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Abstract
High-frequency (5–20  Hz) seismic signals precursory to and embedded within the June 
17, 2017 ML = 4 earthquake–landslide event are analyzed. This event in western Greenland 
generated a tsunami in Karrat fjord inundating Nuugaatsiaq village 32 km distant. Spec-
trogram and wavelet analyses of seismic data from the Greenland Ice Sheet Monitoring 
Network (GLISN) corroborate observations of seismic precursors at Nuugaatsiaq reported 
by Poli (Geophys Res Lett 44:8832–8836, 2017) and Caplan-Auerbach (in: AGU fall meet-
ing abstracts, 2017) and reveal additional high-frequency arrivals being generated after the 
apparent initiation of fault rupture. New observations of seismic precursors 181 km from 
the Event at Upernavik, Greenland are correlated with those seen at Nuugaatsiaq. Wavelet 
analysis presents > 100 significant energy peaks accelerating up to and into the earthquake–
landslide event. The precursor events show a distinct, power law distribution, characterized 
by b values of ~ 2.4. Results are compared and contrasted with small precursors observed 
in the studies of a natural chalk cliff landslide at Mesnil-Val, Haute Normandie, France. 
The earthquake–landslide appears to have been initiated by seismic precursors located at 
the fault scarp, leading to a small seismic foreshock and small landslide initiation, followed 
by a larger earthquake at the fault scarp, precipitating the primary landslide into the Karrat 
Fjord, which caused the subsequent tsunami.

Keywords Greenland · Seismic precursors · Wavelet analysis · Earthquake–landslide–
tsunami

1 Introduction

An earthquake–landslide (generally referred herein as the “Event”) on June 17, 2017, adja-
cent to Karrat Fjord of west Greenland generated a local tsunami that devastated the nearby 
village of Nuugaatsiaq, 32  km distant (e.g., Clinton et  al. 2017). The landslide survey 
(Gauthier et al. 2018) revealed the volume of the mass wasting entering the Fjord to be 45 
million  m3 from a surface rupture area of ¾  km2 at a mean elevation of 1 km. To place this 
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in perspective, the volume of this Greenland landslide exceeded the volume of the great 
Lituya Bay, Alaska, landslide of 1958 (Miller 1960) by nearly a factor of two (Gauthier 
et al. 2018).

The Event was well recorded both locally on the Greenland Ice Sheet Monitoring Net-
work (GLISN, Kanao et  al. 2012; Clinton et  al. 2014) and by the Global Seismographic 
Network (Butler et al. 2004), where the earthquake magnitude measured between ML = 3.5 
(GEUS, Geological Survey of Denmark and Greenland) and Mw = 4.8 (GEOFON, Ger-
many). The closest GLISN station was NUUG in the village of Nuugaatsiaq, and nearby 
sites included UPNV, Upernavik, and ILULI, Ilulissat (see Fig. 1). The NUUG STS-2 seis-
mometer was fortunately located at 36 m elevation on the outskirts of the village from the 
fjord, and survived to record the whole event. Not only did NUUG record the landslide and 
tsunami, but also significant seismic precursory signals (Poli 2017; Caplan-Auerbach 2017).

Analysis of the NUUG and UPNV data will show the presence of significant precursory 
seismic activity starting at least 10 h before the Event. This pattern of precursory seismic 
signals is quantitatively compared and contrasted with a smaller landslide in Haute Nor-
mandie, France. The apparent location of the Greenland seismic precursors is consistent 
with the locus of the landslide. Hence, the seismic component of the Event preceded the 
landslide and may be considered causative. The tsunami itself was generated by kinetic 
energy and momentum of the triggered landslide impacting the fjord.

Fig. 1  Nuugaatsiaq map with inset map of GLISN seismic stations (green ‘balloons’) discussed in text. Red 
‘balloon’ indicates 2017 landslide location. The landslide surface is located in red, showing the approxi-
mate strike (105°) and lateral length. NUUG is located at an azimuth of 250° from the source region within 
the village of Nuugaatsiaq at 36  m elevation. Dotted yellow arrows indicate azimuths of next-nearest 
seismic stations discussed in text. Radiating red circles simply approximate the tsunami propagation, but 
neglect the internal reflections and seiching within the fjord. The white star 22 km WNW of NUUG is the 
location of a ML = 4.5 comparison earthquake in 2008, observed at both SUMG and SFJD (inset map). Map 
adapted from GoogleEarth
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The tsunami tragedy in Greenland stands as a warning to regions where high-topog-
raphy is immediately adjacent to a body of water. This concern is high in Hawai‘i where 
the author has been directly involved with the State of Hawai‘i Emergency Management 
Agency in assessing tsunami hazards, not only from earthquakes (e.g., Butler et al. 2017), 
but also landslides. Analysis of the Greenland Event by Taiwan reflects the same local con-
cerns (Chao et al. 2018). Toward this end, the analyses herein focus on the advance warn-
ing (seismic precursors) leading up to and into the Event to understand and constrain seis-
mological aspects of the source mechanism and its temporal development. In doing so, the 
seismological precursors identify the initiating event as an earthquake source, triggering 
the landslide, which set into motion the tsunami.

2  Seismic dataset

All of the seismic data used in this study arise from GLISN, with primary focus on 
NUUG and UPNV (Fig. 1, inset). Figure 2 shows the 2017 seismic event at NUUG and 
UPNV, rotated into radial and tangential components with respect to the source. How-
ever, while visiting the NUUG station after the Event, it was discovered that the STS-2 
had been inadvertently rotated 79° clockwise in 2015 (J. Clinton, personal communica-
tion, 2017)—this additional rotation correction has been implemented herein. Whereas the 
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Fig. 2  Seismic 3-component data from NUUG and UPNV, respectively, are plotted. Radial (red), vertical Z 
(black), and tangential (green) data are plotted together on the same axes. Data are band-pass-filtered [1/100 
20] Hz. Distances are noted. At NUUG, the initial seismic arrival appears at 9 s, noted by the blue arrow as 
subevent-1. A second subevent-2 (violet arrow) about 50 s after origin time is evident. Both events reflect 
a change in the character of precursory signals, and embedded wavelet arrivals. Note the initial P wave 
emergent motion at NUUG is vertical-radial. At UPNV, the P wave is not clearly observable, and first vis-
ible arrival is the S wave. Between the two events, the close correspondence of Z and radial components are 
indicative of seismic body waves, and suggestive of an initial landslide associated with subevent-1
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STS-2 seismometers are essentially flat to velocity from 100  s to 20  Hz, the data were 
band-pass-filtered at [1/100 20] Hz and corrected only for instrument sensitivity. The 17 
June 2017 origin time of the Event varies from 23:39:12 (U.S. Geological Survey, USGS) 
to 23:39:17.4 (Geological Survey of Denmark and Greenland, GEUS) to 23:39:18.5 (Euro-
Mediterranean Seismological Centre, EMSC). I have adopted the USGS solution as earli-
est. Figure 3 compares the Event as observed at SFJD and SUMG with a 2008 earthquake 
located close to the Event in Fig. 1. 

To view the spectral content as a function of time, spectrograms were generated for 
NUUG, UPNV, and ILULI using the Thomson (1982) multitaper method applying orthog-
onal, discrete prolate spheroidal (Slepian, 1962) sequences for measuring the power in each 
time–frequency window, as implemented by  Matlab® pmtm.m. The initial result of this 
analysis is seen in Fig. 4 for NUUG and UPNV. Similar analysis was conducted for ILULI; 
however, the noise from the nearby Jakobshavn glacier both dominates and precludes use-
ful comparison with NUUG and UPNV.

3  Seismic precursors

A series of precursory arrivals are evident in the spectrogram in Fig. 4 with dominant fre-
quencies (i.e., greater than twice the background noise level) in the 5–20 Hz band at both 
NUUG and UPNV, extending nearly an hour before the Event. Poli (2017) approached 
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Fig. 3  The 2017 Event is compared with a ML = 4.5 earthquake (location in Fig. 1) at SUMG, Summit and 
SFJD, Søndre Strømfjord, Greenland. These are the only two sites clearly recording both sources. Data are 
band-pass-filtered [1/100 20] Hz. Plot details are same as for Fig. 2. Time scales are in seconds following 
source origin time. Relative to the origin time, surface waves from the 2017 Event arrive about 50 s later 
than the 2008 earthquake over nearly identical paths. This indicates that the primary seismic energy release 
occurred at subevent-2, about 50 s after subevent-1
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the measurement of the precursory signals at NUUG using cross-correlation methods. 
Whereas the spectrogram method illuminates these precursors, the observations depend 
upon the length of the time windows employed; e.g., there may be more arrivals embedded 
within the same window, such as near the Event where the precursors merge together into a 
continuum in Fig. 4.

The correlation between NUUG and UPNV is consistent with a source at the locus 
of the earthquake–landslide Event. For an assumed shear wave velocity of 3.7  km/s, 
the travel time from the Event to UPNV is about 40  s later than at NUUG—consistent 
with the observed offset. Additionally, Poli (2017) has confirmed that individual precur-
sors observed at NUUG have apparent S-P times consistent the source at the site of the 
landslide.

In order to better highlight and define the character of these precursors, I employed 
the discrete wavelet transform method, as implemented in  Matlab® routine “wavelet Ana-
lyzer”, using Daubechies’ (1988, 1992) orthogonal wavelet D10 for its seismic character, 
and a level 3 decomposition tree. The wavelet methodology was applied to the each of the 
three components of NUUG, and plotted together in Figs. 5, 6 and 7, over time windows 
selected to enhance understanding of Event source features observed in Fig. 2.

Precursory signals start at least 600 min prior to the Event. There may be earlier, smaller 
precursors obscured in the background noise. It is also evident that the rate of the pre-
cursors had been accelerating for hours prior to spectrogram data in Fig.  5. In order to 
decompress the image, Fig.  5 is composed from plots at four, decreasing time scales of 
minutes, leading up to the timing of the initial seismic arrivals observed in Fig. 2, which 
I have termed “subevent-1.” The analysis then continues in Figs. 6 and 7 through subev-
ent-1 into the Event itself. where the time scales are in seconds, and the amplitude scale 
increases from ~ 3  (m2/s2 × 10−14) in Fig. 6 to ~ 50 and ~ 4500  (m2/s2 × 10−14) in Figs. 6 and 
7, respectively.

The precursory signals observed at NUUG (and corroborated at UPNV) extend over 
a 10-h period leading up to the main Event (Figs. 5, 6, 7). The timing interval of events 
initially is over 50 min, accelerating to 10’s of minutes, minutes, 10’s of seconds, and then 

Fig. 4  Spectrograms of rotated, horizontal velocity components of NUUG and UPNV show the signal 
power as a function of frequency and time. Only data with signal-to-noise SNR > 2 are shown against the 
blue background. The frequency band 5–20  Hz has the best SNR. Distances from the source are noted. 
Precursors are indicated by the vertical yellow-green stripes, whose occurrences accelerate approaching the 
Event (black arrow) The initial earthquake (subevent-1) in yellow is followed by a larger, subevent-2 in 
orange-red (see also Figs. 2, 3). The apparent time offset (indicated by red arrows) at UPNV, with respect to 
NUUG, fits the relative propagation times from the landslide location for both the precursors and the Event. 
Furthermore, the timing of subevent-1 at UPNV is consistent with NUUG. Note that the power in the pre-
cursors is larger at NUUG than UPNV, consistent with the greater propagation distance to UPNV. The noise 
midway into the UPNV spectrogram may reflect glacier noise from the Upernavik Glacier located 65 km 
east of UPNV
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seconds prior to the Event. In choosing the peaks (circled), a review of the three compo-
nents showed that the radial component is dominant, and hence, the selections were domi-
nated by vertical and radial peaks (seismic energy is coupled between vertical and radial 
wave propagation). The peaks were selected with signal levels greater than the prior back-
ground noise. Peak amplitudes are in velocity-squared for straightforward conversion to 
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energy. In Fig. 5, the 148 signals extend through the origin time to subevent-1 at NUUG. 
For comparison, Poli (2017) recovered 95 peaks in the NUUG data over a comparable time 
period.

Further analysis was conducted into the earthquake–landslide seismic energy observed 
at NUUG following subevent-1. In Fig. 2, the character of the NUUG data changes after 
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about 50 s into the Event, indicated by the violet arrow as “subevent-2.” Comparing data 
in Fig. 3 for SUMG and SFJG for both the Event and a nearby ML = 4.5 comparison earth-
quake in 2008 (Fig. 1) show that the surface wave energy—as measured from apparent ori-
gin time—from the Event arrives about 50 s later than for the 2008 earthquake. The initial 
subevent-1 may correspond with the small initial magnitudes (3.5–3.9) reported by GEUS 
and EMSC, whereas subevent-2 may correspond with the larger magnitudes (4.2–4.8) 
based upon long-period, surface wave energy reported by USGS and GEO-FOrschung-
sNetz (GEOFON), respectively.

For the wavelet analysis of NUUG data from subevent-1 through and into subevent-2 (Figs. 6 
and 7), the signal levels were set to be greater than the prior window maxima, i.e., from Figs. 5 
and 6, respectively. Figure 6 shows the interval between subevent-1 and subevent-2, expanding 
the number of observed peaks by 66. Figure 7 shows 20 s of arrivals after the beginning of sub-
event-2, and 37 additional peaks that dwarf the energies in the precursory signals.

The acceleration of precursory signals leading up to subevent-1 fits within the frac-
ture mechanics narrative discussed by Poli (2017). However, the high-frequency, wavelet 
signals continue and increase in amplitude after subevent-1, suggesting that the fault slip 
observed seismically as subevent-1 did not end the “precursors.” Rather, the signals con-
tinue unabated for another ~ 40 s up to (and through) subevent-2. Contemporaneously, the 
landslide phase of the Event may have initiated with subevent-1, as reflected by the succes-
sion of body waves evident in Fig. 2 at NUUG between subevent-1 and subevent-2. Hence, 
some of the arrivals in Fig. 6 likely correspond with the landslide.

Given  the surface area of the causative fault, ~ 3/4  km2 (Gauthier et  al. 2018), and 
pattern of subevents, one possible interpretation of the sequence of occurrence follows. 
Fracture on the fault initiates slowly and intermittently, and accelerates. At subevent-1, a 
significant section of the fault undergoes failure, indicated by the initial ML = 3.5 GEUS 
magnitude. Using the larger magnitudes (Ms 4.2, Mw 4.8) based upon later surface waves as 
representative of the total event size, the incipient faulting associated with subevent-1 was 
associated with < 10% of the eventual fault area. Given the late arrivals of surface waves, 
the predominant fault rupture likely initiated with subevent-2. However, following subev-
ent-2, the signals in Fig. 7 likely indicate both the fault rupturing (irregularly) and the full 
mass of the landslide (~ 1011 kg) descending ~ 1 km downslope into the fjord.

4  Seismic precursors to landslides

Reviewing literature for prior seismic precursors to landslides, the studies (Amitrano et al. 
2005; Senfaute et al. 2009) of a natural chalk cliff at Mesnil-Val, Haute Normandie, France, 
are similar to Greenland’s situation. Although the scale of the two phenomena differ—the 
Greenland Event is much larger—nonetheless, there are interesting similarities in the styles 
of the seismic precursors. Though not discussed herein, Caplan-Auerbach and Huggel 
(2007) report precursory seismic signals prior to ice avalanches at Iliamna volcano, Alaska.

Amitrano et al. (2005) analyzed a 1000–2000 m3 collapse preceded by 2 h of precursory 
signals, recorded by a geophone and accelerometer sampled at 40 kHz. Similar to Green-
land, the incidence of precursory signals accelerated prior to collapse. However, in con-
trast, the volume of Greenland landslide entering the fjord was 45,000,000 m3 (Gauthier 
et al. 2018), or about 4 orders of magnitude larger.

Estimating the relative energy in the precursors, Amitrano et al. (2005) fit the data with 
a Gutenberg and Richter (1954) power law, e.g., N(> E) ∼ E

−b where N is the number of 
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events of energy larger than E, and b reflects the distribution of sizes (the b value). For the 
Mesnil-Val data, a b value of 0.5 was determined, which is substantially different from b ~ 1 
found in many seismological studies of earthquakes (e.g., Kanamori and Brodsky 2004). Sen-
faute et al. (2009) continued the Mesnil-Val study, extending the precursory window to 15 h 
(224 signals), and measured within 10’s of meters of the collapse. In contrast to Greenland, 
where the observed precursors had energy between 5 and 20 Hz (at 32–181 km distance), the 
Senfaute et al. (2009) data had frequencies between 100 and 1000 Hz at ~ 10 m distance.

In comparison with the Mesnil-Val studies, I have plotted the cumulative energy 
vs. time of the observed precursory peaks in Fig. 8. In contrast to the Mesnil-Val which 
showed about 3 orders of magnitude in energy variation up to collapse, the Nuugaatsiaq 
Event extended over 6 orders of magnitude in energy. Nonetheless, the shape and character 
of the cumulative energy plots shown in Fig. 8 herein and in Figure 14 of Senfaute et al. 
(2009) are very similar. Additionally, Senfaute et al. (2009) noted a significant change in 
frequency content (toward dominantly low frequency, with diminished high frequencies) 
leading immediately up to final failure, and hypothesized these changes were related to the 
shearing or opening of the existing fractures inducing final failure processes. As such, sub-
event-1 and subevent-2 in Greenland may present a homologous situation.

The power law distribution of Greenland precursors is also plotted in Fig. 8. In doing 
so, the data clearly segregate into three families: precursory signals, signals between 
subevent-1 and subevent-2, and those following subevent-2. The first group (green) 
is distributed with a b value of ~ 2.4 and correlation coefficient R2 ~ 0.94. Large b val-
ues have been associated with earthquake swarm activity (e.g., Smith and Sbar 1974), 
where small events predominate. For the blue data immediately following subevent-1, 
the trend shallows to a b value of ~ 1.5. The third group (red) representing the initiation 
of subevent-2 is distributed with a b value of ~ 1.2 and correlation coefficient R2 ~ 0.97. 
This latter value approaches observed b values ~ 1 for many tectonic earthquakes.

Low b values (~ 0.5) seen for Mesnil-Val data have been observed from microfrac-
tures during the deformation of rocks in laboratory experiments (Scholz 1968) in a 
variety of rock types at > 60% fracture stress. In contrast, the Greenland Event started 
with a relatively high b value~ 2.4, shallowing to b ~ 1.5 following subevent-1, and then 
decreasing further to b ~ 1.2 after subevent-2, approaching b ~ 1 for common earth-
quakes. The mean energy levels increase by factors of 6.2 and 48 between the three 
regimes—the seismic energy level jumps by a factor of ~ 300 in transition from swarm-
like activity to tectonic earthquake rates.

Plotting the intervals between the NUUG precursory signals (Fig.  9) illustrates the 
rapidly increasing rate of precursors. Starting at 1000’s of seconds, the time interval 
between successive signals decreases to ~ 0.1  s prior to subevent-1. Interestingly, the 
rate slows after subevent-1 to ~ 1 s through subevent-2. Given the orders of magnitude 
increase in signal energy initiating with subevent-2, details of smaller features are not 
resolved at this level of analysis.

5  Summary

The Greenland Event is a complex, cascading, interlinked sequence of seismic, subae-
rial landslide, and tsunami processes. My own interpretation follows. Seismic precur-
sors are observed up to 10 h prior to the tsunami, from NUUG at 32 km (e.g., Poli 2017) 
and from UPNV at nearly 180 km. The precursory signals continue up to and through 
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a ML = 3.5 “foreshock,” which initiates the landslide. About 50  s following this fore-
shock, a second, larger subevent-2 (M > 4) occurs. This latter event generates both the 
surface wave magnitude (and arrival time), as well as the largest part of the landslide. 
The Greenland seismic precursors extend over a longer duration, and were significantly 
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more energetic than a comparable landslide associated with failures of coastal chalk 
cliffs in Normandie, France (Amitrano et al. 2005; Senfaute et al. 2009).

The Greenland seismic precursors, the body waves of foreshock subevent-1, and the 
surface waves for the main subevent-2 were generated on the fault surface exposed by 
the landslide. The latter interpretation is supported by the moment tensor earthquake 
mechanism determined by GEOFON which is consistent with the strike and dip geome-
try at the fault. In essence, the earthquake ruptured the fault surface, releasing the hang-
ing wall nearly a km above the Fjord (and creating the head scarp), which then became 
a rock avalanche, accelerating downhill, impacting the Fjord with a mass ~ 1011 kg, dis-
placing water in the Fjord, and generating the destructive tsunami. Hence, we may con-
sider the Greenland earthquake–landslide to have been a series of seismic precursors, 
and small earthquakes which precipitated the subaerial landslide, which in turn gener-
ated the Nuugaatsiaq tsunami.

The key conclusion is that in addition to the physical threat of a subaerial landslide, 
a steep slope abutting the ocean is a potential candidate for a landslide-generated tsu-
nami. Whether or not seismological precursors are observable, the threat remains cred-
ible. The concatenation of events wherein a small earthquake (M < 5) may lead to a dev-
astating tsunami via an earthquake-triggered landslide must be considered by coastal 
communities with steep topography. Higher awareness of very-shallow seismic events in 
such regions is necessary.
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Fig. 9  [upper panel] Interval times between successive signals are plotted from Fig. 8 at their midpoint. The 
increasing acceleration of signal rate is evident. [lower panel] Detail near the Origin time. Times of subev-
ent-1 and subevent-2 are indicated by stars. Note acceleration of signals in the 10 s prior to subevent-1
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