catalog magni-
tudes seem to be overestimated and we are not entirely comfortable with some
of the "a" values (see discussion in Sec II). In addition, many of our
seismic source zones are small areas and "a" and Yb" are not well determined.
In fact, a few of the zones (e.g. the epsections of the East Continent Geo-
physical Anomaly with the Tennessee-I1] -Kentucky Lineament) have only had
one or two small earthquakes, if It" is purely on the basis of tectonic
features that such areas are delinea as seismic source zones. As we were
thinking along these lines, rr8d to us to somehow incorporate the tec-
tonic feature assessments (see dout Associates, Incorporated working paper
for Workshop #6) into an tidn of maximum credible earthquakes.

C. Ranking Schemes

The simplest quantity to compare is the calculated earthquake potential,
P*, for each zone. Since many seismic source zones have more than one
feature, however, it is not a completely straightforward comparison. As an
aside: the proximity of deep crustal features to intersections is one of the
physical characteristics we chose to evaluate a feature's potential for eartn-
quakes greater or equal to magnitude 5.0. This choice, early on, led us to
draw seismic source zones with many tectonic features in them. As we gained
experience, we realized that it would have been better to evaluate intersec-
tions individually and perhaps assign different probabilities to different
styles of intersections or to simply opt for a binary decision on intersec-
tions and use a different generic matrix for them.




With that caveat, we forged ahead and decided to compare the feature with
the highest P* (which may, nonetheless, reflect proximity to an intersection)
from each seismic source zone to the highest P* in each of the other seismic
source zones. (Note: some of the seismic source zones do not have an identi-
fied feature and thus cannot be compared.) The values of P*, from highest to
lowest are listed in Table IV and the relative ranking is interesting, if not
informative. One could use this ranking of seismic source zones to group
zones of similar potential for moderate to large earthquakes.

The median value of 0.80 could be used to separate two groups of seismic
source 2zones, e.g. those with earthquake potgntial > .8 might be considered
to have a higher maximum credible earthquak an the seismic source 2zones
with P* < 0.80. The higher potential grodp des New Madrid, Charleston,
Grand Banks, several areas in Southeast da, some offshore New England, the
southern Appalachians, and the Oklahoma cogen tc name a good many of them.

Taking the idea of ranking one ste er, we returned to the original tec-
tonic feature assessment forms once and asked which characteristics would

most likely be physically lin th& upper limit of earthquake size. For
one, the size of a feature 1Thked to the size of an earthquake. Unfur-
tunately, however, the s laws and the tectonic regimes are so unlike
those for plate boundar tions that we cannot compare the length of the
St. Lawrence Rift to the length of the axis of the White Mountain Magma
Series, for example, and mode! ruptures of the two feature lengths. In fact,
to the best of our knowledge, large mid-plate earthquakes do not require large
rupture Tlengths (Nuttli, 1983). Despite this, suppose they do need to frac-
ture a sizable portion of the brittle crust in the vertical dimension. Using
this supposition, the "deep crustal expression" characteristic could be linked
to a maximum magnitude earthquake. In addition, the degree to which a feature
is favorably oriented for failure in the present stress field might conceiv-
ably influence how readily a failure could propagate, once initiated, and how
large an area could rupture. We do not honestly know whether these charac-
teristics are important--they probably are not--but our curiosity drove us to
calculate another probability (P***) for tectonic features--this one based on
five (out of the original ten) probabilities, namely the probability that the
feature is: 1) oriented favorably for failure, 2) oriented unfavorably, 3)
expressed in the deep crust and near an intersection, 4) expressed in the deep




TABLE [V

Ranking of Seismic Source lones caseg on Value of &=,
Probability of the Capability of ‘ouerate to Large cartnguakes

9-1.0

.9y La salbaie (37)

«97 ew idadric ('), dew iladrid Rift Complex (2)

.30 St. Lawrence Rift (3y), Cornwall/Massena (49)

«93 Tremblant (33)

.92 Campobello (42), St. andrews (40), Crpheus (43), Temiskaning (3s)

.8U-.39

.oy East Continent Geophysical Anomaly)(s), £ast Tennessee .z),
Ok lahoma Aulacogen (lo)
.o¢ Charleston (24)

.32 Juahog (4v), Barely lantuckepy(é

.84 Southern ilew York-nlabama ent (13),
Tennessee-Virginia dorder Scuthern Appalacnians (23

.3l Fort wayne (7), Anna (3]

.8U Giles County (Z3) \:7

.7—0..7—9

.79 Texas dolsons (2 ra (33)

.78 Chadron Arch ( st Plains (21)

.99 South Caroli Central Virginia (23), Snenedcah (3u)
b) and Anadarko (23)

.71 Restigouche (4 uakers (3i)

c.qg‘oi

.05 Great Lakes (49)

.03 Southeast Michigan (13), Vermont (41)

.00 Cleveland (12)

.30-.52

3¢ (entral Tennessee (u), TIKL (48 B
«37 Nessmuk (34), liorthwest Onio (1l), Mattagami (30)
«3 Louisville (i4)

-39-.

4y
«4y lorfolk Fracture lone (32)

«3U-.

i

«38 horthern [llinois (i2)
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crust and not near an intersection and 5) not expressed in the deep crust. A
generic matrix was invented to provide a range (from .9 to .1) of probabili-
ties for the potential for a very large (purposely undefined) earthquake.
Results of the ranking of seismic source zones based on this estimation are
presented in Table V. As expected, it is not significantly different from the
P* ranking even though the feature is not necessarily the same for the two
rankings. The Charleston seismic source zone ranks below the median value
(0.64). This is merely a reaffirmation of the "Charleston enigma“. Why was
there a large earthquake in an area without an obvious, throughgoing crustal
feature?

In the final selection of maximum magnfrude earthquakes, we did not
explicitly use either of these scheme ly because the seismic source
Zones were actually more complicated thema singt® tectonic feature and thus
the ranking was inadequate.

0. Judgement

Ultimately, it made a gr< ze“ of sense to treat the seismic source

zones qualitatively. We h the idea that seismic source zones can be
grouped together and di ted; some zones could have great earthquikes,
some zones are background anéas and are not expected to have any large earth-
quakes. In between these two extremes might be two categories: zones that
could have a large earthquake, and zones that could have a moderate sized
earthquake.

To express it another way: 1) a few seismic source zones could be capa-
ble of "great" intraplate earthquakes; because the New Madrid earthquakes did
occur, we must admit the existence of "great" intraplate earthquakes in the
eastern United States 2) many zones are clearly identified from both tectonic
features and seismicity, but do not have convincing evidence for the possibil-
ity of "great" earthquakes; these could be capable of “large" intraplate
earthquakes 3) other zones are not very clearly identified either by tectonic
features or by seismicity; e.g. diffuse seismicity or no currently discernible
tactonic features; nonetheless these are zones and could be capable of
“moderate" intraplate earthquakes. Finally, there are areas not considered to
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TAsle V

Ranking of Seismic Source Zones
gased on the Characteristic Feature in 2ach cell
z Probability of Features Capability for a Very Large Zartnguake)

89-1.0
.30 La Malbaie (37)

.33 Temiskaming (38)
.8l Campobelilo (42), St. Ancrews (4o)

.Zg.cﬁ

.79 Jrpheus Nose (45)

.73 Cornwall/Massena (47)

.76 Shenandoah (3V), Cleveland (i2 Lthern Uk lahoma (lo
.73 dessmuk (34), Central Virginia X2 Giles County (23
«7J ew Madrid (1), iwiRC (2)

o_‘!ﬂ‘oéi

.0c Tremblant (33), Quahog

.03 St. Lawrence Rift (34), ssee-Virginia 3order (<7),
Soutnhern Appalacni 23N\ Southern ew York-~labama
Lineament (13), & t Geophysical Anomaly (5,, Eastern
Tennessee (v)

.0l Fort Wayne (7 . ), Charleston (24)

.00 TIKL (48), ¥ i (38), Northwest Ohig (1l)

.33 tast Coast Geophysical anomaly (), Chadron arch (2u),
areat Plains (21)

.ﬂ-.i&_

.47 Vermont (41)
.40 (iagara (33) .
.42 Restigouche (43), Great Lakes (l19%), Southeast Micnigan (i¢,

I3—C.t3—,

«37 Quakers (31)

+33 Soutn Carolina (29), worfolk Fracture lone (32), .antucket (&)
.32 Louisville (14)

.30 Texas oolsons (2Z)

&9 Liemaha Uplift (lo), northern [




be in any zone. Even though these categories appear to be arbitrary and
capricious, [ think we have integrated a tremendous amount of information
about tectonic features that goes into asking and answering the gquestion:
which category best characterizes each source area?

The easiest grouping to establish is the background. There are four
background zones defined as the remaining regions not mapped as seismic source
zones in: the Gulf Coast, the Appalachians, the Grenville Province, and the
pre-Cambrian (pre-Grenville) craton. In addition, two seismic source zones,
Cleveland, Ohio ana Louisville, Kentucky both of which have a greater than 20%
probability of having no potential for a moderate or large earthquake are
grouped with background zones (and are give e possibility of a slightly-

higher-than-background maximum magnitude &4r ke). Though it was not dif-
ficult to arrive at an agreement on constituents of the "“background"
group, it was more difficult to set on the value of the maximum credible
earthquake. Opinions varied from tu of 4.8 to 6.0. Finally, we bar-
gained for an my of 5.2 with a ran 4.8 to 5.6. It means that we do allow
for the possibility of a low ateMearthquake anywhere. [f we knew more
about small scale tectoni s or if we knew why, for example, much of
the Mid-Continent Geophy ndmaly is aseismic or if we could be entirely
certain of spatial sta y of seismicity, then we would suggest that the

highest “background" earthqlwke is less than a magnitude 5.0. Thus, the 5.2
maximum magnitude “background" earthquake, reflects a degree of ignorance.

A1l four categories with the zones assigned to them are given in Table
VI. Firstly, we use an upper bound magnitude m, of 7.4 as the limit of My
magnitudes and it is the estimated value of the largest New Madrid earthquake
(Nutt1li, 1983). The range for the category is 7.1-7.4. Two obvious choices
for a great intraplate earthquake are New Madrid an La Malbaie. Others named
are Charleston, Campobello (AKA Passamoquoddy Bay), Orpheus Nose (AKA Grand
Banks) and part of the southern Oklahoma aulacogen. Notice in the table of
maximum magnitude categories that Charleston and Campobello are assigned a
greater range of possible wupper bound magnitudes than the others. This
expresses our greater uncertainty for Charlesten and, because Campobello 1s a
seismic source 2one that we think is similar to Charleston, the uncertainty
applies to Campobello by analogy. The specified magnitude range of 6.4-7.4
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TABLE VI

Seismic Source Zones Grouped According to the Assignment of
Upper Bound Magnitudes

Great Earthquakes--m, 7.4--Range=7.1-7.4 (Unless Otherwise Specified)

New Madrid

Charleston 5.4-7.4
La Malbaie

Campobello 6.4-7.4
Orpheus Nose

Southern Oklahoma Aulacogen/Nemana

Large Earthquakes--m, 6.8--Range=6.4-7.0 (Unlegs Otherwise Specified)

A
~
wun
S

Southern Appalachians
Giles County

Central Virginia
Quahog
Cornwall/Massena

New Madrid Rift Complex
Southern I[11inois/Indiana
Anna

Eastern Tennessee

5.7-6.8
5.7-6.8

re)
e St N S

Southeast Michigan
Nemaha

Ck 1ahoma Aulacogen
Chadron Arch

Texas Bolsons
South Carolina

Quakers

Temiskaming

St. Andrews

Norfolk Fracture Zone
St. Lawrence Rift
Barely Nantucket
Restigouche

Tremblant

N TN NN N N A e N s A S s P £ o
et N Sl S e St st St St Sl Nt s et i

5.7-6.8
5.7-6.8

o

Moderate Earthquakes--m, 6,0--Range=5.7-6.3 (Unless Otherwise Specified)

Ozark Uplift (3)
East Continent Geophysical

Central Tennessee

Fort Wayne

Northwest Ohio

Southern New York-Alabama Lineament
Mattagami

Northern [1linois

Western Oklahoma

Great Lakes Tectonic Zone

—
wun
~——

W S U O L s

TN N TN BTN I NN N~
= L) e O
e et S S e N




Great Plains (21)
Shenendoah (30)
Niagara (33) 5.2-6.2
Nessmuk (34) 5.2-6.2
TIKL (48) 5.2-6.2
Tennessee-Virginia Border (27)
Vermont (41) 5.2-6.2

Background Earthquakes--my 5,2.-Range=4.8-5.6 (Unless Otherwise Specified)

Appalachian (49)
Grenville (SO;
Gulf Coast (51
Precambrian (52)
Cleveland (12) 5.0-6.0
Louisville (14) 5.0-6.0

Va

Qy

Q
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for the two zones covers the ranges we established for both the great and the
large maximum earthquake groups. Thus, the 1886 Charleston earthquake wignt
be the maximum that could occur there, perhaps a repeating earthquake of
characteristic size.

The "large" upper bound magnitude category was assigned a 6.8 with a
range of 6.4-7.0. The magnitude of the Charleston 1886 earthquake was prob-
ably around 6.8; thus it helps us to think: where could a Charleston (type
locality) earthquake occur? Many of the zones in this category are located at
intersaections of major features. For all we know, there may be a snowball's
chance in hell of a magnitude 6.8 earthquake in these zones, but we view many
of these deep crustal features as potentiallyMDazardous. In fact, if we had
trouble deciding which upper bound magni tegory a specific zone should

be assigned to, we often asked: is it e or 18" it less hazardous than zone
x? Thus, the perceived (rightly o gly) hazard was part of the mental
im

gymnastics. If we could not agree s could not make any comparisons,
we assigned a bigger range of a upper bound magnitudes to the zone.
Finally, the zones deemed capabte of X )'moderate" earthquake are assigned an
upper bound magnitude of 6.0 Q\ ange of 5.7-6.3.

Since it is required assign probabilities to upper bound magni-
tudes, we provide them VII. This table is a rather confusing way of
showing that: 1) we decided Wie upper bound magnitude has a high probability
of being in the ranges we chose and 2) in effect, we arbitrarily "assign" the
upper beound magnitude at a specific level for each of the categories by giving
a high probability to one magnitude. The “characteristic" earthquake magni-
tudes chosen are 7.4, 6.8, 6.0, and 5.2 respectively in the four categories.
Do not consider the probabilities to be a measure of our confidence in the
numbers. Instead, view the “characteristic" earthquake simply as the sug-
gested upper bound magnitude for hazard calculations.

As a final comment, we would like to see the effect of treating the
entire study region, from the Rockies to the Atlantic continental shelf, as
one seismic source zone. Perhaps this could be done in a follow-on study. We
might assign a 5% probability that the entire intraplate crust--both brittle
and ductile layers--is somehow the "tectonic feature" in question. We would
then give a 95% confidence 1level to the appropriateness of the discreet

£-37



"Great"

“Large"

"Large"

TABLE VII

Guesstimated Probabilities for Mnax Categories

“Great" Earthquakes--Range = 7.1-7.4

Seismic Source Zones #: 1, 37, 45, 23

Probability that TT%§ ;aain the Range 7.1-7.4

Corollary Probabi t Mmax is > 7.4

Within the Specified Range:

Probability that M is LESS than 7.4
(and > 7.0) —
Probability that M .. is GREATER than 7.5

Earthquakes--Special Cases--Range = 6/9-7.4

Seismic Source Zones #: 24, 42

Probability that M__  is in the e 6.4-7.4
Corollary Probabil?!§ that Mma 7.4

:1t21n %he Specified Range:
robability that is LE 7.0
(and > 6.3) "nax

EA t

Probability that M han 7.1
(and < 7.5) i

Earthquakes--Ran

Seismic Source 2o
26, 31, 38, 46, 32,

Probability that M . is in the Range 6.4-7.0
Corollary Probabile? that Mmax is > 7.0

44

Within the Specified Range:

Probability that is LESS than 6.8
(and > 6.3) Mmax

Probability that M is GREATER than 6.9
(and < 7.1) "

Earthquakes--Spe.ial Cases--Range = 5.7-6.8
Seismic Source Zones #: 28, 40, 43, 35

Probability that M .. is in the Range 5.7-6.8
Corollary ProbabilT8) that Mnax is > 6.8

Within the Specified Range:

Probability that M is LESS than 6.
(and > 5.8) e )

Probability that M . is GREATER than 6.6
(and < 6.8)

99%

99%

10%
10%

25, 29, 47, 2, 4, 8, 9, 10, 18, 16, 20, 22,

€
unun
et &%

10%
30%




“Moderate" Earthquakes--Range = 5.7-6.3

Seismic Source Zones #: 3, 5, 11, 13, 36, 15, 17, 19, 21, 30, 27

Probability that M .  is in the Range 5.7-6.3
Corollary Probabil?fy that Mmax is > 6.3

Within the Specified Range:

Probability that is LESS than 6.0
(and > 5.5) "nax

Probability that M is GREATER than 6.1

(and < 6.4) max 1s 6 o
“Moderate" Earthquakes--Special Cases--Range = 5.2-6.2

Seismic Source Zones #: 6, 7, 33, 8, 41

Probability that M . s in the e 5.296.2
Corollary Probabil?!§ that Mma S 3 6.2

Within the Specified Rarge:

Probability that M is
Probability that M1 {5 G

“Background" Earthquakes--Ran 3.6
Seismic Source Zon 3 , 50, 51, 52

P

5.0

Probability that in the Range 4.8-5.6
Corollary Probabil at "max is > 5.6

Within the Specified Range:
Probability that Mpax is LESS than 5.2

(and > 4.8)
?rogabilgtg)that Mmax is GREATER than 5.3
and < 5,

“Background" Earthquakes--Special Ceses--Range = 5.0-6.0

Seismic Source Zones #: 12, 14

Probability that M is LESS than 5.6
(and > 5.0) o

?:ogabil;tg)that Mmax 1s GREATER than 5.7
n < .

90%
10%

90%
10%

25%
10%

10%
30%



seismic source zones that we have mapped and for which we have determined "a"
and "b" values. Statistically it makes sense to use as large a sample as pos-
sible (i.e. the entire region) and philosophically it is still not an inap-
propriate interpretation of the data. Quite simply, it is an interpretation
that admits total ignorance and would allow the occurrence of a magnitude 7.4
earthquake anywhere.

A
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Conclusion

We can all work to improve the new methodology by fortifying its founda-
tion, 1.2. checking and rechecking the EPRI earthquake catalog to make it as
good as possible. Further improvements will also come from testing assump-
tions about both the probability of the detection of earthquakes and the
exponential behavior of the magnitude/frequency relationship.

Probabilities of damaging earthquakes calculated from the new "a" and "b"
values are fairly close to conventional estimates or to assessments based on
independent evidence. Even so, we would recommend a careful re-examination of
all variables for a site-specific assessm of hazard. This recommendation
would allow us to take a good look at deta™s ome areas that may have been
shortchanged during the more broadly-bgégd.phase of the study.

In closing, we quote J.H. Robinson 3-1936), an American educator.

"Few of us take the pains st the origin of our cherished convic-
tions; indeed, we have repugnance to so doing. We like to con-
tinue to beiieve whajwa h been accustomed to accept as true, and the
resentment arousdoubt is cast upon any of our assumptions leads
us to seek every mannex _df excuse for clinging to them. The result is

that most of our so-called reasoning consists in finding arguments for
going on believing as :'e already do."

Though we cannot avoid recognizing a bit of ourselves in Robinson's
observation, we hope he has not described all the reasoning behind our estima-
tion of seismicity parameters: “a", "b", and upper bound magnitude.
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LEGEND: TECTONIC FEATURES MAP
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