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"Nearly &l stable masses exhibit marginal features which are seismically active.”
- Seismicity of the Earth, Gutenberg and Richter

ABSTRACT. The occwsrence of large earthquakes on passive continental margins poses the challenge
of explaining the causes of earthquakes rot directly related to plate boundary processes. Here, we suggest
several featimes of models for passive margin scismicity based on inferences from the distribution and
mechanisms of seismicity in the zone along the Canadian Atlantic coast. The concentration of earth-
quzkes along the margin suggests that they are related 1o the reactivation of faulis remaining from the con-
tinental rifting. The variation in focal mechanisms across the margin suggests a spatially varying stress
field. Although the later feature may not be a general charscteristic, the empiricism that passive margin
seismicity seems most evident on recently deglaciated margins suggests that deglaciation is at least par-
tially responsible for the earthquakes,

Several sources of stress may contribute 1o passive margin seismicity. Flexural stresses due to the
removal of ice loads, and spreading stresses due to the different densities of continental and oceanic litho-
sphere, can give stress differences of tens of MPa across 2 margin and normal to it. These stresses could
cause the change from deviaioric compression landward to deviatoric extension seaward suggested by the
Baffin Bay focal mechanisms. Stresses of comparable magnitude, but compressive everywhere, can result
from the combination of integrated plate driving forces, "ridge push” and basal drag. The resultant
compression direction can often be approximately normal to the margin.

Although these stresses can explain many features of passive margin seismicity, it is natural (0 ask
what effects the major (~10 km) sediment loads along margins may have. These loads can give rise to
flexural stresses of hundreds of MPa, 2u order of magnitede greatsr than anticipated from the other causes.
‘These stressss might then be expecled to dominate the others, giving rise to seismicity along all passive
margins, with no preference for deglaciated ones. Similarly, local variations in sediment loading should at
least partially mask the effects of the other stress sources.

We consider two possible explanations for this paradox, both based on the rheology of the passive
margin lithosphere, In one model, the stresses due {0 long term sediment loading are relaxed since the
lithosphere acts as a viscoelastic material. Simple calculations for a typical passive margin loading history,
in which sediment is deposited over long periods of time thronghout the margin's history, imply that the
flexural stresses can be reduced by an order of magnitude. Only very rapid sedimentation allows stress to
accurnylate faster than it relaxes, suggesting that only in extreme cases can sediment foading result in
ceismicity. In the sacond model, due to the depth dependant rheology of the lithosphere, a brittle region
overlying a ductile one, the flexural swesses are somewhat reduced, but seismicity occurs only in response
to the recent stress increment. In this model the long term sediment load contributes to the stress but does
nol induce seismicity.
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1. Introduction

Papers discussing passive continental margin seismicity typicaily begin by demonstrating that
earthquakes of significant size can and do occur along such marging, These margins are "pas-
sive” in that they are not active plate boundaries, a criterion which does not preclude seismicity,
The papers in this volume demonstrate the phenomenon for a variety of passive margins,
Although it is clear that earthquakes occur on passive margins, it is less obvious why they
should. By definition, we cannot appeal io processes at active plate boundaries, which generate
the overwhelming majority of global seismicity. Instead, possible explanations are traditionally
posed in terms of the intraplate stresses acting st the margin. To test such explanations, we first
review some observed aspecis of the seismicity, We then review various sources of stress, dis-

cuss their relation to the seismicity, note possible difficulties, and suggest allernative explana-
Hons.

Figure 1: Seismicity of the eastemn Canadian
passive margin, compiled by Stein et al
[1979] with revised mechanism for 1933
Baffin Bay event {Sleep et al.,, 1988). Figure
not updated to include other recent studies
{this volume].
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The earthquakes along the passive margin of eastern Canada provide the type example for
such seismicity, given the large earthquakes that occur there. This unusual concentration, most
evident on the western margin of Bafiin Bay, bas been noted for some time [Gutenberg and
Richter, 1954; Hashizume, 1973; Qamar, 1974; Basham et al., 1977]. A full review of this
seismicity seems unnecessary here, given the papers in this volume by Adams and Basham and
by Hasegawa and Hermann, but several points illustrated by Figure 1 are worth noting:

e Earthquake magnitudes can reach M, 7, as in the 1933 Baffin Bay and 1929 Grand

Banks events.

o Earthquakes occur along the length of the margin, and are concentrated near it.

o In the Baffin Bay region (Figure 2), earthquake focal mechanisms vary across the

margin; the inland events show normal faulting and the seaward events show thrust

fauldng.
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Figure 2: Seismicity of
the Baffin Bay region,
from Stein et al. [1979]
and Sleep et al. [1988].
Microearthquakes  and
crustal strucrure from
Reid and  Falconer
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These cbservations led to a model [Sicin et al., 1979] in which the earthquakes were
assumed to result from the flexural stresses generated by the removal of ice sheets which loaded
the continental shelf. A subsequent paper [Sleep et al., 1988] expanded the analysis by incos-
porating the effect of continental margin spreading stress. These models were motivated by the
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large passive margin earthquakes along the Canadian margin, and the suggestion that, in general,
deglaciated margins are more seismically active. The seismicity of other margins, especially
those of Fennoscandia, is discussed by many of the other papers in this volume. It appears that
the deglaciated margins (Canada, Fennoscandia, Greenland) (Figure 3) have the larger passive
margin earthquakes. The dataset available is not, however, large enough to conclusively demon-
strate (or exclude) this.

In this paper, we review several mechanisms which can give rise to stresses at passive mar-
gins, and consider which would be expected at all margins and which are restricted to certain
margins. Presumably, several effects act in concert to produce passive margin seismicity. A
decision of which features to include in a model of passive margin seismicity depends on what
effects are to be explained. In particular, if the apparent concentration of seismicity on deglaci-
ated margins proves not to be a real effect, or the variation in focal mechanisms across the Baffin
Bay margin proves 1o be a site-specific feature, stress mechanisms operative at most passive
margins may be an adequate explanation for seismicity.
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Figare 3: Seismicity of
several other passive con-
tinental margins {Sieep et al.,
1988). Beaufort Sea seismi-
city (1920 - 1975) and focal
mechanism of 6/14/75 event
from Hasegawa et al. [1979].
Fennoscandian  seismicity
(1497 - 1975) from Husebye
et al. [1978]); composite
mechanism for 1978 swam
from Bungum et al. [1979].
Greenland seismicity from
Sykes {1979}; mechanism of
1172671 event from Sykes
and Sbar [1974]. More recent
results  for Fennoscandia,
Greenland, and other mar
gins are presented elsewhere
in this volume.
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2. Deglaciation fiexure

In analyzing stresses due to deglaciation, we use the conventional model of elastic plate flexure
[Turcotte and Schubert, 1982]. The displacement w (x) resulting from a line load P (x) is
described by

pd AR | o (x) =P (x) M

where D = ET3/12(1-v?) is the flexural rigidity, v is Poisson’s ratio, T is the elastic lithos-
pheric thickness, and E is Young's modulus. & is the density restoring force, equal to g p,,, the
acceleration of gravity times the density of the material underlying the elastic plate or, for a load
applied under water, k = g (p, ~ p,, ), Where p,, is the density of the water filling the depres-
sion created by the load. A variant on a solution for a semi-infinite load {Walcott, 19701, shows
that removal of an ice sheet extending 1o x=0 (P (x) = —hg p; forx <0 and 0 for x >0) causes a
displacement

w(x)=(-p;h12p,) €™ cos(x/0) (x>0) @)
(~p;h12p,) @~e*"Fcos(x/0))  (x<0) .

Since displacement is defined as positive downward, uplift results (Figure 4) from removal of
the load. The spatial variation of the displacement is given by the flexural parameter
o = (4D /k)!"* The equation can be formulated in slightly different ways, depending on the pre-
cise load geometry assumed, Here, the load height h is that in excess of the final unloaded water
depth, and the restoring force is assumed not to, include the water density, since the load origi-
nally rose above the sea surface. (This formulation is a simplification, since the flexural
defiection is efféctively under water on the seaward side, and on land on the continental side.)
Away from the load edge, the displacement tends to that predicted by local isostasy, p;h/p, .
The deviation from local isostasy reflects the finite strength of the lithosphere. Increased lithos-
pheric strength, indicated by larger values of £ and hence D, results in larger o and hence a
broader flexure.

The corresponding flexural (or fiber) stress, at a vertical distance z measured upward from
the center of the lithosphere (T'/2), is

~Ez d*w(x) _ Ezpih ~|x et
- e
(1-v®) ax*  (1~vHolp,

{the (1-~v2) term varies between authors depending on the geometry assumed). The plane z=0
is the neutral surface (T /2), where the stress is zero. Above the neutral surface, G, is negative
(tensional) for x <0 and positive (compressional) for x >0. Thus the deglaciated region should
be in tension, and the unglaciated region in compression, as suggested by the focal mechanisms.
Below the neutral surface, the stress reverses, Figure 4 shows that for a one km thick ice load,
the rebound is several hundred meters, and the corresponding stresses (plotted at the top of the
lithosphere) reach tens of MPa. Naturally, the precise values depend on the load assumed and
the flexural rigidity, and thus implicitly for displacement and explicitly for stress, on lithospheric
thickness and Young's modulus. For our purposes, we simply note that an ice load a few km
thick will give flexural stresses of a few tens of MPa. These stresses, though not enough to frac-
ture previously unfaulted lithosphere, could be adeguate to induce faulting on faults remaining
from the continental rifting.

O (x,2)=

sin(x /o) 3)
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A solution for arbitrary loads can be found using a Fourier series representation

P(x)=(Py/ k)T C, cos(mx/a), @
n=(
which gives a flexural displacement
wx)=(Py/k) ¥ B, C, cos(nrx/a) )
n=0
where
B,=1/[1+DikYnma)1=1/[1+ ) (onm/a)] 6)

shows how individual wavelengths respond. The longer wavelengihs tend to the isostatic solu-
tion, w(x)=(Pgy/ k), since B, — 1 as n = 0. Thus for load lengths shorter than a semi-
infinite one, the deviation from local isostasy is greater.

. FLEXURE FROM DEGLAGIATION
S ice removed i

. lithosphere .

00 o 0.

1 Figure 4: Schematic
model for uplift and
9 stresses resulting
from fexure pgen-
erated by the removal
of a 1 km ice sheet
| from the continental
shelf.
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This analysis of deglaciation flexure is schematic and does not incorporate a variety of pos-
sible effects. In particular, it treats the lithosphere as having the same properties along and



237

across the margin, and neglects effects due to the non-two dimensional geometry of the margin
and the load. As a result, we predict only in a general way the distribution of the stress, for
example, the location of the change from compression to tension. Our purpose here, as in the
discussion of the other stresses, is to characterize the magnitude of and general characteristics of
various effects.

Passive margin seismicity due to deglaciation would occur on recently deglaciated mar-
gins, and could show a variation in mechanism across the margin (Table 1). These effects are
observed in Baffin Bay. The extent 1o which deglaciation fiexure could be considered significant
for passive margin seismicity depends on whether these effects are observed on other margins as,
through time, the seismicity data base accumulates. Even if deglaciation is a significant effect, it
is worth bearing in mind (as discussed next) that other stress sources are also operative on pas-
sive margins. Quinlan’s [1984] analysis suggests that deglaciation, though adequate to trigger
earthquakes, should not iiself conirol mechanism types.

3. Spreading stresses

A second source of stress at continental margins arises from the lower density of continental
crust with respect to the mantle. As 2 result, the continental crust tends to spread out over the
oceanic lithosphere. Tensional stress in the continent, and compressional stress in the oceanic
lithosphere, result [Bott, 1971; Artyushkov, 1973]. Following Turcotte and Schubert [1982] we
assume for simplicity that the continental crust has density p,., elevation above sea level h,,
and extends to the Moho depth . . Beneath the ocean, of depth ki, and density p,, , the oceanic
crust has density p,. and extends to Moho depth h,.. The mantle density is p,, and the pres-
sure, at depth z below sea level is

P(2) = gpec(he+2) (0<z) %)
in the continent. In the oceanic lithosphere
Po(z)=gp,z (z <h,, ®)
=gpw Ay + Poc (2=, (hy, <z <h,,Fh,)

=g [Py iy + Poc Foc + Prm2—hy—hoe )] (hythy<z) .

The contnental Moho depth h.. can be specified or, assuming isostasy, found as the depth
where the pressures are equal
(Pm — Pw) Pm ~ Poc)
h= O P), P Pe), L e
Pm ~ pcc) (P — Pec) P — Pec)
The spreading stress can be estimated from the net force difference found by integrating the
pressures on either side of the margin down to the depth of compensation (here k... )
hc: hCC
~hAGy = F(h)=Folh) = [ Polz)dz ~ [ Polz)dz (10)
-h 0

he . ©®)

F

i

8l bee (P = o) = Py o Py = Poc) = P = P V2 = B (P = Poc V2
+ hoc hcc (pm - poc) - hc%: (pm = P )"2 + hezpcc 12+ he hcc pcc} -
The average stress difference Aan is minus the force difference, divided by the depth over
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which it acts, presumably the thickness of the mechanically strong part of the lithosphere ;.
Since F is positive, the continent is in tension (negative stress) relative to the oceanic litho-
sphere for the pressures to be equal,

Graphically (Figure 5) the pressure at depth in the continent exceeds that in the oceanic
lithosphere down to the depth of compensation, whers the two are equal. The shaded area
represents the integral of the difference in pressure forces, which gives rise to the stress. The
stress difference is enhanced by the presence of wpography, since the depth of compensation and
hence the integral of the force difference increase. Sediments at the margin can be incorporated
either by adjusting the crustal density, or adding more layers.

PASSIVE MARGIN STRUCTURE
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Figure 6 shows these stresses, computed numerically for density structures approximately
those observed in Baffin Bay [Reid and Falconer, 1982]. The finite difference calculation {Sleep
et al., 1988] allows the stress at each depth, rather than only the vertically averaged stress, to be
found. The stress is a few tens of MPa, changing from tension to compression across the margin.
This calculation is a two dimensional one, but for a three dimensional calculation [Dahlen, 1982}
stress should still be approximately normal to the margin. These stresses may also contribute 1o
the Baffin Bay seismicity, but seem unlikely to provide the major effect operatve, since such
stresses occur on all continental margins and thus make it difficult to explain why earthquakes
seem more common on recently deglaciated margins. Figures 7 and § illustrate the combined
effect of spreading and deglaciation stresses for the Baffin Bay region.
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Figure 6: Deviatoric stress
due to spreading at con-
tinental margin computed
numerically for density
structures  approximately
those observed in Baffin
Bay. Base of lithosphere
and Moho denoted by “'L"
and “M". Tic marks indi-
cate 20 km distance.

Figure 7: Schematic illus-
trationt of horizontal stress
due to the effects of com-
bining the spreading and
deglaciation stresses for the
Baffin Bay region [Sleep et
al.,, 1988]. Spreading stress
produces tension in the con-
tinental lithosphere and
compression in the oceanic
lithosphere. Removal of the
ice load produces shallow
terision in continental litho-
sphere and shallow
compressicn  in  oceanic
lithosphere; the stresses at
depth reverse, The combi-
nation interact construc-
tively at shallow depth and
destructively at  deeper
depth.
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E S r + results for combined
. effects of the spread-
:3 ing and deglaciation
s stresses for the Baffin

Bay region (bottom
panel, Figure 7)

Stress, MPa
4. Plate driving stresses

The state of stress at a continental margin can include plate wide stresses as well as those arising
at the margin itself. For the oceanic lithosphere, these stresses can be inferred from calculations
of plate driving and resistive forces [Wortel and Cloetingh, 1983}, including the ridge push force
due to lithospheric cooling [Lister, 1975; Parsons and Richter, 1980]. The net ridge push force
in the spreading direction for lithosphere of age t can be estimated as

FR(’)=‘I’V memgKt (1D

where o, is the coefficient of thermal expansion, p,, and T, are the density and temperature at
the isotherm assumed 1o define the base of the plate, and ¥ is the thermal diffusivity. This force
is zero at the ridge and increases linearly with age. Figure 9 illustrates the corresponding stress,
averaged over the plate thickness, for various values of the basal drag coefficient. The average
stress expected in oceanic lithosphere at a passive margin is thus a few tens of MPa.

Such two dimensional calculations, with force and stress varying only with distance from
the ridge, have been exiended to realistic plate geometries numerically by treating the ridge push
as concentrated at the spreading axis {Richardson et al., 1979], and later by incorporating the
ridge push as the horizontal pressure gradient integrated over the plate area [Wortel and Cloe-
tingh, 1981, Richardson and Cox, 1984; Cloetingh and Wortel, 1985]. The results indicate that,
since passive continental margins and seafloor isochrons ofien approximately parailel spreading
axes, the predicted stresses from ridge push are often essentially normal to the margins [Richard-
son et al., 1979]. (This need not be the case, but is for the common Atlantic-type geometry).
Within continental interiors, stress fields [Zoback et al., 1984, also several papers in this
volume] often have a generally consistent orientation according with that predicted. Platewide
stresses should thus contribute significantly at passive margins. As for the spreading stress, they
would contribute at all passive margins, and thus do not, alone, explain the apparently higher
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level of seismicity in Adantic Canada, These siresses will also vary slowly with position and
thus carmot, alone, generate closely spaced tension and compression. A final point worth notng
is that the stress can include transient effects due to, for example, changes in plate geomeiry.
Such stress variations at passive margins rnay be observable in subsidence records [Cloetingh et
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A further source of stress at passive margins is the sediment load, often in excess of 10 km (Fig-

ure 10) [Walcott, 1972, Turcotie ei al., 1977; Cioeiingh et al., 1983].
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Figure 10: Cross section across the Labrador Sea margin (southern
Saglek Basin) showing sedimentary prism geometry [BalkwiH, 1987].

Figure 11 (top) shows the flexural stress computed for an elastic rheology, as discussad
earlier, for a schematic passive margin load of 10 kin of sediment deposited under water. The
load half width is taken as 150 km; since the solution is formed as a Fourier cosine series, the
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load and response are symrmetric about the origin. For the values chosen, the defiection due to
the load reaches approximately 2/3 of the isostatic, and the flexural stresses reach several hun-
dred MPa. The sediment load accumulates during the margin’s evolution: Figure 11 (bottom)
shows the evolution of the deflection and stress for a simple passive margin leading history
yir)=1- e , with a load rise time #, of 50 My [Clostingh et al., 1983). For an elastic
rheology, the deflection and stress accumulate the same way as the load, so the the final response
is the same as when the load is applied instantaneously.

The stresses predicted are an order of magnitude greater than those expected from deglaci-
ation, continent-ocean spreading, or ridge push and basal drag. Such stresses might then be
expected to dominate the others, giving rise to seismicity along all passive margins, with no
preference for deglaciated ones, Similarly, local variations in sediment loading, especially when
coupled with the variation in the geometry of the margin, should mask the effects of the other
stress sources for a considerable distance on either side of the load.

TABLE 1: POSSIBLE STRESS SOURCES AT PASSIVE MARGINS

Type Magnitude | Direction | Spatial varistion | Depth Variation | Location
Deglaciation | 10 MPa essentially | continent - reverses deglaciated
flexure margin - extension; margins
normal ocean -
compression
Continental 10 MPa essentially | continent - monotonic all
margin margin - extension; margins
spreading normal ccean -
compression
Ridge push/ | 10 MPa variable, compression monotonic all
basal drag but often margins
essentially
margin -
normal
Sediment 100 MPa essentially i continent - reverses all
flexure margin - extension; margins
nornat ocean -
compression

The table summarizes the order of magnitude (for an elastic rieology) and characteristics
of possible stress types. Different effects cause different variations in swress both spatially,
presumably manifest in focal mechanism types, but also in depth, an effect in principle testable
with focal depths. Although the seismicity data now available are limited, since large passive
margin earthquakes are infrequent, the situation should improve as regional networks provide
data on earthquakes smaller than studied with global networks. Resuls reported in this volume
thus offer valuable prospects.

The remainder of this paper focuses on the apparent paradox that sediment loads should be
the primary cause of stresses at passive margins. Discussion of two possible explanations,
though far from resolving the issue, does identify useful features of the different models.
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PASSIVE MARGIN: ELASTIC FLEXURE FROM INSTANTANEOUS SEDIMENT LOAD
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Figure 11: Flexural deflection and stress for sediment load on elastic lithosphere. Figures show
the deflection at each time step and that expected for the final load from local isostasy (dashed).
Flexural stress at the top of the lithosphere (compression positive) shown at each time step. His-
tory plots show the deflection, stress, and load height, normalized to their maximum values. Tic
marks indicate the time samples plotied in the stress and deflection plots. Top: Load instantane-
ously applied at time zero. Bottom: Load applied as a function of time, corresponding to 2
schematic passive margin loading history.
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&. Viscoslastic ynodel

In an earlier treatment of passive margin seismicity, Stein et al. {1979] suggested that deglacia-
tion could induce passive margin seismicity, if the large siresses from sediment loading had
relazed. Such effects are commonly modeled by assuming that the lithosphere has a viscoelastic
response, in which the initial response to an applied stress is elastic, and the long term response
is that of a Newtonian viscous fluid. The essential feature of such models is that the lithosphere
is stronger on short time scales than on longer ones,

Walcott [1970] compared the response of the lithesphere to loads applied at various times,
suggesied that the apparent flexural rigidity decreased with load age, and modeled this effect for
a linz load on a viscoelastic lithosphere. Subsequent studies used viscoelastic models o
describe the response of the lithosphere to loads including continental margins {Sleep and Snell,
1976}, seamounts [Watts, 1978; Lambeck and Nakiboglu, 1981), and sedimentary basins {Beau-
mont, 1978; 1981; Schedl and Wiltschko, 1984]. In addition, viscoelastic models are used to
describe the earth's response (primarily controlled by the lower viscosity material beneath the
lithosphere) to deglaciation [Peltier, 1974; 1988; and this volume].

Here, we use a simple model in which the lithosphere is treated as a viscoelastic layer of
thickness T underlain by a fluid substratum [Nadai, 1963]. The displacement w (X, } and strain
g(x,r) are treated as time dependent entities having elastic and viscous parts

wE) =wp(x1) +wyxt) el =ep(e) +ey(xt) a2
related by
£ (%,0) + £p (X,0)/T = E(x.0) (13)

where the dot indicaies time differentiation. The viscoelastic behavior is characterized by T, the
Maxwell relaxation time, which Nadai defines as 3/E , three times the ratio of the viscosity 10
Young's modulus. (The precise form of this definition varies between authors.)
For such a material, Nadai shows that the time dependent flexural deflection w (x 1) due to
2 line load P (x ,t) can be found by solving
4. )
DI hoh + ¥y=p + Ly, (14)
ax4 T T
the viscoelastic equation equivalent to (1) derived using the correspondence principle relating
elastic and viscoelastic solutions. The material is assumed to be incompressible (v = 1/2), so
the flexural rigidity is D = ET>/9. For a load described by

Pxt)=P, i () C, cos(nrx/a) (15)
n=0

with time history w(r) =1~ P (£ >0), the displacement is

wix 1)=(Pqy/k) i ¢, () C, cos(nnx/a) (16)
n=0
where
0. (0) = [~ D (L —e™") = (5, =D (L= 7™/ (1,-1,) (17)

and each Fourier term has characteristic time

1, =[1+@&)Ynra)t . (18)
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VISCOELASTIC FLEXURE FROM INSTANTANEOUS SEDIMENT LOAD
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Figure 12: Top. Flexural deflection and stress for sediment load (same as Figure 11 (top)) on
viscoelastic lithosphere. The format is the same as Figure 11, except that the history plot also
shows effective elastic thickness. At time zero, the response is the same as for the elastic litho-
sphere. Bottom: Response of an elastic lithosphere of various thicknesses to the instantaneous
load applied in the upper panel. For constant Young’s modulus the thinner lithospheres
correspond to lower rigidities and flexural parameters, and thus deeper and narrower deflections.
Comparison with the deflection of the viscoelastic lithosphere with time since loading illustrates
the apparent weakening of the lithosphere.
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Figure 12 (top) illustrates this response, for the instantaneously applied (tp = 0} sediment
load in Figure 11 (top). Immediately after loading, the lithosphere responds elastically, giving
the same response as in Figure 11. The load relaxes with time, eventually approaching the isos-
tatic response. The time history panel of the figure shows the load, displacement, and stress his-
tories; all are normalized by their maximum value.

The flexural stress, resulting from the elastic portion of the strain, also evolves with time.
This is found from the elastic portion of the strain, using the integral of ()

it !

€ je(x et T dr’ (19)
D

Ep(x,t)=8(x,1) - -

such that initially the elastic strain is the total strain. Thus the flexural stress at a vertical dis-
tance z above the nieutral surface (T'/2) is

O (x,24) = (4EzPo 1 3%) T (1@ fo(t) C, cos(nmx/a) 20)
n=0
where
fal®) =, —t,) [e'”’? ~ gt ] . @1)

The stress (plotted at the top of the lithosphere) decays with time from the elastic value.

The deflection and stress relax on a time scale controlled by the ratio of time since loading
to the Maxwell time. In our examples we generally use a Maxwell time of 1 My, or a viscosity
approximately 7x10% Pa-s, values comparable to those in previous studies {Sleep and Nunn,
1980]. The defiection from the instantaneous load shown in Figure 12 (top) reaches the isostatic
value in approximately 10 My (ten Maxwell times).

The weakening of the lithosphere with time since loading is shown by comparison of the
deflection of the viscoelastic lithosphere (Figure 12, top) with defiections computed for the same
load on an elastic lithosphere of various rigidities (Figure 12, bottom). If the viscoelastic litho-
sphere were treated as elastic, its apparent flexural rigidity Dapp would initially equal the true
value, but is reduced as the load relaxes. The same idea can be described in terms of the effective
elastic thickness of the lithosphere, which in this example is reduced by almost 75%, from 110
kim to 35 km. This effect is indicated in the load history plots for the viscoelastic cases by the
"EET" curves. These can be estimated either by comparing figures like the two portions of Fig-
ure 12, or by using equations (6) and (20)

0, (0) = 1111+ Dy, I k)nnia)'] (22)

to find D, for each Fourier term, and averaging.

As noted by Beaumont [1978], the relaxation rate depends on the load size. Figure 13
iNustrates this effect for a narrower load with half width 25 km: after twenty Maxwell times the
deflection is 28% of the isostatic, and even after 200 Maxwell times the deflection is only 47%
of the isostatic. The broad extent of the sediment load is thus significant.

For our purposes, the interesting case is the accumulation of sediment with time at a pas-
sive margin. Figure 14 (top) shows the evolution of the deflection and stress on a viscoelastic
lithosphere, Since the load rise time, 50 My, is long compared to the Maxwell time (1 My), the
stress can relax during the loading time. As a result, the stress never exceeds 25 MPa, and is
significantly less after 100 My. Thus, for this model, the stress expected at present on a passive
margin is dramatically less than for the elastic models (Figure 11). The stress reduction is stll
significant even for a Maxwell time of 10 My (Figure 14, bottom). In this case, stress
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accurnulates during the initial rapid loading, but decays during most of the loading sequence,
such that at the end of the loading the siress is only a few tens of MPa.

VISCOELASTIC FLEXURE FROM INSTANEOUS NARROW LOAD
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The exponential loading solution used here is a convenience, Since the problem is linear,
the solution for an instantaneous load at £ =0: t, =0, y(t) =H (t)

0, () = 1+, —De™™ £ () = (ut)e ™ 23)

can be used to form the effects of loads at various times. Moreover, the orly load solution
required is that for a point load. Beaumont [1978] takes such an approach, forming a space-time
convolution with the Heaviside-Green function in cylindrical coordinates.

For the passive margin loading history, the stresses that accumulate assuming a viscoelas-
tic theology are considerably smaller (Jess than 10%) than those that would develop for an elas-
tic rheology. The situation can be quite different for more rapid loading rates. Numn [1985) has
suggested that for the northern coast of the Gulf of Mexico, where sedimentation rates are
extremely high (~ 1.5 mm/yr), the loading rate is high enough to generate significant stresses and
minor seismicity [Frolich, 1982]. In contrast, the loading rate in Figure 14 averaged over the
load rise time is an order of magnitude slower, ~.1 mm/yr.

To examine this issve, we simulated several time histories that result in the accumulation
of 1 km of sediment. Figure 15 shows the defiection and stress for an exponential time history
simulating a rapid (1.5 mm/yr) sedimentation rate, for an elastic (top) and viscoelastic (bottom)
lithosphere. For this rapid loading rate, stress in the viscoelastic case increases with time, as in
the ¢lastic one. The loading is rapid enough that the stress builds up, reaching 80% of the value
for the elastic case. In contrast, for moderate (.5 mm/yr) and slow (.1 mm/yr) sedimentation
rates (Figure 16), the loading rate is low compared to the Maxwell time. For example, in the
slow case, the stress relaxes faster than it accumulates so the maximum stress reached is only
about 20% of that for the elastic rheology. Moreover, the stress history shows that, rather than
continuing o grow as the load does, the stress reaches steady state and eventually begins 10 relax
even during the loading.
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Figure 14: Flexural deflection and stress for the accumulation of sediment with time on a viscoe-
lastic lithosphere with Maxwell times 1 My (1op) and 10 My (bottom). Since the rise time (50
My) for passive margin loading is long compared to the Maxwell times, the stress can partially
relax during the loading and additional subsidence occurs. For this model, the stress is
significantly less than for the same load on an elastic lithosphere (Figure 11).
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Figure 15: Flexural deflection and stress for the accumulation of sediment with time on an elas-
tic (top) and viscoelastic (Maxwell time 1 My) (bottom) lithosphere. The load history simulates
a 1.5 mm/yr sedimentation rate, rapid enough that the viscoelastic response is similar to the elas-
tic one.
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Figure 16: Flexural deflection and stress for moderate {5 mm/yr) and slow (.1 mm/yr) sedimen-
tation rates on a viscoelastic lithosphere. In the slow case, the stress relaxes faster than it accu-
rmulates, so the maximum stress reached is a fraction of that for the elastic rheology.
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The “‘slow'” rate used here is actually a significant one, comparable to the average rate
during the first approximately S0 My of the passive margin load’s accumulation. The loading
rate late in the margin's evolution is much less. The effect discussed depsnds on the ratio of
loading rate to Maxwell time; it is even more marked for shorter Maxwell times and noticeably
less for much longer Maxwell imes.

This simple viscoelastic model provides one mechanism by which the large sediment loads
2t passive margins do not generate high stresses that dominaie all other stress sources. A limita-
tion of the model is that a single viscoelastic layer, like a sinple elastic layer, is an
oversimplification of the theology of the lithosphere, As discussed later, the lithosphere is gen-
erzlly thought to be siratified into upper brittle and lower ductile regions.

Viscoelastic models, which simulate some aspects of the ductile behavior, do not replicate
the brittle behavior of the upper region. In such models, the upper layer has no long term
strength, a problem for large loads which relax rapidly. Composite models with upper elastic
Tayers (or viscoslastic ones with very long Maxwell times) and lower viscoelastic layers are thus
sotnetimes used {Peltier, 1974; Kusznir and Bott, 1977, Slezp and Nunn, 1980; Quinlan and
Beawnont, 1984; Hasegawa et al., 1985), Such models reduce the high sresses predicted for an
elastic rheology [Lambeck and Nakiboglu, 19811 and sirmulate ductile flow in the lower lithg-
sphere, while allowing the upper lithosphere to have finiie strength over time. In such models, as
stress relaxes in the lower layers, it increases in the upper ones. Viscoelastic models incotporat-
ing rheological stratification may thus be useful in analysis of passive margin loading histories.
As discussed later, even fusther complexities result from the expscied temporal varation in
lithospheric rheology during the loading.

7. Brittle/ductite model

An alternative approach 1o the question of the sediment - induced flexural stresses is to consider
models in which the lithosphere has a brittle upper region and a ductile lower one [Cloetingh et
al., 1982]. Laboratory experiments on geological materials [Kirby, 1977, 1980; 1983; Goeize
and Evans, 1978; Brace and Kohlstedt, 1980) suggest that these two different modes of deforma-
tion occur, at different temperature and pressure conditions. At shallow depths (low pressure
and temperatures), rocks fail by brittle fracture, and sivengih increases with pressure and hence
depth. Stresses in excess of the brittle strengih are released by fracture. At greater depihs (high
pressures and temperatures) rocks deform by ductile fiow, and strength decreases exponentially
with temperature. Stresses in excess of the duciile strength are relieved by creep. This model for
ductile flow describes a viscous fluid, with a temperature and strengith dependent effective
viscosity. Thus, as temperature increases with depth, rock strength is reduced. The combined
effect of this theology is that strengih increases with depth down to the brittie - ductile transi-
tion, and decreases below it. The region with strength sbove a critical value (~ 25 MPa) is thus
the mechanically strong past of the lithosphere (MSL).

The applicability of this model to the earth is suggested by the observations that, as the
oceanic lithosphere ages and cools, the depth to the low velocity zone [Leeds et 21, 1974; For-
syth, 1975], the effective elastic thickness inferred from seamount loads [Bodine et al,, 1981],
and the maximum depth of oceanic intraplate seismicity [Wiens and Stein, 1983; Chen and Mol-
nar, 1983], all increase with age. Since the lithosphere cools with age, the depth variatiens are
interpreted as refiecting the despening of isotherms and hence of the portion of the lithosphere
with strength above critical values. Thus the brittle/ductile model, though presumably an
approximation to a complex reality, accounts for a wide range of obssrvations.
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Figure 17: Top: Flexural deflection for 10 km thick, 150 km wide, sedimeni load applied on
lithospheres with various rheologies. Solid lines show deflection of brittle/ductile lithospheres
with 30 and 50 ki thick mechanically strong parts, corresponding to 30 and 100 My old litho-
sphere. Dashed lines show deflection of elastic lithospheres wiih thicknesses of 20 and 40 km.
For each rheology the weaker lithospheres give deeper and narrower defleciions. Comparison of
the solid and dashed curves illustrates the weakening effect of depth-dependent rheology. Bot-
iom: Strength envelopes (dashed lines) for verious lithospheric thicknesses, and stress distribu-
tions (solid lines) induced by flexure due to sediment loading,
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For our purposes, an important feature of this model is that its strength is intermediate
between elastic and viscozlastic models. In an elastc model, the lithosphere can support arbi-
trarily high stresses indefinitely, and 50 has infinite strengih on all time scales. L.oading a viscoe-
lastic model gives infinite strength on a short time scale, and zgro strength on a long time scale.
The latter effect poses difficulties primarily for long wavelength loads, since the time required
for short wavelength loads to telax can be extremely long. The brittle/ductile rheology gives at
any depth, in both the brittle and ductile regions, maximum stresses that can be supported. Thus,
in this model, the lithosphere has finite sirength on all time scales.

The flexure produced by loading a lithosphere with a brittle/ductile rheclogy thus differs
from those for either an elastc or viscoelastic rheology. Figure 17 (top) conirasis the deilections
for lithospheres with a brittle/ductile theology to those for elastic lithospheres. Since the finite
strength resulls in stresses that are less than for an elastic model (Figure 17, bottom), the effec-
tive elastic thickness is less than the thickness of the mechanically strong lithosphere. For exam-
ple, a 50 km thick brittle/ductile lithosphere has an effective elastic thicknees of about 40 km,
The calculations were done using a finite difference version of the flexural equation, allowing
depth-variable strength [Bodine, 1981]. Such calculations can also bz dons using finite elemenis,
which allow the rheology to vary both in depth and laterzlly [Cloetingh et a1, 1982],

This reduction in stress does not in itself resolve the difiiculiy that the stresses from sedi-
ment lpading would be expected to be the largest stresses at passive margins. A further assump-
tion, however, may overcome this. To this point, we have implicidy assumed that the siress level
at margins should be directly reflected in their seismicity. An alternative approach is to consider
the state of stress in a lithosphere with a biitile/ductile rheology, and assume that seismicity
occurs only when the stress reaches the strength for the first time. This hypothesis has been used
to describe the depth variation of earthquakes in subducting slabs [Wortel, 1586; Woriel and
Vlaar, 1988] and of intraplate oceanic earthquakes {Wortel and Cloetingh, 1985). Seismicity is
assumed to occur only in depth ranges where the anelastically deforming region increases at the
expense of the strong elastic "core” of the mechanically strong part of the lithosphere. Thus at
ceriain depths the stress, previously less than the strength, now reaches or exceeds it and causes
earthquakes.

This concept is schematicaily Hlustrated in Figure 18. Consider oceanic lithosphere of
ages SO and 60 My subjected to a compression resulting in the stress distribuiion indicated by
the shading. At 50 My (Figure 18a) the upper and lower parts (darker shading) fail in the brittie
and the ductile mode, respectively. In the middle part swesses are supported elastically. Now
consider the same lithosphere 10 My later (Figure 18b) subject to higher stregses. The strength
envelope has changed, since the lithosphers stengthens as it cools. Thus, in response to the
assumed higher stress, several changes in the siress distribution with depth occur:

@ The stress in the elastic part of the lithosphere increases.

& The shallow depth range in which the applied stress reaches the brittle strength has

increaged by about 2 km. According to Wortel's [1986] hypothesis, seismicity during

this 10 My interval occurs in this incremental depth range (dark shading).

o A very small depth range near 35 km, formerly in the ductile field at 50 My, is now

in the elastic range owing to the swrengthening of the lithosphere.

The interaction between the strengthening (cooling) and loading (increasing stress) rates
controls whether the transition from elastic to anelastic behavior ovccurs. Depending on these
raies, such a transition can also occur at the lower end of the strength envelope (around 33 km
depthy}, in contrast with the situation shown in Figure 18b.
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Figure 18: Schematic iltustration of the relation between depth-dependent rheology, stress disiri-
bution, and seismicity [Wortel, 1586; Wortel and Cleetingh, 1986]. Compression is positive.
{a) Strength envelope for 50 My old cceanic lithosphere. The shading gives the stress distribu-
tion, corresponding to an assumed compressive intraplaie siress. The brittle, elastic, and ductile
depth ranges are indicated by the different shadings.

(b} Strength envelops for the lithosphere, 10 My laier. The lithosphere has strengthened, and the
compressive intraplate stress is assumed to have increased. As a result, the relative valuss of
strength and applied stress have changed in the depth ranges indicated by dark shadings (near 5
km and 35 km). Seismicity is assomed to result in the depth range in which the transition from
elastic to anelastic behavior occurs,
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Figure 18 illesirated the application of this model to a situation of high compressive intra-
plate stresses, &s proposed for the Ceniral Indian Basin [Cloetingh and Worizl, 1986]. The same
approach can be applied to the response of passive margins to fexural siresses due 10 sediment
loading. The large stresses associated with the sediment loads may have generated past seismi-
city, but now no longer do so. Subsequent smaller stresses derived from sources like ridge push,
spreading, or deglaciation can perturb the stress field.

This discussion bears out the point that, in both this model and the viscoslastic ones, the
tme-dependent response of the lithosphere to loads is imporiant for considering passive margin
seismicity. Both models assume that the large stresses due to the sediment load no longer give
rise to earthguakes. The situation is further complicated by the fact the rheology of she litho-
sphere, as well as the load applied to it, change during the evolution of the margin, Ideally, any
model for this process would incorporate a model of how a time-variable load affects a time-
variable lithosphere.

8. Discussion

A number of distinct mechanisms may contribute to the stress at passive margins, and thus be
partially responsible for the seismicity there. If the simple models reviewed here offer a realistic
general description of these mechanisms, the flexural effect of large sediment loads (assuming
an elastic lithosphere) should be the dominant effect. Other stress sources should thus have
smaller, perturbing, effects.

As discussed, we find this an unlikely situation for two reasons, First, there is no clear case
that passive margin earthquakes are associated with the most heavily sedimented margins. There
is, however, a suggestion that the larger earthquakes are most frequently associated with the
deglaciated regions. Admittedly, the dataset of passive margin earthquakes is small, and may be
unrepresentative due to the short length of the instrumental record and the large recurrence times
of these earthquakes. Nonetheless, if either observation proves valid, it is hard o see how the
sediment loading stresses can be the primary determinant of passive margin seismicity.

Second, as reporied in this volume by Adams, there appears to be a consistent stress field
in northeastem North America which generally agrees with the the predictions of models for
stresses due (o plate driving forces. These stresses should be significantly less than those duve to
the sediment loads. If so, it is surprising that they are not masked by the variation in sediment
derived stress along the margin, at least for several hundred km inland.

We thus suggest two models that would reduce the predicted effect of the sediment load
stress on passive margin seismicity. Both are based on Lithospheric theology at passive margins,
and assume that an elastic model is not appropriate. This statement at first seems hardly worthy
of note, given that elastic models fail to describe many aspects of lithospheric theology. Here,
however, it appears that we may have to go further. The reduction in stress implied by either of
the nonelastic rheologies we consider does not alone resolve the difficulty of the sediment stress.
Some mechanism depending on the load history seems necessary, such that the sediment loads
do not, in general, induce most passive margin earthquakes. Both of our models thus have this
feature. In the viscoelastic model, the relaxation by creep of the stress due to the sediment load
qualitatively accounts for the low seismicity, It is worth noting that no explicit relation between
the seismicity and stress has been formulated for a viscoelastic medinm, For the brittle/ductile
model, we assume that the stresses are high, but that seismicity results only when the stress in
portions of the lithosphere reaches the strength, Seismicity is thus induced only by recent pertur-
bations to the stress field rather than the Jong term sediment load. Further work along these lines
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requires modelling of the evolution of the state of stress along passive margins. As a result, sub-
sidence recoids and other data bearing on the history of the margins are relevant for considera-
tion of the seismicity.

It is worth noting that both the viscoelastic and brittle/ductile models for the rheology of
the lithosphere at passive margins result in a reduction of the effective elastic thicknesses of the
lithosphere., Gravity data [Karner and Watts, 1982] have been interpreted as showing small
effective elastic thicknesses of the lithosphere at such margins, since the initial sediment loads
were applied to young, weak, lithosphere, Consideration of these data thus bears out the need to
understand the response of a lithosphere whose theology varies with time to a time varying load.

Our suggestions on the causes of passive margin seismicity are thus rather preliminary.
One might argue that until the earthquake dataset for passive margin seismicity is significantly
larger, few definite conclusions can be reached. Our view is that the limited dataset is adequate
to suggest a variety of intriguing possibilities which a better mechanism and depth dataset could
address. Moreover, consideration of possible mechanisms for passive margin seismicity leads o
longstanding questions about the rheology and stress state of the lithosphere from a different
perspective. An understanding of the causes of passive margin earthquakes thus may have broad
implications for a variety of seemingly unrelated issues.

Finally, as discussed elsewhere in this volume, passive margin seismicity has intriguing
implications for seismic hazard analysis. As noted earlier [Stein et al., 1979], if such seismicity
results from reactivation of continental margin rifting faults, large earthquakes can occur any-
where along rifted margins where deglaciation, rapid sedimentation, or other effects provide the
necessary stress. Given the apparent association between deglaciation and some passive margin
seismicity, it would not be surprising if future large earthquakes occur along margins such as
eastern Canada, the northeastern U.S., and Fennoscandia. Basham’s {this volume] suggestion
that the entire eastern Canadian margin be considered capable of infrequent M, 7 earthquakes
thus seems prudent. The same presumably applies to the U.S. Atlantic margin, especially the
previously glaciated portions. The 1755 Cape Ann earthquake, and some of the other large
preinstrumental earthquakes off the Massachusetts coast [Von Hake, 1973], may have been such
events.
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