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ABSTRACT 
The horizontal crustal strain-rates induced by glacial isostatic adjustment (GIA) in northern 
Canada and western Greenland region are compared to the spatial pattern of seismicity to 
determine whether earthquakes occur where GIA-predicted crustal strain-rates are high.  For the 
comparison, an updated seismicity catalogue was created from the 2010 version of the NRCan 
Seismic Hazard Earthquake Epicentre File (SHEEF2010) catalogue and the Greenland Ice Sheet 
Monitoring Network (GLISN) catalogue of the Geological Survey of Denmark and Greenland 
(GEUS). Crustal motion rates were computed using the Innu/Laur16 ice-sheet history and the 
VM5a viscosity profile. This GIA model optimizes the fit to relative sea-level and vertical 
crustal motion measurements around Hudson Bay and the Canadian Arctic Archipelago (CAA).  
A region in Baffin Bay where predicted GIA strain-rates are high also features historically high 
seismicity, including the 1933 M 7.4 and the 1934 and 1945 M 6.5 earthquakes.  Elsewhere, 
agreement is not strong, with zones of seismicity occurring where predicted horizontal crustal 
strain-rates are small and large crustal strain-rates occurring where earthquake occurrence is 
muted.  Further investigations could include calculation of crustal stress-rates so that failure 
criteria may be assessed for Baffin Bay events. 
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INTRODUCTION 
Northern Canada, including the region of Baffin Island and Baffin Bay, has zones of enhanced 

seismicity, while other regions are seismically quiescent (e.g., Basham et al., 1977).  Earthquakes in 
intraplate regions originate due to a variety of causes, including tectonic stresses transmitted from 
plate boundaries and from the base of the lithosphere and thermal stresses generated by lithospheric 
cooling.  Spatial variations in lithospheric strength are also recognized as an extremely important 
factor in explaining the observed clustering of intraplate seismicity.   

The solid Earth’s response to ice mass change, which includes the ongoing response to past ice 
changes, as well as the response to present-day changes, is known as glacial isostatic adjustment 
(GIA).  In North America and Greenland, Fennoscandia, Antarctica, and elsewhere, lithospheric 
loading and flexure induced by fluctuating ice sheets and glaciers are thought to potentially play an 
important role in the generation of intraplate earthquakes (e.g., Basham et al., 1977; Grollimund and 
Zoback, 2001; Chung, 2002; Ivins et al., 2003).  The precise relationships between observed seismicity 
and GIA-induced stresses, the background stress field, lithospheric structure, and other seismogenic 
factors are not, however, well understood. 

In this report the relationship between observed seismicity and the crustal strain-rates 
generated by a recently-published GIA model is explored in a preliminary manner for a large region 
centred on Baffin Island and encompassing much of the Canadian Arctic Archipelago, Hudson Bay, 
and western Greenland.  First, a combined earthquake catalogue is produced from the Seismic Hazard 
Earthquake Epicentre File (SHEEF2010; Halchuk et al., 2015) catalogue of Natural Resources Canada 
and the Greenland Ice Sheet Monitoring Network (GLISN; GEUS, 2016) catalogue of the Geological 
Survey of Denmark and Greenland (GEUS).  Second, crustal motions and derived strain-rates 
generated are described for a recently-published GIA model which is termed Innu/Laur16 in this 
report (Simon et al., 2015; 2016).  Third, the observed seismicity and crustal strain-rates are 
qualitatively compared to determine regions where there is apparent agreement or lack of 
correspondence.  Finally, suggestions for future work are provided. 

Seismicity Catalogues 

The study area is centered on the Baffin Island region and includes much of the Canadian 
Arctic Archipelago, Hudson Bay, and the western and southern parts of Greenland.  It encompasses 
the region from 40°W to 100°W and 55°N to 85°N. To obtain a more complete record of seismicity in 
the study region, an NRCan seismicity catalogue was combined with a Greenland seismicity 
catalogue.  The SHEEF2010 catalogue is used for seismic hazard analysis in Canada and includes 
events dating from 1809 to 2010 in the study region.  In contrast, the GLISN catalogue contains events 
recorded by a regional network in Greenland between 1969 to the present (catalogue downloaded 
March 7, 2016) and contains events as small as M0.2.  Details of the input catalogues are given in 
Appendix A. 

Combining Earthquake Catalogues 

In combining the catalogues, events later than Dec. 31, 2010 and events with a catalogue 
magnitude less than 2.5 in the GLISN catalogue were removed to ensure consistency with the 
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SHEEF2010 catalogue.  Many duplicate entries were identical (time stamp, location, and magnitude) 
and these were readily removed.  Other events were extremely similar, with differences at the level of 
1 or 2 seconds for the event time, a few tens of kilometers in distance, or 1 or 2 tenths of a magnitude 
unit) and these were also removed through a manual process.  In all cases, the SHEEF2010 event was 
retained and the GLISN event was removed.  The final combined duplicate-free catalogue contains 
3182 events from the SHEEF2010 file and 40 events from GLISN for a total of 3222 events (Figure 
1).    

The combined catalogue features zones of seismicity (Figure 1) described by Basham et al. 
(1977) for northern Canada, while Olivieri and Spada (2015) provide a recent review for Greenland.  
The largest earthquake, a M7.4 1933 complex strike-slip event (Bent, 2002), occurred in Baffin Bay.  
The two next largest events (M6.5) occurred close to the M7.4 event in 1934 and 1945 and may be 
aftershocks (Qamar, 1974).  Elsewhere, seismicity levels are much lower, although a total of 7 
earthquakes with magnitude larger than or equal to M6.0 are present in the combined catalogue 
(Figure 1 (inset)). 
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Figure 1. Plot of the final combined catalogue after removing duplicate earthquakes. The red star is 
the 1933 M7.4 earthquake.  (inset) Locations of earthquakes in the catalogue that have magnitude 6.0 
or larger. 
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The magnitudes of earthquakes from the GLISN catalogue were converted to moment magnitudes 
using the same criteria that were used for eastern Canada earthquakes in the SHEEF2010 catalogue 
(Allen et al., 2016): 
Pre-1995: 
MW = mN – 0.4 
MW = ML – 0.4 
All other earthquakes were treated as MW. 
Post-1995 to the end of 2010: 
MW = mN – 0.5 (where ML = mN and all other magnitudes treated as MW) 
Because of magnitude conversions, events in the combined catalogue are as small as MW 2.0. 
 

 
Figure 2. Frequency Magnitude Distribution (FMD) of the 3222 earthquakes present in the combined 
SHEEF2010 and GLISN catalogues. Triangles give the histogram of earthquake frequency (non-
cumulative FMD) and circles indicate the cumulative FMD. 

 
A histogram and cumulative frequency-magnitude distribution plot (Figure 2) of the combined 
catalogue shows some non-smooth behavior that is likely to be indicative of catalogue incompleteness.  
Seismic networks in northern Canada and Greenland were progressively densified through the 20th 
century. 
 

Catalogue completeness 

Catalogue completeness dates for BFB (Baffin Bay) (Table 1; Allen et al., 2016) were utilized to 
develop a complete catalogue for the study region, assuming it applies to the entire region.  The 
complete catalogue was derived from the combined catalogue by removing all earthquakes smaller 
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than a specified magnitude that occurred earlier than the specified year of completeness (Table 1). The 
complete catalogue contains events of magnitude 3.3 and larger. 
 
Table 1. Criteria for earthquakes passing completeness 

Magnitudes greater than Are complete from 
the year, onwards 

7.35 1850 
6.25 1917 
5.95 1930 
4.95 1951 
3.25 1965 
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Figure 3. Plot of the earthquake catalogue after earthquakes not passing completeness have been 
removed. 

 

Of the 3222 earthquakes in the combined catalogue, 497 passed completeness and are present in the 
complete catalogue (Figure 3). It was noted that the complete catalogue had more earthquakes of 
magnitude 3.4 (3.35 to 3.45) than magnitude 3.3.  Consequently, in subsequent analyses, the minimum 
magnitude was chosen to be 3.4 and 428 events are present in this revised complete catalogue.  
Seismicity rates were then calculated using the earthquakes that passed completeness.  For a time 
range of 160 years, the number of earthquakes of each magnitude was then estimated and the 
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frequency-magnitude plot is shown in Figure 4.  For the 160-year time frame, the total estimated 
number of earthquakes is 1500. 
The b-value was calculated for the study region using maximum-likelihood estimation (Aki, 1965).  

𝑏𝑏 =
log10(𝑒𝑒)

�〈𝑀𝑀〉 − �𝑀𝑀𝑐𝑐 −
∆𝑀𝑀𝑏𝑏𝑏𝑏𝑏𝑏

2� ��
 

Here 〈M〉 represents the mean magnitude of the sample and ∆Mbin is the binning width of the 
catalogue. The b-value is the negative of the slope of the best-fitting line to the cumulative 
distribution.  For the entire study region, the b-value is 0.85 ± 0.02 (Figure 4).  When the largest 
earthquake (M7.4) is removed, the fit changes and the b-value is 0.92 ± 0.02. 
 

 
Figure 4. Frequency magnitude distribution for the M 3.4 complete catalogue normalized to 160 
years. The upper and lower lines indicate one standard deviation of the calculated b-value.   

Seismicity by Region 

The study area was subdivided into 9 equal areas of 8.36 x 105 km2 labelled A to I (Figure 5).  b-
values were computed for each sub-region. Two of the regions (C and G) had a small number of 
earthquakes passing completeness and a regression was not carried out.  For the other sub-regions, b-
values range from 0.68 to 1.08 (Table 2).  This wide range of b-values may be more indicative of the 
sparseness of seismicity in the subregions than of differing processes and structural control on 
seismicity. 
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Figure 5. Equal-area sub-regions A to I are indicated with combined seismicity catalogue. 
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Table 2. Summary Statistics for Sub-regions 

Region a-value b-value with 
standard 
deviation 

Number of 
Earthquakes in 

Zone 

Number of 
Earthquakes 

passing 
completeness 

Number of 
Earthquakes for 160 

years 

A 5.509 0.96 ± 0.064 665 52 191 
B 5.585 0.81 ± 0.04 925 157 546 
C n/a n/a 46 13 48 
D 5.042 0.86 ± 0.07 575 39 141 
E 5.830 1.08 ± 0.09 470 40 144 
F 5.034 0.87 ± 0.09 78 29 105 
G n/a n/a 39 3 7 
H 5.492 0.98 ± 0.13 241 23 80 
I 4.588 0.68 ± 0.03 183 72 250 

 

GIA MODEL PREDICTIONS 
GIA models are comprised of a model of the ice sheet history and a model of Earth structure 

and rheology.  Surface loading of the Earth model by the ice sheet history model is simulated and 
predictions of the Earth’s response, including surface deformation and motion, gravitational changes, 
and relative sea-level change are made (e.g., Wu and Peltier, 1982; James and Ivins, 1998; Peltier, 
2004; Peltier et al., 2015).   
 Recently, new GIA models were presented that provide an improved fit to vertical crustal 
motion measured by GPS and to relative sea-level observations for northern Canada (Simon et al., 
2015; 2016).  The new models were tuned for the Canadian Arctic Archipelago and a region 
surrounding Hudson Bay.  They comprise the Innuitian Ice Sheet on the Queen Elizabeth Islands 
(Simon et al., 2015) and a large portion of the Laurentide Ice Sheet (Simon et al., 2016).  For the 
Innuitian Ice Sheet, a new loading history model was developed from available geological and 
geomorphological constraints on ice sheet history.  For the Laurentide ice sheet, the starting model 
was ICE-5G and ice thicknesses were iteratively adjusted to improve the fit with observations.  The 
new models provide an improved fit to both vertical crustal motion measurements and relative sea-
level observations over the study region relative to the ICE-5G (Peltier, 2004) and ICE-6G (Peltier et 
al., 2015) models (Simon et al., 2015; 2016).  In this report, the two new models are combined and the 
combined model is termed Innu/Laur16. 

Crustal motion predictions were generated for Innu/Laur16 employing the VM5a earth model.  
This Earth model provides an improved fit to horizontal crustal motion in North America (Peltier and 
Drummond, 2008) and has been employed to make predictions for ICE-5G (Argus and Peltier, 2010) 
and to develop  ICE-6G (Peltier et al., 2015) and Innu/Laur16 (Simon et al., 2015; 2016).  The 
viscosity profile of VM5a features viscosities of 3.2 × 1021 Pa s (lower  part of the lower mantle),  
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1.6 × 1021 Pa s (upper part of the lower mantle), 5 × 1020 Pa s (upper mantle), and 1022 Pa s in a 40-km 
thick high-viscosity layer underlying a 60 km thick elastic lithosphere. 

For computing the horizontal strain rates, a 1° × 1° degree grid was defined over the study 
region. For each grid point, two additional points were defined that are 0.1° to the north and to the 
east. Each point is referred to as a triplet, with the original point as the reference location. Crustal 
motion rates for each triplet were computed using the aforementioned model and viscosity profile. The 
results for a triplet are shown in Table 3. 
Table 3: Example output from GIA earth model 

Latitude (° 
North) 

Longitude (° 
East) 

Uplift Rate 
(mm/yr) 

South Velocity 
(mm/yr) 

East Velocity 
(mm/yr) 

55.0˚ 260.0˚ 7.18295008 0.16851166 -0.02411362 

55.1˚ 260.0˚ 7.25148184 0.15973753 -0.02654893 

55.0˚ 260.1˚ 7.20850405 0.16976190 -0.02390268 
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Figure 6. Predicted crustal motion for the Innu/Laur16 GIA model and VM5a Earth model.  The 
vertical crustal motion contour interval is one millimetre per year.  Horizontal motions are shown in 
blue arrows; scale is at bottom of figure. Also shown are the earthquakes of the combined seismicity 
catalogue. 

The horizontal components of the strain-rate tensor in a spherical coordinate system are given by:  

𝜀𝜀𝜃𝜃𝜃𝜃 =
1
𝑟𝑟
�𝜕𝜕𝑢𝑢𝜃𝜃
𝜕𝜕𝜃𝜃 + 𝑢𝑢𝑟𝑟� 

𝜀𝜀𝜙𝜙𝜙𝜙 =
1

𝑟𝑟 sin 𝜃𝜃
�
𝜕𝜕𝑢𝑢𝜙𝜙
𝜕𝜕𝜙𝜙 + 𝑢𝑢𝑟𝑟 sin 𝜃𝜃 + 𝑢𝑢𝜃𝜃 cos 𝜃𝜃� 

𝜀𝜀𝜃𝜃𝜃𝜃 =
1

2𝑟𝑟�
1

sin 𝜃𝜃
𝜕𝜕𝑢𝑢𝜃𝜃
𝜕𝜕𝜙𝜙 +

𝜕𝜕𝑢𝑢𝜙𝜙
𝜕𝜕𝜃𝜃 − 𝑢𝑢𝜙𝜙 cot 𝜃𝜃� 
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, where θ  is co-latitude, φ  is longitude, and r is radius, ur, uθ, and uφ are the components of the crustal 
velocity vector in spherical coordinates and the surface horizontal strain rates are εθθ, εφφ, εθφ. These 
strain-rate components correspond to strain (positive is extensional) in a north-south and east-west 
directions and to a rotational strain, all in the horizontal plane. Horizontal strain-rates computed on a 
sphere include a contribution from vertical crustal motion.  Uplift contributes to horizontal extension, 
while subsidence contributes to horizontal compression (e.g., Malvern, 1969).  Principal strain-rates 
and the angle of rotation were then determined for plotting purposes.  The resulting strain-rates are 
given in figure 7. 
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Figure 7. Predicted crustal strain-rates (crosses, red is extension and blue is compression) for the 
Innu/Laur16 GIA model and VM5a Earth model, superposed on the combined seismicity catalogue.  
Also shown is the location of the 1933 M7.4 earthquake (star). (inset) Location map giving place 
names and geologic features mentioned in the text. 
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COMPARISON OF GIA PREDICTIONS TO SEISMICITY 
The predicted strain-rates range from ongoing compression of nearly -12 nanostrain/year (-12 

× 10-9 a-1) to extension of nearly +7 nanostrain/year (7 × 10-9 a-1) (Figure 7).  The areas of largest 
ongoing compression include a part of southern Greenland and most of Baffin Bay extending south 
into Davis Strait.  Both of these regions are experiencing subsidence, and this contributes to the 
predicted horizontal compression.  As well, northeast-directed horizontal velocities decrease from 
Baffin Island to Baffin Bay (Figure 6), and this contributes to ongoing horizontal compression with the 
largest compression oriented northeast-southwest in Baffin Bay.   

Much of the study area is undergoing present-day horizontal extension, largely a consequence 
of widespread ongoing postglacial crustal uplift.  Large ongoing extension is predicted in Foxe Basin, 
much of the southern portion of the study region surrounding Hudson Bay, and two portions of the 
western Greenland coastline.  Foxe Basin and the region around southern Hudson Bay are rising 
rapidly and this contributes to the predicted horizontal extension (Figure 6).  On the west coast of 
Greenland, horizontal velocities are diverging where the crustal strain-rates are extensional. 

The region of largest horizontal compression in southern Greenland is seismically quiescent, in 
contrast to the next largest region of predicted compression in Baffin Bay, where five of the seven 
largest earthquakes (M ≥ 6) in the combined catalogue occurred (Figure 1 inset).  Part of northern 
Greenland is also undergoing crustal shortening and this region, like the region in southern Greenland, 
is also seismically quiescent.  The seismically quiescent regions in Greenland undergoing horizontal 
compression may reflect suppression of seismicity due to the weight of the overlying Greenland Ice 
Sheet (Johnston, 1987).  In Greenland, Olivieri and Spada (2015) note that most earthquakes occur on 
the margins of the ice sheet and attribute Greenland earthquakes to a combination of regional glacial 
isostatic adjustment and present-day ice sheet thinning.  In Baffin Bay, the predicted ongoing 
postglacial horizontal compression may contribute to the observed high level of seismicity.  In contrast 
to the possible correspondence of seismicity with high horizontal compression in Baffin Bay, the 
zones of large predicted crustal extension in Foxe Basin and the region around southern Hudson Bay 
do not correspond to regions of marked seismicity.   

Elsewhere, zones of seismicity exist that do not correspond to large postglacial crustal strain 
rates predicted by the Innu/Laur16 model.  The zone of seismicity in eastern Baffin Island corresponds 
to low strain rates that are transitioning from extension to the southwest in Foxe Basin to compression 
in Baffin Bay. An arcuate zone of seismicity that runs south from the central CAA along the Boothia 
Uplift (Basham et al., 1977) and curves southeast across northern Hudson Bay to Ungava in northern 
Quebec along the Bell Arch (Basham et al., 1977) generally corresponds to small crustal strain-rates 
(Figure 7 and inset).  Similarly, in the Labrador Sea, a northwest-southeast oriented zone of seismicity, 
possibly related to an extinct spreading centre, does not correspond to large predicted crustal strain 
rates. 

DISCUSSION AND FURTHER RESEARCH 
In general, the correspondence between earthquake occurrence and large predicted GIA strain-

rates is not strong, although most of the largest earthquakes in the study region have occurred in Baffin 
Bay where predicted horizontal GIA strain rates are large and compressional.  Elsewhere, however, in 
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a large region that includes western Greenland and much of northeastern Canada, many zones of 
earthquake occurrence correspond to regions where strain rates are small.  As well, several regions 
where predicted strain-rates are large do not correspond to zones of enhanced seismicity.  This 
includes large compressional strain-rates underlying portions of the Greenland Ice Sheet and large 
extensional strain-rates in the region of southern Hudson Bay and the Foxe Basin. 

The correspondence between the substantial seismicity in Baffin Bay and the large predicted 
crustal strain-rates warrants further investigation.  In particular, predictions of the present-day change 
in crustal stress due to GIA, in the context of inferred P-axes from focal mechanism solutions (e.g., 
Bent, 2002), would enable an investigation of stress changes in terms of the Coulomb or Mogi-von 
Mises fracture criteria (e.g., Wu and Hasegawa, 1996; Ivins et al., 2003) to quantitatively determine 
the degree to which postglacial deformation is promoting seismicity in this seismically active region.  
More broadly, comparison of the crustal strain rates inferred from seismicity to the crustal strain and 
stress rates predicted by tuned GIA models could be carried out across the study region and assessed in 
terms of the current understanding of the crustal stress field.  Estimates of the ‘efficiency’ of GIA-
induced crustal strain could then be generated.  

SUMMARY 
The investigations carried out to date identify a region of large predicted GIA-induced ongoing 

compression in Baffin Bay that corresponds to the region of greatest seismicity in the study region.  
This may indicates a role for glacial isostatic adjustment in the generation of these earthquakes, as 
suggested in numerous previous studies (e.g., Qamar, 1974; Stein et al., 1979; Wetmiller and Forsyth, 
1982).  Elsewhere, however, the correspondence between GIA crustal strain and seismicity is not 
strong.  Suggestions for further research are provided, with the key activity being calculation of crustal 
stress-rates so that failure criteria may be assessed for Baffin Bay events. 
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APPENDIX A.  CATALOGUE CHARACTERISTICS 
The SHEEF2010 earthquake catalogue (Halchuk et al., 2015) provides the date, preferred 

magnitude after conversion or estimate, longitude, latitude, name of source agency providing location 
and magnitude, depth, depth flag, original magnitude, original magnitude type, and the preferred 
magnitude (to two decimal places). 

The GLISN earthquake catalogue provides abundant information on each earthquake using the 
NORDIC format (GEUS Nordic Format, 2016).  It contains 28 columns in an ASCII text format. 
Attributes matching the SHEEF2010 catalogue were imported from the GLISN catalogue to create a 
standardized catalogue. Attributes from GLISN that were not carried over to the combined catalogue 
include information such as the number of stations used to locate the earthquake and the RMS of time 
residuals. 

The combined and complete catalogues developed for this study follow the SHEEF2010 
format and are given in a separate data file. 
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