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ABSTRACT

A workshop was held in Ottawa to suggest how geological and tectonic features may be used to
confine seismicity source zones in eastern Canada. These proceedings represent a lightly-edited
record of the knowledge and opinions expressed at the workshop, é,nd form an important input to
the Geological Survey’s choice of seismicity source zones for the development of the 1995 seismic

hazard maps.

RESUME

On a déinontré, au cours d’un atelier tenu & Ottawa, comment les caractéristiques géologiques et
tectoniques pourraient servir 3 délimiter les zones sources de sismicité dans ’est du Canada. Ces
comptes rendus représentent un document abrégé des connaissances et des opinions exposées lors de
. Iatelier, et constituent une importante contribution qui aidera la CGC & choisir les zones sources

de sismicité en vue de la préparation de ’édition 1995 des cartes de périls sismiques.
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INTRODUCTION

The Geological Survey of Canada, Energy, Mines and Resources Canada, is responsible for pro-
ducing the seismic hazard maps used in the National Building Code of Canada (NBCC). The last
version was prepared in 1982 (Basham et al., 1982) and issued in 1985; the next is in the process of

being prepared, and must be ready in 1992 for issue in 1995.

For characterizing seismicity, we are retaining the Cornell-McGuire approach used in the 1985 maps
and therefore need to define seismic source zones to enclose regions of presumed constant level of
seismicity (like those used for the 1985 NBCC, e.g., Basham et al., 1982, 1985). In papers published
since 1982, the staff of the Geological Survey of Canada have documented their views on the causes
“of Canadian seismicity and suggested some modifications to the seismic source zones. Before this
workshop, we invited interested organizations and individuals to express their written opinions as

to how new zones should be defined.

The following narrative was written by John Adams from his notes, augumented by notes taken
by Stephen Halchuk and Janet Drysdale. A draft of the narrative was sent to each participant to
confirm that their views were correctly represented. Copies of overheads were collected from each
speaker and attached with their permission. They are referenced in the Narrative as: #A.1, #A.2
etc, where the letter represents the section of Appendix 3 and the number, the overhead in that
sequence. In case of further enquiries concerning the overheads (including their status as published
or unpublished work) the author should be contacted directly. A suggested citation would be: ... as
first discussed by “authorname” at the Geological Survey of Canada workshop on Eastern Seismicity

Source Zones for the 1995 Seismic Hazard Maps (see Adams, 1991, b.l?l).

Acknowledgements.  This workshop would not have been a success without the organizational
help of Stephen Halchuk, Janet Drysdale, Peter Basham, Sharon Coady, and Ron Paul. I thank also

the participants who donated their time and expertise.




NARRATIVE

MONDAY MORNING, 18th MARCH

The group was welcomed by Dr. Michael Berry, Director of the Geophysics Division, who summa-
rized the history of seismic hazard maps and noted that the final zones must be rationalized in a

way that will stand up to rigorous peer review.

The 1982 seismic source zones and the 1985 NBCC seismic hazard
maps — Peter Basham

Peter Basham, who was responsible for the 1982 seismic hazard zones used in the 1985 National

Building Code of Canada, summarized the past seismic zoning maps:

e 1953 Hodgson map (#A.1) which was judgmental and had no probabilistic basis. One problem
was the triple point near Timiskaming where hazard zones 0, 1, and 3 all touched. It did not

zone the Arctic.

e 1970 Milne and Davenport map (#A.2) was based on Gumbel extreme statistics and the
earthquake catalogue up to 1963. It computed acceleration with a 0.01 per annum probability

of being exceeded.

e 1985 Basham et al. maps, used source zones established in 1982 (#A.3), the Cornell-McGuire
method (#A.4), and new attenuation relationships to compute peak ground acceleration and

velocity maps (#A.5) for a 0.0021 per annum probability of being exceeded.

Basham commented that there were problems defining the magnitude-recurrence curve for some
zones. For example, while curves for the Queen Charlotte Fault and Charlevoix were well defined
(#A.6), zones such as Northern Vancouver Island (which had many big earthquakes but few small)
and Laurentian Slope (where the recurrence interval for the single big earthquake is unknown) are
poorly defined. The 35 source zones were devised in 1979-1982 based on earthquakes up to 1977.

Basham then proceeded to discuss some of the surprizes that have happened since:

o The 1985 M6.9 Nahanni earthquake occurred in the MKZ source zone for which the Mx




had been taken as M5.

e There had been some debate as to whether the BOU source zone (well defined in its northern

and central sections) extended to the east, until the 1989 Ungava earthquake happened.

e Although there was an attempt to include geological information in the definition of the

WQU zone, the final zone was basically a box around the seismicity cluster (#A.7).

e The Northern Apalachians zone was deliberately drawn to exclude the earthquakes near
Boston, as these would not affect hazard in Canada and there was no time to revise them

or assess the completeness years (#A.8).

e After the zones were drawn, the Miramichi earthquakes happened, but they did not change

the magnitude-recurrence curve significantly (#A.9).
e Basham recognized that the seismicity of southern Ontario / Ohio was poorly assessed.

e He also noted that as early as 1983, he and Adams were investigating “radical” source zones
- for the eastern margin, hypothesizing that the next large earthquake would not occur in
the same place as the historical ones, but could occur elsewhere in the same geological

environment (the rifted passive margin) (#£A.10).

Finally, Basham noted that the EPRI model of stable continental regions was now available to place
the eastern Canadian earthquakes in context, and he expected to hear much more of this later in

the meeting (#A.11).

Towards NBCC95, an overview of the seismological issues — John
Adams

John Adams showed a map of large (M>5) earthquakes since 1981 (#B.1), explaining that each
had provided a learning experience, both in the scientific sense and for correcting our hazard maps.
The GSC have been revising the earthquake data base, both for instrumental magnitudes (we are
computing my’s where ever possible) and locations (e.g., for Labrador Sea, #B.2). This has lead to
new insights for some zones. For the Lower St. Lawrence, the 1982 source zone was drawn to include
earthquakes scattered on the north shore of the St. Lawrence estuary (#B.3), while the recent
better-located epicentres lie under the estuary (#B.4). Relocation of the older earthquakes using

current techniques and earth models places them, too, under the estuary (#B.5), confirming that
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the pattern of activity has not changed much. There are also focal mechanisms (#B.6), five out of
seven of which have a northeast-striking, southeast-dipping plane, consistent with these earthquakes
‘ occurring on reactivated lapetan normal faults, as is the case at Charlevoix. Between Sept-Iles
and Montréal these normal faults define the North American side of the rifted passive margin of the
Iapetus Ocean (#B.7). This “rift” was termed the St. Lawrence Rift following Kumarapeli and Saull
(1966) (see later discussion on the term “rift”) and has two failed arms extending up the Saguenay

Fjord and Ottawa River. It is a late Proterozoic feature reactivated in post-Ordovician times.

The St. Lawrence Rift is a good example of the “Seismogenic Rift Hypothesis” (#B.8) of Johnston,
Coppersmith and Arabasz, EPRI, viz: Stable cratons (e.g. Eastern Canada/U.S.) experience
large earthquakes (all M>8, all M>7, a majority of M>6) where they have been most re-
cently (principally post-Mesozoic) weakened by rifting (continental margins or intracontinental
rifts). While this hypothesis does not explain every continental earthquake, it does provide a con-

ceptual framework for most of the larger events.

Applying this to eastern Canada, Adams showed (#B.9) that the source zones were becoming more
tightly defined and associated with geological features, but that this raised uncertainty as to how to
treat aseismic regions that lie on the same geological structures and between clusters of éeismicity.
He showed three possible source zone models: NBCC85, as used for the 1985 National Building
Code (#B.10); NBX an experimental model following NBCC85 in concept and placing earthquakes
where they occur (#B.11); and SLX, a “geology-controlled” model that defines a St. Lawrence Rift
zone and spreads the earthquakes out along the geological feature (#B.12). He showed draft ground
motion maps to illustrate the consequences of going from NBCC85 to NBX (#B.13) and NBX to
SLX (#B.14) and explained that as the new seismic hazard code to be used for NBCC95 can allow
multiple source models, both models — together with others devised as a result of the workshop —
can be used. He noted that for regions where the seismogenesis is poorly understood, the models
are usually drawn to accommodate the few large earthquakes and tend to converge to reflect the

seismicity pattern (#B.15; Basham and Adams, 1989).

Using geological information in probabilistic seismic hazard analysis:
— Rus Wheeler (presented by John Adams in Wheeler’s absence)

Rus Wheeler of the United States Geological Survey was unable to attend due to a complete ban on




foreign travel by U.S. Department of the Interior employees as a result of the 1990-91 Gulf War. He
provided Adams with some preprints and overheads from his 1991 Northeast-Southeast GSA talk

(see abstract in Appendix 5). Adams summarized the USGS work as follows:

The statement of the problem and intent from the USGS is given by Wheeler and Thenhaus (1989, p.
45, #C.1). Adams summarized the apbroach as follows (#C.2): 1) Geological source zone boundaries
are drawn if and only if they separate regions of seismogenic faults that differ in age and type. 2)
Then within each region all faults of the same age and type are assumed to be potentially seismogenic.
This leads to large zones (e..g. 10° km?) such as the craton, Iapetan margin, Appalachians, and
Ottawa Rift. 3) A scheme for distributing the seismicity is needed, Adams suggesting he fhought
current USGS thinking was to separate out the highly-active seismicity zones and distribute the
remaining earthquakes uniformly throughout the geological zone. Aniimportant point was that the
maximum magnitude, Mx, for both the geological zone and the contained seismicity zones would
be the same (i.e. the low rate of activity in the geological zone would not be interpreted as reason

enough for a lower Mx).

Adams then moved on to Wheeler’s GSA talk (#C.3-5), which makes the case for considering the
Japetan passive margin of eastern North America a geological source zone. In cross-section (#C.6),
the zone is bounded to the northwest by the most northwesterly of the normal faults (#C.7) that
caused thinning and extension of the southeast part of the Grenville Orogen, and to the southeast
by the hinge zone (buried beneath the Appalachians) which marks the southeast limit of relatively
intact Grenville crust (#C.8). Farther to the southeast, more extensively thinned Grenville extends
(#C.9) beneath the Appalaclian overthrust sheet but is nearly aseismic. The fault style of Iapetan
margin faults and the seismicity style of the active seismicity zones in the zone (e.g. Charlevoix,
Giles County, eastern Tennessee, Lower St. Lawrence) are similar (#C.10), indicating that it is the
reactivated Iapetan faults that are active. This leads to defining a distinct, coherent seismogenic

entity for the intact part of the Iapetan Margin — a geological source zone (#C.11).

Figure #C.12 shows seismicity clusters in southeastern North America, and (#C.13) places them
in conceptual framework: Central Virginia, New England and Charleston lie in the Appalachian
orbgenic crust; Charlevoix, Giles County and eastern Tennessee lie in the Late Proterozoic rifted
margin; New Madrid lies in a failed rift; and Anna Ohio lies in the craton and has an uncertain

origin.




From these models, Wheeler provided a sketch of how these concepts could be used for Canadian

source zones (#C.14), together with an informal, unreviewed commentary (Appendix 4).

Discussion. During the discussion Adams noted that the New Brunswick earthquakes
would fall into the Appalachian Orogenic Crust, but that there was no place for the eastern
margin earthquakes, and suggested the need for an “Atlantic rifted margin” region. John-
ston agreed and suggested that the Charleston earthquake was more appropriately placed in
a Atlantic rifted margin zone than the Appalachians, principally because the reactivated Ia-
petan/Appalachian faults were originally formed 100°s of millions of years before those at the
Atlantic rifted margin. Johnston also considered that Wheeler’s concept was very similar
to the EPRI concept except that Johnston et al. classify the St. Lawrence as a Paleozoic rift
and do not distinguish between Appalachian and Iapetan crust. .In a later written comment

Wheeler agreed with the need for an “Atlantic rifted margin” region as follows.b '

First Wheeler noted that his use of the term “hinge zone” (Appendices 3 and 4, and #C.8
and C.9) was unwise bécause it conveys inappropriate straligraphic connotlations. A better
term, and one used in his manuscript in preparation is “intact-thinned boundary”. Second, he
observed that the intact-thinned boundary coincides with the northwestmost exposed Mesozoic
extensional faults from North Carolina to New York State, although the boundary diverges
northwestwards from the faulls through New England and Atlantic Canada. Third, the bound-
ary coincides roughly with the Appalachian gravity gradient along most of the length of both
features. Accumulating evidence and arguments indicate the Mesozoic extension might have
extended northwest to the gravity gradient, at least in the upper crust and at the Moho. Dave
Stewart’s 1991 Northeast-Southeast GSA abstract gives a good summary of this idea. Therefore
the boundary between Wheeler’s Iapetan margin and Appalachian orogenic crust zones (#C.8,

C.9, C.13, C.14) will serve as the northwest boundary of a zone of Mesozoic extension.

Types of geological information and their impact (discussion and improve-

ments to a list)

The list (#D.1) was drawn up by Basham and Adams prior to the meeting and three items were

appended from the floor. During the following break, those wishing to speak contacted the chairman,




who organized the following brief presentations towards the following theme.

Incorporating geological and other information to constrain earth-
quake source zones in eastern Canada.

New Structures in Southern Ontario — Phil Thurston New advances in Precambrian geology
have led to the recognition of terranes (bounded by large-scale shear zones) within the exposed
Grenville Province (#E.1), and one can use their aecromagnetic signature to trace them to
the southwest beneath the Paleozoic cover. A new bedrock geology map of Ontario would
be available in April. It shows about a dozen established and some newly-recognized faults
(#E.2; see also written submission by Thurston in Appendix 4) that displace the Ordovician
cover by up to 150 m and might have been active into the Pleistocene. In general one can’t yet
distinguish the active from the inactive faults, though a Jurassic dyke at Picton has horizontal

slickensides.

Discussion. Talwani: what is the sense of faulting? Thurston: Preliminary work
suggests some of the most recent sense of movement on these normal faults may have been
mostly sinistral strike-slip with some vertical component. Adams: a map (#S5.6) of a family
of post-Ordovician normal faults near Picton suggests they can be traced onto the Precambrian
and represent reactivated old structures. Is this a good representation of what you are saying?

Thurston: Yes, this is probably the best-studied area, though.

Statistical Fault Trends — Gail Atkinson A contract from Ontario Hydro resulted in re-
analysing the lineaments used by Sanford to define crustal blocks in southern Ontario. Both
surface (#F.1) and geophysical (deep) lineaments (#F.2) provide similar orientations. By
digitizing the lineaments it was found that several of Sanford’s adjacent blocks had essentially
the same lineament orientations and could be combined (heavy lines on #F.1 and #F.2) to
yield blocks containing lineaments of similar orientation and of distinctly different orientation
from the adjoining blocks. A second statistical analysis looked at directional trends in earth-
quake epicentres and concluded that these matched the physical lineaments (#F.3). Finally
there is a very clear spatial clustering of the larger (M>3.7) earthquakes within a few of the
blocks (#F.4), suggesting that some blocks contain suitably-oriented old features that might

be preferentially reactivated. Seismicity is not concentrated along the block boundaries. For
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example, the lineament analysis has distinguished the Ottawa River earthquakes from the
other western Quebec earthquakes, defined a relatively aseismic block centred on Bancroft,

and defined the Niagara-Attica region as distinct from eastern Lake Ontario.

Discussion. Hasegawa: How deep do the linear features go? Atkinson: A few km.
Hasegawa: Then there is a gap between this and earthquake depths? Atkinson: Yes. See-
ber: Could you remove the influence of foliation from the results? Atkinson: Difficult to do
so. Thurstbn: Could see on small scale maps? Kumarapeli: The boundaries are drawn to

be sharp, but should they be transitional? Atkinson: Yes.

Pop-ups and Earthquakes — Joe Wallach  [Note: Joe Wallach has asked that his writ-

ten submission in Appendix 5 be referred to instead of the following description written by
Adams] Ontario Hydro has measured stresses at the Roblindale Quarry (both in Ordovician
cover and Precambrian basement) and shows a 030° compression direction (#G.l)i. Pop-ups
in the quarry have an average trend of 305° (#G.2) and imply compression from 035° . Hence
pop-ups are a good measure of the regional stress field. They also reflect the stress field at
depth. A map of known pop-ups in southeastern Canada (#G.3) shows that seven magnitude
5—6 earthquakes occurred in the vicinity of pop-ups (#G.4). Earthquakes do.not cause pop-
ups but may be governed by the same stress field. But there are also pop-ups in areas of no
known earthquakes; these areas should be taken into account when assessing the potential site
of future earthquakes. Aeromagnetic maps and gravity maps suggest there is a discontinuous
zone trending SSE from Georgian Bay, but it is hard to put an age on the brittle features,

and in any event people are not looking at these features from the brittle fault perspective.

Discussion. Johnston: Are pop-ups related to ice removal after deglaciation? Wallach:
No, ice removal would cause extensional features. Johnston (in a later written reply): This
is not true. In a region of thrust faulting(ocs =wvertical) ice removal (unloading) promotes
thrust faulting, i.e. pop-ups. Johnston: What scale are the pop-ups? Wallach: In quarries,
less than a metre high, in fields up to 2 m hiéh, in Prince Edward County up to 1.5 km long.
Ruffman: The distribuiion of mapped pop-ups looks to be related 1o the iniensity of human

development.

St. Lawrence Rift — Steve Kumarapeli The “St. Lawrence Rift” formed part of Kumarapeli’s

PhD thesis and he is in the process of preparing a review paper for the 25th anniversary (see
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also Appendix 5). The original break-up happened about 5§90 m.y. ago according to the age
of dykes in west Quebec; this process may imply ”thermal doming”. The “St. Lawrence Rift
- Fault System” encompases the Iapetean margin faults and the Ottawa and Saguenay graben
faults (#H.1). Western Quebec may contain an extension of northwest-striking faults (faults

transverse to trend of the Ottawa Graben) between Montréal and Ottawa.

Saguenay Earthquake — Denis W. Roy The “St. Lawrence Rift” is one of several events that
occurred at the faulted edge of the shield. The Saguenay earthquake occurred on the edge
of the faulted Jacques Cartier Block (#1.1-2), a block that is a distinct geophysical (#1.3)
as well as a geological entity. Lineaments trend NNE in the Jacques Cartier block (#1.4).
The Charlevoix seismic zone is located just outside the southeast edge of the Jacques Cartier
block and is bounded to the northwest by the most northwesterly of those faults cutting the
shield that were active prior to Ordovician sedimentation (#1.5). The meteorite impact (350
=+ 25 m.y.) is a second-order control of Charlevoix seismicity. The “St.-Maurice Lineament”

forms the west side of the Jacques Cartier block and may extend through Lake Champlain.

The Sagﬁenay earthquake occurred close to the south side of the Saguenay Graben, about
where it is intersected by an older ductile shear belt (#1.7). Lineaments from airborne radar
images (#1.8) show several distinct sets of lineaments, but those parallel to the NW-trending
hodal plane for the main shock (#1.9-10) are much stronger than for those parallel to the NNE
(#1.11). Epicentre maps of the aftershocks show two trends 109° and‘ 325° (#1.12). Projec-
tions of the hypocentres (#113-15) favour the NW-striking plane, the aftershocks occurring

in a cylindrical zone along the 325° direction.

Regional Q variations — Cathy Woodgold Jin and Aki (#J.1) suggested from Q studies in
 China, that Q=1000 (at 1 Hz) implied a Mx of 4 and Q=100, a Mx of 8. Woodgold (1990)
determined coda Q for eastern Canada in the range 500-700 for broad regions, and Woodgold -

had recently found Q=200 for Charlevoix (#1J.2), using a shorter lapse time for the coda. Q

for New Madrid is also low.

Discussion. Atkinson: Suspects that the Chinese @ data should be related to the frequency
of earthquakes not their mazimum size. Thurston: Are small regions of low Q hidden in
the regional picture? Woodgold: Yes, method of coda @ involves some averaging; with more

work might be able to refine the resolution.
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Saguenay Earthquake — Leonardo Seeber A cross-section of Saguenay aftershocks relative to
Charlevoix network seismicity shows the greater depth of the Saguenay earthquake (#K.1).
Lineaments favour the choice of the NW-trending nodal plane (#K.2). In an oblique view
(looking down the B-axis; #K.3), the main shock appears to occur on the‘ NW-trending
plane, and some of the aftershocks are on the auxiliary plane. The fact that the seismicity
at 25-30 km shows such relationships to the surface lineaments is remarkable, and suggests
that brittle features control both. Liquefaction features from the 1988 Saguenay earthquake
and an event about 1000 yrs earlier have been found, but since the location of the causative
fault for the older earthquake is not known, it can not be used to determine a return period
for Saguenay earthquakes. At present there is no evidence of liquefaction from the 1925

Charlevoix earthquake.

Discussion. Ebel: Did Tuttle have a 300 year event corresponding to the 1663 earthquake?
Seeber: As yet too poorly determined to mention. Roy: the 1663 earthquake may have caused

the first large landslide at St. Jean Vianney.

Hotspot Tracks — John Adams Adams became interested in the Boston-Ottawa zone during
the 1983 Canada-U.S. offshore boundary dispute, and later realised that seismologists had
confused two subparallel trends of seismicity near and north of the Ottawa River. A trend
of larger earthquakes follows the Ottawa River Graben, but is separated from a second trend
well north of the river (#L.1). The latter trend lies on the track of a hotspot that the North
American continent moved over between 140 and 120 m.y. ago (#L.2). Sleep (1990) has
explained the apparent offset of the western Quebec trace from the track under New England
as due to the weak hotspot under Canada being “blown sideways” by a cross current in the
mantle (#L.3). In Canada, the hotspot left intrusives at Kirkland Lake and Montréal and
caused uplift of an elongate dome in the shield, leading to erosion of the Paleozoic cover
and probably brittle cracking of the shield. It may also have reactivated the Ottawa Graben
faults, since they are suitably oriented and close to the track (relative to the width of hotspot
traces). Thus the hotspot trace is a special case of faulting breaking the integrity of the shield,
and like the rift-generated faults, the hotspot-created or reactivated faults can be expected
to be seismogenic. The seismically active part of the hotspot trace is apparently confined to

Canada, and to the length where the track is nearly parallel to the Ottawa Graben. It appears
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to be only about 100 km wide (confined to the axial cracking?), to be seismically-inactive to
the northwest of the Grenville Front (because the crust was too thick? or because the hotspot
was too weak?), and the seismicity merges with that of the St. Lawrence Rift near Montréal.
Under the Appalachians, the hotspot may have been stronger, and/or the crust thinner and
hotter, and so it “burned through” to give the White Mountain Intrusives, this magmatic

episode thereby healing any newly reactivated faults.

There are three other hotspot traces under Canada (#L.2), but only the Monteregian hotspot

has significant seismicity near it.

Discussion.  Wallach: Your hotspotl idea is only a hypothesis! Adams: Yes, but quite
plausible. Wheeler (in notes mailed after the workshop): I think that you need to cite
other hot spot traces with coincident seismicity, otherwise this could be a chance (non-causal)
association. Dewey has shown that rifts do sometimes have off-rift seismicity. Both are just

spatial association, but the more common one is likely to apply here.

Depths of Appalachian Earthquakes — John Ebel From looking at reliable earthquake depths
for eastern North America (#M.1), we find that all are shallower than 35 km. If Charlevoix
and Saguenay are excluded, almost all are less than 25 km (#M.2). Excluding Canadian
data, the mean depth is 9 km for the northeastern U.S. (#M.3). Remarkably, almost all the
deep northeast U. S. earthquakes come from places at or west of the Champlain rift; to the
east depths range from 5-7 km for Miramichi to 1 km for Gaza; most being in the top 5 km
(#M.4); none being deeper than 10 km. A new model by Dave Stewart (NE-GSA, 1991)
suggests that the lower half of the crust in this region has been so reworked during Mesozoic

rifting that it is effectively new, stiff crust, and so failure will occur only in the upper crust.

'The Moho is at 30-38 km.

Discussion. Johnston: Is the lower crust quite ductile? Stewart’s concept is at odds
with the ‘standard model’ of a lower crust too ductile to support shear failure. Hasegawa:
Heat flow could affect focal depih, and would suggest that the lower crust is in fact ductile.
Klimkiewitz: Is deep seismicity required for larger earthquakes? Can Mz be associated with
earthquake focal‘ depth? Johnston: (reply) in areas of shallow focal depths the Mz may be
limited. Seeber: Earthquakes are deeper in Iapetan than in Appalachian crust (#M.5), with

rather an abrupt transition that corresponds roughly with the change in. Moho depth.
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Shelf-edge slumping - cause or result of offshore earthquakes? — Alan Ruffman There are
a number of poorly known earthquake and tsunami events frofn the past 200 years of record.
These include events that may have originated in the Laurentian Slope region (#N.1), events
likely further offshore (#N.2), and the 1832 (#N.3), 1843, 1848 (#N.4), 1882 (#N.5), and 1926
events which may have been in the Gulf of Maine or farther offshore (#N.6). Characteristic
of the larger of these (e.g. 1882) is having a large felt area but not being felt strongly in any
one place. Some slumps might not be caused by earthquakes but would still cause tsunamis.
A systematic search for slump scars, like those left by the 1929 “Grand Banks” earthquake is

needed. More historical research, combining U.S. and Canadian records, is needed.

Discussion. Various speakers, both immediately following this presentation and following
the after-dinner speech: Difficult to separate out meteorological effects. Could some of the
slumps have occurred on their own? Could some of the tsunamis be due to slow earthquakes
on the mid-Atlantic ridge? Somerville: Modelling of the tide-gauge data should give the

mechanism and magnitude of the 1929 event.

MONDAY AFTERNOON 18th MARCH

Discussion of earthquake source zones by geological province.  Wwe
seek to address the following problems in each region: “What is the range of opinion as to the
reason for the seismically active zones in eastern Canada? What boundaries can be justified to
constrain the seismicity?” We identified a speaker to lead-off the discussion and then invited

discussion from the floor.
e Eastern Offshore (Gail Atkinson)
e Appalachians (Leonardo Seeber)
¢ Rifted Canadian Shield (John Adams)

e Southern Great Lakes (George Klimkiewitz)
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Eastern Offshore (Gail Atkinson)

One seismicity zonation (#0.1) was developed for Canadian Standards Association Standard S471
for Offshore Platforms. It incorporated the ideas of Basham et al. (1983) for distributing the earth-
quakes uniformly along the margin (#0.2) in an “ESX” model (see #Q.4), but chose to draw the
margin zone wider than drawn by those authors (#0.3). In addition, the worst-case ground motions
arising from either a conventional (e.g. NBCC85) or a radical, geological (e.g., ESX model) were

used (the standard was offering ground motions for screening purposes, not design levels).

There are two outstanding issues: 1) How wide should the source zone model for ESX-type
zones be drawn? Atkinson’s tendency is to draw a wide zone, partly because her computations
suggested (#0.4) it does not much matter to the peak groung motion values. 2) Where is the
weight of belief that either the conventional or the geological model is correct? Neither

warrants 100%.

Discussion. Johnston: Would prefer a wide zone (1o include all the Mesozoic rift faults)
and. hence wide enough to include the coastal plain and shelf (and thus the Charleston Earth-

quake).

Baffin Island — Henry Hasegawa The 1982 seismicity source zone (#P.1-8) for Baffin Island
enclosed two clusters of activity (#P.1), but based on the recent seismicity map the southern
cluster has mostly small earthquakes (high b-value?) and all the larger earthquakes have
happened in the northern cluster (low b-value?) (#P.2). Therefore each needs its own source

| zones and b-values. The seismicity in the northern cluster is distinct from that in the adjacent
Baffin Bay, the onshore earthquakes having normal faulting mechanisms and the offshore ones
thrust faulting (based on sparse data). Contributions to seismicity are the ocean-continent
transition, topography, and the glacial forebulge (#P.3). Large earthquakes seem to occur
where there are large volumes of unconsolidated, uncompensated sediments, giving rise to
a large free-air gravity anomaly (#P.6) and/or ‘where there is an intersection of structures
(#P.7). Finally, the mechanism for the 1929 “Grand Banks” earthquake (#P.8) is consistent
with a single-force (slump) mechanism (normal faulting is also possible) and so all three
*M>6 offshore earthquakes (including Beaufort Sea, 1920) occurred in different seismogenic

environments.
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Discussion. Wallach: Are the Baffin Island earthquakes shallow? Hasegawa: Yes.
Ebel: Need a strategy for using models like ESX. Ruffman: Conirary to Henry, ice on the

water above the 1933 Baffin Bay earthquake would not have damped out any tsunami.

Eastern Offshore — John Adams  Earthquakes in the middle of the Labrador Sea correlate
well with the extinct spreading ridge (#Q.1) and extend along trend (beyond the mapped
extent of the ridge) as far as the ocean-continent boundary (#Q.2). Some of the larger events

appear to be concentrated where the ridge is offset by major transform faults.

Along the Labrador Shelf there is a cluster of activity near the ocean-continent boundary
(#Q.2). About half the earthquakes occurring in transitional-thickness crust and half in the
adjacent oceanic crust. The 30-km crustal thickness contour forms the landward boundary to

the earthquake activity. The Labrador coast is essentially aseismic.

South of Newfoundland there is a cluster of earthquakes near the epicentre of the 1929 “Grand
Banks” earthquake (#Q.3). New active structures are still revealing themselves: the 1989
swarm in the Laurentian Channel occurred in a hitherto aseismic region. It now appears to

be a northwest extension of the Laurentian Slope seismicity.

Three alternatives to the NBCC85 seismicity zonation are proposed. Model 1 is the ESX model
of Basham et al. (1983) (#Q.4). Model 2 has a wider zone ESX90 drawn to straddle the ocean-
continent transition (#Q.5a). Background zones for the oceanic crust and Newfoundland are
also added. Model 3 (#Q.5b) defines relatively small zones around clusters of seismicity but

in addition has a large “eastern offshore background” zone.

Discussion.  Johnston:: Could use crustal thickness as an indication of Mz? Adams:
Perhaps, might also use it to establjsh the inboard edge of thinned crust. Would also like to
have the inboard edge of the Mesozoic extensional faulis (this would be a Mesozoic analog
to the Iapetan margin model of Wheeler). There are Mesozoic normal faults in the Bay of
Fundy (and Triassic onshore basins in the northeast U. S.). Should these have the same Mz
as the continental margin rift faults? Johnston:: Would perhaps define different Mz for the
inboard and outboard zomes. Ebel: Slump events (like Henry’s interpretation of the 1929
event) should be included in the hazard calculation if they contribute to the hazard. Within

the Gulf of Maine the seismicity is lower than the onshore Appalachians. Klimkiewitz: The
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structural map shows the Triassic basins in the Gulf of Maine and onshore farther to the
south (#Q.6). Ruffman: Where was the 1755 earthquake? Klimkiewitz: It was about 50
km offshore. Seeber: It was a magnitude 5.5 inshore. Johnston: EPRI assigns M 6.340.35

based on regressions of isoseismal areas.

Appalachians (Leonérdo Seeber)

Patterns exist but there is no one to one correspondence. There is a pattern of activity around the
Newark Basin, with the centre of the basin having a low level of activity (#R.1). The centres of the
other Triassic basins are not apparently active either. The Manhattan prong is seismically active,
with the Dobbs Ferry Fault having less than 30 m displacement and being segmented and poorly
defined (#R.2). Each segment appeé,rs to be contained in a given lithology which is controlled by

the Precambrian structure, and as the fault is segmented it may have a low Mx.

Adirondack seismicity occurs in clusters along foliation (#R.1). Within each cluster, however the
active faults may bear no relationship to the foliation. In the post-Cambrian sedimentary rocks the
seismicity is lower, for example the induced seismicity at Ashtabula is contained in Precambrian-
aged basement, the overlying 1.8 km of sediments being aseismic (#R.4). Seismicity like that
at Charleston must be temporary, futhermore the Charleston area had low seismicity before the
mainshock, so that similar seismically-quiet regions might generate large earthquakes. Clusters may
be a temporary phenomena in our short time frame, and therefore we should consider extended

source zones that take into account the geological controls.

Discussion. Talwani: Still don’t like the interpretation of Charleston aftershocks. Adams:
seismicity seems to be around basins (not in them) in Canada too, e.g. Fredericton Basin,

Magdalen Basin, and possibly the Bay of Fundy ... do we have confidence that this is real?

Rifted Canadian Shield (John Adams)

Adams showed some of the same overheads as in his first introductory talk, noted that the Saguenay

earthquake was now convincingly associated with the Saguenay Graben (though Adams and Basham,
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1989, had ignored the graben because of its extremely low seismicity), and then concentrated on the
“ends” of the rift as this was where the uncertainties were greatest (#S.1b). In southern Labrador
there are Precambrian—Cambrian sediments near Lake Melville that are about the same age as the
original features along the St. Lawrence that were reactivated in post-Ordovician time (#8S.1a).
These features are on-line with the St. Lawrence Rift and there is a weak trend of seismicity along
them (Adams and Simmons, 1991) that includes the only onshore earthquakes in Labrador. Together
with the northwestern limit of Iapet‘an faulting compiled by Wheeler these faults form a remarkably
straight feature 3000 km long. Although the true margin of Iapetus appears to lie along the Strait
of Belle Isle, the Sept-Iles — Lake Melville trend is inore closely on the straight line and may be more
geomechanically feasible. The key question is: “Is this feature capable of generating earthquakes as

large as the Mx for the rest of the ancient margin?”

In the Ottawa Graben (#8S.2), the region near the 1935 Timiskaming earthquake has had continued
low-level activity (#S.3), most of which lies in a NW-trending rectangle (#5.4). A composite focal
mechanism of the small earthquakes gives thrust faulting on NW-trending faults (#S.5), consistent
with one of the solutions of Ebel, Somerville and Mclver (1986) for the 1935 ‘earthquake. Hence a
clear association with the nearby NW-trending rift faults of the Ottawa-Timiskaming Graben can
be made. Similar, clearly-defined faults extend to the northwest past the Timiskaming Graben and
north towards Cochrane; an arm extends west from the Ottawa Graben towards North Bay (#S.1b).

Neither of these extensions has had significant seismicity.

The southern extension of the Iapetan margin through Lake Champlain is well known, but an
arm to the WSW through Lakes Ontario and Erie as suggested by Adams and Basham is more
speculative and was drawn simply to bring attention to the essentially unexplained higher levels of
seismicity in the region of these lakes. Nevertheless, the post-Ordovician faults near Picton (#5.6)
“and Attica have the correct sense and orientation to represent crustal extension at the same time
the St. Lawrence Rift faults were active. Crustal reflection data suggests there is no through-going

rift structure.

Discussion. Roy: The Belle Isle Graben is a similar structure. Wheeler (in notes mailed
after the workshop): The intact-thinned boundary does pass through the Strait of Belle Isle.
The faulting near Lake Melville marks the northwest limit of faulting, not the intact-thinned

boundary. Regarding the limit south of Canada, Van Tyne and Pomeroy used reflection and
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well data (published as two New York State open files to show that the Clarendon-Linden fault
zone comprises 3-5 sirands that dropped their east sides down in early and middle Ordovician
time. Along strike to the southwest, the Rome trough in western Pennsylvania and western
West Virginia was active in the early Paleozoic, mosily in the middle Cambrian. Thus the
nortwest limit of Iapetan faulting does seem to run through Lake Ontario at least, and on
to the southwest, and is separated from the main locus of Iapetan rifting farther southeast.
An analogy might be the Triassic basins which are separated from the main locus of Mesozoic
rifting. Atkinson: Adams should be clearer about the logic used and the criteria for defining
the rift’s existence, and establish this independent of the seismicity. This should have led to the
prior identification of the Saguenay Graben as an active feature rather than with hind-sight.

Adams: Yes.

“Southern Great Lakes (George Klimkiewitz)

The presentation (#T.1) focussed on the Attica, N.Y., northeast Ohio (NEOH, site of the 1986
Perry earthquake) and Anna, western Ohio events (#7T.2). In each of these there is an intersection
of NW-trending brittle features with NE-striking features that can be mapped in the Paleozoic cover.
The Attica earthquake (courtesy of the USNRQC) is allowed to be correlated with the NE-trending
Claredon-Linden structure (#7T.3), which has vertical offset of “tens of feet”. Small earthquakes
in the Anna seismic zone are deeper than the other two regions — 10 km as proposed to 4-6 km
(#T.4-6). The NEOH 1986 earthquake (#T.7) is located along the Akron Magnetic Boundary
(#7T.8-10) and along the margin of a Bouger gravity anomaly (#T.11-12), in a folded and faulted
(offsets “tens of feet”) region (#T13-14). Two networks (#T15) are recording 10-15 earthquakes a
year (#T.16-18), most of them to the NNE of the 1986 mainshock and its aftershocks (#T.19-21).
These northern earthquakes are shallower than the aftershocks (<2 km vs. 4-5 km). Although
close to injection wells, no temporal pattern can be seen in the shallow earthquakes. The 1986
earthquake was tectonic and not induced (#T.22). The microseismicity supports a block tectonic
model rather than a single active fault. The rate of activity is higher in Anna than NEOH (#T.23),
but most of the Anna earthquakes were in the 1930’s, so the present rates are more similar (#7T.24).

There seems to be a longer-term (#T.25-27) alternation of NE and SE seismicity in eastern North
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America. There are also unexplained signs of temporal clustering between Anna and NEOH seismic

zones (#7T.28-32), despite their physical separation (see also Appendix 5).

Recent surficial deformation provides geological constraints for seismic source zoning
in the Lake Ontario Region — John Bowlby  There was an earthquake (Smith, 1962
says intensity III, with accompanying tidal wave) in Lake Ontario in 1925. A line crossing
the epicentre was chosen for a lake bottom survey and a 13 m offset of lake-bottom sediments
was found. The topographic scarp has a 30° slope. This lies within the Southern Ontario
Structural Zone. Pop-ups, plumose structures and gas vents are seen on the lake bottom, even
though only a few percent of the lake bottom has been mapped. “Tectonic signatures” appear
to be on the lake bottom and there is a need to map them and draw the various features
together to interpret the seismic hazard implications. [Note, see also written comments,

Appendix 5].

Great Lakes Deep Structure — Berndt Milkereit Recent GSC analysis of the Lake Erie and
Ontario deep seismic reflection data shows that the Central Metasedimentary Belt (CMB)
boundary is a crustal thrust fault zone that has a 30° dip probably to the southeast and
flattens out at 15-25 km dep.th. Approxilﬁately one kilometre of sediments has accumulated
in an extensional basin formed by reactivation of CMB boundary structures, probably in pre-
Paleozoic times. In the analysis to date there is no evidence to support major or significant
cumulative vertical offset-on-the Trenton unconformity within the Paleozoic rocks (offsets of
less than about 40 m would not be discernable on these éeismic profiles). Therefore with
several km of total offset on the CMB boundary, but only metres (if that) in tﬁe Paleozoic
cover, there is no evidence to support a through-going post-Paleozoic rift in Lake Ontario.
Preliminary seismic interpretation suggests the Akron magnetic lineament may not link up

with the CMBBZ. [Note, see also written comments, Appendix 5].

Discussion. Bowlby: The displayed profile was constructed from separate sections in east-
ern Lake Erie and central and eastern Lake Ontario and does not cross the Central Metased:-
mentary Belt boundary Zone (CMBBZ) in Lake Ontario, which is a magnetic anomaly to the
west of the data. Neither did the Lake Erie profile extend far enough to the west to cross the
aeromagnetic signature of the CMBBZ in Lake Erie. Milkereit: The CMBBZ is as drawn,

the other magnetic anomaly does not correspond to the CMBBZ.
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Seismicity of north-central New York State and southern Lake Ontario — Richard

Quittmeyer A written submission (Appendix 5) was recieved after the workshop.

After-Dinner Speaker — Mr Alan Ruffman: “The 1929 Grand Banks Earth-

quake and the historical record of earthquakes and tsunamis in Atlantic Canada®.

The abstract is given as item #U.1. Discussion followed on the interpretation of some of

these events.

TUESDAY MORNING 18th MARCH

Southern Great Lakes (Previous day’s session continued)

Seismic source zone characterization in western Quebec and southern Ontario — Alex
Mohajer If earthquakes are random, then one could simply draw a box around them; in
fact we think that there are relationships that allow us to interpret the pattern. In western
Quebec a relocation of epicentres (#V.1-3) suggests that both NW- and NE-trending faults
are active (#V.4). The NE-trending faults appear to coincide with the CMBBZ (#V.5-8);

the NW-trending faults are parallel to strong lineaments along the Baskatong Reservoir.

In western Lake Ontario there are two main aeromagnetic lineaments on the extension of the
CMBBZ and earthquakes appear to be associated with them (#V.9). It is possible that the
entire length of the CMBBZ may be potentially active (#V.10).

A conjugate set of normal faults cuts late Pleistocene sediments in the Rouge River valley
(#£V.11). They dip SSE and strike ENE (#V.12), parallel to the the principal compression
direction, and also parallel to the joint sets in the underlying Paleozoic shales (#V.13). A
related vertical clastic sand dyke, truncated by an till unit, appears to have been emplaced
during earthquake shaking less than about 70,000 years ago (#V.14). A thin sand dyke

intrudes this old dyke and extends into the overlying till, which is thought to be less than
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10,000 years old. The Liquefaction Susceptibility Index (LSI} of Youd and Perkins (1987)
suggests it was caused by either a M6 earthquake at 8 km; a M7 at 15-30 km, or a M8 at 150
km (#V.15).

Discussion. Johnston: Could this earthquake have occurred during a pulse of activity

during the immediate deglacial period?

Fault Trends in Southern Ontario — Joe Wallach [Note: Joe Wallach has asked that his

written submission in Appendix 5 be referred to instead of the following description written
by Adams] Northwest-trending normal faults and northwest-trending reverse faults occupy
more than just the western Quebec region. For example, there are NW-trending normal
faults in Saguenay, Lake Simcoe, and Syracuse. There are 11 Moﬁteregian hills (representing
intruded volcanic rock) that are now 300 m above the surrounding land. Therefore, at least
300 m of sediment has been eroded away. Dates on the hills are 124 4+ 2 m.y. Curvilinear folds
near the normal faults in the surface rocks imply some confining pressure (i.e. sediment load)
was present at the time of faulting. There are NW-trending reverse faults in the transitway
cut in Ottawa. In Hull there is a road cut where drill boreholes have been offset 20 cm and
the overlying rock has moved uphill towards 070° on a 20° dipping plane. Marshall Kay
thought that the Ottawa Graben faulting was contemporaneous with the Monteregian Hills.
That is, normal faﬁlting and extensional stresses in the Cretaceous times were followed by a
compressional environment. The switch to compressional faulting gives rise to the concept of

recurring tectonics.

Discussion. Seeber: There are many mechanisms for generating offsets of boreholes
in large construction projects. How do you know the offsets dre valid? Talwani: Offset
boreholes are result of driller’s techniqgue. Wallach (and others): No, offsets are real, related

to contemporary stresses.
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Estimating maximum magnitudes for stable continental regions —
Arch Johnston

Assigning source zones is the weakest link in eastern seismic hazard estimates. Two steps are
important: 1) applying general geological constraints (e.g., separating fold belts from the craton);
and 2) Assigning a maximum magnitude (i.e., have the same Mx for the entire box). If we knew

how to assign Mx, our job would be simplified.

Using the central U.S. as an example, M4’s occur everywhere (#X.1), M5’s in a few places (#X.2),
but M>6 only in New Madrid (#X.3). Within the New Madrid zone, there is a geological feature
— the Reelfoot Rift — and within it a seismically-active sub-region (#X.4). The sub-region had
magnitude '8.1—8.3 earthquakes in 1811/1812, so could the surrounding region also have this as its

Mx? Probably not.
Methods of assigning Mx have been: -
o maximum historical 4+ 0.5 units
e extrapolation of the magnitude-frequency curve to give the 1000-year earthquake

¢ from fault dimensions (Need fault length, dip, earthquake depth and slip. This works in
the west, but in the east the faults are not exposed for examination, and in general the
eastern seismicity source zone dimensions don’t reflect the fault rupture size; Charlevoix

might be an exception)
e strain rate or moment release rate (data not generally available)
e analogies with similar regions worldwide.

The latter, taking the largest earthquake found in the world-wide set of similar geological zones, is
probably the most plausible method to apply to the east. We define stable craton regions (SCR) as
analogous to eastern North America (see, e.g. Johnston, 1989; Johnston and Kanter, 1990). Then
most large earthquakes are in recently rifted continental crust. These include the largest SCR events
(New Madrid) on failed rifts, and many others on passive continental margins (e.g., Baffin Bay).
For unrifted craton the largest event was Meeberrie, Australia, of magnitude 6.8, but most afe 6% to
6. Only a few of the craton earthquakes have had a surface rupture (#X.5). This leads to possible

Mx’s based on the worldwide database:
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. 7% - 8.3 in rifts younger than Mesozoic (passive margins or well-oriented failed rifts, espe-

cially if “wet”).
e 7 - T1 Paleozoic rifts (e.g. St. Lawrence)
e =~ 7 Australian stable craton
® 6.5 6.8 other stable cratons
. '6.5 — 6.8 Paleozoic foldbelts (same as cratons)

Can the geographical extent of high Mx be restricted further? Should the entire passive margin
be assigned Mx=8.3?7 Sediment loading and poét—glacial rebound don’t work as predictors. . Past
activity may be a clue (i.e., would not assign Mx=8.3 to the Gulf of Mexico passive margin because

there have been no earthquakes). Intersecting features might work.

Discussion. Ebel: More passive margins earthquakes on the slopes? Johnston:
Charleston and Libya were on land, on inboard rift-generated faulls. Revetta: Was the
Lisbon earthquake excluded? Johnston: Yes, on the basis of isoseismals that extended out
to sea in the vicinity of the Azores Fracture Zone. Somerville: The computed moments are
very large and imply very large fault ruptures, e.g., a 100 km fault 20 km wide with § m slip
gives M7.6. How to get M8.2¢ Johnston: could have A} 150 km long fault 25 km wide with 8
m slip or B) involve lower crust which is usually aseismic for nucleation of a rupture, but may
be able to propagate or sustain a rupture already in progress. Atkinson: All the largest earth-
quakes are pre-instrumental, perhaps overestimated? Johmnston: Not true for Baffin Bay,
Grand Banks, Libya, Exmouth Plateau, S. Tasman Rise - all instrumental seismic moments.
Kumarapeli: Why are rifts with rivers more active? Johnston: Rifts control drainage and
concentrate water which enhances the ability of the faults to fail. Atkinson: Should not con-
fuse mazimum magnitude with rate of activity, i.e. absence of earthquakes does not imply low
Mz for the margin. Johnston: That is why we don’t do that. Seeber: Must be consistent
in definitions of rifts. Johnston: Does Mz correlate with the absolute level of stress (e.g. as

proposed by Denham for Australia) or with absolute plate velocity?

The size of the largest Canadian earthquakes — Paul Somerville Teleseismically, eastern
and western North American earthquakes look the same (#Y.1). The stress drops have a

scatter of a factor of 5 and the rupture areas a factor of 3 (#Y.2). Through modelling of
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Does

Pnl waves can get a good estimate of the moments e.g. for Miramichi 1982 (#Y.3) and
Charlevoix 1979 (#Y.4). A plot of moment versus source duration (#7Y.6) has a slope of 3
(#Y.7), suggesting constant stress drop (#Y.8). Stress drop does not appear to change with
depth (#Y.9). There is a variability in source functions from eastern earthquakes, comparable
to that for western earthquakes (#Y.10-11). Charlevoix 1925 could have been on a 10 km x 10
km plane (#Y.12), Timiskaming looks like a three-times repeated rupture of a single asperity
or the rupture of three separate asperities (#Y.13), and Saguenay and Ossipee look like single

asperities (#Y.14). Finally, crustal reflections are important in determining attenuation.

Discussion.  Johnston: How do you get a M7 on a 10 km z 10 km rupture? (No reply
recorded). Atkinson: The large amplitude peaks of the Saguenay strong ground motion records
do not maich the synthetic peaks. Somerville: Shows the need for a better crustal model.
Haddon: Single pulse shape is too simplistic, shape will change with azimuth. Somerville:
Yes, this is important in the near-source region where takeoff angles vary widely, but not so
important for teleseismic recordings. Johnston: There are problems with the slip distribution
- why is it concentrated on a small fraction of the total fupture plane? Somerville: Thatl’s

what we find in the western U.S., most recently for the Loma Prieta earthquake.

Mx matter? — George Klimkiewitz The upper magnitude only has an effect on the
hazard at lower probablilities (#Z.1-4). A study around Cape Cod concluded that how the

source zones are drawn is much -more important than Mx (see also Appendix 5).

Discussion. Atkinson: There is a complez interaction between Mz, zonation, and atten-

uation that controls the hazard.

Discussion: “How should the maximum earthquake size be estimated

and what maximum earthquake size should be associated with
each of the 5 geological regions?”

.Adams: What Mz for the hotspot trace? Participants: As for the rifi.

Atkinson: FEvidence presented could be used to argue Mz= 7.5 if rifted, Mz=7 otherwise. Can

anyone provide further constraints with confidence?
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Roy: There has been a lot of talk about a “rift zone”, when what is meant is a faulted continental
margin. There have been three extensional events post-Ordovician: Carboniferous basin formation
in the Gulf of St. Lawrence, Atlantic ocean obening, and the Monieregian hills, in addition to the
lapetan rifting and to the reactivation of some of the normal faults during the Taconic orogeny. The
terminology is unclear and should refer to a geographical area. Perhaps one should use “St. Lawrence

faulted terraines”.

Several contributors (Adarhs, Johnston, Kumarapeli and others): What is important, is thinned
continental crust, and thinning happens most often by lisiric normal faulting. Grabens and rifts
(sensuo stricto) are one ezample of thinning, but so are passive margins (they are “one-sided” rifts

that have proceeded to the oceanic crust generation stage).

Adams: The “St. Lawrence Rift” name was adopted from Kumarapeli’s work for its geographical and
historical roots. As used by Adams and Basham (1989) it refers to a zone of post-Ordovician normal
faults (thought to be reactivated in the present compressional stress field) along the St. Lawrence
River. Wheeler’s term “lapetan passive continental margin” is more accurate, and we will probably
adopt it or “Iapetan rifted margin” in future published work. For now, ireat the term “St. Lawrence

Rift” as a shorthand term.

Thurston: In terms of Arch Johnston’s stable craton concept, one should consider there are stable
cratons and “stable cratons”; there have been extensional events between the @est end of the Ottawa
Graben and the west end of Lake Ontario. There is also evidence from the pattern of Cretaceous
sedimentation, for ezample the non-deposition of the Cretaceous over the Superior Province, and the

removal of 2 km of material in southwestern Ontario (as determined by fission track).

Johnston: One should distinguish mature from immature rifis. For example the Rhine Graben is
mature and involves the lower crust while the nearby Hohenzollern Graben does not. The former

has had more and larger earthquakes.

Kumarapeli: One should not ignore that there is a wide “damaged” zone around the fully rifted

margin.

Lamontagne: In the Lower St. Lawrence seismic zone the western edge of the Sept-Iles intrusion

appears to. mark the eastern boundary of the seismicity.

Roy: That intrusion is only 550 m.y. old and is very different from other anorthosites in the
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Grenville Province.

Ruffman: The new swarm of earthquakes in the Laurentian Channel appears to be coincident with

a region of salt diapirs extending to near the surface. Could this be the cause?
Weichert: Adopt regional b values and a regional Mz.

Roy: Chagnon has suggested (from overconsolidation of clays) that some old earthquakes previously

assigned to the Charlevoiz zone might have actually been Saguenay events.

Lamontagne: Certainly the 1925 earthquake was at Charlevoiz ; the 1663 might still be a puzzle.

TUESDAY AFTERNOON 18th MARCH

Other issues: “For active zones with few earthquakes, how do we es-
timate the probability of the larger earthquakes (i.e., those im-
portant for the hazard calculations)?” “Should all seismicity
zones in eastern Canada be given a constant b-value?”  “Meth-
ods for ‘magnitude recurrence calculations.” “Completeness
years for southeastern Canada and adjacent U.S.”

Should all seismicity zones in eastern Canada be given a constant b-value? — John
Adams  For large seismicity source zones (such as SLX), the magnitude-recurrence rela-
tionship is based on quite a few earthquakes and quite a few large events (#AA.1). Hence
the b-value can be considered quite well determined. For sub-zones, however, the number
of earthquakés are smaller (giving poorer statistics) and the slope of the relationship can be
dominated by the presence (e.g. Timiskaming) or absence (e.g. Trois-Rivieres) of single large
earthquakes (A A.1). Sub-zones of SLX thus have large standard deviations on the computed
b-values, and often large differences from the slope of about #=1.8 determined for SLX. Most
of the differences are less than 1o different from the SLX # value (#AA.2), Trois-Rivieres
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and Timiskaming are significant at less than the 20 level. Are we justified in assuming a
constant b-value for all the SLX sub-zones, thereby reducing some of the uncertainty? Zones
for Attica, the Northern Appalachians, and the Eastern Ba.ckgrouhd have b-values that might
well be different from the SLX value — should we use the computed b-values or adopt different

slopes?

Eastern U.S. Experience — Leonardo Seeber With John Armbruster Seeber has been studying
eastern North American events and comparing the craton earthquakes with the Appalachian
ones (#AB.1). Some (many?) of the pre-instrumental earthquakes have magnitudes assigned
from the maximum intensity and hence magnitudes that are too high (#AB.2). This apparant
excess of older earthquakes is removed if the magnitudes are re-assessed using robust felt-
area data rather than simply the maximum intensity (#AB.3-6). As to the b-values, using
several different proceedures such as changing the magnitude interval yields a range of values
(#AB.7-8); the conclusion is that there is no significant difference between the craton and

the Appalachians and that a single b-value might be appropriate.
General Discussion.
Klimkiewitz: Should use several b-values, e.g., Charlevoiz b=0.7 less than Appalachians b=0.9-1.0.

Weichert: Agree with both the last two speakers. In a region-that is large enough to give a homoge-
neous fractured zone a b-value makes sense; for small zones, single faults, or faults with characteristic

earthquakes, the b-value is not a reasonable measure.

Atkinson: Agree with the last three speakers. If you fiz the b-value, you have uncertainty in what
value to assign. Should probably not fix b, but where the data are poor, then and only then alter the

computed value.

Woodgold: Need some scheme to give sub-regions a weighted b-value average of the computed
regional b-value and the computed sub-region value, with the weighting taking account of the the

amount of data available in the sub-region.

Somerville: I agree we need that kind of scheme. I feel nervous about using b values based only on

small magnitudes in sub-regions.

Weichert: What about a time-variable b-value as suggested by Smith. So b and Q vary with time?
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Seeber: In the west the b-value is different. Also need characterisiic earthquake models.

Somerville: - Don’t believe in characteristic earthquakes in the east, would see more fault scarps if

this were so.

Ebel: Northeastern seismicity for 1975-1986 and 1938-1986 (#AC.1-2) gives similar b-values of
0.8 - 0.9 (#AC.3-4). This constant b-value seems OK up to MZ)% - 6.

Mohajer: Should use two b-values depending on the type of events.

Klimkiewitz: Should not use single rare events for constraining the magnitude-recurrence curve.
Fither the true completeness may be unknown, or the zone may be seismically deficient, as the
Adirondacks may have been just prior to the 1983 Goodnow earthquake. Therefore should do the

regression independently of the single largest event.

“Methods for magnitude recurrence calculations.” “Completeness years for southeast-

ern Canada and adjacent U.S.”
Discussion.

Basham: If there are significant differences between magnitude-recurrence programs, it probably

means that the data are poor.

Basham: Completeness can be assessed by computation (Lamont or EPRI) or by expert knowledge
(as done by GSC).

Ebel: For historical felt earthquakes there may be a bias between night and day earthquakes, as in

the night time one needs a larger earthquake to give the same level of felt reports.
Seeber: There are still magnitude biasses in the catalogues (as was discussed earlier).

Thurston: How representative is the historical record? Others: Don’t know, it’s all we’ve got.
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WRITTEN COMMENTS RECEIVED BEFORE THE MEETING

Seven contributions were received before the meeting, three of them from persons who were later

unable to attend the meeting. These contributions are listed below and appear in Appendix 4.

John Bowlby on the Attica seismicity and faults in southern Ontario.

Ken Burke on seismicity in the northern Appalachians.

Reynald Du Berger on the difficulties of assigning the Saguenay earthquake to a source zone.
V. G. Milne and Phil Thurston on faults in southern Ontario.

Alan Ruffinan on the higher level of seismicity of southwestern Nova Scotia, as found from historical

earthquake research.

Rus Wheeler on the Iapetan margin faults and source zones.
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WRITTEN COMMENTS RECEIVED AFTER THE MEETING

Fifteen contributions were received after the meeting. These contributions are listed below and
‘appear in Appendix 5. In general they either amplify the reports in the Narrative or make short
comments on the outcomes of the workshop. The contributions are reproduced exactly as received
from the authors. They have not received critical peer review and are included for information only,

without judgement as to their value.
Gail Atkinson with comments on the workshop.

John Bowlby on “Recent surficial deformation provides geologic constraints for seismic source

zoning in the Lake Ontario region”.
John Bowlby with comments on deep structure under the Great Lakes.
Arch Johnston on “Estimating maximum magnitude for stable continental regions”.

George Klimkiewicz on “Spatial and temporal characteristics of seismicity of the southern Great

Lakes and implications for probabilistic seismic hazard assessments”.

Steve Kumarapeli on “Tectonic framework of a geological source zone in the rifted craton west of -

the Canadian Appalachians”.

Bernd Milkereit and Dave Forsyth on “Evidence of Grenville deformation interpreted from

seismic images of structure beneath western Lake Ontario and eastern Lake Erie”.
Alex Mohajer on “Seismic source zone characterization in western Quebec and southern Ontario”.
Richard Quittmeyer on “Seismicity of north-central New York State and southern Lake Ontario”.
Denis Roy on “The Saguenay earthquake and geology”.

Alan Ruffman on “The case for a seismic zone off southwest Nova Scotia in the Gulf of Maine or

along the edge of the continental shelf/slope”.
Paul Somerville with comments on the workshop.
Pradeep Talwani with comments on the workshop.
Joe Wallach on “Pop-ups and seismic hazard”.

Joe Wallach on “Northwest-trending tensional and compressional features and their implications

for seismic hazard assessments”.

32




SKETCH SOURCE ZONES DRAWN BY THE PARTICIPANTS
DURING THE MEETING : ‘

As an exercise, all participants were invited to sketch their views on seismic sources for eastern
Canada on two seismicity base maps during the final lunch break. These maps thus represent in a
general way the participants prior views, possibly modified by the first one and a half days of the
vworkshop. Because of the rushed nature of the exercise (which was willingly attacked by a majority
of the participants) I have decided to erase the names written on each sheet and merely refer to them
as “Participant 1, ...” in the following discussion. Reduced-sized maps are contained in Appendix 6.

The order is arbitary, but deals first with those maps for the easternmost part.

Participant 1  Source zones should not be used. The probability of hazard should be determined

from the occurrence of each earthquake.

Participant 2  Zones should be distinguished for: the Gulf of Maine, the Bay of Fundy, and
Orpheus Graben (to recognise the Triassic basins); the Laurentian Channel; onshore New
Brunswick and Maine; a quiet zone for the Magdalen Basin; and active zones for Charlevoix

and the Lower St. Lawrence (but not southern Labrador).

Participant 3  An extended zone for the Laurentian Slope to include the 1989 swarm, Mx=7.0;
retain NAP, increase Mx to 6.5, split EBG into an Appalachians and a shield sub-zones with
Mx=5.5 and 6.0 respectively; retain CHV; define a St. Lawrence zone between Montréal and

Sept-Iles, Mx=6.5; expand WQU.

Participant 4 Redefine NAP, including a zone just for Passamaquoddy Bay; retain CHV and
LSL; add an Adirondacks zone; add a new St. Lawrence zone between Montréal and Sept-
Iles; define a Saguenay zone; split WQU into two; define alternative zones for Attica/Niagara

seismicity; define a source zone for Ohio that extends into southern Ontario.

Participant 5 Define many small active source zones for the Appalachians, lying within a
background zone; define a St. Lawrence zone between Kingston and Sept-Iles with zones for
CHYV and LSL; define a Saguenay zone; split WQU into two zones; define an Adirondacks and

a Champlain zone.

Participant 6 Retain NAP; define a St. Lawrence zone between Cornwall and Sept-Iles with zones
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for CHV and LSL; define a‘Saguenay zone; split WQU into two zones; define an Adirondacks

zone; define a Niagara zone.

Participant 7 Define discrete CHV, LSL and Saguenay zones (with boundaries based on
structural features) within a St. Lawrence zone between Cornwall and ?Labrador; split WQU;

extend the Ottawa Graben to the west.

Participant 8  Define discrete CHV and Saguenay zones within a St. Lawrence zone between

Trois-Rivieres and Sept-Iles; retain the WQU zone.

Participant 9 Using orientations of faulting and seismicity: define discrete CHV and LSL
zones; define a Montréal zone; zone the rest of the rift system, Mx=7.5; split WQU up into
two zones with Mx=7.5 along the Ottawa River and Mx=7.0 north of the river; define a

Niagara zone, Mx=7; rest should be a background zone with Mx=6.5.

Participant 10  Define small zones in the Appalachians, retain CHV and LSL; add a Saguenay
zone; retain most of WQU and add a zone to the south; define a broad Montréal zone around

the seismicity; define an Attica and an Erie zone; define a zone in central Ontario.

Participant 11  Define NAP; define a St. Lawrence zone between Cleveland and Labrador (with
an arm along the Saguenay) with a separate zone for CHV; split WQU; add a WQ zone for

the Adirondacks; add an Ontario Arch zone.
Participant 12 Define isolated blocks of aseismic crust, Mx=>5.5; rest is Mx=7.5.

Participant 13  Extend NAP to include fold belt; extend CHV to include Saguenay; define a
SLV zone to include the Lower St. Lawrence and Magdalen Basin; modify WQU; define a new

Ontarlo zone.

Participant 14 Define an Atlantic seaboard zone (based on Mesozoic extension and neotectonic
reactivation), Mx=7.5, to include most New Brunswick and Maine seismicity; a Appaléchian
Overthrust zone of shallow seismicity, Mx=6.0; a zone of reactivated extensional features
extending from southern Labrador to Lake Erie (Mx=7.5—8) with pockets of higher seismicity
at WQU, CHV, and LSL where the rate may be higher but the Mx.is the same; and stable
shield (Mx=6) and stable platform zones.

Participant 15  Zones along the Grenville Front Tectonic Zone, CMBBZ, Ottawa-Bonnechere

34




Graben, and extension of St. Lawrence Graben or southern Ontario Structural zone.

Participant 16  Define a St. Lawrence zone between Kingston and Baie Comeau Mx=7.5; a
Saguenay Graben arm, Mx=7.0; a western Quebec zone, Mx=6.5; an Ottawa river zone,
Mx=7.0; the CMBBZ, Mx=6.0; the Georgian Bay lineament, Mx=6.0, and a southern Great

Lakes structural zone, Mx=7.0.

Particfpant 17  Define Saguenay, Ottawa and Lake Champlain rift sources; define a southern
Great Lakes rift extending down the St. Lawrence past Montréal and cut by active features:
the CMBBZ, the Salmon River Fault/Claredon-Linden suture, the Georgian Bay—Attica; and
the Grenville Front.

CONCLUSIONS

A few issues were not discussed or resolved at the meeting. They include:
e The role of heat-flow on influencing the depth of seismicity and perhaps the Mx.
e Post-glacial rebound and its influence on continuing seismicity.

o How to distinguish “mature” from “immature” rifts, and whether the Nippising extension of

the Ottawa Graben could therefore be considered aseismic.
e What is an “old” rift from the point of view of contemporary seismogenesis

The Geological Survey thanks the participants and will consider the submissions made at the work-

shop in drawing the next seismicity source zone maps.
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APPENDIX 2

AGENDA, WORKSHOP ON EASTERN SEISMICITY
SOURCE ZONES FOR 1995 SEISMIC HAZARD MAPS

11 MARCH 1991

MONDAY 18th

0900 Welcome — M. Berry

0910 The 1982 seismic source zones and the 1985 NBCC seismic hazard maps — Peter Basham
0925 Towards NBCC95, an overview of the seismological issues — John Adams

0940 Using geological information in probabilistic seismic hazard analysis: the USGS view — Russ
Wheeler (presented by John Adams in Wheeler’s absence)

0950 Types of geological information and impact (discussion and improvements to a list)
1000 Coffee

During this break, all intending to speak to the next issue should contact the chairman, who

will organize brief (5 min / max 4 overheads) presentations in the next session.

1020 Contributions and discussion: “Incorporating geological and other information to constrain
earthquake source zones in eastern Canada”. This will include examples from similar tectonic

environments in the United States and the rest of the world.
1215 Catered Lunch

1315 Discussion of earthquake source zones by geological province (some issues may need to be

identified as “outstanding” and be discussed on Tuesday morning).

We seek to address the following problems in each region: “What is the range of opinion as
to the reason for the seismically active zones in eastern Canada? What boundaries can be
justified to constrain the seismicity?” We will identify a few speakers to lead-off the discussion
and will then invite discussion from the floor. Intending speakers should contact the organizers

prior to the meeting or during the breaks.
o Eastern Offshore  (Gail Atkinson)
e Appalachians (Leonardo 'Seeber)
e Rifted Canadian Shield (John Adams)

e Southern Great Lakes (George Klimkiewitz)
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e Eastern Background (Peter Basham)
1515 Coffee
1545 Session resumes
1700 Close of meeting
1730 Reception and cash bar, Talisman Hotel
1830 Dinner, Talisman Hotel

1915 After-dinner Speaker, Mr Alan Ruffman on “The 1929 Grand Banks Earthquake and the

historical record of earthquakes and tsunamis in Atlantic Canada”.

1945 Informal discussion

TUESDAY 19th

0815 Outstanding issues from the previous day’s session

0945 Coffee

1000 Estimating maximum magnitudes for stable continental regions — Arch Johnston
1020 The largest eastern Canadian earthquakes — Pé,ul Somerville

1030 Discussion: “How should the maximum earthquake size be estimated and what maximum
earthquake size should be associated with each of the 5 geological regions?” Contributions

(including world-wide examples) to be organized during the preceeding coffee break.
1215 Catered Lunch

1300 Discussion: Other issues: “For active zones with few earthquakes, how do we estimate the prob-
ability of the larger earthquakes (i.e., those important for the hazard calculations)?” “Should
all seismicity zones in eastern Canada be given a constant b-value?” “Methods for magnitude

recurrence calculations.” “Completeness years for southeastern Canada and adjacent U.S.”
1445 Summary — J. Adams
1500 Close of Meeting
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APPENDIX 3

Participants’ Overheads

These overheads are arranged in the same order as the Narrative, and are referenced
.in the Narrative by #B.3 etc, that referring to the sequence B.3 in the upper right

corner of each page.
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Figure 1. Seismic zoning maps of Canada adopted for the 1985
edition of the WNational Building Code. The peak horizontal
acceleration (upper) depicts ground motion relevant to the design
of small rigid structures; the peak horizontal velocity (lower)

depicts ground motion relevant to the design of talP,f),e)gblfL
structures such as highrise buildings. - AN
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ZONE: Northern APPALACHIANS (NAP)
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Appendix E, and the text.
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3. But alsc

to decreasing certainty that the active source zones

are the only ones.....
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INTRODUCTION

"East of the Rocky Mountains seismicity is sparse and most
active faults are not exposed at the surface. Accordingly,
relations between seismicity and geology are more ambiguous in the
East than in the West. This fundamental difference between the
regions has caused two problems in defining source zones for earlier
hazard assessments.

"First, in general it has been difficult to combine geology
and seismicity in the East to define source zones in a clear,
logical way. The few exceptions to this difficulty are zones with
abundant seismicity that has clear spatial associations with
particular groups of faults, as is the case at the Reelfoot and St.
Lawrence rifts and the Charlevoix impact structure.

"Second, source zonation has depended on changeable hypotheses
about the geological causes of eastern seismicity. If source zones
change, the ground-motion maps based on them also change ... . But
hypotheses rise and fall, so it is not always clear at the time
whether a change is an improvement or an error. Examples of
changing hypotheses are the controversies over the Ramapo fault ...
and the Atlantic Coast stress province ..." (Wheeler and Thenhaus,
1989, p. 45).

Paul Thenhaus suggested a way to attack both problems by treating eastern
geology and eastern seismicity separately. 1 am treating the geology and Dave
Perkins will treat the seismicity. I’ve defined geologic source zones that are
based only on geologic information and not on seismicity; traditional source
zones have been based on both types of information. The geologic source zones
are restricted to those that can be based on accepted regional geologic
characteristics or analogy to worldwide patterns found by EPRI’s maximum
magnitude project. I do not draw a source zone boundary between adjacent areas
unless I can argue that the seismogenic faults in the two areas differ in age or
type. In practice these restrictions mean that the geologic source zones are few
and mostly large-~I’ve defined eight in the central and eastern U.S., four of
which are germane to southeastern Canada.

Afterward, Dave Perkins will calculate hazard from the seismicity within
each geologic source zone, as illustrated by Perkins and Algermissen (1987). The
calculation is slightly more subjective than defining the geologic source zones.
However, it can be developed objectively and the subjectivity can be confined to
choices of values for a few smoothing parameters (Perkins and Algermissen, 1987).
In thig way we avoid the ambiguity and most of the subjectivity that have plagued
previous attempts to define traditional source zones by mixing geology with
seismicity. ‘

GEOLOGIC SOURCE ZONES--METHOD

Most of the East comprises continental crust that has evolved through a
long, complex series of contractional and extensional deformations, and contains
faults of diverse ages, orientatioqs, and styles. Also, eastern North American

e
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March 4, 1991

To: John Adams
From: Rus Wheeler
Subject: Enclosed photocopies of some of my slides from the Baltimore GSA

Perhaps some of these figures could make overheads that would be useful
during your workshop. I’ve numbered them sequentially in the upper right
corners.

1. Outline of the argument that the Iapetan margin should be a source
zZone.

2. Schematic cross section across the Appalachians and Grenville. Just
as the southeast part of the Appalachians were extended, faulted, and thinned by
the Atlantic rifting, so was the southeast part of the Grenville orogen extended,
faulted, and thinned by the Iapetan rifting. Both margins have a hinge zone that
separates relatively 1little extended orogenic crust to the northwest from
comparatively more extended orogenic crust to the southeast. I deal with the
more or less intact part of the Iapetan margin between the two black dots, from
the hinge zone on the southeast to the northwestmost Iapetan faults on the
northwest. The Iapetan hinge zone falls roughly under the Appalachian gravity
gradient, especially south of Vermont.

3. The northwest .boundary of the intact part of the Iapetan margin is
poorly defined because the extensional faults probably die out gradually to the
northwest. However, the boundary can be drawn along the northwest 1imit of these
dots.

4. The hinge zone and the southeast edge of the thinned Grenville crust
southeast of the hinge zone are recognized on published interpretations of 9 deep
reflection profiles.

5. Here are the three boundaries located with the evidence summarized in
4 and 5. The intact part of the margin lies between the NW boundary and the
hinge zone, and this is the proposed source zone. The thinned, southeast part
of the margin is aseismic and lies beneath the Appalachian orogen.

6. The fault style of the intact part of the margin, as determined at the

localities shown in 3, 1is northeast strikes, with some varying from N to E,

beneath the Appalachian thrust sheets, at a moderate angle to the compressive
stress calculated from ridge-push forces. I use ridge-push forces in this
context because focal mechanisms record slip, not stress. The two should be
about equal if averaged over many mechanisms in the absence of a strong rock
fabric. However, the Iapetan faults apparently constitute a strong fabric
because they are selected for reactivation, so ridge-push forces are less likely
to be biased by the fabric than are focal mechanisms.

7. The seismicity style of the intact part of the margin, as determined
at Charlevoix, Giles Co., Va., and eastern Tennessee, is quite similar to the
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C-4

fault style. This makes it reasonable that the Iapetan faults are the
seismogenic ones throughout the intact margin, in agreement with the conclusion
drawn at each of the three localities individually.

8. The last conclusion translates as "source zone”.
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ARE EASTERN CANADIAN EARTHQUAKES ASSOCIATED WITH ?

- ocean-continent transition zone
- Mesozoic rift faults
. Iapetus margin
- Appalachian thrust sheet
- hot spot trace
- Precambrian faults and fractures
- gravity anomalies
- aeromagnetic anoma!iés
- post-glacial rebound
- stress-relief features
- topography
- plutons

- fault intersections
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Figure 3.5 - Orientation of surficial linears within the

blocks of Sanford et al. (1984). The heavy lines FROM W/ALSO/{J/

separate major crustal blocks, within which linear
features show similar trends. /9?0
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Figure 3.6 - Orientation of geophysical (mid-crustal) }%M W/w

linears within the blocks of Sanford et al. (1984). The
. heavy lines separate major crustal blocks, within which /??0

linear features show similar trends. 70
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CASSURES DE LA CROUTE TERRESTRE AU SAGUENAY - LAC ST-JEAN 10
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FIGURE 7- Particularités géologiques associées au bloc
“Jacques Cartier”. Les limites nord et ouest du bloc sont

indiquées par un trait. From ROY 1991

DENIS W. ROY, SCIENCES DE LA TERRE, UQAC /w
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FIGURE 10

From DUBERGER et al, 1991.

Modified from LANDRY, 1986.
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from ROY et DUBERGER, 1983.
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CORRELATION BETWEEN CODA @ AND SEISMICITY IN CHINA

;- ~ Before I700  After 1700
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FiG. 9. Map of coda Q at 1 Hz and epicenters of major earthquakes with M = 7. Differe
are used for M > 8 and M < 8, and also for tlrlxz time of occurrence before and after 1700.
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Fig. 5. A schematic map view of the Monteregian hotspot track (above)
illustrates kinks in the track and associated changes in the flux of the
plume. The plume was weak when it crossed Ontario (top left) and was
strongly bent by cross currents in the mantle (lower left). The plume
strengthened near Montréal and gradually assumed a less bent
configuration (below middle). For simplicity, only the component of the
mantle current perpendicular to the track is shown. The chwnge in the
orientation of the plume caused the track in the White Mountains to
differ from the previous trend. Once the plume had the straighter shape,
it made the track of the New England Seamounts. At Nashville
Seamount the plume weakened and gradually assumed a more bent
shape (lower right) producing the kink in the track between Nashville
Seamount and the Comer Seamounts,
/9%

Stexy

Fig. 1. Ind.ex map of the New England Seamount chain modified after Tucholke {1986, Plate 5] Depth to basement is con-
tou}'ed in kilometers. The area between 6 and 7 km depth is stippled to separate the seamount chain from the Sohm abyssal
plain to the north. T}_xe 5 km contour represents the base of volcanic edifices; the tops of the e'ifices are indicated with dots.
The amount of volcanism decreased rapidly near Nashville Seamount and the trend of the track changed. v
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northwards. Apparently anomalous reacent
subsidence of the shelf off northern Labrador may
reflect crustal adjustments to the most recent
phase of volecanic activity. The concentration of
earthquakes at the merging of the two trends
discussed above may be a reactivation of faulty
associated with these crustal adjustments.

Clearly, no significant improvement in the
present source zone model for the Labrador Sea
(the polygon in Figure 2) can be made until the
tectonic processes and potentially active
geological features are better understood and
conflicting interpretations are resolved,

SEISMICITY AND GEOLOGY OF THE NEWFOUNDLAND SHELE

The seismicity of the island of Newfoundland
and surrounding shelf {s shown in Figure 3. The
epicentral plot includes all known earthquakes
from 1929 to 1980. The threshold magnitudes for

M.

detection and the location accuracies for the
of'fshore areas of Figure 3 are similar to those
in the Labrador Sea., The most significant
earthquake i3 the magnitude 7.2 “Grand Banks"
earthquake in 1929 near the edge. of the
continental stope at the mouth of the Laurentian
Channel. This earthquake had af'tershocks with
magnitudes as large as 6.0. Earthﬁuake§ in the
magnitude 5 range occurred in 1958, 1954 (2), and
1975 near the mouth of the Laurentian Channel,
and in 1922 northeast of the island of
Newfoundland. . The location of this latter event
is prubably uncertain by at least 100 km and
possible much more. Magnitude 4 eitrthquakes, and
the Cew smaller events that have bueen located,
are scattered throupghout the shelf area from Lhe
Seotian Shelf to northeast of the island of
Newfoundland. There is no known historic or
recent seismicity in the Gulf of 5t. Lawrence
south of Anticosti Island and only very minor
selsmicity on the island of Wewfoundland itselr. .

BT
% Earthquake © ©¢ © @ @
Bﬂ\v—an—" Magnitude <3 23

i W O M ey s 420 O

1 L ] ! { 1 J

56°
A

Figure 3. Map of northern Nova Scotia, southern Newfoundland and the ad jacent shel
200 m and 2000 m isobaths; earthquake epicentres from 1929-1980; existing (filled) and proposed {(open
ment faults {dashe? where uncertain) - short-dashed
iles (King and MacLean, 1976), long-dashied east of

triangles) seismograph stations; and offshore base
west of 55.5° observed on seismic reflection prof

14 slope showfng:

55.5°% iaferred from magnetic and gravity studies (LeFort and Haworth, 1978). Stippled quadrilateral at
the mouth of the Laurentian Channel is earthquake
motion mapping.

Source zone employed in regional probabilistic ground
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EASTERN CANADIAN OFFSHORE EAR? QQUAKE'S
OF M>3 THROUGH 1985 AND SEISMIC SOURCE ZQNE$ OF MQQEL“
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Seismicity of the eastern Canadlian margin (right);
and speculative history and pre-history of significant earthquakes, with
aftershock talls (left). This speculative mode! assumes that magnitude 7
and greater earthquakes on the continental margin sufficlently perturb.
the local stress regime that continuing activity for a perlod of 100-~200
years can be considered as long aftershock sequences,

Figure 4.3
SEISMICITY OF THE EASTERN CANADIAN MARGIN
After Basham and Adams (1983)
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S. Hasegawa — NE Baffin Island and Locations of maximum
offshore earthquakes March 18/91 symposium

gure 1. Rectangular box shows seismic zoning for probabilistic

~strong seismic zoning maps for NBC 1985 (Basham et al., 1982)

~'Because of sparse data set, even though there appears to be

a seismic gap between the NW (larger magnitude) cluster and the
SE (smaller magnitude) cluster, a single box was considered

7:appropriate for seismic zoning purposes.

The lower figure shows the associated magnitude-recurrence
curve (b-value of 1.1).

Figure 2. Suggested revised seismic zoning for NE Baffin Island

shown by two green boxes. The SE box encloses cluster with relatively
smaller magnitudes (large b-value) and the NW box encloses

larger magnitudes (smaller b-value). There appears to be a

seismic gap between the two seismic clusters.

The seismic cluster in the NW box is close to the cluster of
fairly large offshore earthquakes that are associated with

the Mesozoic rifted margin (Adams and Basham, 1989). The larger
magnitudes in the NW cluster may be due to its proximity with
the adjacent offshore seismicity.

Are the onshore earthquakes in the same seismogenic environment
as the offshore earthquakes? We address this issue in the next

overhead.

Figure 3. Earthquake fault-plane solutions offshore indicate thrust

faulting whereas those onshore, normal faulting (Stein et al., 1979).

‘Thus the offshore and onshore regions are in different seismogenic

environments. The lower figure shows, schematically, three phenomena
that could, collectively, account for the normal-fault regime
along NE Baffin Island. In part A, which shows continent—ocean

f»transition zone, continuous curve is from Bott and Dean (1972) and

dashed curve is for Baffin Island. In part B, which shows mountain
and root, continuous curve is from Fukao and Yamaoka (1983) and
dashed curve is for Baffin Island. Part C shows glacial forebulge
(related to incomplete postglacial rebound) centered along northeast

:-Baffin Island (Peltier, 1986). Coulomb-Mohr failure diagram on right

indicates changes in maximum principal stress due to locally generated
deviatoric stresses (from Hasegawa and Adams, 1990). Thus normal-
fault regime may be a transitory phenomena related to SW migrating

“glacial forebulge.

Figure 4. Next we address the question "Can large earthquakes

occur anywhere along the passive margins of Canada ?"

Figur 4 (Sanford et al., 1985) shows that the tectonic activity
along the east coast of Canada is in a passive stage and near a
minimum. This would argue against any new tectonic episodes

along this passive margin and, thus, would favor the view that
large earthquakes along the passive margin would tend to occur

at the intersection (or terminus) of trends, which is most
favorable for a concentration of large faults and a stress-strain
enhancement. However, unusual seismotectonic activity elsewhere
along the passive margins that are not manifest at present could
induce large earthquakes in these regions (away from intersections)
also.

Figure 5. Figure 5 (after Adams and Basham, 1989) shows that the \
. largest recorded earthquakes along the passive margins of Canada U\

tend to occur at the intersection or terminus of rifted margins. QNﬁﬁrr

In.fhe Beaufort Sea (BS) the largest known earthquake, the M6
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1920 event is located near the intersection of the NE trending
passive margin along the Arctic Archipelago and the northern
margin of Alaska. Beaufort Sea could have been formed by the
counter—clockwise rotation of Alaska from the NW margin of the
Arctic archipelago to its present position. Thus the corner

(SE boundary of Beaufort Sea could be the locus of larger fault
concentrations.( References Irving or Sweeney year???)

-In northern Baffin Bay (BB) the M7.3 1933 earthquake,

which is the largest that is known to have occurred along the
passive margins of Canada, is near the northern end of the

Mesozoic rifted margin. The epicentre is also near Lancaster Sound,
which is a shear zone with strike-slip motion (Sobczac, 1982),

and the southern end of Nares Strait along which considerable
lateral offset has been recorded (e.g. see Wetmiller and Forsyth,
1982, for review). Thus the concentration of large faults and
fractures should be in the epicentral region of the 1933 earthquake.
(geometry of an extinct triple junction !)

In the Grand Banks (GB) region the M7.2 1929 Grand Banks earthquake,
which is the largest recorded in this region, is near the intersection
of a transform fault (along southern margin of Grand Banks) and a
rifted margin (eastern margin of Nova Scotia).

Another feature common to these three noteworthy seismogenic zones
~1s the presence and source of relatively fresh unconsolidated
sediments, which accumulate along the continental slope.

..Figure 6. This overhead shows selsmicity in relation to free-air

gravity anomaly contours offshore along the SE part of the Beaufort
Sea (Hasegawa et al., 1979). The lower red area, in which there is a
positive free—air gravity anomaly of 80 mGals, is a region of
-unconsolidated, and likely uncompensated sediments, which generate
-~ a deviatoric (horizontal) extensional stress field normal to the trend
~of the continental margin; that is in an E-W direction. Thus the only
fault-plane solution indicates a normal fault mechanism. The
spreading ridge (Nansen—Gakkel) stress in parallel to the magin, that

is in a N-S direction. The focal depths are deep, between 30 and 40 km.

. (Sobczac, describes sediments)
Figure 7. This overhead (Wetmiller and Forsyth, 1982) shows the M7.3

earthquake in relation to the offshoe seisinicity and the unconsolidated

sediments to the north.
Because the epicentre is along the southern boundary of the sedimentary
load to the north, and not under it like the Beaufort Sea earthquakes
discussed in Figure 6, the deviatoric (horizontal) stress field is

compressional and in a SSE direction (parallel to the trend of
Baffin Bay) in the epicentral region of the M7.3 event. This is in
accord with the thrust fault solution with an ENE strike (Stein et

al., 1979). The focal depth of this event is about 10 km. (Stein et al.,

1989).

Figure 8. This overhead shows, for the M7.2 Grand Banks earthquake,
available P-wave first motions and 5 P-nodal solutions that satisfy
the data.The criteria to determine which of these solutions is the
preferred one.is shown in the underlying figures. The S wave data
prefer the slump (single force) and the normal fault (double couple)
solutions. Of these two the slump mechanism is the only one that
~satisfies the Love to Rayleigh ratio at UCCLE. However, if we relax
the constraint for an acceptable solution to the S wave first motion,
which is a more definitive criterion, then both the single force and
the double couple (normal fault) mechanism are acceptible. More

S wave data are required over a range of azimuths to determine
whether the S wave radiation pattern manifests the characteristics
of a single force (two lobes) or a double couple (four lobes).

o\

&

This is the most definitive test possible to differentiate between 'Q@”dr

a single force and a double couple.

38



. Thus Figures 6, 7 and 8 show that the three largest earthquakes are in

- idifferent seismogenic environments. The unconsolidated, probably
- uncompensated, surface sediments can influence the seismicity in
~dramatically different ways.
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Figure 14 - Seismicity of the Labrador Sea showing the relationship between the relocated

epicentres and the extinct ridge aud fracture zones. {Srivastava and Tapscott, 1986)
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Table 1

MICROEARTHQUAKES INSIDE THE MICRONET APERTURE OR IN THE IHMEDIATE VICINITY
(1986-1989)

NC.YEAR HOOY HRMISZEC LAT.N LONG. W 0 RMS EH EZ NP NS GAP MC SC TR.NO.
1. 1986 0312 085526.6 41.7272 81.1707 6
2. 1986 0928 103604.2 41.7247 81.1091 6
3. 19E6 1020 105944.7 41.7587 B1.1453 4
6. 1986 1027 122555.5 41.7435 81.0944 3
5. 19E6 1103 085449.6 41.7098 B81.1292 °
6. 1985 1201 050317.5 41.7120 81.1195 5
Te 1987 0102 024114.8 41.7472 81.1027 6
B. 1987 0128 235829.8 41.7399 B1.0974 5
9. 19E7 0223 11455644 41.7284 81.1197 7
10.1987 0228 204644.5 41,7451 81.0932 4
11.19€7 0501 211332.3 41.7466 81.0872 4
12.19€7 0501 211352.1 41.7466 81.0921 9
12,1967 0502 183307.7 41.7475 81.0932 4
14.1967 0502 202526.5 41.7424 81.0889 8
12.1987 0708 034835.2 41.7392 81.1037 ]
1€.19€7 0815 052627.7 41.6994 B1.1472 6
17.19E7 1010 000610.4 41.7430 31.103) 5
1€.1987 1014 195924.8 41.7250 81.1318 3
19.19€7 1122 024918.9 41.69689 81.1447 5
20.19E68 0116 222403, #41.747 B81.098 2
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Table 2

DUTSIDE THE CEX

MICROEARTHQUAKES HICRDNgT APERTURE

I

I

177

YEARHKLCOY HRKISEC LAT.N LONG.W D RKS EH EI NP NS G&P HC LOCATION TR.NC
15861224 093733.9 41.7487 81.2392 1.0 0.04 8.5 6.7 & 3 306 0.3 FAIRPORT H.
15370228 113333.8 41.6200 81.46400 2.5 0.10 0.5 4.9 13 8 247 1.4 MWILLOUGHSY
1S870€186 103057.3 41.5146 80.3859 3.0 0.80 1.4 23. 13 7 345 2.7 NW. PA 725
19870713 054917.8%41.9030 680.7380 3.6 ASHTABULA 80S
15871259 115600.0 41.9030 80.7380 2.0 ASHTABULA 1807
19871225 032800.0 41.9030 80.7380 2.2 ASHTABULA 1822
1$871225 072226.9 41.T485 81.2640 1.2 FAIRPORT H.1832
19880231 163000. 41.33140 B81.0480 2.8 NELSON,OH 2595%
16880420 165127.9 41.7738 81.2085 3.3 0.05 0.2 2.0 16 10 221 1.4 OFFSHORE 2652
165880€27 044631.3 41.8180 81.2293 2.2 0.06 0.2 7.4 22 11 239 2.7 DOFFSHORE 2812
1S8B80€27 044700.0 41.8180 81.2293 0.2 OFFSHORE
19880£27 044826.0 41.8180 81.2293 1.7 OFFSHORE 2813
19880627 065500.0 41.8180 B81.2293 —~«1 OFFSHQORE
15880627 072940.0 41.8180 B81.2293 1.3 OFFSHORE 2814
15880627 082908.0 41.8180 81.2293 C.7 OFFSHORE 2815
15880722 160902.1 41.7575 B1.2496 2.1 005 0.4 19. 10 5 274 =-.1 FAIRPORT H.2900
1SBB0S30 172556.9 41.7500 81.2500 1.9 0.02 2.8 2.2 6 & 306 0.1 FAIRPORT H.3081
15881225 021124.9 41.8305 81.0296 1.1 0.02 1.0 0.8 13 9 299 2.4 HADISON 3610
15890325 233507.9 4147463 ,81.2653 2.2 0.06 0.3 1S. 14 9 115 0.3 FAIRPDRT H.378¢
1S58S0€15 164751.6 41.7475 81.2570 2.0 0.04 0.3 17. 11 6 278 0.4 . FAIRPORT H.4023
15890721 052202.% 41.7T485 81.2595 1.7 0.03 0.7 0.5 9 5 280 0.2 FAIRPORT H.4134
1S890€01 161248.6 41.89 80.75 2.8 ASHTABULA 41790
15890601 165030.6 41.89 B0.75 2.9 ASHYABULA 4171
15850802 004459.0 41.89 80.75 2.2 ASHYABULA 4175
1S8S0€03 040752.0 41.89 80.175 2.2 ASHTABULA 4185
15350E11 11535¢.3 41.8378 81.0192 2.0 0.02 0.3 14. 9 S5 320 1.2 HMADISON H.4211)
19891C19 224300.5 41.7462 81.2612 2.0 0.03 0.2 0.2 13 7 1B2 0.4 FAIRPDRT H.4458
15891206 123618.3 41,7476 81.2533 2.0 0.05 0.4 24. 10 6 276 0.2 FAIRPCRT KH.4522
15851221 153915.4 41.7726 81.2477 2.2 0.04 0.6 20. 6 'S 352 0.3 FAIRPORT H.4600
* This event had more than SO aftershocks. Ss3¢ Armbruster et al. 1987.
MARCH 1S90
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OBSERVATIONS ON NE OHIO SEISMICITY

1/31/1986 Earthquake Has a Tectonic Origin

Microseismic Activity (NE of 1986 Epicenter)

Could Be Induced by Deep Well Injection;

However, No Temporal Correlation Has Been Found
Between Injection Volumes and Pressures

and Seismic Activity. (Work Continues)

Focal Depths of Microseismic Activity is Consistently
~ at the Paleozoic-Precambrian Boundary, i.e. H = 2 Km

Microseismic Activity Appears to Support a
Block Tectonic Model (Intersections of Lineaments)
Versus a Single Fault Model (Work Continues)

l§2
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Chronology of Seismic Activity
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Chronology of Seismic Activity
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The 1929 “Grand Banks” Earthquake and the Historical Record
of Earthquakes and Tsunamis in Eastern Canada

by

Alan Ruffman, Geomarine Associates Ltd.
Halifax, Nova Scotia

The Canadian Hydrographic Service has completed a compilation of known historic tsunamis
from 1663 to the present. Previously, only the November 18, 1929 tsunami from the Laurentian Slope
“Grand Banks” earthquake was recorded in the literature; there was also a brief mention of an 1864
event in the Avalon Peninsula. The 1864 St. Shotts tsunami is now suspected to be related to a local
felt event and may be related to seismic activity in the Laurentian Slope Seismic Zone.

Two apparent tsunamis are now known in Lake Ontario with a possible 1926 tsunami in Lake
Erie. The Gulf of Maine area, the southwest of Nova Scotia, northern Cape Breton Island and the
Gulf of St. Lawrence have all experienced tsunamis. A widespread event in 1848 affected northeast
Newfoundland from St. John’s to southern Labrador. The tsunami generated by the great Lisbon
Earthquake of November 1, 1755 is now known to have affected northeast Newfoundland in the
Bonavista area. The total of eastern Canadian tsunamis now totals at least eleven with the three
Maine events. A rock fall tsunami event is also known in Western Brook Pond in Newfoundland in
1905. Only the 1929 tsunami is known to have cost lives.

The November 18, 1929 tsunami’s death toll is revised upward slightly to include a death in
Nova Scotia. This tsunami is shown to have refracted counterclockwise around the Avalon Peninsula
and to have affected northeast Newfoundland in the early hours of November 19, 1929 about five to
six hours after it devastated the south-facing harbours on the Burin Peninsula. Contrary to popular
scientific belief, the tsunami did not strike the south coast of Newfoundland during a storm; it was
a calm bright moonlit night. A major storm tide accompanied a large storm the next morning just
after daybreak on November 19, 1929 in Newfoundland. This high lunar/storm tide is often confused
by people who remember it as having been the effects of the tsunami or ‘tidal wave’ that caused the
‘South Coast Disaster’.

After dinner talk presented at: Workshop on Eastern Canada Seismicity Source Zones for the
1995 Seismic Hazard Maps, March 18-19, 1991, Geophysics Division, Geological Survey of Canada,
Ottawa, Ontario (Geomarine PrOJect No: 91-03).
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1 EXECUTIVE SUMMARY

A realistic assessment of seismic risk is important in design, construction and operation
of critical or strategic facilities. Review of up-to-date information and the application of
state-of-the-art techniques can reduce the number of uncertainties in seismic hazard
studies. These aspects may serve the interest of the community by minimizing the
potential damage as well as preventing over-conservatism which is considered to be
another type of economic loss even before the earthquake occurs.

The fundamental objectives of this study were to review and improve the seismological
data base as an aid in more realistic evaluation of seismic hazard in southern Ontarlo
For '[hIS purpose, the following procedures have been undertaken: .

In the first stage, the types of errors in earthquake location files are identified, sources
of uncertainties are discussed and a sensitivity analysis of the errors to different
parameters is presented. For this analysis and for calibration of the crustal velocity
models, recorded data from the 1982 COCRUST seismic experiment explosions at
Marmora, Ontario and Bristol Mines, Quebec, and blasts from the Ogden Point quarry
at Lake Ontario have been used. Conclusions reached are that the most prominent
sources of errors are: a) systematic biasing to different combinations of seismographic
stations which have changed through time, b) quality of the input data and consistency
in assigned weighting factors, c) variations in station coverage and therefore detection
threshold in southern Ontario, and d) to a lesser extent, the crustal velocity models.

In the second stage, a group location technique, Joint Hypocenter Determination (JHD),
has been utilized to improve the locations of a group of 67 well-recorded events, mostly
from the more active region near the Ottawa River and in western Quebec. The third
stage, to relocate smaller and less reliably detected events in southern Ontario, utilized
a new algorithm, "HYPOCENTER", which proved very efficient and flexible in the test
runs for handling local explosion and natural events. The results show that the latter
technique, if used with reviewed and corrected phase data, can yield solutions with
accuracy of better than +/-2km, compared with uncertainties in the order of +/-20km
observed for routinely located epicenters in the vicinity of Lake Ontario.
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A preliminary interpretation of the seismicity patterns in the study region shows that
earthquakes of magnitude 3 and larger tend to align along preferred seismic trends
which may, in turn, be controlled by weakness planes in the Earth’s crust. These
inferred trends coincide with dominant northwesterly and northeasterly striking structural
directions. Delineation of the dimensions of such planes of weakness helps in the
definition of the properties of real seismic sources and may serve as a basis to
constrain future seismic potential, including the upper bound magnitudes (M,,) which
are important fundamental input parameters for seismic risk analysis. For earthquakes
smaller than magnitude 4 prior to 1970 and for microearthquakes (M<3) which occurred
near the Lake Ontario shoreline, the detection coverage was not sufficient to
conclusively discuss accurate locations and causative mechanisms. Nevertheless, the
contribution of triggering mechanisms due to pressure transients resulting from
groundwater fluctuations and consequent hydraulic fracturing can not be omitted at this
stage.

It is recommended that a site-specific seismic study be carried out for all important
facility sites in southern Ontario. These studies should include: 1) re-examination of all
available original seismograms for the events within a radius of 300km to permit
improvement and for more consistent data reduction to be used in recomputation of the
locations, and 2) monitoring of local microearthquakes with a dense array of
seismographs as a means of verifying the source properties and to develop appropriate
constraints for the generation and recurrence of larger magnitude earthquakes.
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0 50 100 150 200 km

Joint Epicenter Determination (JED) of selected
earthquakes in the West Quebec Seismic Zone
(WQSZ). Error bars show 90% confidence limits of the
recomputed locations.(Mohajer, 1987; MAGNEC
contribution 87-01)
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1- ExecutivE SUMMARY

Known seismic activity in eastern Canada has occurred in areas where no obvious or
simple association with surface geological features has been established. However there
is a growing recognition that pre-existing structures or weak zones and fault geometry
influence the location of seismic events and therefore the general seismicity pattern.
Although reactivation of a Palaeozoic rift fault system along the Ottawa and St.
Lawrence rivers and Mesozoic rift margins has been suggested in recent years (Basham
and Adams, 1988), there are many events which cannot simply be linked to known
geological structures. Typical examples include the apparently dispersed activity in

western Quebec, and the recent Saguenay earthquake of 25 November 1988.

In order to understand the seismotectonic framework of western Quebec, an attempt
has been made to improve the database by re-computing hypocentres. Original
seismographic records in the Record Centre of the National Archives of Canada for
the events that occurred prior to 1960 were examined. A sensitivity analysis was carried
out on the basis of the new phase readings. The results of this investigation show that
the inaccuracies in the location of older events are related to biases in the geometrical
spread of the seismographic stations and time base correction. Consistency in phase
identification has some bearing on data improvement, but it is usually masked by other

sources of error in hypocentre computations.

A detailed study of the recomputed location of the earthquakes in western Quebec,
together with lineaments identified from Thematic Mapper Multi-spectral satellite
image, geological maps and geophysical potential field data, revealed several active
linear features in this region. One conspicuous northwest seismic linear coincides with
Baskatong-Reservoir structural lineament. The recomputed locations together with
more reliable hypocentres of m23 determined by Geological Survey of Canada after
1978 were used for detailed cross-correlation with geological features and other

geophysical information.

Identified in this study is another locality where spacial correlation of seismicity with

geology is demonstrated. This feature is a northeast oriented seismic trend which passes
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near Bancroft and Pembroke, extending into western Quebec at a distance of about 100
km west of Ottawa. This seismic trend passes near the western boundary of the
Central Metasedimentary Belt (CMB) and one of the terrane boundaries which may
continue southwest toward Lake Simcoe and possibly Toronto. Alignment of epicentres
along this geological boundary-structure is more conspicuous in western Quebec than
in southern Ontario. Nevertheless, occurrence of several historical seismic events and
recent microearthquakes in the western part of Lake Ontario and in the Niagara region
may indicate that the full length of this prominent geological boundary may be

potentially active.

Several earthquake locations, for post 1980 events published by Lamont Doherty
Geological Observatory and Geological Survey of Canada, coincide with the above
suggested seismotectonic trend. It is not known whether or not this seismogenic feature
which occurs in western Quebec and which extends to southern Ontario, joins the
Niagara-Pickering magnetic lineament. The exact trace of this seismicity band, its
connection to the aeromagnetic lineaments across Lake Ontario, and the level of
present or future earthquake activity remain to be investigated. A local
microearthquake monitoring program is recommended for identifying possible sources

of future moderate to large magnitude earthquakes.
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FAULTING AND LIQUEFACTION OF QUATERNARY SEDIMENTS, IN SOUTHERN
ONTARIO, CANADA: Implications for Regional Seismic Hazard Assessment

MOHAJER, A.A. '
Seismican Geophysical Ltd., 239 Dunview Avenue, North York, Ontario M2N 4J3

EYLES, N., Glaciated Basin Research Group, University of Toronto Scarborough Campus,
1265 Military Trail, Scarborough, Ontario M1C 1A4

ABSTRACT

A conjugate system of normal faults cuts flat lying and undistorted Sangamonian (Late
Pleistocene) deltaic sediments exposed in a 17m vertical outcrop in the Rouge River Valley in
the east end of Metropolitan Toronto. The faults with throws up to 1.25m dip to the SSE and
NNW, and strike ENE, which is parallel to the principal compressive stress direction prevailing
throughout west Appalachian region of eastern North America. They are also approximately
parallel to the joint sets in underlying Paleozoic shales and to normal faults which are present
in post-glacial sediments beneath Lake Ontario. :

Coexisting with the normal faults is a vertically dipping clastic dyke, derived by emplacement
of liquified sand from an underlying sand layer and overlain by a younger silt and clay
sequence. Similar structures have been reported in other areas in eastern North America, all
of which have experienced moderate to large magnitude earthquakes. The latest example of
similar normal faulting and liquefaction features is documented in the Ferland-Boileau Valley
of Quebec, about 25 km east of the M,,,=6.5, Saguenay earthquake epicentral area.

The faults and the dyke were not produced by any obvious glaciological or sedimentological
processes. Moreover a regional pattern of NE-trending, postglacial normal faults seemed to
be emerging. The above, combined with the association of sand dykes and moderate to large-
magnitude seismicity, suggests that the faults and the dyke resulted from crustal tectonics and
associated seismicity. Their probable seismotectonic origin implies the need for their
consideration in the seismicity source zoning and hazard maps for incorporation into the 1995
National Building Code of Canada (NBCC). The observed structures within the last interglacial
sediments suggest that a large earthquake, presumably M>6, occurred less than ¢.70 ka.
These findings affect the current assumption for regional M, and therefore have implications
for the low probability risk assessment for critical facilities in the region , particularly for
Pickering and Darlington nuclear power plants at distances of less than 8km and 35km
respectively. In view of the overall seismotectonic environment of southern Ontario, including
current microearthquake reports and the newly found prominent Niagara - Pickering Magnetic
~ Lineament (NPML), it can no longer be assumed in southern Ontario is a region of negligible
seismic risk.
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Fracture Patterns in Quaternary Sediments
Site 1 - Rouge River
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There are no figures “#W.*”

Some useful text can be found in Joe Wallach’s

contribution in Appendix 5
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Central United States Seismicity 1627-1985

-105° . —100° -95° -90° -85 -80° .
50° ol T T T Y 0& ) =y 50°
° @
45° b o 45°
40° b o 40°
35° b o 350
30° = - :z;oa
mz26.5
5.02m<86.5
@ m<5.0
25° . d 25°
~105° -100° ~95° ~90° ~85° ~80°

S00 km

Figure 1. Felt earthquakes (M > 2.5-3.0) of the central
United States.

o\

\,P




X2
Central United States Seismicity 1811 — 1987
Magnitude2 5.0 -

Y yr————=0°N

¢} 5.0=m<6.5
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Figure 2. Seismicity of the central United States, M 2 5.0.
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Ce.ntrall United States Seismicity 1811 — 1987 Mag>6.0
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Figure 3. Seismicity of the central United States, M =2 6.0.
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X.5

Figure 9. Precambrian Craton/Shield Earthquakes

EVENT MAGNITUDE

Australia 1941 Meeberrie M= 6.8
1968 Meckering M= 6.6
1970 Cadoux M= 6.0
1979 Calingiri M= 6.1
1988 Tennant Creek M = 6.2
M= 6.3
M= 6.6
India 1956 Moradabad M= 6.1
1967 Koyna M= 6.3

(reservoir assoc.)
Africa 1912 South Africa M = 6.0
1963 Zambia M= 6.2
(L. Kariba, reservoir assoc.)
1983 Guinea M=6.3
Europe [1819 Norway M= 6.4]
S. America 1955 Brazil M= 6.1
N, America 1989 Ungava M=256.0
SE China 1944 North Korea M 6.7
: 1952 North Korea M 6.2

Asi R i

Antarctica

none known

none known

M 2 6 (mostly instrumental)

FAULT TYPE

thrust
thrust
thrust
thrust
thrust
thrust
thrust

strike~slip

SURFACE
RUPTURE

no
yes
yes
yes
yes
yes
yes

no
no

w/normal comp.

normal

normal with

no

yes

strike slip

(not instr.) no

thrust

thrust

no
yes

no
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SOURCE CHARACTERISTICS OF LARGE EASTERN CANADIAN EARTHQUAKES

Prepared for the Workshop on Seismicity Source Zones for the 1995 NBCC Seismic Hazard Map
of Canada, Ottawa, March 18-19, 1991.

by Paul Somerville, Woodward-Clyde Consultants, Pasadena, CA, March 11, 1991

SOURCE PARAMETER SUMMARY: see Table 1; most are from Somerville et al., BSSA 1987 p.
322-346. Events in the immediately adjacent United States are also included. Seismic
moments accurately estimated from body wave modeling (example given in Fig. 1); source
durations estimated from body wave modeling (example given in Fig. 2).

FOCAL DEPTHS: reliably estimated from modeling of depth phases; example given in Fig. 2.
Depths consistently in the range of 6 to 10 km until the recent 1988 Saguenay (26 km) and
1989 Ungava (3 km) events.

FOCAL MECHANISMS: mostly thrust (see Fig. 3); 1963 Baffin Bay event (not on figure) was a
normal faulting event.

STRESS DROPS (BRUNE MODEL): constant stress drop scaling (Figs. 4 and 5); average stress
drop of 120 bars with a standard deviation factor of 5 (Fig. 6), corresponding to a standard
deviation factor of about 3 in fault area for a given seismic moment. This stress drop is
about the same as that of western North American events. Stress drop does not correlate
with focal depth (Fig. 7 ).

SOURCE COMPLEXITY (as seen in teleseismic source time functions of Fig. 8): ranges from
simple (1925 Charlevoix) to complex (1935 Timiskaming); not significantly different from
that of western North American earthquakes (Fig. 9).

INTERPRETATION OF SOURCE COMPLEXITY: infer heterogeneous slip dlstnbutlon (asperities
and weak patches) like that observed in western North America.

SETS OF EVENTS HAVING COMPARABLE SOURCE FUNCTIONS and, by extrapolation, similar
slip models (shown as contours of slip on the fault plane):

o 1925 Charlevoix, 1979 Loma Prieta (magnitude about 7; simple); Fig. 10

o 1935 Timiskaming, 1984 Morgan Hill, 1987 Superstition Hills (magnitude about 6.5;
very complex); Fig. 11.

0 1940 Ossipee, 1979 Coyote Lake, 1988 Saguenay (magnitude about 5.5; simple); Fig. 12.

Paul Somerville March 13, 1991
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Intraplate Source Functions
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West Coast Source Functions
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SEISMIC HAZARD CONSIDERATIONS

Strong Motion Attenuation

Standard Response Spectral Shapes
Versus Observed ENA Spectra

Effects of Maximum Magnitude Estimates
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_r’\:“'“‘ SAMPLE PLOT FOR SINGLE MAGNITUDE WINDOW

MAXIMUM RATE COMPLETENESS EACH EVENT: RATE

PERIODS BACK TO THAT TIME

MINIMUM RATE N. OF EVENTS/10

: ! g TS gy 4,29
1.0+ i
= i N
i i
I}— * I !II ‘I : ﬂ\ i 11 L HH RN l
t i i T T T 1 1 i T 1 1 o, ! i
2 M>=3, 4 e - | [} 176 events 10Byears
BACKWARD TIME
LOWER LIMIT OF CUMULATIVE TOTAL N. Y— N/Y OF Mis LINEAR SCALE
MAG. WINDOW (CENTER OF OF EVENTS | =—N/Y OF Mjfa FOR BAR-GRAPH
INCREMENTAL MAG. WINDQOW) —r N/Y OF Mmi IN N/Y

MAGNITUDES: Mis = INSTRUMENTAL; Mfa = FELT-AREA; Mmi = MAXIMUM INTENSITY
N. = NUMBER ; N/Y =RATE

Figure 5. Temporal distribution of seismicity in cumulative magnitude categories in steps
of 0.25 magnitude units. Six sets of plots result from three data sets and two areas. For
each of NCEER, EPRY/S, and EPRI/V, two areas are considered, east of the Appalachian
front (east) and west of the Appalachian front (west). A labeled sample plot for a single
magnitude window serves as a legend. In these plots, each cross represents an earthquake,
but some events are omitted to avoid clutter in crowded portions of the plots. The ordinate
of these points refer to the logarithmic scale on the left and gives the average rate of
seismicity from the time of that event to the end of the catalog. The numbers adjacent to
some of the crosses give the number of events in tens back to that point. The bar-graph also
represents the average rate of seismicity, but only for the periods within each bar. The bar-
graphs refer to the linear scale represented by the number on the right of each plot. The
purpose of this linear plot is to highlight short-term fluctuations in the apparent rate of
seismicity. These bar-graphs also indicate the type of magnitude: Mmi=horizontal shading;
Mfa=vertical shading; Mis=no shading. The choice of each period in the bar-graphs is
attempting to maximize information on apparent changes in the rate of seismicity. Each
period terminates at an event, it always terminates at multiples of ten events, and after a
fixed linear distance in the abscissa. This distance is fixed to the logarithmic time scale.
Note that the column of plots on the right has an abscissa scale expanded by a factor of two
to display detail available at low magnitude. For comparison sake, the same scale is
adopted in corresponding plots for the three catalogs. These plots provide the basis for a
subjective estimate of the average rate of seismicity (horizontal arrow) and the period of
completeness or the number of events back to the completeness limit(vertical arrow). The
completeness limit also reflects an independent judgement based on the history of
seismology (see text) '
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Oct. 1, 1975 - Jun. 30, 1986

y =-872x + 3278, R-squared: 994
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Jan. 1, 1938 - Jun. 30, 1986
y =~ 833x + 3.193, R-squared: 998
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Range Restrictions
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TOP: 10/1/75 - 6/30/86; BOTTOM: 1/1/38 - 6/20/86
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