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As the pattern of global seismicity became clear half a cen-
tury ago, seismologists noted that very few earthquakes were 
located within Antarctica. The first earthquake definitively 

located within Antarctica occurred in 19821, and only eight events 
have been reported in East Antarctica since2,3 (Supplementary 
Figs. 1.1.1 and 1.1.2). Sykes4 attributed the absence of seismicity 
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Buried deep beneath the Antarctic polar ice sheet, the geological structure and tectonic activity of East Antarctica have long 
remained unknown. The apparent lack of tectonic seismicity was thought to be anomalous relative to other continental interiors 
and has been attributed to a lack of intraplate stress due to the surrounding spreading ridges and low absolute plate velocity 
or to the weight of ice sheets increasing the normal stress. Here we report 27 intraplate tectonic earthquakes detected by the 
AGAP/GAMSEIS seismic array during 2009 in the interior of East Antarctica, which represents locally recorded seismicity in 
the region. The earthquakes are primarily extensional and located at shallow to mid-crustal depths beneath sedimentary basins 
aligned linearly adjacent to the Gamburtsev Subglacial Mountains. The basins may be part of an ancient continental rift system, 
which provides a zone of pre-existing tectonic weakness that focuses the seismicity. These events, when combined with events 
in published catalogues of Antarctic seismicity, indicate levels of seismicity in East Antarctica of the same order of magnitude 
as that of other stable cratons, such as the Canadian Shield.
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Fig. 1 | Maps of event and station locations. a, Earthquake and station locations plotted over the Mosaic of Antarctica30 satellite imagery. The events in 
Table 1 are indicated by red circles, teleseismically recorded events2,3 by blue circles and stations by black inverted triangles. Event information is given in 
Table 1. The box outlines extent of b and the inset in the upper right shows the map with respect to Antarctica. b, Event and station locations plotted over 
Bedmap231 bed topography. Events are indicated by black circles and stations by red inverted triangles. The best-constrained focal mechanisms are plotted 
with lines drawn to the event locations. Orange (a) or yellow (b) lines outline proposed ‘rifts’13.
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on the Antarctic plate to low levels of tectonic stress4, which prob-
ably resulted from being surrounded by spreading ridges and slow 
movement in absolute plate reference frames5,6, whereas Johnston7 
ascribed the lack of seismicity to increased normal stress on faults 
caused by the weight of the ice sheet. The notion that Antarctica has 
many fewer earthquakes than other continents has been difficult to 
verify because the ability to detect earthquakes in Antarctica is sig-
nificantly limited compared to that in other continents. Antarctica 
has fewer permanent seismic stations, and the surrounding south-
ern oceans have only a limited number of seismic stations on islands, 
which have high seismic noise levels.

event location and focal mechanism determination
The installation of the GAMSEIS/AGAP array of broadband seis-
mographs in East Antarctica during the International Polar Year 
in late 2007 to early 2010 provides the first opportunity to observe 
the intraplate seismicity of East Antarctica at a lower magnitude 
level. Here we focus on 2009, as during other years there were only 
eight seismic stations and small earthquakes were poorly detected 
and located. Earthquake detection analysis on the GAMSEIS/
AGAP data (Methods) yields 27 well-recorded earthquakes with 
a local magnitude (ML) that ranged from 2.1 to 3.9 located in 
the East Antarctic interior (Figs. 1 and 2 and Table 1). We also 
consider a few additional events from this region during 1982–
2012 that are found in the International Seismological Centre2 
(ISC) catalogue and in a published compilation3 (Supplementary 
Materials 1.1.1).

Seismic events that occur beneath an ice sheet may represent 
cryospheric processes rather than tectonic activity. Traditional 
earthquake-location methods provide a standard error associated 
with depth estimates, but this is based on the linearized least-
squares solution and subject to local error minima. Therefore, we 
made a detailed investigation of the depths of the events with large 
depth uncertainties (> 6 km) by calculating the arrival time misfit 
for a grid of fixed depths. The best-fitting depths for most events 
ranged from 10 to 30 km beneath the ice surface, within the crust 
and similar to intraplate earthquake depths in many continental 
settings8. The misfit curves as a function of depth (Supplementary 
Materials 1.4.1) show that most events can be located within the 
crust to a high degree of certainty, which indicates they are tec-
tonic in origin.

For events with a broad spatial station coverage and well-
recorded impulsive waveforms (Fig. 2) we calculated double-couple 
focal mechanisms by fitting the observed body wave first motions 
and amplitude ratios9. The entire double-couple model space was 
searched for acceptable solutions based on the allowable number of 
errors. Data for a few events cannot be fit well or do not converge to a 
single solution, and so were removed from consideration. Figure 1b  
shows the best fault-plane solutions. Additional focal mechanism 
solutions and polarity values for the focal mechanisms shown in Fig. 1b  
are given in Supplementary Materials 1.2.1–1.2.6. The majority of 
focal mechanisms indicate horizontal extension and a few show 
horizontal compression.

intraplate seismicity-rate estimation
To estimate the seismicity rate of the East Antarctic craton, we used 
locally recorded events from 2009 to constrain the seismicity rate at 
the low end of the magnitude scale, and ISC2 catalogue and com-
pilation3 events recorded between 1982 and 2012 to constrain the 
rate at larger magnitudes. This estimate enables a direct comparison 
of the seismicity levels in East Antarctica with those of other cra-
tons, in particular cratons with seismically active ancient rift sys-
tems, such as the Canadian Shield. For comparison between East 
Antarctica and the Canadian Shield, we calculated the seismicity 
rate per square kilometre using a magnitude–frequency relationship 
(Supplementary Materials 2.1 and 2.2). The Gutenberg–Richter 

relation predicts the number of earthquakes expected of a given 
magnitude; the relationship is semi-logarithmic10:

= −logN M a bM( ) (1)

where N(M) is the number of earthquakes greater than magnitude 
M, a is the intercept of the linear regression, and b is the slope of 
the linear regression (b-value). A b-value of close to 1 is expected 
in most tectonic settings, but values between 0.7 and 1.4 can be 
observed11.

We calculated b-values of 1.12 ±  0.14 for East Antarctica and 
1.04 ±  0.06 for the Canadian Shield (Fig. 3 and Supplementary 
Materials 2.1). The calculations were normalized by time period 
(30 years for catalogue searches) and area considered, so that the 
seismicity rates of the Antarctic craton and the Canadian Shield 
could be directly compared. Using the linear regressions shown 
in Fig. 3, we calculated the expected number of magnitude 4 and 
greater earthquakes for each craton per squared kilometre per year. 
The seismicity rate for Antarctica is 1.173 ×  10−7 events yr–1 km–2 
and 2.279 × 10−7 events yr–1 km–2 for Canada. In other words, for a 
100,000 km2 region (for example, approximately the size of Iceland) 
we expect 0.012 magnitude 4 and greater events per year in 
Antarctica and 0.023 events in Canada. The seismicity rate of East 
Antarctica is lower than that of the Canadian Shield, which may 
be partly due to incomplete teleseismic catalogues, particularly in 
the earlier part of the time period considered. Okal12 gives a detec-
tion threshold lower limit body-wave magnitude (mb) of 4.9 for 

P061

GM04

P080

P090
GM05
N165

N190
N198
GM03
P116
N215
P124
GM02

GM07

400

600

800

1,000

0 100 200 300 400

D
is

ta
nc

e 
(k

m
)

Time (s)

GM05

GM06

GM04

N215

P080
N173
N165

P124

N140

N148

GM01

GM02

0

200

400

600

800

1,000

0 100 200 300 400

D
is

ta
nc

e 
(k

m
)

Time (s)

a

b

Fig. 2 | Vertical waveform record sections. Vertical component record 
sections show event arrivals across the array. Waveforms are filtered using 
a 0.9 Hz high-pass filter. a, Event 03. b, Event 06. The labels on the right 
show the station code. O, origin time.
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Antarctica in 1981, whereas Reading3 suggested the threshold for 
full detection in 1999 might be as high as mb 5.3. Both estimates are 
larger than the mb 4.6 recorded in 2012, which is the largest event 
listed in the ISC catalogue for East Antarctica (Supplementary 
Table 1.1.1). Comparing the estimated seismicity rates shows that 
the presence of an ice sheet does not fully suppress seismicity in 
East Antarctica and, furthermore, that the seismicity rates are 
essentially indistinguishable given the uncertainties due to incom-
plete teleseismic catalogues for Antarctica.

tectonic interpretation
Most of the earthquakes are located along a series of low-lying 
basins surrounded by steep topography adjacent to the Gamburtsev 
Subglacial Mountains (GSM) and Vostok Subglacial Highlands 
(VSH) that are defined broadly as the East Antarctic rift system13 
(Fig. 1). The rift system exists within a network of Precambrian cra-
tons and orogens defined by magnetic anomalies. Aerogeophysical 
data shows a strong distinction between low-lying rifts and adja-
cent higher subglacial topography of the GSM and VSH. Magnetic 
anomalies are lower within the rifts compared to the GSM and 
VSH13. Low Bouguer gravity anomalies beneath the GSM outline 
a thickened Precambrian crust, but Bouguer gravity anomalies are 
high within the rifts and the free air gravity is low13. The mantle 
beneath the GSM and VSH is fast and receiver functions indicate 
a thick crust14,15 relative to that of the average continental regions. 

Within the rifts themselves, the velocities are slower and the crust is 
appreciably thinned compared to that of the GSM13–16.

The correlation between seismic-event location and ‘rifted’ 
regions is compelling (Fig. 1). Nearly all 27 events occur within 
the rifts, and no earthquakes occur below the GSM or VSH proper. 
The closest events to the GSM are earthquakes 09, 12 and 15, which 
occur along the outermost flanks of the northwestern GSM (Fig. 1a).  
This distribution is certainly not a result of bias in event-detection 
capabilities; the array centres on the GSM, so events in the GSM 
should be more easily detected than those in the surrounding rift 
valleys if active seismicity is present.

East Antarctica shows no indication of current active rifting or 
any signs of large-scale Cenozoic rifting such as that in the West 
Antarctic Rift System. The level of seismicity, with no earthquakes 
mb >  5.0 over the interval 1982–2012 (Supplementary Table 1.1.1), 
is much lower than that observed for actively extending continen-
tal rift zones, such as the East Africa Rift17,18. In addition, seismic 
structure studies show that a high-velocity continental litho-
sphere underlies the region15,16, in contrast to the active Cenozoic 
rift zones, which show slow mantle velocities. We thus interpret 
the rift zones as ancient, dating to at least 100 Mya13, and suggest 
that the observed seismicity represents the reactivation of an old 
quiescent rift system by the current intraplate stress field, as is 
commonly observed for other ancient failed continental rift sys-
tems. A survey of earthquakes in stable cratonic regions showed 

Table 1 | event location information

event origin Latitude Longitude Depth 
(km)a

Number of 
arrivals

Magnitude 
(ML)

observed 
s.d. (s)

Depth s.d. 
(km)Date time

01 1 January 2009 06:58:30.8 82.41° S 109.69° E 15.0 12 2.1 1.16 2.40

02 2 February 2009 15:29:19.5 80.97° S 100.86° E 16.8 11 2.1 1.52 2.33

03 5 March 2009 09:28:33.5 81.32° S 44.76° E 18.1 31 3.5 1.28 0.70

04 11 March 2009 10:40:39.3 80.44° S 41.75° E 16.7 9 2.5 1.61 2.16

05 26 March 2009 07:15:29.6 81.00° S 48.22° E 5.3 8 2.6 0.05 2.16

06 26 March 2009 09:32:11.3 86.61° S 52.73° E 20.1 26 3.3 0.66 4.31

07 27 April 2009 12:41:44.3 80.53° S 95.97° E 23.2 9 2.7 1.84 4.95

08 30 April2009 20:00:11.5 81.65° S 103.48° E 29.7 13 2.7 1.11 0.62

09 7 May 2009 06:56:08.1 83.48° S 62.08° E 20.5 8 2.5 0.84 1.44

10 18 June 2009 22:27:48.1 81.76° S 48.18° E 9.4 21 3.9 2.46 3.45

11 29 June 2009 22:29:25.4 83.15° S 108.24° E 19.1 12 2.8 0.94 7.08

12 30 June 2009 14:09:47.0 82.42° S 63.67° E 23.0 15 2.5 1.04 5.38

13 4 July 2009 22:13:50.0 83.15° S 108.37° E 12.8 8 3.2 1.39 8.44

14 8 July 2009 04:06:04.2 80.93° S 94.70° E 35.3 10 2.2 0.88 4.02

15 10 July 2009 05:43:19.7 82.41° S 63.01° E 20.6 11 2.2 1.00 2.57

16 4 September 2009 16:32:53.3 83.15° S 109.45° E 14.4 17 2.7 1.91 11.30

17 9 September 2009 04:10:48.2 82.09° S 108.72° E 20.3 7 2.8 1.48 3.75

18 6 October 2009 14:09:30.8 81.67° S 104.60° E 19.7 13 2.7 0.86 9.82

19 13 October 2009 04:43:37.4 79.47° S 88.49° E 15.0 10 3.3 1.08 3.83

20 17 October 2009 04:42:51.2 81.55° S 103.58° E 14.0 15 2.3 0.85 11.70

21 17 October 2009 04:49:43.3 81.57° S 103.70° E 14.1 14 2.5 1.29 15.78

22 26 October 2009 22:53:34.9 83.20° S 49.19° E 32.6 10 2.6 0.49 3.20

23 30 October 2009 13:56:15.5 81.76° S 143.49° E 43.7 19 3.3 1.63 12.61

24 1 November 2009 11:35:29.4 79.41° S 89.90° E 16.3 11 2.2 1.04 5.05

25 21 November 2009 06:23:55.8 83.21° S 117.43° E 29.9 9 2.7 0.96 10.80

26 3 December 2009 17:45:38.6 84.84° S 71.01° E 14.7 7 2.2 0.70 6.90

27 9 December 2009 20:21:00.8 79.54° S 89.93° E 19.1 10 2.1 0.80 0.70
aDepth beneath ice surface.
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that the majority (over 52%) of events occurred in rifted crust19. 
Further, three of the four most seismically active ancient rifts (the 
Kutch rift in India, the East China rift system and the St Lawrence 
depression in Canada) represent diffuse plate boundaries or previ-
ous collisional sutures19.

The events presented here are therefore interpreted to lie within 
an ancient rift system that transects the continental interior and 
dates back to at least the Cretaceous13,20, similar to other concen-
trations of intraplate seismicity worldwide found along ancient 
continental rifts, such as the Mississippi embayment19. The focal 
mechanisms indicate normal faulting, except for one focal mecha-
nism located to the north grid of the GSM. Perhaps the most likely 
cause of mid-plate extension is gravitationally induced exten-
sional stress from the elevated topography and thickened crust of 
the GSM21. For example, models of the stress observations from 
Southern Norway showed that gravitational potential energy gener-
ated by even modestly elevated continents and thickened crust is 
capable of producing stresses large enough to generate significant 
intraplate seismicity22.

ice-sheet effects on seismicity rates
The 27 new events identified here show that East Antarctica is sig-
nificantly more seismically active than previously recognized4,7, 
and has comparable levels of seismicity to other cratons, notably 
the Canadian Shield. This observation raises questions about our 
understanding of the relationship between ice sheets, intraplate 
stress and seismicity. Greenland shows a complicated pattern of 
present-day seismicity in which most of the earthquakes that occur 
in regions around the margins that experience a rapid ice-mass loss, 
which possibly results from deglaciation within the past 100 years23. 
Conversely, East Antarctica has not experienced significant recent 
changes in ice mass24,25. In the northern hemisphere, strong evidence 
supports that an enhanced intraplate seismicity is associated with 
the collapse of large ice sheets at the end of the most recent glacial 
maximum26. This has been interpreted to result from removal of the 
weight of the ice sheet, which decreased vertical normal stress and 
reduced Coulomb fault stability, combined with horizontal stresses 
associated with glaciation that decays slowly with time. This same 
analysis predicts inhibited faulting during peak glaciation from 
increased vertical compressive stress27.

Another explanation for significant intraplate earthquakes 
beneath the East Antarctic ice sheet is that the seismicity is not con-
trolled by variations in vertical stress, but rather by factors such as 
subglacial hydrology, because increased pore pressure will enhance 
the faulting28. It has been proposed that ice sheets prevent water 
infiltration and therefore an elevated pore pressure should be unable 
to ease brittle failure and lead to earthquakes7. We know now the 
subglacial hydrology of Antarctica is more complex than previously 
believed and water plays an important role at the glacial bed, partic-
ularly in deep valleys29. Water present at the bed probably infiltrates 
the shallow crust and increases pore pressure, which reduces the 
stress necessary for crustal faulting. The strong correlation between 
the East Antarctica Rift system and the earthquakes reported here is 
another important consideration. It is well known that fault reacti-
vation occurs at significantly lower deviatoric stress than new fault 
generation. East Antarctica may be an unusual situation in which, 
due to the presence of an ancient rift system, pre-existing weak-
nesses allow seismicity to occur at lower levels of stress than would 
be necessary in other ice-covered cratonic regions that experience 
similar stress conditions. In general, continental intraplate seismic-
ity tends to be associated with rifted areas19; this appears to hold for 
ice-covered cratons as well.

A final possibility is that, if tectonic intraplate stresses accumu-
late and become larger with time until relaxed by seismicity, the 
suppression of seismicity by an increased vertical stress caused by 
the ice-sheet loading is only temporary. In this case, seismicity is 
only suppressed until intraplate stresses accumulate long enough to 
exceed the fault stability limit appropriate for the glacial loading. 
After this time, continents covered by constant ice loads will show 
seismicity rates similar to those without ice loading. Large uncer-
tainties remain in the ice-mass history of East Antarctica, but most 
models suggest only modest relative changes in ice mass since the 
end of the most-recent glacial maximum24. Thus, the relative stabil-
ity of the East Antarctic ice sheet may limit its own effect in modu-
lating seismicity.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41561-018-0140-6.
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Methods
Data collection. This study is based on data collected by the GAMSEIS/AGAP 
array in 200932. The 26 seismic stations (Fig. 1) installed consisted of a three-
component broadband sensor (either Trillium T-240 or Guralp cold-weather 
CMG-3T), a Quanterra Q-330 digitizer and an iridium modem for state-of-health 
updates. Stations were powered by a combination of lead acid batteries recharged 
by solar panels during the austral summer and a non-rechargeable lithium battery 
pack over the austral winter. Stations recorded data at both 1 Hz and 40 Hz for the 
entire deployment. The stations were configured in an array of two intersecting 
lines with additional stations offline that acted to fill in the array (Fig. 1). The 
quality of data is comparable to and, in many cases, higher than that found in 
similar temperate deployments.

Data analysis. Earthquakes were initially located using the automated detection 
algorithms of the Antelope software package. This method employs a short-term 
average divided by a long-term average (STA/LTA) to find the potential arrivals, 
which are then associated into events, after which a preliminary location is 
determined for the events with a grid search using a local velocity structure model 
that includes an ice-sheet layer (Supplementary Materials 1.5.1). The velocity 
model is based on the shear velocity structure determined by the inversion of 
Rayleigh waves obtained by the noise correlation of AGAP/GAMSEIS stations33. 
P velocities are derived from S velocities using a P/S ratio of 1.789. Velocities 
for ice layers are derived from Albert34. Ice thickness is an average of the values 
reported for GAMSEIS/AGAP stations14. All the detected events were relocated 
manually using additional arrivals determined by visual inspection. Arrivals 
with anomalous residuals were rejected in the final solution. Unless necessary 
for azimuthal coverage, P arrivals with residuals greater than 2 s and S arrivals 
with residuals greater than 3 s were rejected. In most cases, P arrivals were less 
than 1.5 s and S arrivals were less than 2.5 s. In the case of events with large depth 
uncertainties (> 6 km), additional testing was performed to better constrain the 
depth (Supplementary Materials 1.4.1). Magnitudes were calculated using local 
magnitude equations for Eastern North America35:

= + . − .M log A 1 55 log dist 0 22 (horizontal)L 10 10

= + . − .M Alog 1 45 log dist 0 11 (vertical)L 10 10

where A is the maximum waveform amplitude in micrometres and dist is the 
distance between the event and the station in kilometres. Magnitudes are calculated 
for each component (BHE (East-West horizontal), BHN (North–South horizontal) 
and BHZ (vertical)) for all the stations used to define the final location. The 
median for each component across all the stations is then calculated and the three 
medians are averaged to generate an event magnitude. The standard deviation in 
the magnitude estimates is given in Supplementary Table 1.3.1. The value reported 

is the average of the individual component standard deviations. The standard 
deviation is an indication of the agreement between the stations used to calculate 
the median magnitude.

We used least-squares linear regression to calculate the magnitude–frequency 
relation (b-value) for our data. In Fig. 3 we report our b-values for Antarctica and 
the Canadian Shield as well as the R2 values. For the Canadian shield we found a 
b-value of 1.04 ±  0.06 with an R2 of 0.98 (for comparison, another report gives a 
b-value of 1.01 ±  0.7 (ref. 36)) and for Antarctica we found a b-value of 1.12 ±  0.14 
and an R2 of 0.94. R2 is a measure of how closely the regression line fits the data. 
Both R2 values indicate the regression lines are fit well to the data (an R2 of 1.0 
indicates a perfect fit).

Focal mechanisms are calculated using the FocMec package9. Arrival polarities 
for the P, SV (shear vertical) and SH (shear horizontal) phases are combined with 
amplitude ratios for SV/P, SH/P and SV/SH to determine the best-fit focal solution. 
The program utilizes a systematic search over all possible focal mechanisms and 
returns the solutions that meet the user input selection criteria. We performed 
a search to find solutions with the least number of errors in polarity picks that 
simultaneously provide the best fit to the amplitude ratios. If the program does 
not converge (that is, sets of fault planes have more than the allowable variability), 
the solution is rejected and no focal mechanism is reported for the event. We were 
selective with our input data because the events reported here are quite small and 
arrivals are often emergent. We report here only the best solutions; Supplementary 
Materials gives solutions that do not pass our complete quality-control checks. The 
solutions reported here have no discrepancies in polarity picks and all the solutions 
have strikes with a spread of no more than 20°.

Data availability. Data for this project was collected by the GAMSEIS/AGAP 
array in 200930. Data is available for download from the Incorporated Research 
Institutions for Seismology (IRIS) Data Management Center (DMC) at  
http://ds.iris.edu/ds/nodes/dmc/.

References
 32. Wiens, D. & Nyblade, A. A Broadband Seismic Experiment to Image the 

Lithosphere beneath the Gamburtsev Mountains, East Antarctica (International 
Federation of Digital Seismograph Networks, 2007); https://doi.org/10.7914/
SN/ZM_2007

 33. Sun, X. et al. Crust and upper mantle shear wave structure of Antarctica from 
seismic ambient noise. Eos Trans. AGU Fall Meet. Suppl. (AGU, Washington 
DC, 2009).

 34. Albert, D. G. Theoretical modeling of seismic noise propagation in firn at the 
South Pole, Antarctica. Geophys. Res. Lett. 25, 4257–4260 (1998).

 35. Kim, W. Y. The ML scale in eastern North America. Bull. Seismol. Soc. Am. 
88, 935–951 (1998).

 36. Atkinson, G. M. & Martens, S. N. Seismic hazard estimates for sites in the 
stable Canadian craton. Can. J. Civil. Eng. 34, 1299–1311 (2007).

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

NAtuRe GeosCieNCe | www.nature.com/naturegeoscience

http://ds.iris.edu/ds/nodes/dmc/
https://doi.org/10.7914/SN/ZM_2007
https://doi.org/10.7914/SN/ZM_2007
http://www.nature.com/naturegeoscience

	Reactivation of ancient Antarctic rift zones by intraplate seismicity
	Event location and focal mechanism determination
	Intraplate seismicity-rate estimation
	Tectonic interpretation
	Ice-sheet effects on seismicity rates
	Methods
	Acknowledgements
	Fig. 1 Maps of event and station locations.
	Fig. 2 Vertical waveform record sections.
	Fig. 3 Seismicity rate and magnitude–frequency relationship.
	Table 1 Event location information.




