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SUMMARY 
In order to understand the causal relation between postglacial rebound and earthquakes, 
a realistic ice and water load model is used to (1) calculate stresses induced in the 
lithosphere and mantle by glacial loading, melting and postglacial rebound and (2)  
evaluate the effect of glacial loading/rebound on the failure potential for earthquakes 
in the upper crust. The dependence of both the failure potential and the actual mode 
of failure on the ambient tectonic stress magnitude, the overburden stress, and 
lithospheric properties are investigated. Prominent features of this analysis are the 
inclusion of (1) a viscoelastic mantle and thus the migration of stress, and (2) the 
ambient tectonic stress and overburden stress contributions in the calculation of the 
total stress field. 

The spatio-temporal calculations, by a finite-element technique, of upper-crustal 
stresses and the failure potential for earthquakes indicate that fault stability is invariably 
enhanced directly beneath the load. For the case where stresses induced by the 
overburden are such that the horizontal component (S,) is greater than or equal to the 
vertical component (S,)  (i21, where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi=S,/S,), the model predicts the onset of thrust 
faulting and maximum earthquake activities soon after deglaciation is complete (when 
rebound rates are at a maximum). Observational data support this prediction. Since 
that time, rebound stresses have been decreasing in magnitude, but they continue to 
act as a trigger mechanism for optimally oriented pre-existing faults that are otherwise 
on the verge of failure. If one limits the existence of such faults to lie within the pre- 
weakened zones of eastern Canada, then the spatial distribution of current earthquakes 
can also be explained. 

Perturbations to the magnitude of the tectonic stress components or lithospheric 
properties do not affect, to any significant extent, the above conclusions. 

Key words: earthquakes, faulting, postglacial rebound, seismicity, stress. 

1 INTRODUCTION 

Although eastern Canada is in an intraplate (mid-plate) seismo- 
tectonic environment, it experiences large earthquakes with 
magnitudes as high as M7. The distribution of recent earth- 
quakes in eastern Canada with magnitude greater than zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM 3  is 
plotted in Fig. l(a), which shows that most of the seismic 
activity is along the following three tectonic trends: (1) the 
Baffin Bay-Grand Banks portion of the Mesozoic rifted margin 
that lies offshore of eastern Canada; (2) the reactivated 
Palaeozoic structures along the Boothia Uplift-Bell Arch; and 
(3) the Palaeozoic rifts along the St. Lawrence Valley-Ottawa 
Bonnechere Graben (Adams & Basham 1989). 

The focal mechanisms of the larger events indicate that 
thrust faulting is dominant in eastern Canada. However, there 

are exceptions to this general trend along the northeast coast 
of Baffin Island, focal mechanisms of the larger earthquakes 
are of the normal-fault type. In contrast, in the northeastern 
United States, strike-slip faulting predominates (Herrmann 
1979; Hasegawa, Adams & Yamazaki 1985; Talwani & 
Rajendran 1991; Zoback 1992). Interspersed are regions where 
thrust faulting has been documented (Herrmann 1979; Nabelek 
& Suarez 1989). 

There is evidence that eastern Canada has been seismically 
active since early postglacial times. This is indicated by the 
presence of postglacial thrust faults (Adams 1989, 1996) and 
earthquake-related mud slumping (Shilts, Rappol & Blais 
1992) in southeastern Canada. An important question that 
emerges from studies of these earthquakes is 'what role does 
postglacial rebound stress play in current seismic and faulting zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Postglacial rebound and earthquakes in eastern Canada zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA217 

activity in eastern Canada? This is a relevant question because 
at the last glacial maximum 18-19 Ka BP (thousand years 
before present), the Laurentide ice sheet covered most of 
Canada and parts of the northeastern United States (Fig. 2), 
with an average ice thickness of about 2500 m (or vertical 
stress of about 25 MPa) and flexural stresses exceeding 50 MPa. 
This expansive ice sheet, however, deglaciated rapidly around 
12-10 Ka BP, and melting was almost complete by about 8 
Ka BP. Thus, depending on the rate of relaxation, rebound- 
induced stresses have the potential to trigger seismic and 
faulting activity in eastern Canada. 

Analysis of the correlation between glacial phenomena (gla- 
cial loading, melting and postglacial rebound) and stresses 
induced in the lithosphere started with simple (ad hoc) models 
of ice loads and earth structure. Using a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2-D model of an ice 
sheet superimposed on an elastic lithosphere overlying an 
inviscid mantle (thus neglecting the important effects of stress 
relaxation), Walcott zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 1970) calculated the rebound stress pat- 
tern in the lithosphere near the edge of the ice sheet. Using a 
comparable ice load and earth model, but based on the premise 
that the neutral stress state in the lithosphere is with the ice 
load on, Stein et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. (1979) concluded that rebound stresses, 
per se, can actually dictate the mode of failure of earthquakes: 
normal faulting along the northeast coast of Baffin Island and 

thrust faulting under the contiguous B&n Bay. However, this 
basic premise of Stein et al. (1979), when applied to earthquake 
activity in southeastern Canada and in the contiguous north- 
eastern United States, predicts a sense of faulting that is not 
in agreement with what is actually observed (Hasegawa et al. 
1985; Talwani & Rajendran 1991; Zoback 1992). Quinlan 
(1984), who considers rebound stress as a perturbation of an 
ambient tectonic stress field, states that rebound stresses, per se, 

can rarely dictate the actual mode of failure (in northeastern 
Canada) but can act as a trigger mechanism for faults that are 
otherwise close to failure. In addition to postglacial rebound, 
Hasegawa & Adams ( 1990) stated that pronounced topography 
(the mountain range along the northeast coast of Baffin Island) 
and the transition from continental to oceanic crust are also 
major contributors to the seismotectonic environment (normal- 
fault regime) along the northeast coast of Baffin Island. 
Basham, Forsyth & Wetmiller (1977) and Hasegawa & Basham 
(1989) pointed out that steep gradients in postglacial-rebound 
contours correlate with bands of intense seismic activity. 
Johnston (1987, 1989) presented causative factors for the 
suppression of seismic activity under the Laurentide, Antarctica 
and Greenland ice sheets. Using a viscoelastic earth model in 
conjunction with a complicated disc load model, James & 
Bent (1994) calculated rebound strain rates in southeastern 

Figure 2. Adopted version of the ICE3G deglaciation history used to calculate a realistic spatietemporal pattern of rebound and associated 
stresses. Contours are ice thickness in metres. 

Figure 1. (a) Map of eastern Canada showing seismotectonic trends and earthquakes greater than A43 over specified time periods. Symbols are 
defined as follows. BU: Boothia Uplift; BA: Bell Arch; BB: Baffin Bay; L S  Labrador Sea; G B  Grand Banks; SLV St. Lawrence Valley; OBG 
Ottawa Bonnechere Graben (after Adams & Basham 1989). (b) Map of eastern Canada showing ( 1 )  the margin of the Laurentian ice-sheet during 
the glacial maximum (18 000 a BP), (2) the orientation of the contemporary stress field in eastern Canada, and (3 )  the location of some of the sites 
discussed in Figs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4, 6,  8, 10 and 12. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Canada and the northeastern United States. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA comparison 
with seismic strain rates in the Charlevoix region of the St. 
Lawrence Valley indicated their rebound strain rates to be one 
to two orders of magnitude greater than seismic strain rates. 
Thus, in general, previous analyses of stresses, strains and 

earthquake activity due mainly to postglacial rebound stresses 
have been confined to localized regions of eastern Canada and 
the contiguous United States. 

As a follow-up to these site-specific papers, Wu & Hasegawa 
(1996) (hereafter referred to as the companion paper) analysed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

dFSM at 18 KBP, Tectonic Stress = 50 MPa N60E & 40 MPa N30W 

dFSM at 12 KBP, Tectonic Stress = 50 MPa N60E & 40 MPa N30W 

Figure 3. Spatio-temporal variation of dFSM in eastern Canada and the peripheral area, shown at four time periods at a seismogenic depth of 
12.5 km. The total stresses used in the calculation include rebound stress, tectonic stress and overburden pressure, with [=1. The maximum 
tectonic principal stress is horizontal, oriented N60"E, and has a magnitude of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50 MPa, while that in the orthogonal direction is 40 MPa. A 200 km 
thick lithosphere has been used in the calculation. Contours are in MPa. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Postglacial rebound and earthquakes in eastern Canada zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA219 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
the spatio-temporal pattern of the induced stress over the 
entire area covered by the Laurentide ice sheet. In this simpli- 
fied analysis, which was intended to outline general trends and 
not specific details, the mantle was taken to be viscoelastic 
and the ice sheet was simulated with a disc load having a 
Heaviside load-melt history. Moreover, the contributions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 
the ambient tectonic stress, overburden stress and rebound 

stress were all included in the calculation of failure potential. 
The main conclusions of Wu & Hasegawa (1996) were as 
follows. 

(1) Crustal loading promotes fault stability directly under- 

( 2 )  Upon the removal of the load, thrust faulting is predicted 
neath the load. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

dFSM at 9 KBP, Tectonic Stress = 50 MPa N60E 81 40 MPa N30W 
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within the ice margin if the overburden stress ratio, [ (i.e. 
SJS,, where S, is the vertical overburden stress and Sh is the 
horizontal stress in the absence of tectonic and rebound stress 
components), is greater than or close to unity-in which case, 
fault stability within the ice margin should attain maximum 
instability immediately after deglaciation. 

(3) If the value of [ were small, then fault stability is 
predicted within the ice margin even after deglaciation. 
(4) Fault instability is promoted both north and south of 

the ice load. The mode of failure, however, is completely 
determined by the value of (: thrust faulting for values close 
to or greater than unity; strike-slip for values just smaller than 
unity; and normal faulting for even smaller values of [. 

In the present study, the disc load in the companion paper 
is replaced by a realistic model, namely the Tushingham & 

Peltier (1991, 1992) ICE3-G model, and the loading of the sea 
floor by the melted ice water is also included. As in the 
companion paper, the objectives are to: (1) calculate stresses 
induced in the lithosphere and mantle by glacial loading, 
melting and postglacial rebound; (2) evaluate the effect of 
glacial loading/rebound on the failure potential for earthquakes 
and the mode of failure in the upper crust; and (3) study the 
effect of ambient tectonic stress magnitude, overburden stress 
and lithospheric properties on failure potential and the mode 
of failure. 

Like the companion paper, prominent features of this paper 
are the inclusion of (1) a viscoelastic mantle and thus the 
migration of stress; and (2) the ambient tectonic stress and 
overburden stress contributions in the calculation of the total 
stress field. 

As in the companion paper, a time-dependent quantity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 1996 RAS, GJI 127, 215-229 
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Postglacial rebound and earthquakes in eastern Canada zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA221 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
dFSM at 18 KBP, Tectonic Stress = 50 MPa N60E & 40 MPa N30W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHN=0.9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 5. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASimilar to Fig. 3, except that the overburden stress ratio (=0.9. (a) is for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt= 18 Ka BP and (b) is for t=O Ka BP. 

called dFSM can be defined: 

d F S M ( t ) = i  {[ci(to)--a,(to)l- [O i ( t )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-%@)I 1 

and el, c2 and o3 are the maximum, intermediate and minimum 
(compressive) principal stresses, respectively. If, as is assumed, 
throughout the Earth there are optimally oriented pre-existing 
virtual faults that are initially close to, but not at, failure, then 
a negative value of dFSM would mean an enhanced likelihood 
of faulting, whereas a positive value of dFSM indicates that 
fault stability is enhanced. 

(2) In the next section, the model and the computational 
procedure of this study are described. Next, the results of a 
realistic ice- and ocean-loading history are discussed. Finally, 
the results of this paper are summarized. 

(1) 
+ Pfl { [e i ( t )  + 0 3 ( t ) l -  [ai(to) + 03(to)l} 9 

where 

fl  = sin [arc tan(p)]/2p , 

and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp is the coefficient of friction, taken to be 0.6, t is the time 
under consideration, to is the time before the onset of glaciation, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Tectonic Stress zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 50 & 40 MPa zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHN=0.9 
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Figure 6. Similar to Fig. 4, except that the overburden stress ratio [=0.9. 

2 MODELLING REBOUND STRESSES 

Postglacial rebound has been successfully modelled using the 
finite element (FE) package ABAQUS (Wu 1992, 1993); the same 
technique is applied in this paper. 

As in the companion paper, the momentum equation to be 
solved is given by: 

V*a-pgV w = 0 (3) 

(Cathles 1975, eq. 111-3), where Q is the rebound stress tensor, 
w is the vertical component of the displacement u, p is the 
density and g is the gravitational acceleration. The solution of 
this equation consists of the three components of the displace- 
ment, u, and the six components of the rebound stress tensor, 
Q, at every grid point in space and time. When eq. (3) is solved, 
Q contains contributions from the advected pre-stress (pgw), 
which acts as a pressure term. However, the advected pre- 
stress varies as a function of time (since w changes), and 
consequently must be included in the computation of dFSM 
(see companion paper). 

- 440 

Indiana , 400 

-1 5 -1 0 -5 0 

Time from the present (KBP) 

There are two sets of data input to this FE program: an 
earth model and a load model. The earth model considered 
here is a compressible, stratified, flat earth that consists of an 
elastic lithosphere on top of isotropic, viscoelastic Maxwell 
layers in the mantle that, in turn, overlie an inviscid fluid core. 
The flat-earth approximation has been shown to be acceptable 
even for loads as extensive as the Laurentide ice-sheet (Amelung 
& Wolf 1994). The viscosity of the mantle is taken to be 
1 x loz1 Pa s. The companion paper has demonstrated that 
lithospheric thickness does not affect dFSM or the mode of 
failure. The effects of mantle viscosity are discussed in Wu 
(1996). The initial state of the Earth is assumed to be deglaci- 
ated (certainly true before the onset of the Pleistocene glaci- 
ation) and without any bending stresses-only tectonic stress 
and overburden exist in the initial state. 

Stress induced by the ice/water load is computed with the 
ABAQus FE program on a Fujitsu VPX240 supercomputer. 
The earth model is composed of 10 layers with each layer 
consisting of 34 x 32 eight-node 3-D solid elements and 128 
eight-node 3-D boundary elements. The area of active loading zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Postglacial rebound and earthquakes in eastern Canada zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA223 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
dFSM at 18 KBP, Tectonic Stress zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 50 MPa N60E & 40 MPa N30W HAk0.8 

dFSM at 0 KBP, Tectonic Stress = 50 MPa N60E & 40 MPa N30W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHN=0.8 

Figure 7. Similar zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto Fig. 3, except that the overburden stress ratio [=0.8. (a) is for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt =  18 Ka BP and (b) is for t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA=O Ka BP. 

is covered by 16 x 14 active elements which lie in the centre at 
the top of the 34 x 32 x 10 solid elements. Each of these active 
elements has horizontal dimensions of 340 km x 323 km. The 
maps in this paper (i.e. Figs 3, 5, 7 and 9) only show the 
14x 12 active elements over eastern Canada. The other 
elements that surround the active elements are not actively 
loaded and their dimensions increase as they approach the 
boundary elements. Such gridding is used to mimic the infinite 
extent of each layer. 

In this paper, the deglaciation of the Laurentian, Cordillera, 
Innuition and Greenland ice-sheets described in the ICE3G 
model of Tushingham & Peltier (1991, 1992) is adopted. Since 
ICE3G gives an uneven ice grid on a spherical surface, the 
grid is first projected (using Lambert equal-area projection) 
onto a flat surface, and the ice thicknesses are then interpolated 
onto the regular 16 x 14 active grid. The adopted deglaciation 
history is shown in Fig. 2, where contours of the ice thickness 
(in metres) at four discrete times are plotted. It should be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 8. Similar to Fig. 4, except that the overburden stress ratio zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[=0.8. 

noted that ICE3G only gives the deglacial part of the ice 
history during the last 18000 years. To include the effect of 
the previous glacial cycles, recall that oxygen isotope data 
from deep-sea cores indicate that during the last 2-3 Myr 
glacial build-up has been very slow (on the order of 100000 
years), whereas deglaciation has been much faster (on the order 
of 10000 years). Thus the ice thickness at every location is 
assumed to follow the saw-tooth ice history described in Wu 
& Peltier (1982) before the last glacial maximum at 18 Ka BP. 

Loading of the ocean by the melted ice water can be obtained 
by solving the gravitationally self-consistent sea-level equation 
(Farrell & Clark 1976; Peltier, Farrell & Clark 1978; Wu & 
Peltier 1983; Mitrovica & Peltier 1991). For the purpose of 
this paper, only the first-order approximation of the sea-level 
equation is solved, i.e. only the eustatic sea-level rise, the effects 
of unloading within the ice sheet and loading of the ocean 
floor are considered. For special places like Hudson Bay, the 
model takes into account the melting of the ice that transformed 
ice loads into water loads and the subsequent draining of 
Hudson Bay due to land uplift. 

.................................................. - - - - - - - - - 

t 

4 0 0  

3 5 0  
10 

5 
n 

I I "  
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I I I I - 5  ' 450  
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I_ 400 
- _ -  -tlmx- - 

.................................................................. :- - - - - - - - - - .._......... " 
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350  

-1  5 -1  0 -5 0 
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2.1 Computational procedure 

In order to evaluate the effects of glacial loading/rebound on 
variations in the failure potential (dFSM) and the mode of 
failure for earthquakes, ambient tectonic stress and overburden 
stress components are also included. As explained in the 
companion paper, tectonic stress, overburden stress and pore 
fluid pressure are assumed to be time-independent, in which 
case pore fluid pressure can be neglected. 

The total stress is obtained by summing tensorally the 
rebound stresses, the tectonic stresses and the overburden 
pressure at 12.5 km. The orientation of the tectonic maximum 
horizontal principal stress is taken to be in the N60"E direction 
(Adams 1989; Adams & Bell 1991; Zoback 1992). Due to the 
uncertainty in the magnitude of the tectonic principal stresses 
and the overburden stress parameter [, a range of values will 
be considered. The principal stresses are obtained by diag- 
onalizing the total stress tensor. Changes in the fault stability 
margin (dFSM) are computed from eqs (1) and (2) with p= 
0.6. Finally, the predicted temporal and spatial distributions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Postglacial rebound and earthquakes in eastern Canada zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA225 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
dFSM at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 KBP, Tectonic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAStress zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 800 MPa N60E & 500 MPa N30W, H A M  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 9. Similar to Fig. 3, except that the maximum tectonic principal stress has a magnitude of 800 MPa while that in the orthogonal direction 
is 500 MPa. 

of dFSM and their modes of failure can be obtained (see 
companion paper). 

3 RESULTS 

3.1 Effect of the overburden parameter 

The value of < determines the rate at which the horizontal 
stress components increase with depth relative to the vertical 
component ([ =S&,). For the deglaciated state, the vertical 
stress is the minimum principal stress at the surface, so large 
values of [ (> 1) will result in a thrust regime. With decreasing 
values of [, the regime changes to strike-slip and finally to 
normal faulting. As demonstrated in the companion paper, 
representative values of these three regimes at a depth of 
12.5 km are <= 1, 0.9 and 0.8 respectively; furthermore, these 
values remain approximately valid even under the ice load. 
So, in the following, we continue to use these three values to 
investigate the effect of overburden stress. 

First, consider the case when [ = 1. For illustrative purposes, 
the maximum tectonic principal stress along N60"E is set at 
50 MPa and the minimum tectonic principal stress at 40 MPa. 
Contour plots of dFSM at four time steps are shown in Fig. 3. 
At the glacial maximum, around 18 Ka BP, Fig. 3(a) shows 
that dFSM is strongly positive under the ice load (especially 
under Hudson Bay), but decreases beyond the ice margin. At 
12 Ka BP, when the ice load is about one-half the maximum 
thickness, Fig. 3(b) shows that dFSM is still positive inside 
the ice margin, although the amplitude is much smaller. At 9 
Ka BP, when there are only three pockets of ice remaining 
(Fig. 2), Fig. 3(c) shows that dFSM remains positive mainly 
under these pockets of ice. All these are consistent with the 
results of the disc load (see companion paper), which showed 
that fault stability is always promoted underneath the load, 

and for the peripheral zone outside the load, stability is also 
promoted for some time after loading. Around 9 Ka BP 
(Fig. 3c), dFSM becomes negative in the deglaciated areas in 
eastern Canada. A small positive ridge is also formed outside 
the ice margin south of the Great Lakes-this is approximately 
the location of the peripheral bulge. At present (0 Ka BP), 
there is a residual negative dFSM, on the order of 0.5-1.0 MPa, 
that extends to areas well beyond the ice margin at the glacial 
maximum (Fig. 3d). This is significant because stresses at this 
level can trigger earthquakes, as shown by induced seismicity 
studies and investigations of triggered seismicity following the 
Landers earthquake. Comparing Figs 3(c) and (d) shows that 
the amplitudes of the negative troughs show a decrease during 
the last 9000 years. These results confirm the findings of 
the disc-load model (companion paper), which predict fault 
instability in the deglaciated area and minimum dFSM (or 
maximum instability) soon after deglaciation. 

The evolution of dFSM shown in Fig. 3 is presented for 
certain fixed locations in Fig. 4. In addition, the evolution of 
the total stress (expressed in terms of horizontal principal 
stresses Hmax, Hmin and the vertical principal stress PrinZ) 
and the modes of failure for five sites in eastern Canada and 
one in the northern US are also shown. The location of the 
sites can be found in Fig. l(b). Inspection of Fig. 4 shows 
that for the sites along the Boothia Uplift-Bell Arch (Melville 
Pen. and Ungava Pen.), the Labrador coast and along the St. 
Lawrence Valley-Ottawa Bonnechere Graben (Charlevoix), 
dFSM becomes negative around 9-10 Ka BP and reaches a 
minimum value around 9-7 Ka BP. For pre-existing virtual 
faults that are optimally oriented and are initially close to 
failure before the onset of glaciation, this implies that 
earthquakes would begin around 10 Ka BP and reached 
maximum activity around 9-7 Ka BP. The mode of failure is 
predicted to be thrusting, which agrees with available data zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 10. Similar to Fig. 4, except that the maximum tectonic principal stress has a magnitude of 800 MPa while that in the orthogonal direction 
is 500 MPa. 

(Adams 1989). In Newfoundland, where melting is early, the 
mode of failure is again predicted to be thrust faulting but 
seismic activity is predicted to have begun much earlier, at 
around 14 Ka BP. At or beyond the ice margin in the 
northern United States (e.g. Indiana), seismic and faulting 
activity is predicted to have occurred later, at around 7 Ka 
BP, but the mode of failure is again predicted to be thrust 
faulting. Examples of pure thrust-fault earthquakes are the 
Mw5.4 southern Illinois earthquake of 1968 (Herrmann 1979) 
and the ~ 1 ~ 5 . 1  Goodnow earthquake in New York State 
(Nabelek & Suarez 1989). Moreover, in Fig. 4 the prediction 
that dFSM would go negative at Indiana about 7-8 Ka BP 
coincides with the time frame of a very large (Mw7.5) Wabash 
Valley earthquake discovered and dated by palaeoliquefaction 
research (Obermeier et al. 1991), which adds credibility to 
the analysis. 

Next, consider the case when (=0.9 while the tectonic 
stresses remain as before. Fig. 5 shows the spatial distribution 
of dFSM at t = 18 and 0 Ka BP while the evolution of the 
total stress, dFSM and mode of failure are shown in Fig. 6. 

Inspection of these figures shows that, as before, stability is 
promoted beneath the ice load. However, there are some 
significant differences: (1) during the loading phase, instability 
can be found near and beyond the edge of the ice sheet (e.g. 
the Labrador Sea near Cartwright, NW Newfoundland and 
Indiana), where the mode of failure is strike-slip; (2) immedi- 
ately after load removal, deglaciated areas become unstable 
with either thrust or strike-slip faulting; however, this fault 
instability only lasts for a short duration; (3) at present, fault 
stability is predicted everywhere in eastern Canada and the 
peripheral area. These results are basically the same as those 
predicted by the disc model (companion paper), provided 
differences in the ice profile and the migration of the ice 
boundary are taken into account. 

The results for <=0.8 are shown in Figs 7 and 8. A 
comparison with Figs 5 and 6 shows that the effects are 
similar except that (1) the value of dFSM becomes more 
positive (especially after deglaciation): as a consequence, 
instability does not generally occur after deglaciation and 
fault stability is predicted everywhere in eastern Canada and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Postglacial rebound and earthquakes in eastern Canada zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA221 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
100 krn thick Lithosphere 

dFSM at 0 KBP, Tectonic Stress zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 50 MPa zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN60E & 40 MPa N30W, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHN=I 

Figure 11. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
the peripheral area during the last 5,000 years; and (2) normal 
faulting is promoted during the loading phase for sites near 
and beyond the edge of the ice sheet. Again, these results 

an elastic lithosphere (Rydelek & Pollitz 1994) will be presented 
in a future paper. 

4 SUMMARY A N D  DISCUSSION 

Through the use of a realistic ice model (ICE3G model 

are in agreement with those predicted by the disc model 
(companion paper). 

3.2 Effect of tectonic stress magnitude 

To investigate the effect of tectonic stress on dFSM, different 
combinations of tectonic stress magnitudes have been tested. 
The perturbation is small inside the ice margin provided the 
tectonic stress magnitudes are greater than about 20 MPa. 
Since tectonic stress magnitudes in eastern Canada are likely 
to be much higher than 20 MPa (Hasegawa et al. 1985), such 
low magnitudes will not be considered. Thus, in Figs 9 and 
10, the maximum tectonic principal stress is 800 MPa and the 
minimum tectonic principal stress is 500 MPa (Zoback et al. 
1994). Comparison of Figs 3(d) and 4 with Figs 9 and 10 
shows that changes in the values of dFSM are generally 
insignificant. The only exceptions are for sites near the edge of 
the margin along the Labrador and US east coasts, where the 
value of dFSM increases slightly so that the onset of instability 
is delayed. 

3.3 Effects of lithospheric properties 

In Sections 3.1 and 3.2, the elastic lithosphere is set at 200 km 
thick (Peltier 1985). In this subsection we investigate the effect 
of a 100 km thick lithosphere. A comparison of Figs 11 and 
12 with Figs 3(d) and 4 indicates that lithospheric thickness 
affects the magnitude of dFSM by only a small amount; 
consequently, only the timing of the onset of instability near 
the ice margin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis delayed. 

Effects of mantle viscosity and the ductile lower crust within 

of Tushingham & Peltier 1991) in conjunction with an 
earth model that predicts rebound rates compatible with 
observations, we have derived the following results. 

(1) Under a wide range of tectonic stress magnitudes and 
values of the overburden stress parameter, (, crustal loading 
promotes fault stability directly under the load, in agreement 
with Johnston (1987, 1989). 

(2) Within the ice margin, dFSM (for values of ( close to 
unity) becomes negative and attains a minimum value soon 
after deglaciation is complete. This observation implies that 
postglacial faulting should be at its maximum at this time. 
This prediction is in agreement with available data in eastern 
Canada (Adams 1989; Shilts et al. 1992), as well as extensive 
observations of postglacial faulting in Fennoscandia (Morner 
1978; Lagerback 1979; Henkel 1978; Lagerback & Witschard 
1983). 

(3) Along the peripheral bulge in the northeastern United 
States, dFSM values (for ( close to unity) indicate a transition 
from a stable to an unstable stress environment at a time that 
coincides with the occurrence of a significant prehistoric earth- 
quake (Obermeier et al. 1991). Thrust faulting is manifest in 
several regions of northeastern United States; an example is 
the Mw5.4 southern Illinois earthquake of November 1968 
(Herrmann 1979). Thus the analysis in this study can account 
for the thrust faults in the peripheral bulge in northeastern 
United States, but not the strike-slip faults (in agreement with 
James & Bent 1994). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 12. Similar to Fig. 4, except that a 100 km thick lithosphere is used in the model. 

(4) The observation that (for [ close to unity), the model 
does not predict drastic changes in dFSM (since deglacial 
time) along the seismotectonic trends shown in Fig. 1 implies 
that tectonic processes are controlling seismic activity along 
these trends at present (Adams & Basham 1989). Thus, at 
most, rebound stresses can act as a trigger mechanism for 
faults that are otherwise close to failure (cf. Quinlan 1984). 
This may be one of the factors contributing to the discrepancy 
between rebound strain rates and seismic strain rates along 
the St. Lawrence Valley as calculated by James & Bent (1994). 

(5) Along the northeast coast of Baffin Island, an enhanced 
gradient in dFSM (Fig. 7b) is compatible with the steep 
gradients in postglacial uplift contours that are averages over 
the past 8000 years (cf. Basham et al. 1977). 

(6) Stress measurements (Adams & Bell 1991) indicate that 
for most parts of the Canadian Shield and the St. Lawrence 
Platform, the vertical stress is the minimum principal stress at 
seismogenic depths, thus the results for [ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 1 (Figs 3 & 4) 
apply. However, in the Western Canadian Basin, the vertical 
stress is usually the intermediate principal stress, thus the 

results for [=0.9 (Figs 5 & 6 )  apply. This may also explain 
why Western Canada east of the Rocky Mountains is relatively 
aseismic at present (Fig. 5b). Future stress measurements along 
Baffin Island and along the Labrador coast may help to 
understand the causes of seismicity there. 

In conclusion, the application of a realistic ice loading- 
unloading history, uis-d-uis the simple disc load in the com- 
panion paper, predicts the spatio-temporal pattern of fault 
instability and earthquake failure modes compatible with the 
companion paper, but more in accord with actual data. 
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