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Fig.l. Mechanism o f the Macquar ie ear thquake o f May 23, 1989, as obtained from 
Geoscope very long-per iod da ta on May 25 and compared to the C M T catalog in this re-
gion for the past 10 years. 
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We read with grea t interest the news report 
in Eos ( June 16, 1989) on the very large Mac-
quarie ear thquake o f May 23, 1989, which 
left U . S . scientists divided as to whether this 
earthquake was o f strike slip or thrust type or 
a mixture o f both. 

Indeed, we think we have the solution to 
this di lemma, since thanks to teletransmitted 
data from 11 Geoscope stations recording 
both very long-per iod and b road band data, 
we were able to obtain a reliable preliminary 
mechanism less than 48 hours after this 
ear thquake occurred . F igure 1 shows this 
mechanism, which is a practically p u r e right-
lateral strike slip, consistent with the general 
trend in the Macquar ie r idge a rea as indicat-
ed from the C M T catalog for the past 10 
years [Dziewonski et al, 1989] , and in particu-
lar, very similar to the mechanisms o f the two 
largest events which occurred in this a rea in 
this time period (May 25 , 1981 and J u l y 7, 
1982). By moment tensor inversion o f very 
long-period Rayleigh waves, we obtained a 
moment o f 2.2 x 1 0 2 8 dyne-cm and a cen-
troid time o f 28 s, which yields a rat ing for 
this ear thquake as "average-to-fast" with re-
spect to the moment /dura t ion relation. S o far, 
we haven't found any conclusive evidence for 
s trong horizontal directivity, while it seems 
that the rupture may have ex tended down to 
(or u p from) at least 40 km. T h e s e features 
o f the solution offer a g o od explanat ion as to 
why no tsunami was observed for this earth-
quake. T h e confidence in our "very-long pe-
r iod" solution comes from its very g o o d com-
patibility with b road band da ta f rom the 
three teletransmitted Geoscope stations that 
lie within the epicentral distance r ange 30°" 
90° from the epicenter o f the Macquar ie 
event, both in terms o f mechanism as well as 
source duration. For shallow ear thquakes the 
ear thquake dep th and the vertical dip-slip 
components o f faulting are poorly con-
strained by the very-long per iod data. T h e 
addition o f only a few b road band seismo-
grams in the analysis can remove this uncer-
tainty. F igure 2 shows two examples o f fits 
for S H waves obtained in a combined analysis 
o f long-period surface waves and b road band 
body waves [Ekstrom, 1989] . T h e teleseismic 
S H arrival at Papeete had an ampl i tude o f 
0.9 mm. T h e Macquar ie region lies so far 
south in the southern hemisphere that very 
few records f rom existing b road band digital 
stations appropr ia te for mantle P and S wave 
analysis will ever be available. For Geoscope 
(which presently counts 20 operat ional b road 
band digital stations), besides P P T (Tahiti), 
K I P (Hawaii) a n d R E R (Reunion Island), 
which were teletransmitted ( C A N , Australia, 
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Fig. 2. Macquar ie event o f May 23, 
1989: deconvolved S waves (solid lines) 
from broad band Geoscope records at sta-
tions P P T and KIP , and fit obtained by in-
version, a ssuming the mechanism o f Fig-
ure 1. N u m b e r s indicate m a x i m u m ampli-
tude in microns. T h e resulting source 
time function is also given. 

is too close), we still expect data in this dis-
tance range from stations N O U (New Caledo-
nia), D R V (Dumont d'Urville), P A F (Kergue -
len) and C R Z F (Crozet Is land), the last three 
o f which will take several months to arrive 
because they will travel par t o f the way by 
ship. T a b l e 1 lists the coordinates and posi-
tion with respect to the epicenter o f the 11 
stations whose data were teletransmitted. 

Geoscope , a global network primarily spon-
sored by the French Institut National des Sci-
ences de l 'Univers o f Centre National de la 
Recherche Scientifique (in the U . S . , station 
SCZ was cofinanced by U .C .S .C . ) was initiated 
in 1982 and is being developed in cooper-
ation with as many institutions in the world as 
there are stations. A data teletransmission sys-
tem (dial up) was developed a n d first in-
stalled in late 1984 by the Division Techn ique 
de 1'I.N.S.U. (D. Fouassier , J . C . Koen ig and 
J . F. Karczewski) at those Geoscope stations 
easily accessible by phone . It is used daily on 
a routine basis to monitor station state o f 
health and occasionally to transmit da ta in 
quasi-real t ime, when a large ear thquake oc-
curs. A preliminary solution for the source is 
then obtained within several days us ing very 
long-period vertical component Rayleigh 
wave data and a two-step momen t tensor in-
version method first developed for interme-
diate per iod surface waves [Romanowicz, 1982] 
and later adap ted to very long per iods [Ro-
manowicz and Guillemant, 1984; Romanowicz 
and Monfret, 1986] . Th i s method yields esti-
mates o f the centroid time, scalar moment , 
source mechanism and centroidal depth o f 
the ear thquake and is sufficently robust so 
that data from R l and R2 trains from five or 
six stations are generally enough , provided 
they are well distributed in azimuth. 

T h e combined quasi real t ime data trans-
mission and moment tensor inversion was 
sussessfully tested for the first t ime after the 
Chilean ear thquake o f March 3, 1985, when 
only five Geoscope stations provided data in 
this manner [Monfret and Romanowicz, 1986]. 
Since then, we have used it for practically all 
M s > 7 events (with the help o f N E I C loca-
tions rapidly accessible by electronic mail), 

T h i s p a g e m a y b e f r e e l y c o p i e d . 

Romanowicz & Ekström, 1989
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Abstract. Data from the Global Digital hypocenters and the estimation of magnitudes. In 
Seismograph Network were used to obtain January 1981 the National Earthquake Information 
'centroid-moment tensor' solutions using the Service (NEIS) began publishing fault plane 
method of Dziewonski et al. (1981). Results were solutions for earthquakes with magnitude 6.5 and 
obtained for 201 earthquakes ranging in seismic greater. Kanamori and Given [1981, 1982] have 
moment from 7 x 1023 to 3 x 10 27 dyne-cm. The shown that with some restrictions on the dip slip 
wide dynamic range of the SRO/ASRO stations components for shallow earthquakes, moment tensor 
allows us to investigate, using the same solutions can be routinely obtained using data 
algorithm, series of events among which the from the International Deployment of Accelero- 
smallest and the largest may differ in moment by meters (IDA; see Agnew et al. [1976]) network for 
a factor as large as 1000. Among the events events with moments greater than 1026 dyne-cm, 
studied is a particularly interesting series, in and sometimes somewhat smaller. 
January 1981, off the island of Honshu. The main There are, of course, numerous fault plane 
shock was preceded by three foreshocks and solutions and estimates of seismic moment for 
followed by four aftershocks all falling within smaller events, but these are.usually derived for 
the range of our analysis. There is an indication earthquakes of special interest. Availability of 
that the source mechanism changes with the size the high quality digital data of the GDSN 
of the event. Statistical analysis of the results (primarily its SRO and ASRO components) makes it 
for all earthquakes reveals that the half possible to extend the range of global studies of 
duration of shallow and intermediate events is source parameters to earthquakes with moments as 
approximated by 1.6 x 10 -8 MO 1/3. The shifts in small as 1-2 x 1024 dyne-cm. Systematic studies 
origin time for deep-focus earthquakes are of such earthquakes would contribute signifi- 
indicative of the general complexity of these cantly to our understanding of the process of 
events, which depends only weakly on the seismic stress accumulation and release in the earth. The 
moment. The extreme departures from a double large dynamic range of the GDSN instruments 
couple mechanism seem to depend both on the allows application of the same algorithm to 
moment and on the focal depth. While for shallow earthquakes differing by 4 orders of magnitude in 
earthquakes these departures decrease, from a seismic moment: something that cannot be done 
maximum at about 1025 dyne-cm, with increasing using analog records. 
moment, the reverse appears to be true with Determination of the seismic moment tensor, 
respect to deep-focus earthquakes. Shallow unlike methods that implicitly or explicitly 
earthquakes north of New Guinea and along the involve the assumption of plane shear failure 
Solomon Islands show systematic and substantial (double couple mechanism), allows us to 
departures from the double couple mechanism. investigate in a more general way forces acting 

at the source. Although it appears that 
1. Introduction resolution of the isotropic component is very 

difficult, nonvanishing intermediate eigenvalues 
The 'centroid-moment tensor' (CMT) solution is are occasionally large enough to contribute 

a result of simultaneous inversion of the significantly to the overall pattern of 
waveform data for the hypocentral parameters of excitation. From numerous experiments it is clear 
the best point source (epicentral coordinates, that the existence of lateral heterogeneities in 
depth and origin time) and for the six the earth may affect the solution for the moment 
independent elements of the seismic moment tensor and the apparent position of its centroid. 
tensor. Dziewonski, Chou and Woodhouse [1981; Although new and exciting discoveries have been 
hereinafter referred to as DCW], predicted that recently made in the area of studying the lateral 
with the sensitivity and the dynamic range of the heterogeneity of the earth [cf. Masters et al., 
Global Digital Seismic Network (GDSN) the method 1982] and the required theoretical developments 
could be used to investigate hundreds of events are taking place [Woodhouse and Girnius, 1982; 
per year. Indeed, in the first attempt to utilize Woodhouse, 1983], the progress, judging from past 
it in a systematic manner, we have obtained CMT experience, is likely to be slow. Thus, even 
solutions for 201 events that occurred during though it is possible to perform the usual 
1981. Even though the procedure is highly estimation of the standard errors assuming that 
automated, processing this number of earthquakes the differences between the data and synthetics 
represented a major effort. Why did we feel that are uncorrelated, the standard errors obtained in 
it was worth undertaking? this way are likely to be underestimated. For 

The routine process of quantification of this reason we cannot establish categorically the 
earthquakes involves the determination of the significance of the derived parameters for 

individual solutions. However, if two earthquakes 
Copyright 1983 by the American Geophysical Union. in the same source region, having similar 

mechanisms and comparable network coverage, yield 
Paper number 2B1613. solutions that markedly differ in, for example, 
0148-0227/83/002B-1613505.00 their deviation from the double couple mechanism, 

3247 

Dziewonski and Woodhouse: Systematic Study of Global Seismicity 3249 
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Fig. 1. Distribution of stations of the Global Digital Seismograph Network operational 
during 1981. Squares, SRO; up-triangles, ASRO; and down-triangles, DWWSSN stations. 

In DCW we have used the long-period body wave eigenfunctions were calculated for the earth 
train extending from the P wave until the arrival model PREM of Dziewonski and Anderson [1981] 
of the fundamental mode surface waves. The latter using the 'minor' method of Woodhouse [1981a]. 
are strongly affected in the period range of It appears that with the possible exception of 
about 50 s by lateral heterogeneity and cannot be very deep earthquakes, extension of the analysis 
used to determine source parameters by waveform to periods below 45 .s is not justified. The 
fitting for a spherically symmetric model. effect of lateral heterogeneity is such that for 

Since publication of DCW we have extended the multiply reflected phases (SS, SSS) the coherence 
method to incorporate also the mantle waves. We between the observed seismograms and synthetics 
select from IDA or SRO/ASRO records up to 4.5 is lost much earlier in the wave train with a cut 
hours of data after the instrumental response off period of 32 s than when the cut off period 
becomes linear again (it seldom is for the R 1 is longer. Thus, even though the resolution for 
arrivals from shallow earthquakes with moments the hypocentral parameters may be somewhat 
greater than 1026 dyne-cm). The data are low-pass improved, coverage of the focal sphere is 
filtered with a cut off period of 135 s. Not only effectively decreased. Because there is also an 
the fundamental modes but also the overtone data increase in computation time, the cut off period 
are used in inversion. Addition of 'mantle wave' of 45 s appears to be a good compromise when an 
data is helpful in t•wo ways. Because the waves average earth model is used. 
propagating along both minor and major arcs are 
included, the effective network coverage doubles. 3. The Data 
Also, the maximum spectral energy in the 
long-period body wave data is in the range of Even though our procedure is designed to 
periods from 50 to 60 s, while for mantle waves incorporate the IDA data, the tapes for 1981 are 
it is between 150 and 180 s. For events of not yet available to us. Thus, in this paper we 
considerable duration, it is possible to select use exclusively the GDSN data. Figure 1 shows the 
the appropriate half duration of the source time distribution of the network. 
function such that the moments derived separately There was a substantial increase in the number 
from both subsets of data are approximately of Digital World-Wide Standard Seismograph 
equal. If the half duration of the source is T, Network (DWWSSN) stations during 1981. While at 
then the spectra of all the kernels and excit- the end of 1980 there were only 2 stations (LON 
ation functions are multiplied by sin(•T)/•T. and JAS), there were 10 at the end of 1981, and 

The excitation functions and the kernels are the eleventh (COL) was installed in January 1982. 
obtained through summation of the normal modes. However, the DWWSSN stations produce records 
If the cut off period for the long-period body of much lower quality than SRO/ASRO network 
wave data is 45 s, the number of normal modes in [Peterson et al., 1976]; it is our estimate that 
the summation is approximately 5000; lowering of the signal-to-noise ratio is about one order of 
the cut off period to 32 s doubles the number of magnitude lower, on average. Thus DWWSSN stations 
modes. The periods of normal modes and their are generally not very useful in studying events 
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Also 40 years of the Harvard/Global CMT Project!



2849 Global CMT earthquakes analyzed for 2021



194 stations used in 2021 - 31 GEOSCOPE stations 

> 100,000 GEOSCOPE seismograms included in the analysis



Tohoku 9.1

Sumatra 9.3

GEOSCOPE - 
the first decade 



In 2004 we started using 
intermediate-period surface waves 
in the analysis and were able to 
study smaller earthquakes

M > 5.3

M > 6.5
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Global source studies using intermediate-period 
(30-150 sec) surface waves

1. Detecting and locating earthquakes
2. Unusual sources (potpourri)
3. Better locations?



3. Select a target location

4. Calculate dispersion curves to

    all stations

Rayleigh wave

phase velocity

45 sec period

Detection of seismic sources using 
long-period surface waves

1. Collect seismograms from the GSN

    Miyake Island)

21:30 22:30 23:30

2000-08-10

2. Low-pass filter, 35-250 s period

Detection of seismic sources using 
long-period surface waves

1. Collect seismograms from the GSN

    Miyake Island)

21:30 22:30 23:30

2000-08-10

2. Low-pass filter, 35-250 s period

Detecting and locating earthquakes by 
back-propagating surface waves

(Ekström, 2006)



In 2021 we detected and located 3377 earthquakes using surface waves



In 2021, 302 of the earthquakes were not in other catalogs



In 2021, 302 of the earthquakes were not in other catalogs

Glacier Calving
Dynamic Landslides
Volcano Deformation
?????



Greenland Glacial Earthquakes
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Figure 2
(a) Map showing 252 glacial earthquakes in Greenland for the period 1993–2008, detected and located using the surface-wave detection
algorithm. (b) Map showing the improved locations of 184 glacial earthquakes for the period 1993–2005 analyzed in detail by Tsai &
Ekström (2007). Note the tight clustering of the relocated earthquake epicenters near major outlet glaciers.

detections along the coast of Greenland (Figure 2). All events were found to be spatially correlated
with major outlet glaciers of the Greenland ice sheet. Glacial earthquakes were also found to be
a strongly seasonal phenomenon, with most earthquakes occurring in July and August and few
occurring in January and February (Figure 3). Most dramatically, the 2006 study found a clear
increase in the number of glacial earthquakes occurring in Greenland: An average of 10 events per
year occurred in the period 1993–2000, rising to 21 events in 2003, 27 in 2004, and 33 in 2005
(Figure 3).

Tsai & Ekström (2007) modeled seismograms from all the 1993–2005 Greenland earthquakes
by using the landslide model of the earthquake source process to obtain improved locations for the
glacial earthquakes as well as quantitative estimates of the earthquake source parameters. As shown
in Figure 2, the improved locations are tightly clustered near a number of Greenland’s large outlet
glaciers. Tsai & Ekström (2007) found that force directions in the events were consistent with
sliding in the direction of glacier flow, and that typical source durations were ∼50 s. The analysis
led to estimates of the product (mass × sliding distance) in the range of 0.1 to 2.0 × 1014 kg m,
and the authors noted that the distribution of earthquake sizes was different at different outlet
glaciers. In particular, the size distribution for events at Kangerdlugssuaq glacier is peaked above

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

Figure 1
(a) Long-period Rayleigh wave arrivals at globally distributed stations ranging in distance from 19◦ (top trace)
to 154◦ for a glacial earthquake at Kangerdlugssuaq glacier, East Greenland, on December 28, 2001.
(b) Seismograms after propagation effects from the source location to each station have been removed, and
the envelope of the waveform has been calculated. The coloring of each seismogram reflects the probability
that surface-wave energy has been detected; red indicates the highest probability. The bottom trace is a stack
of the individual station traces. The alignment of the individual detections indicates the presence of Rayleigh
wave energy emanating from a location near Kangerdlugssuaq glacier.
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vertical force observed in the earthquake. The
loweredwaterpressuredrawsdowntheungrounded
glacier margin, pulling the glacier surface downward
during the earthquake.
Our results document the forces active during

an increasingly important class of calving events
and definitively identify the processes that cause
glacial earthquakes. This understanding of gla-
cier calving and glacial earthquakes opens the
potential for remote quantitative characteriza-
tion of iceberg calving and calving rates, as well
as improved models for ice-ocean interaction.
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Fig. 3. Scaled laboratory data from glacier “terminus” during “iceberg” capsize event, compared
with field observations. (A) Horizontal displacement scaled from force (black line) compared with
downflow GPS data (blue). (B) Vertical displacement scaled from pressure (black line) compared with
vertical GPS data (red). Errors in laboratory data are standard deviation calculated from repeated
capsize events. GPS data shown are as in Fig. 2A. Photographs show stages of capsize at times marked
by dashed lines and (solid gray line) tc. The aspect ratio of the model iceberg is 0.22.

Fig. 4. Cartoon of glacier
terminus during calving event.
Glacier deflection caused by a
capsizing iceberg is shown
relative to the initial glacier
position (dotted line). Acceleration
of the iceberg to the right exerts a
force in the upglacier direction
(left), leading to reverse motion of
the GPS sensors (green star).
Reduced pressure behind the
iceberg (L) draws water from
beneath the glacier and from the proglacial fjord, pulling the floating portion of the glacier downward and
exerting an upward force on the solid Earth.
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Contact forces and hydraulic pressure 
generate seismic waves at glacier terminus

Basic calving source model:
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to the solid Earth, in a laboratory setting. When scaled up to glacier dimensions, the force histories recorded in 
laboratory experiments closely match the duration and character of GPS-derived observations of glacier displace-
ment during calving (Murray, Nettles, et al., 2015). The recorded force histories are also similar to force histories 
calculated in numerical simulations (Sergeant et al., 2018). The consistency between the force histories observed 
in laboratory experiments, GPS observations, and numerical-modeling results suggests that the laboratory ex-
periments, while not real Earth observations, likely capture the critical aspects of the force history at the glacier 
front during generation of a glacial earthquake. In addition, seismic-magnitude values, MCSF, calculated for the 
tank events using the same seismic modeling approach and 50-s boxcar source model used in standard analysis of 
glacial earthquakes are in close agreement with results for real glacial earthquakes (Figure 2).

We employ an existing set of laboratory experiments of iceberg calving (Burton et al., 2012; Cathles et al., 2015) 
to construct new models of the seismic source time function for use in glacial-earthquake waveform modeling. 
This is the first introduction of such constraints into seismic modeling of glacial earthquakes. We assess the abili-
ty of source models of this type to return improved estimates of source parameters, using both seismograms from 
synthetic events and observed glacial earthquakes. We explore the relationship between iceberg size and seismic 
magnitude, and consider additional metrics of seismic magnitude beyond MCSF, including peak force and peak 
momentum. By incorporating laboratory-based constraints into seismic analysis, we demonstrate the utility of a 
more sophisticated, physics-based source model for glacial earthquakes, and lay out a framework for future work 
to further advance glacial-earthquake modeling.

2. Background
2.1. Estimation of the Seismic Source
The time-varying force exerted by a calving iceberg in the direction opposite its acceleration is similar in ge-
ometry to that generated by a landslide mass accelerating downhill. Glacial earthquakes, like landslides, can be 
modeled using a centroid-single-force (CSF) approach (Ekström et al., 2003; Kawakatsu, 1989). The CSF tech-
nique is closely related to the CMT technique (e.g., Dziewonski et al., 1981) used to model the sources of tectonic 
earthquakes. Ground motion recorded at a seismic station depends on the source that generates the waves and on 
the Earth structure through which the waves travel. Ground motion u  in direction k recorded at a seismic station 
at location r can be written

 (1)

where the * denotes convolution, and the Green function Ψ describes the predicted seismogram generated by 
a point force f, acting at location rs, for a given model for Earth structure. In the CMT approach, the vector fi 
contains the amplitudes of the six independent elements of the moment-rate tensor, and N = 6. In CSF analysis fi 
contains the amplitude of a point force acting in direction i, and N = 3, with the summation over the three orthog-
onal components of the force vector (South, East, and up). The time history of the seismic source is represented 
by the source time function Si(t). In most CMT and CSF applications, Si(t) = S(t), for all i, such that the shape of 
the time function is the same for each component of the moment tensor or force vector.

Figure 3. Photographs taken at four points in time during a tank experiment. The iceberg-analog block shown here has an 
aspect ratio of 0.28. Time values printed in the upper right of each panel are relative to the time the iceberg-analog block first 
reaches horizontal (t = 0 s; not shown). The thin red line in the fourth panel shows a horizontal reference for this experiment. 
The force and pressure histories recorded during this experiment (Experiment 5) are shown in Figure 5.
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The pressure records are out of phase with the horizontal forces during the first ∼600 s of the tank time series 
(gray-shaded portions of panels in Figure 5), showing a pressure decrease as the horizontal up-glacier force in-
creases. A pressure decrease in the water column results in a vertical force on the solid Earth, oriented upwards. 
During this acceleration phase of the force history, the up-glacier horizontal force and negative pressure values 
result in an up-glacier, upward force. After the horizontal force crosses zero, the pressure records become general-
ly in phase with the horizontal force (white portion of panels in Figure 5). At the time of the largest down-glacier 
horizontal force (“b”), pressure deviations are near zero. During up-glacier force peak “c”, pressure excursions 
are positive, resulting in a total force oriented downward and up glacier. The remainder of the horizontal force 

Figure 5. Histories of (red) horizontal force and (black) pressure for the 10 laboratory experiments used as seismic sources in this study. Gray shading identifies the 
part of the time series referred to in the text as the “left-hand side”; white background identifies the part of the time series referred to as the “right-hand side”. Each 
force and pressure history is normalized by the maximum value of the timeseries within the gray-shaded region. Iceberg aspect ratio (AR) is shown for each experiment, 
and scaled-up dimensions for each analog iceberg are given below the Experiment number. H: iceberg height in m; L: iceberg length in m. Positive vertical-axis values 
represent horizontal force in the up-glacier direction, or increased pressure. Time = 0 in each experiment represents the time at which the capsizing iceberg first reached 
horizontal. “a”, “b”, and “c” in the top left panel refer to parts of the horizontal-force histories discussed in the text. The blue dashed lines shown for Experiment 5 
denote the times of the photographs of this experiment shown in Figure 3.

Tank experiment

Force and pressure history
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well across the full range of aspect ratios we test (Figure 7a; aspect ratio for 
each experiment given in Figure 5), whereas recovery of  values is no-
tably poorer in experiments with higher iceberg aspect ratios (Experiments 
7–10, Figure 7c). We therefore suggest that, at this time, the maximum force 
provides a better, simple measure of glacial-earthquake size than the MCSF 
value that has been reported to date in the glacial-earthquake literature (Olsen 
& Nettles, 2017, 2019; Tsai & Ekström, 2007; Veitch & Nettles, 2012). We 
note that Sergeant et al. (2019) also considered the maximum force generated 
during a rotational calving event, and discussed advantages to this size metric 
as opposed to MCSF.

5.4. Relationship Between Maximum Force and Iceberg Mass
For the tank experiments, the iceberg mass correlates with all three measures 
of glacial-earthquake size we consider: maximum force, maximum impulse, 
and  , where these values are read from the recorded force histories (gray 
squares in Figure 9). The dominant relationship in all cases is an increase 
in the seismic-magnitude parameters with increasing iceberg size. Analog 
icebergs with aspect ratios of 0.22 and 0.28 demonstrate a slightly different 
trend than those with aspect ratios of 0.43 and 0.54 (Figure 9a), owing to the 
higher peak amplitudes of the down-glacier force recorded in experiments of 
larger aspect ratio, compared with those of smaller aspect ratio (Figure 5).

Like the direct observations of force from the tank experiments, the seismic-magnitude values recovered using 
all five of the models discussed in detail in this study correlate positively with iceberg mass (Figure 9). Models 
A, B, and C do a better job capturing the relationship between iceberg mass and maximum force than does the 
boxcar model (Figure 9a). Despite the simplicity of Models A, B, and C, they each capture the difference in trend 
between larger and smaller aspect ratios that the tank observations display. In particular, maximum-force values 
recovered using Model C match the trend of the tank observations well for both small and large aspect ratios, and 
recover maximum-force values very close to the tank values (Figure 9a).

Improved recovery of all three seismic-magnitude metrics using Models A and C (Figures 7 and 9) is encour-
aging, and suggests the potential utility of reanalyzing real glacial-earthquake data using a more-sophisticated 
model. We use Model C in an analysis of 12 glacial earthquakes previously studied using the 50-s boxcar model 
(circles and squares in Figure 2) to test the approach. We find that maximum-force values are positively corre-
lated with iceberg mass (yellow diamonds, Figure 10), as they are for the results with the boxcar model (black 
dots in Figure 10). As expected from our synthetic experiments, maximum-force values recovered using Model C 
are higher than those calculated for the same events using the boxcar model. The values for the real earthquakes 
obtained using Model C occupy approximately the same space in the maximum-force versus mass diagram as 
the values from the scaled-up tank experiments (Figure 10), suggesting that the values are likely to be realistic.

Sergeant et al. (2019) use a different approach to investigate the relationship between seismic magnitude and 
iceberg size. They estimate force histories using a deconvolution technique, and compare these histories to band-
pass-filtered, numerically modeled force histories for capsize of a range of iceberg sizes. By performing a grid 
search over possible modeled force histories, they identify the height and iceberg aspect ratio of the model that 
most closely fits the data. They then consider a range of plausible iceberg cross-flow-length values and calcu-
late an average volume estimate for a single iceberg. The iceberg volumes estimated using this technique come 
from model results, with limitations discussed earlier, and are not constructed by independent observations of 
iceberg size. Whereas we observe only a minor dependence of seismic-magnitude parameters on iceberg aspect 
ratio, a clear aspect-ratio dependence is observed in the relationship reported by Sergeant et al. (2019) between 
maximum force and model predictions of iceberg size. We discuss the need for further exploration of aspect-ratio 
dependence in Section 5.7.

Figure 10. Maximum-force values versus iceberg mass for the glacial 
earthquakes shown as circles and squares in Figure 2 analyzed using (yellow 
diamonds) Model C and (black dots) a 50-s boxcar model. White circles show 
measured maximum-force values and iceberg masses from the ten scaled-up 
laboratory experiments used in this study. Dashed black line is fit to tank-
experiment datapoints.

Improved force-mass calibration

Olsen, Nettles, et al., 2021
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ring faults has been used to explain a number of highly non-double-
couple earthquakes in volcanic locations such as Tori Shima, Japan and
Bárdarbunga volcano in Iceland (Ekström, 1994). Nettles and Ekström
(1998) worked towards determining the physical mechanism that
generated ten shallow earthquakes occurring beneath Bárdarbunga
prior to a lateral eruption in 1996. Though there is no indication that
the Bárdarbunga earthquakes were slow events, each had dominant
vertical CLVD components, similar to the events in this study.
However, the focal mechanisms for the earthquakes at Bárdarbunga
show dominant vertical tension, whereas the events we are
investigating have dominant vertical compression and horizontal
extension. The cluster of events in Iceland was interpreted as caused
by slip on an outward-dipping cone-shaped ring fault beneath

Bárdarbunga's edifice. Nettles and Ekström (1998) reason that as the
volcano inflated over a period of twenty years, increased pressure in a
shallow magma chamber led to incremental slip on a deeper pre-
existing ring fault. At Nyiragongo, however, the timing of the first
three events in relation to the 2002 eruption supports the association
of the newly detected events with a deflating magma chamber.
Likewise, the focal mechanisms indicate that the newly detected
events were caused by slip on an inward-dipping cone-shaped ring
fault (Ekström, 1994), most likely located above an underpressured
shallow magma chamber.

Comparatively, the crater collapse of Miyakejima volcano in Japan
was accompanied by numerous moderate-sized, slow earthquakes
with focal mechanisms similar to the newly detected events in this
study (Ekström and Nettles, 2002). Like Nyiragongo and Bárdarbunga,
Miyakejima is a stratovolcano that erupts in fissure eruptions. In mid-
2000, a period of intense seismicity associated with continuous dike
intrusions began underneath the volcano and migrated northwest-
ward at a rate of 5 kilometers per day (Fujita et al., 2001). A collapsed
caldera began to grow in the summit of the volcano a few weeks later,
following a brief eruption, and subsidence andwidening continued for
over a month (Kikuchi et al., 2001; Kumagai et al., 2001). During the
period of summit subsidence, sequences of step-like inflation
followed by slower deflation were recorded by local tiltmeters,
generally once or twice per day (Yamamoto et al., 2001). These tilt-
steps were associated with very-long-period (50-second) seismic
pulses that were recorded globally (Fujita et al., 2001; Ekström and
Nettles, 2002). These seismic signals have been modeled as explosive
sources, having dominant volumetric components of the moment
tensor (Kumagai et al., 2001; Kikuchi et al., 2001). Interestingly, the
VLP events are not well-modeled by a series of time-varying forces,
despite the fact that the initial collapse of the summit crater was well
characterized by a single-force directed upwards and then downwards
(Kikuchi et al., 2001).

The VLP events associated with Miyakejima's caldera collapse have
been thoroughly studied, and a variety of source mechanisms have
been suggested. Kumagai et al. (2001) reasoned that the events were
caused by a vertical piston of solid materials in the conduit being
intermittently pulled into the evacuating magma chamber. As magma
flows out of the chamber during dike injection, the pressure in the
magma chamber decreases, causing the piston to slide down into the
magma chamber. The magma chamber expands during the intrusion
of the piston, and then gradually deflates as magma continues to flow
out of the chamber. The process of inflation and deflation of the

Fig. 10. Schematic diagram of ring-faulting mechanisms. Slip on a pre-existing inward-dipping ring-fault can be triggered by the depressurization of a shallowmagma chamber. This
could occur following a diking event (left panel), or after the injection of magma from a deeper reservoir to a more shallow reservoir (right panel). Both panels show north-south
cross-sections, parallel to the strike of the rift. The left panel shows the mechanism preferred for the first three newly detected events. A vertical dike, oriented parallel to the rift
valley, propagates from the volcano towards Lake Kivu. The evacuation of magma causes the shallowmagma chamber to become underpressured, and leads to incremental slip along
an inward-dipping ring fault. This ring fault may extend to the surface (indicated by dashed lines). The right panel shows the mechanism given for the final two newly detected
events. The injection of magma into a shallow magma reservoir causes a deeper magma reservoir to become underpressured, which triggers slip on a deeper inward-dipping ring
fault. The figure is vertically exaggerated, and is not to scale. Figure by L. Starin.

Fig. 9. Focal mechanisms of five newly detected events overlain on SRTM topography.
Nyiragongo is indicated to be the location for all the events because a solution with
comparable fit is obtained when the location is constrained to be the volcano. The focal
mechanisms are highly non-double couple with large CLVD components.
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Slow events in 2002-2005 following 2002 eruption
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appear that any eruptive activity occurred near the site of the 
September earthquake. Thus, though the tectonic conditions 
for seismic radiation by magma injection were present at the 
time of the most recent Bftrdarbunga earthquake, it appears 
that magma injection cannot explain the event. In addition, 
while tensile crack opening due to heat extraction is believed 
to be a cause of non-double-couple microseismicity in ar- 
eas such as the Hengill-Grensdalur hydrothermal field [e.g., 
Foulger, 1988], it is unlikely that such crack opening, in the 
form of dike or sill injection, can generate earthquakes of 
larger magnitudes. 

Ring or cone faults are well documented beneath caldera 
structures [Clough et al., 1909; Bailey et al., 1924; Williams, 
1941 ], and observations at several active volcanos are con- 
sistent with seismic activity on outward dipping subcaldera 
faults. Mori and McKee [ 1987] found that hypocenters under 
Rabaul caldera in Papua New Guinea delineate an outward 
dipping, ring fault structure, and Mori et al. [ 1997a,b] found 
a similar pattern in posteruption seismicity under Mount 
Pinatubo. Earthquake hypocenters under Mount St. Helens, 
located at depths of 5-10 km, dip outward from the caldera 
in a pattern which is consistent across at least three eruptions 
of 1980, including the May 18 eruption [Scandone and Mal.- 
one, 1985]. Jolly et al. [ 1994] describe a pattern ofhypocen- 
ter locations beneath Mount Spurr, Alaska, in which earth- 
quakes occurring near the summit are shallower than events 
farther from the summit; they also find that while normal 
faulting is common for the shallow events, the deeper events 
generally have focal mechanisms with a large component of 
reverse faulting. 

Anderson [1936] provided a physical explanation for for- 
marion of and motion on ring faults in terms of increased 
radial horizontal compression induced in the shallow crust 
by decreasing magma pressure in a deep reservoir. Ekstriirn 
[1994] used this argument as the basis for his suggestion 
that the earthquakes at Bftrdarbunga were associated with 
the deflation of a subcaldera magma chamber; Einarsson 
[1991] also notes that a pressure decrease in the magma 
chamber can lead to reverse faulting, such as that observed 
at Bftrdarbunga, in the chamber roof. 

Here, instead, we take the October 1996 eruption as in- 
direct evidence of magma chamber inflation for some time 
preceding the eruption, a time period which would include 
the preemption earthquake of September 29, 1996 (event 
10), and possibly could have been occurring episodically 
since the beginning of the earthquake sequence. Figure 10 
shows in schematic form one way in which magma cham- 
ber inflation might produce compressive stresses leading to 
earthquakes with the type of focal mechanisms we observe. 
Inflation of the shallow-lying magma chamber would in- 
crease pressure within the chamber, leading to emplacement 
of lateral dikes at the depth of neutral buoyancy and possi- 
bly to lateral eruption. Little is known about the depth of 
the subcaldera magma chamber at Bftrdarbunga; studies of 
other volcanos in Iceland have, however, found such magma 
chambers to be quite shallow, lying •3 km below the sur- 
face [Einarsson, 1978; Sigurdsson and Sparks, 1978b;' San- 
ford and Einarsson, 1982]. In addition, most Icelandic erup- 
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eruption t:**** • :" 

magma • \ lateral intrusion 
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~• km ~10 km I 
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Figure 10. Schematic diagram shows possible mechanism 
for production of earthquakes on cone fault structures un- 
derlying the volcanic caldera. Inflation of a shallow magma 
chamber fed from a deeper source leads to an increase in 
pressure in the magma chamber, increasing stresses on rocks 
below the chamber. Such stress increases may lead to rup- 
ture on cone faults beneath the caldera. We note that the 
location of the magma source region is not well known, and 
may be subcrustal. 

tions are lateral [Einarsson, 1978; Sigurdsson and Sparks, 
1978a,b; Gudrnundsson, 1987; Rubin and Pollard, 1988], 
rather than caldera, eruptions, as a result of volcano age and 
rock type [Parfitt et al., 1993]. The hypocentral depths de- 
termined in this study locate the earthquakes below the shal- 
low magma chamber. In this situation, increases in pressure 
and magma weight within the magma chamber would lead 
to higher stresses on the rocks below it, making rupture on 
preestablished zones of weakness, such as a cone fault under 
the caldera, more likely. Such rupture would lead to earth- 
quakes with the seismological characteristics observed for 
the Bftrdarbunga events. 

The pattern of aftershocks preceding the October 1996 
eruption of Bftrdarbunga-Grfmsv/Stn is also consistent with 
the cone fault rupture hypothesis. Event 10, the Mw = 5.6 
earthquake of September 29, 1996, was followed by a num- 
ber of small earthquakes with locations as shown in Fig- 
ure 11. There is a clear geometrical pattern to the event loca- 
tions, which approximately delineate the southwestern part 
of the caldera. Earthquakes following the main shock (open 
hexagon) occurred progressively to the west and south of the 
larger earthquake, suggesting that the main shock occurred 
not on a planar fault but rather on a curved or segmented 
fault surface, such as a cone fault. 

5. Conclusions 

The large non-double-couple components of the earth- 
quakes at Bftrdarbunga make this sequence unique, but the 

Nettles and Ekström, 1998

Reverse mechanism 
like this are more 
common during 
inflation. This event 
is peculiar.
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The two largest slow earthquakes we have detected over 30 years:

Broadband seismic analysis of the 2018 Ambrym caldera-collapse earthquakes
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A caldera-collapse sequence began at Ambrym volcano, Vanuatu, on 14 December 2018. Volcanic activity included intra-caldera eruption, 
heightened degassing, earthquakes, and caldera subsidence of several meters. Most subaerial volcanic activity and most seismicity ended on 17 
December 2018, although a submarine eruption may have continued for several weeks (Shreve et al., 2019). The Ambrym caldera collapse 
generated several M > 5 earthquakes with unusual characteristics, including repeating events and shallow, long-period earthquakes with highly 
non-double-couple focal mechanisms. Similar seismic sequences have accompanied other recent caldera collapses, including at Kilauea (2018), 
Bardarbunga (2014-15), Miyakejima (2000) and Fernandina (1968). We determine moment tensors for the teleseismically recorded Ambrym 
earthquakes, confirming the occurrence of multiple compensated-linear-vector-dipole earthquakes with vertical P axes, including for the largest 
event (12/17 01:49, M=5.7). Many of the earthquakes are best modeled with exceptionally long source-time functions. Estimated source 
durations are as long as 80 s, 20 times longer than expected for earthquakes of this size. We perform cross-correlation analysis using template 
events to confirm the presence of smaller collapse-related long-period events not previously identified by other means. We compare the source 
mechanisms, durations, and temporal distribution of the Ambrym earthquakes with those observed for other caldera-collapse sequences. While 
the duration of major seismic activity varies from days to months across collapse sequences, the range of observed cumulative seismic moment 
is small, varying only from 3-7 x 1025 dyne-cm. We consider the Ambrym earthquakes in the context of other major collapse sequences to gain 
insight into the physical mechanisms responsible for generation of the observed seismic waves.

Summary
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Conclusions

Vertical-CLVD events and ring faulting
Shear failure on a planar surface is represented 
mathematically by the double-couple component of an 
earthquake’s moment tensor. Because the moment 
tensor is a general description of a seismic source, it 
can also include isotropic and compensated linear-
vector dipole (CLVD) components. An epsilon value 
can be derived from moment tensor elements to serve 
as a measure of double-couple contribution to the 
event mechanism, where epsilon is defined as the 
ratio of the median eigenvalue of the moment tensor to 
the additive inverse of the largest (absolute) 
eigenvalue. For a perfectly double-couple event, ε = 0; 
for an event with no double-couple component, ε = 
±0.5, with sign depending on the orientation of the 
pressure and tension axes of the moment tensor.

10 of the 11 vertical-P events in the Ambrym sequence 
show anomalous epsilon values between -0.24 and -.
45, indicating a non-double-couple source mechanism 
(one, 12/16 01:55, has ε = -0.16, indicating a small 
CLVD contribution). Events with absolute epsilon 
values greater than 0.2 form only 18% of the GCMT 
catalog, many of which are associated with volcanoes 
(Shuler 2012). Because the contribution of the 
isotropic component is assumed to be negligible, the 
anomalous component of the moment tensor is 
identified as a relatively strong CLVD contribution. The events identified on this poster are a subset of vertical-CLVD events with vertical 
pressure axes, called vertical-P earthquakes. Vertical-T events can also be found in caldera settings, but are not discussed here.

Fault rupture on a non-planar surface produces earthquakes with CLVD mechanisms. We interpret the abundance of vertical-P 
earthquakes at Ambrym as shear failure along an inward-dipping ring fault. The CLVD contribution to a ring-fault earthquake’s moment 
tensor is proportional to the length of the arc which experiences rupture. The endmember scenario of slip along the entire circumference of 
a ring fault is the piston model, which would produce perfectly vertical-CLVD earthquakes. As illustrated above (image altered from Shuler 
2012), the caldera block is supported by shallow magma chamber. Collapse is precipitated by the lateral withdrawal of magma from the 
chamber (in this case, towards the East Rift Zone), which causes a decrease in pressure within the chamber. Ultimately, the chamber can 
no longer support the caldera block, which drops along a ring fault, re-pressurizing the chamber and priming the system for the next 
collapse. As shown here, the faults along which the caldera drops might not extend to the surface.

Possible explanations for the observed slow rupture velocities include presence of fluids in the system, high temperature, or delayed 
rupture velocity due to sip transfer between segments of a ring fault system with complex geometry. However, it remains to be explained 
why slow events are observed at some caldera settings, and not at others (e.g. Kilauea, Bárðarbunga).

Long-source-duration events are not detected by traditional, high-frequency-energy-based global detectors Cumulative vertical-CLVD moment accumulation at Ambrym and 
other volcanoes

• Using surface-wave detection and template-matching analysis, we document a multitude of moderate-sized events that had 
otherwise gone teleseismically unobserved at Ambrym between 15 December and 26 December 2018, corresponding to a 
caldera collapse with associated ash eruptions, surface deformation, magma migration and a probable offshore eruption.

• Many events were initially missed due to their long-period energy content; these display anomalous, non-douple-couple 
moment tensors with vertical P axes, as expressed by epsilon values below -0.2. Such events have also been identified at 
other sites of caldera collapse, most recently Kilauea.

• The vertical-P events are normal-faulting earthquakes arising from shear failure on a non-planar surface. This failure was 
induced by withdrawal of magma from the underlying magma chamber.

• We find that moderate-sized earthquakes associated with the collapse continue several days after the end of magma transport/
dike intrusion, possibly in conjunction with with passive magma transport or post-intrusion subsidence.

• Unlike other sequences, the vertical-P earthquakes at Ambrym were accompanied by numerous reverse and strike-slip 
earthquakes of similar size, including repeating events.

• Surface-wave-based event relocations cluster around the summit of the caldera and the path of the propagating magma dike

• Cumulative moment of major vertical-CLVD events is within range 4.5 ± 2.5 • 1025 dyne-cm for each sequence despite different 
spatial and time scales of respective collapses. The magnitudes of the vertical-CLVD events conform to a universally observed 
upper bound of MW = 5.8, with a maximum MW of 5.7 at Ambrym.

• Open questions remain:
• What controls the features that vary between collapse sequences - sequence duration, source durations, event grouping?
• What conditions control the initiation of collapse?
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Focal 
mechanism Time PDE 

magnitude MSW M0 (dyne-
cm)

Half-
duration (s)

PDE/SWE 2018-12-15 
7:19:09 4.9 4.9 1.83E+23

SWE 2018-12-15 
14:24:00 4.9 4.11E+23

SWE 2018-12-15 
17:20:40 4.9

PDE/SWE 2018-12-15 
19:29:08 4.9 4.9 1.89E+23

SWE 2018-12-15 
19:34:00 4.9 4.90E+23 21

PDE/SWE/
qCMT

2018-12-15 
20:21:55 5.4 5.5 1.70E+24

PDE/SWE 2018-12-15 
21:34:22 4.9 4.8

SWE 2018-12-15 
21:56:24 4.8

SWE 2018-12-15 
23:11:20 4.9 7.02E+23 37

SWE 2018-12-16 
1:55:12 5.3 1.40E+24 17

SWE 2018-12-16 
2:13:44 5

PDE/SWE 2018-12-16 
2:43:44 5.2 4.9 1.92E+23

SWE 2018-12-16 
4:55:44 5.4 3.78E+24 40

PDE/SWE 2018-12-16 
7:44:00 5.2 5 3.56E+23

SWE 2018-12-16 
8:04:24 4.9 3.73E+23

PDE/SWE 2018-12-16 
8:36:15 4.4 4.8

SWE 2018-12-16 
9:07:44 4.9

PDE/SWE 2018-12-16 
9:48:21 5.5 5.8 3.93E+24

PDE 2018-12-16 
10:31:10 4.8

SWE 2018-12-16 
13:54:48 5.1 6.60E+23 17

PDE/SWE 2018-12-16 
15:03:22 4.9 5 5.00E+23

SWE/qCMT 2018-12-16 
15:34:00 5.7 7.14E+24 25

PDE 2018-12-16 
16:15:40 5

PDE 2018-12-16 
18:28:04 4.9

SWE 2018-12-16 
19:24:32 5 5.41E+23 35

SWE 2018-12-16 
21:50:00 4.8 2.83E+23 19

SWE 2018-12-17 
1:30:48 5 7.07E+23

SWE/qCMT 2018-12-17 
1:49:20 5.6 8.03E+24 40

SWE 2018-12-17 
6:59:36 5.5 2.47E+24 17

PDE/SWE 2018-12-17 
7:16:13 4.8 4.9 3.42E+23

PDE/SWE 2018-12-17 
8:04:13 4.9 4.9

SWE 2018-12-17 
17:20:16 5.2 1.64E+24 31

PDE 2018-12-18 
5:27:45 5

PDE 2018-12-19 
4:10:38 4.9

PDE 2018-12-20 
21:58:45 4.8

PDE/SWE 2018-12-21 
22:24:34 5 4.8 1.87E+23

PDE/SWE 2018-12-26 
3:23:54 5.1 5 4.06E+23

Template 
matching

2018-12-15 
9:39:18

Template 
matching

2018-12-15 
11:48:53 6.25E+22

Template 
matching

2018-12-16 
5:42:12 2.57E+22

Template 
matching

2018-12-16 
18:35:00 5.01E+22

Template 
matching

2018-12-16 
23:42:03

Template 
matching

2018-12-17 
0:36:26

Template 
matching

2018-12-17 
6:42:09 1.84E+22

Template 
matching

2018-12-17 
6:52:39

Template 
matching

2018-12-17 
14:11:16 8.50E+22

Template 
matching

2018-12-17 
14:32:25 6.25E+22

Template 
matching

2018-12-20 
5:52:15 9.06E+22

Template 
matching

2018-12-21 
19:57:48 8.48E+21

Observations of event similarity and families at Ambrym and other caldera-collapse sequences

Upper left: Vanuatu in the South Pacific Ocean.
Lower left: Islands of Vanuatu. Ambrym (in box) is an active 
basaltic volcano with an approximately 100 km2 caldera 
surface. 
Lower right: Seismicity associated with the Ambrym caldera 
collapse sequence, with focal mechanisms where available. 
Locations are given by the PDE bulletin, automated surface-
wave analysis, or centroid solutions where available. This map 
cuts off two events located approximately 50 and 100 km to 
the north of the island. Location errors associated with CMT 
locations are approximately 15-30 km; SWE location estimates 
are pinned to the nodes of a discretized .25x.25° grid.

Below: Coherence matrices showing the results of modeling 
the two longest-duration events for a range of possible depths 
and half-durations (2018-12-16 04:55:44 and 2018-12-17 
01:49:20) with synthetic seismograms at near-field GEOSCOPE 
station SANVU (approximately 130 km from the summit of 
Ambrym). Coherence values represent the phase and 
amplitude agreement between the recorded waveforms and 
synthetics generated for a given source depth and half-duration, 
where 1 is a perfect fit. Both of these events are best modeled 
in the near field and at teleseismic distances with 40 s half-
durations.

We iterate over both depth and half-duration ranges in an 
attempt to avoid bias from a trade-off between the two. For all 
events, we are unable to constrain source depth between 0 and 
10 km. Because the events correspond to eruptions and 
surface or near-surface deformation, it is unlikely they take 
place at depths deeper than our modeled range.

Below: Long-period record section for the earthquake 
occurring 12/17 01:49. Clear surface-wave arrivals in the R1 
and R2 branches are visible.

Cumulative seismic moment of the four sequences, unnormalized and normalized. The final cumulative moment for all sequences is 
within 2.5 • 1025 dyne-cm of 4.5 • 1025 dyne-cm, despite vastly different time scales (between 2 days at Ambrym and 170 days at 
Bárðarbunga). Normalizing both the cumulative moment and the length of the sequence shows that the Kilauea, Miyake, and 
Fernandina sequences have remarkably constant moment rates, while the Bárðarbunga sequence deviates significantly from a 
constant rate, gradually decelerating as the end of the sequence nears.

Left: The many earthquakes associated with the Ambrym caldera collapse sequence of December 2018 were 
inconsistently reported across standard seismicity catalogs as a result of sparse global-network coverage in the 
region, low-to-moderate magnitudes, and, in some cases, anomalous source properties. We compile a catalog of 
49 teleseismically observable earthquakes from the Preliminary Determination of Epicenters bulletin (PDE), the 
automated surface-wave detection approach of Ekström (2006) (SWE), and template matching.

While the PDE bulletin relies on high-frequency energy (~1 Hz) to detect earthquakes, our surface-wave detection 
approach involves attempting to identify a source pulse in continuous long-period data from which theoretical 
propagation effects have been removed. Because surface-wave detection bypasses the need for high-frequency 
energy to establish an event, this approach has previously been established as an effective means to identify 
events with anomalous source properties or source locations in relatively poorly-instrumented regions. This 
method detects 31 of the events in our catalog, of which 19 were not originally included in the PDE bulletin, 
including 10 with an estimated MSW ≥ 5.

Where available, scalar moment values and focal mechanisms are provided; some events are too small for 
accurate determination of source parameters. MSW corresponds to the estimated magnitude from automated 
surface-wave analysis. Discrepancies between PDE-reported magnitudes and surface-wave-determined 
magnitudes can result from an earthquake’s signal being enriched in long-period energy, which can be a result of 
long source durations. Several of the events we detect are best modeled with exceptionally long source durations 
of up to 80 s (see rightmost column); the expected source duration for events of this size is 1.6-4.0 s.

The moment of the events detected through template matching was estimated by scaling the moment of a (very 
similar) event with which it was detected (see “Event similarity and families” frame). We observe approximate 
detection cut-offs of 1E+23 dyne-cm for surface-wave detections and 1E+22 for template-matching detections.

Above: Results of cross-correlation based surface-wave relocation, following the method of Howe (2019). We 
attempt to relocate only events with PDE detections or events detected by template-matching PDE waveforms; 
of 30 earthquakes which fit this critera, 15 are successfully relocated. We exclude events detected exclusively 
through surface-wave analysis in order to ensure that the period bands we utilize are sufficiently long relative to 
the duration of the event; therefore, the long-duration vertical-P events are not relocated. We use data in the 
relatively short-period bands of 25 to 50 s and 40 to 80 s due to low SNR at longer periods. Because only 
relative relocations are available, the events have been shifted laterally to the north by approximately 22 km to 
correspond to the island. Earlier events are concentrated near the caldera; later events occur to the southeast, 
approximating the path of the extruding dike modeled by Hamling et al. (2019) and Shreve et al. (2019).

• Long-duration events are depleted in high-frequency energy and frequently go undetected by traditional high-frequency-based 
tools, even at magnitudes up to 5.7.

• The two examples below represent the longest detected earthquakes in the sequence, with source durations of 80 s each. These 
results are consistent with observations of vertical-CLVD events with long source durations at other caldera-collapse 
sequences. Notably, the 2018 Kilauea collapse produced over 60 events with durations of 20 s or longer.

• The 2013 Bárðarbunga and 2018 Kilauea collapses produced a combined total of 147 vertical-CLVD earthquakes with 4.3 ≤ MW ≤ 
5.8; no caldera-associated vertical-CLVD event has been observed to exceed MW = 5.8. The apparent non-occurrence of vertical-
CLVD events above this threshold suggests a potential upper limit on moment due to physical limitations or geometric 
constraints on the extent of faulting.

Above: Two example of template-matching detections of earthquakes that would not 
otherwise be teleseismically observable due to low magnitude; here detection is possible 
due to very similar waveform characteristics. The blue traces are generated by PDE or 
SWE-detected events. The green traces are generated by a smaller, previously undetected 
event; amplifying the signal (red) reveals the remarkable coherence of the waveforms, 
suggesting that events within families share a location, mechanism, or both. Waveforms are 
filtered between 20 and 250 seconds.

Left: Coherence matrix showing waveform similarity during the 2018 
Kilauea caldera collapse. Events are in chronological order.
Right: Coherence matrix showing waveform similarity during the 2018 
Ambrym caldera collapse. Events are in chronological order.

The families which present at Kilauea correspond to deformation in 
different areas of the caldera. Each of the events has a vertical-P 
mechanism. The Ambrym collapse, by contrast, produced a greater 
number of families with fewer member events; the families also exhibit 
significant temporal overlap over the course of the entire sequence. 
Additionally, most of the repeating events do not have vertical-CLVD 
mechanisms, and most of the vertical-CLVD events do not repeat.

While the depth-to-width ratio to Kilauea’s caldera is approximately 1, 
the Ambrym caldera is horizontally elongated with a ratio of 0.4. 
Extensive deformation at Ambrym was distributed across multiple 
discrete regions of activity — along the path of the propagating magma 
dike, at the two main lava lakes on the caldera surface (Benbow and 
Marum, both of which disappeared over the course of the sequence), 
and at multiple locations on the bounding faults of the caldera (Hamling 
et al., 2019) (Shreve et al., 2019). Multiple locations and mechanisms 
are accordingly reflected in the complicated seismic history.

Left: A timeline representation of the 
seismicity at Ambrym grouped into families of 
repeating events, as identified by the 
production of very similar waveforms at 
multiple nearby seismic stations. On the left 
are plotted the focal mechanisms of the 
largest events in the family, taken to be 
representative. The bottommost row 
comprises events with no repeaters and 
consists mostly of vertical-P events, including 
the two largest vertical-P events. Red shading 
indicates the duration of dike propagation. 
Green shading indicates the extent of intra-
caldera deformation, which rapidly decays 
after 18 December (Shreve et al. 2019). The 
continued seismicity following dike 
propagation could be associated with 
continued magma transport or post-intrusion 
caldera subsidence.

Lower left: Close-up of seismicity during dike 
propagation. All but one of these families end 
with the propagation; long-duration vertical-
CLVD events end as well.

Ambrym

AmbrymKilauea

no 
family

X

Below: Synthetic seismograms with used in the CMT inversions for 
12/16 04:55 (top) and 12/17 01:49 (bottom) show good agreement with 
recorded data at a range of teleseismic distances. The presence of 
tranverse-component energy indicates that the events deviate from a 
perfectly vertical-CLVD mechanism.

Below: Moment and total source duration for the long-duration 
events at Ambrym compared with the globally observed 
relationship for normal-duration earthquakes. The Ambrym events 
are between 10 and 40 times longer in duration than the global 
average.

Broadband seismic analysis of the 2018 Ambrym caldera-collapse earthquakes
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A caldera-collapse sequence began at Ambrym volcano, Vanuatu, on 14 December 2018. Volcanic activity included intra-caldera eruption, 
heightened degassing, earthquakes, and caldera subsidence of several meters. Most subaerial volcanic activity and most seismicity ended on 17 
December 2018, although a submarine eruption may have continued for several weeks (Shreve et al., 2019). The Ambrym caldera collapse 
generated several M > 5 earthquakes with unusual characteristics, including repeating events and shallow, long-period earthquakes with highly 
non-double-couple focal mechanisms. Similar seismic sequences have accompanied other recent caldera collapses, including at Kilauea (2018), 
Bardarbunga (2014-15), Miyakejima (2000) and Fernandina (1968). We determine moment tensors for the teleseismically recorded Ambrym 
earthquakes, confirming the occurrence of multiple compensated-linear-vector-dipole earthquakes with vertical P axes, including for the largest 
event (12/17 01:49, M=5.7). Many of the earthquakes are best modeled with exceptionally long source-time functions. Estimated source 
durations are as long as 80 s, 20 times longer than expected for earthquakes of this size. We perform cross-correlation analysis using template 
events to confirm the presence of smaller collapse-related long-period events not previously identified by other means. We compare the source 
mechanisms, durations, and temporal distribution of the Ambrym earthquakes with those observed for other caldera-collapse sequences. While 
the duration of major seismic activity varies from days to months across collapse sequences, the range of observed cumulative seismic moment 
is small, varying only from 3-7 x 1025 dyne-cm. We consider the Ambrym earthquakes in the context of other major collapse sequences to gain 
insight into the physical mechanisms responsible for generation of the observed seismic waves.
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Ekström, G., 2006. Global Detection and Location of Seismic Sources by Using Surface Waves. Bulletin of the Seismological Society of America, 96, 1201-1212. 
doi:10.1785/0120050175
Hamling, I.J. et al., 2019. Large-Scale Drainage of a Complex Magmatic System: Observations From the 2018 Eruption of Ambrym Volcano, Vanuatu. 
Geophysical Research Letters, 46, 9 4609-4617. doi:10.1029/2019GL082606
Howe, M.J., 2019. Improving Estimates of Seismic Source Parameters Using Surface-Wave Observations: Applications to Earthquakes and Underground 
Nuclear Explosions. PhD thesis, Columbia University. doi:10.7916/D8ZG70BP
Shreve, T.L. et al., 2019. From major caldera subsidence to quiescence at the world’s top volcanic degassing source, Ambrym, Vanuatu: the influence of regional 
tectonics. Manuscript submitted to Scientific Reports.
Shuler, A., 2012. Investigations of Anomalous Earthquakes at Active Volcanoes. PhD thesis, Columbia University. doi:https://doi.org/10.7916/D8ZG70BP
Shuler, A. et al., 2013. Global observation of vertical-CLVD earthquakes at active volcanoes. Journal of Geophysical Research: Solid Earth (118) 138-164. doi:

Conclusions

Vertical-CLVD events and ring faulting
Shear failure on a planar surface is represented 
mathematically by the double-couple component of an 
earthquake’s moment tensor. Because the moment 
tensor is a general description of a seismic source, it 
can also include isotropic and compensated linear-
vector dipole (CLVD) components. An epsilon value 
can be derived from moment tensor elements to serve 
as a measure of double-couple contribution to the 
event mechanism, where epsilon is defined as the 
ratio of the median eigenvalue of the moment tensor to 
the additive inverse of the largest (absolute) 
eigenvalue. For a perfectly double-couple event, ε = 0; 
for an event with no double-couple component, ε = 
±0.5, with sign depending on the orientation of the 
pressure and tension axes of the moment tensor.

10 of the 11 vertical-P events in the Ambrym sequence 
show anomalous epsilon values between -0.24 and -.
45, indicating a non-double-couple source mechanism 
(one, 12/16 01:55, has ε = -0.16, indicating a small 
CLVD contribution). Events with absolute epsilon 
values greater than 0.2 form only 18% of the GCMT 
catalog, many of which are associated with volcanoes 
(Shuler 2012). Because the contribution of the 
isotropic component is assumed to be negligible, the 
anomalous component of the moment tensor is 
identified as a relatively strong CLVD contribution. The events identified on this poster are a subset of vertical-CLVD events with vertical 
pressure axes, called vertical-P earthquakes. Vertical-T events can also be found in caldera settings, but are not discussed here.

Fault rupture on a non-planar surface produces earthquakes with CLVD mechanisms. We interpret the abundance of vertical-P 
earthquakes at Ambrym as shear failure along an inward-dipping ring fault. The CLVD contribution to a ring-fault earthquake’s moment 
tensor is proportional to the length of the arc which experiences rupture. The endmember scenario of slip along the entire circumference of 
a ring fault is the piston model, which would produce perfectly vertical-CLVD earthquakes. As illustrated above (image altered from Shuler 
2012), the caldera block is supported by shallow magma chamber. Collapse is precipitated by the lateral withdrawal of magma from the 
chamber (in this case, towards the East Rift Zone), which causes a decrease in pressure within the chamber. Ultimately, the chamber can 
no longer support the caldera block, which drops along a ring fault, re-pressurizing the chamber and priming the system for the next 
collapse. As shown here, the faults along which the caldera drops might not extend to the surface.

Possible explanations for the observed slow rupture velocities include presence of fluids in the system, high temperature, or delayed 
rupture velocity due to sip transfer between segments of a ring fault system with complex geometry. However, it remains to be explained 
why slow events are observed at some caldera settings, and not at others (e.g. Kilauea, Bárðarbunga).

Long-source-duration events are not detected by traditional, high-frequency-energy-based global detectors Cumulative vertical-CLVD moment accumulation at Ambrym and 
other volcanoes

• Using surface-wave detection and template-matching analysis, we document a multitude of moderate-sized events that had 
otherwise gone teleseismically unobserved at Ambrym between 15 December and 26 December 2018, corresponding to a 
caldera collapse with associated ash eruptions, surface deformation, magma migration and a probable offshore eruption.

• Many events were initially missed due to their long-period energy content; these display anomalous, non-douple-couple 
moment tensors with vertical P axes, as expressed by epsilon values below -0.2. Such events have also been identified at 
other sites of caldera collapse, most recently Kilauea.

• The vertical-P events are normal-faulting earthquakes arising from shear failure on a non-planar surface. This failure was 
induced by withdrawal of magma from the underlying magma chamber.

• We find that moderate-sized earthquakes associated with the collapse continue several days after the end of magma transport/
dike intrusion, possibly in conjunction with with passive magma transport or post-intrusion subsidence.

• Unlike other sequences, the vertical-P earthquakes at Ambrym were accompanied by numerous reverse and strike-slip 
earthquakes of similar size, including repeating events.

• Surface-wave-based event relocations cluster around the summit of the caldera and the path of the propagating magma dike

• Cumulative moment of major vertical-CLVD events is within range 4.5 ± 2.5 • 1025 dyne-cm for each sequence despite different 
spatial and time scales of respective collapses. The magnitudes of the vertical-CLVD events conform to a universally observed 
upper bound of MW = 5.8, with a maximum MW of 5.7 at Ambrym.

• Open questions remain:
• What controls the features that vary between collapse sequences - sequence duration, source durations, event grouping?
• What conditions control the initiation of collapse?
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Overview of seismic observations
Source of 
detection

Focal 
mechanism Time PDE 

magnitude MSW M0 (dyne-
cm)

Half-
duration (s)

PDE/SWE 2018-12-15 
7:19:09 4.9 4.9 1.83E+23

SWE 2018-12-15 
14:24:00 4.9 4.11E+23

SWE 2018-12-15 
17:20:40 4.9

PDE/SWE 2018-12-15 
19:29:08 4.9 4.9 1.89E+23

SWE 2018-12-15 
19:34:00 4.9 4.90E+23 21

PDE/SWE/
qCMT

2018-12-15 
20:21:55 5.4 5.5 1.70E+24

PDE/SWE 2018-12-15 
21:34:22 4.9 4.8

SWE 2018-12-15 
21:56:24 4.8

SWE 2018-12-15 
23:11:20 4.9 7.02E+23 37

SWE 2018-12-16 
1:55:12 5.3 1.40E+24 17

SWE 2018-12-16 
2:13:44 5

PDE/SWE 2018-12-16 
2:43:44 5.2 4.9 1.92E+23

SWE 2018-12-16 
4:55:44 5.4 3.78E+24 40

PDE/SWE 2018-12-16 
7:44:00 5.2 5 3.56E+23

SWE 2018-12-16 
8:04:24 4.9 3.73E+23

PDE/SWE 2018-12-16 
8:36:15 4.4 4.8

SWE 2018-12-16 
9:07:44 4.9

PDE/SWE 2018-12-16 
9:48:21 5.5 5.8 3.93E+24

PDE 2018-12-16 
10:31:10 4.8

SWE 2018-12-16 
13:54:48 5.1 6.60E+23 17

PDE/SWE 2018-12-16 
15:03:22 4.9 5 5.00E+23

SWE/qCMT 2018-12-16 
15:34:00 5.7 7.14E+24 25

PDE 2018-12-16 
16:15:40 5

PDE 2018-12-16 
18:28:04 4.9

SWE 2018-12-16 
19:24:32 5 5.41E+23 35

SWE 2018-12-16 
21:50:00 4.8 2.83E+23 19

SWE 2018-12-17 
1:30:48 5 7.07E+23

SWE/qCMT 2018-12-17 
1:49:20 5.6 8.03E+24 40

SWE 2018-12-17 
6:59:36 5.5 2.47E+24 17

PDE/SWE 2018-12-17 
7:16:13 4.8 4.9 3.42E+23

PDE/SWE 2018-12-17 
8:04:13 4.9 4.9

SWE 2018-12-17 
17:20:16 5.2 1.64E+24 31

PDE 2018-12-18 
5:27:45 5

PDE 2018-12-19 
4:10:38 4.9

PDE 2018-12-20 
21:58:45 4.8

PDE/SWE 2018-12-21 
22:24:34 5 4.8 1.87E+23

PDE/SWE 2018-12-26 
3:23:54 5.1 5 4.06E+23
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Template 
matching

2018-12-15 
11:48:53 6.25E+22
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2018-12-20 
5:52:15 9.06E+22

Template 
matching
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19:57:48 8.48E+21

Observations of event similarity and families at Ambrym and other caldera-collapse sequences

Upper left: Vanuatu in the South Pacific Ocean.
Lower left: Islands of Vanuatu. Ambrym (in box) is an active 
basaltic volcano with an approximately 100 km2 caldera 
surface. 
Lower right: Seismicity associated with the Ambrym caldera 
collapse sequence, with focal mechanisms where available. 
Locations are given by the PDE bulletin, automated surface-
wave analysis, or centroid solutions where available. This map 
cuts off two events located approximately 50 and 100 km to 
the north of the island. Location errors associated with CMT 
locations are approximately 15-30 km; SWE location estimates 
are pinned to the nodes of a discretized .25x.25° grid.

Below: Coherence matrices showing the results of modeling 
the two longest-duration events for a range of possible depths 
and half-durations (2018-12-16 04:55:44 and 2018-12-17 
01:49:20) with synthetic seismograms at near-field GEOSCOPE 
station SANVU (approximately 130 km from the summit of 
Ambrym). Coherence values represent the phase and 
amplitude agreement between the recorded waveforms and 
synthetics generated for a given source depth and half-duration, 
where 1 is a perfect fit. Both of these events are best modeled 
in the near field and at teleseismic distances with 40 s half-
durations.

We iterate over both depth and half-duration ranges in an 
attempt to avoid bias from a trade-off between the two. For all 
events, we are unable to constrain source depth between 0 and 
10 km. Because the events correspond to eruptions and 
surface or near-surface deformation, it is unlikely they take 
place at depths deeper than our modeled range.

Below: Long-period record section for the earthquake 
occurring 12/17 01:49. Clear surface-wave arrivals in the R1 
and R2 branches are visible.

Cumulative seismic moment of the four sequences, unnormalized and normalized. The final cumulative moment for all sequences is 
within 2.5 • 1025 dyne-cm of 4.5 • 1025 dyne-cm, despite vastly different time scales (between 2 days at Ambrym and 170 days at 
Bárðarbunga). Normalizing both the cumulative moment and the length of the sequence shows that the Kilauea, Miyake, and 
Fernandina sequences have remarkably constant moment rates, while the Bárðarbunga sequence deviates significantly from a 
constant rate, gradually decelerating as the end of the sequence nears.

Left: The many earthquakes associated with the Ambrym caldera collapse sequence of December 2018 were 
inconsistently reported across standard seismicity catalogs as a result of sparse global-network coverage in the 
region, low-to-moderate magnitudes, and, in some cases, anomalous source properties. We compile a catalog of 
49 teleseismically observable earthquakes from the Preliminary Determination of Epicenters bulletin (PDE), the 
automated surface-wave detection approach of Ekström (2006) (SWE), and template matching.

While the PDE bulletin relies on high-frequency energy (~1 Hz) to detect earthquakes, our surface-wave detection 
approach involves attempting to identify a source pulse in continuous long-period data from which theoretical 
propagation effects have been removed. Because surface-wave detection bypasses the need for high-frequency 
energy to establish an event, this approach has previously been established as an effective means to identify 
events with anomalous source properties or source locations in relatively poorly-instrumented regions. This 
method detects 31 of the events in our catalog, of which 19 were not originally included in the PDE bulletin, 
including 10 with an estimated MSW ≥ 5.

Where available, scalar moment values and focal mechanisms are provided; some events are too small for 
accurate determination of source parameters. MSW corresponds to the estimated magnitude from automated 
surface-wave analysis. Discrepancies between PDE-reported magnitudes and surface-wave-determined 
magnitudes can result from an earthquake’s signal being enriched in long-period energy, which can be a result of 
long source durations. Several of the events we detect are best modeled with exceptionally long source durations 
of up to 80 s (see rightmost column); the expected source duration for events of this size is 1.6-4.0 s.

The moment of the events detected through template matching was estimated by scaling the moment of a (very 
similar) event with which it was detected (see “Event similarity and families” frame). We observe approximate 
detection cut-offs of 1E+23 dyne-cm for surface-wave detections and 1E+22 for template-matching detections.

Above: Results of cross-correlation based surface-wave relocation, following the method of Howe (2019). We 
attempt to relocate only events with PDE detections or events detected by template-matching PDE waveforms; 
of 30 earthquakes which fit this critera, 15 are successfully relocated. We exclude events detected exclusively 
through surface-wave analysis in order to ensure that the period bands we utilize are sufficiently long relative to 
the duration of the event; therefore, the long-duration vertical-P events are not relocated. We use data in the 
relatively short-period bands of 25 to 50 s and 40 to 80 s due to low SNR at longer periods. Because only 
relative relocations are available, the events have been shifted laterally to the north by approximately 22 km to 
correspond to the island. Earlier events are concentrated near the caldera; later events occur to the southeast, 
approximating the path of the extruding dike modeled by Hamling et al. (2019) and Shreve et al. (2019).

• Long-duration events are depleted in high-frequency energy and frequently go undetected by traditional high-frequency-based 
tools, even at magnitudes up to 5.7.

• The two examples below represent the longest detected earthquakes in the sequence, with source durations of 80 s each. These 
results are consistent with observations of vertical-CLVD events with long source durations at other caldera-collapse 
sequences. Notably, the 2018 Kilauea collapse produced over 60 events with durations of 20 s or longer.

• The 2013 Bárðarbunga and 2018 Kilauea collapses produced a combined total of 147 vertical-CLVD earthquakes with 4.3 ≤ MW ≤ 
5.8; no caldera-associated vertical-CLVD event has been observed to exceed MW = 5.8. The apparent non-occurrence of vertical-
CLVD events above this threshold suggests a potential upper limit on moment due to physical limitations or geometric 
constraints on the extent of faulting.

Above: Two example of template-matching detections of earthquakes that would not 
otherwise be teleseismically observable due to low magnitude; here detection is possible 
due to very similar waveform characteristics. The blue traces are generated by PDE or 
SWE-detected events. The green traces are generated by a smaller, previously undetected 
event; amplifying the signal (red) reveals the remarkable coherence of the waveforms, 
suggesting that events within families share a location, mechanism, or both. Waveforms are 
filtered between 20 and 250 seconds.

Left: Coherence matrix showing waveform similarity during the 2018 
Kilauea caldera collapse. Events are in chronological order.
Right: Coherence matrix showing waveform similarity during the 2018 
Ambrym caldera collapse. Events are in chronological order.

The families which present at Kilauea correspond to deformation in 
different areas of the caldera. Each of the events has a vertical-P 
mechanism. The Ambrym collapse, by contrast, produced a greater 
number of families with fewer member events; the families also exhibit 
significant temporal overlap over the course of the entire sequence. 
Additionally, most of the repeating events do not have vertical-CLVD 
mechanisms, and most of the vertical-CLVD events do not repeat.

While the depth-to-width ratio to Kilauea’s caldera is approximately 1, 
the Ambrym caldera is horizontally elongated with a ratio of 0.4. 
Extensive deformation at Ambrym was distributed across multiple 
discrete regions of activity — along the path of the propagating magma 
dike, at the two main lava lakes on the caldera surface (Benbow and 
Marum, both of which disappeared over the course of the sequence), 
and at multiple locations on the bounding faults of the caldera (Hamling 
et al., 2019) (Shreve et al., 2019). Multiple locations and mechanisms 
are accordingly reflected in the complicated seismic history.

Left: A timeline representation of the 
seismicity at Ambrym grouped into families of 
repeating events, as identified by the 
production of very similar waveforms at 
multiple nearby seismic stations. On the left 
are plotted the focal mechanisms of the 
largest events in the family, taken to be 
representative. The bottommost row 
comprises events with no repeaters and 
consists mostly of vertical-P events, including 
the two largest vertical-P events. Red shading 
indicates the duration of dike propagation. 
Green shading indicates the extent of intra-
caldera deformation, which rapidly decays 
after 18 December (Shreve et al. 2019). The 
continued seismicity following dike 
propagation could be associated with 
continued magma transport or post-intrusion 
caldera subsidence.

Lower left: Close-up of seismicity during dike 
propagation. All but one of these families end 
with the propagation; long-duration vertical-
CLVD events end as well.

Ambrym

AmbrymKilauea

no 
family

X

Below: Synthetic seismograms with used in the CMT inversions for 
12/16 04:55 (top) and 12/17 01:49 (bottom) show good agreement with 
recorded data at a range of teleseismic distances. The presence of 
tranverse-component energy indicates that the events deviate from a 
perfectly vertical-CLVD mechanism.

Below: Moment and total source duration for the long-duration 
events at Ambrym compared with the globally observed 
relationship for normal-duration earthquakes. The Ambrym events 
are between 10 and 40 times longer in duration than the global 
average.

2018-12-17
 M5.6
durt. ~60 sec

Caldera collapse at Ambrym Volcano, 2018

2018-12-16
M5.7
durt. ~60 sec

Slow (2018-12-17)

``Normal’’ (2018-12-17)

~130 km away
SANVU, BHZ

200 sec

Wilding, Nettles, Ekström, 2019



In 2021, 302 of the earthquakes were not in other catalogs

?Gayla Peri - M5.3
A really large landslide



deceleration and therefore a linear runout. During
the first 25 s the force vector points consistently to
the north-northeast with an upward vertical com-
ponent, indicating reaction to acceleration of the
slide mass downhill in the south-southwest direc-
tion. The subsequent time series reflects reversal
of the force vector during deceleration, as the
slide mass approached the bottom of the valley.

Because the negated force history is equiv-
alent to the rate of change of bulk landslide mo-
mentum over time (23), its integration gives the

bulk momentum over time p(t) = (mv)(t). This
time series is constrained to be stationary during
inversion. Assuming a constant bulk mass m
over time, further integration gives the mass-
scaled, 3D vector trajectory of motion mD(t).
If an independent measure of landslide vol-
ume or mass m is available, we can divide by
m to obtain the 3D runout D(t) and compare it
against terrain data and postfailure imagery to
test the validity of the inversion results and
the assumption of constant mass. Alternative-

ly, we can estimate the bulk landslide mass by
comparing the mass-scaled maximum horizontal
displacement mDh with a center-of-mass displace-
ment estimated from terrain data and imagery.
Using the second approach, illustrated in satellite
imagery of Hunza-Attabad (Fig. 1C), we esti-
mated a horizontal center-of-mass displacement of
940 m, which gave a mass of m ≈ 1.4 × 1011 kg
and the runout path D(t) shown in Fig. 1B. Eval-
uation in the field has estimated the deposited
volume at ~45 million m3 (24). Assuming a debris

Fig. 2. Maximum force Fmax versus (A) long-period surface-wave magnitude
MSW, (B) mass m, (C) maximum momentum pmax, (D) maximum acceleration
amax, and (E) potential energy loss ∆E. Runout duration ∆t versus potential

energy loss ∆E is shown in (F). In (A) to (C), (E), and (F), the solid lines show
model fits and the dashed lines indicate model mean confidence intervals at
the 99% level.
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Gyala Peri landslide 2021-03-22
M 5.3, mass ~ 200 megatons
Blocked the Tsangpo river

Force - mass scaling



www.nature.com/scientificreports/
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combined with the seismologically determined force history, further suggested a slide mass of 1–1.5 × 1011 kg. 
Thus, the Taan Fiord landslide was one of the largest non-volcanic landslides in decades26,28.

These initial estimates were revised within the next year by satellite and aerial imagery, lidar, and ground 
surveys. The landslide above the terminus of Tyndall Glacier unleashed 7.6 × 107 m3, or 1.8 × 1011 kg of debris. 
The estimated volume and mass is based on the difference between 2012 and 2016 DEMs, and on an estimate of 
the slide material remaining in the slide scar. Extending the failure plane beneath onland deposits shows that 
about 33% of the evacuated volume is still onshore; the rest entered the fjord. Presuming that initial motion was 
downslope, the landslide moved in a direction similar to that inferred by seismic inversion. The majority of the 
slide followed the fjord bottom, curving right in an approximately 90° arc blanketing the fjord bottom to its limit 
6 km from the source28 (Fig. 2). Additional slide material travelled directly eastward through the fjord (Fig. 2) and 

Figure 2. Changes in Taan Fiord. Tyndall Glacier retreated at an increasing pace through the late 20th century 
until it stabilized in 1991, at approximately the location of the current terminus. The slope failure in October 
2015 entered the recently deglaciated fjord at the calving front, generating a tsunami that swept the coast to a 
height of 193 m. Seismic inversion completed within hours of the event produced an accurate picture of initial 
motion and a rough location, but could not determine whether the landslide had set off a tsunami. In 2016, 
marine surveys revealed tens of meters thick blocky submarine runout extending several kilometers28. Only the 
more proximal blocks form submarine hillocks, while more distant ones are buried beneath one or possibly two 
post-landslide turbidites28. Field surveys mapped runup, selected examples of which are presented here. Map 
created with QGIS 2.18 (http://www.qgis.org/en/site/).

Taan Fiord Landslide of 2015: 
identified and quantified by seismology



The 2015 Taan Fjord, Alaska landslide 1921

Figure 9. (a) Trajectory of the centre of mass corresponding to a mass of 150 million tons over a satellite image (NSF Polar Geospatial Center) showing scarp
and deposits of the 2015 Taan Fjord landslide. Colour denotes time from the landslide start time t0 = 91 s. (b) Trajectory of the centre of mass corresponding
to a mass of 150 million tons (red) and elevation profile (blue) as a function of the distance along the profile. The elevation profile has been extracted from
GeoMapApp between the start and the endpoints of the trajectory (http://www.geomapapp.org, Ryan et al. 2009).

Figure 10. (a) Observed and (b) synthetic particle motion at station RKAV in the vertical-radial plane. The particles show a complex motion, both prograde
and retrograde.

can be seen as due to the gravity acceleration along the slope and
the deceleration due to friction:

aCM = g sin(θ ) − µg cos(θ ), (4)

where θ is the time-dependent slope angle and µ is the time-
dependent coefficient of dynamic friction. Given the gentle cur-
vature of the trajectory (see Fig. 9b), we neglect the centripetal
force. Therefore, the coefficient of friction can be computed as:

µ = tan(θ ) − aCM

g cos(θ )
(5)

We make two estimates of the coefficient of friction: one at the
time of the maximum acceleration (amax

CM = 1.2 m s−2), when the
slope angle is 32◦, and another one at the time of the maximum
deceleration (amin

CM = −0.6 m s−2), when the slope angle is 23◦. The
values obtained for these two times are 0.48 and 0.49, respectively,
within the 0.2–0.6 range suggested by Brodsky et al. (2003) based
on modeling of three large landslides. Other examples of estimates
of the coefficient of friction from seismic data are: 0.38 and 0.33 for
the 2010 Mount Meager landslide [Allstadt (2013) and Moretti et al.
(2015), respectively]; 0.28 and 0.33 for the 2011 Akatani landslide,
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1918 L. Gualtieri and G. Ekström

Figure 5. Comparison between data (red) and synthetic seismograms (blue). Data are processed as explained in Section 2. Synthetic seismograms are computed
by applying eq. (1) and using the constrained force history (blue in Figs 3a–c) obtained as explained in Section 3.2. Data and synthetics are filtered between
0.005 and 0.2 Hz.

Integrating the velocity of the centre of mass, we get the total
displacement and the 3-D trajectory of the centre of mass. In Fig. 8,
we show the displacements and trajectories for the three values of
the mass used in Fig. 7. The motion occurs mostly along the east–

west direction, as shown in Fig. 8(b), with a smaller component
along the north–south direction. The vertical drop inferred from the
inversion varies with the mass m between 280 m (m = 180 million
tons) and 400 m (m = 120 million tons).

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/213/3/1912/4923053 by C

olum
bia U

niversity user on 03 June 2021

Seismograms give us the force history, which gives us the mass acceleration
Integrate twice and you have the center-of-mass trajectory

Gualtieri and Ekström, 2018



Congratulations GEOSCOPE!

Keep on observing!

There are discoveries out there, waiting for us!

The information is in the wiggles!



Earthquake Relocations
Initial Locations

Earthquake Relocations
Align with Eltanin Bathymetry

Improve earthquake locations!
The information is in the wiggles!

La lutte continue!

It should be possible to 
located all M5 and larger 
earthquakes with to 
within 3 km using tele-
seismic surface waves. Catalog locations

Eltanin fracture zone, S. Pacific

Surface-wave relocations

Non-strike-slip earthquakes

Howe, 2018; Howe, Ekström, Nettles, 2019

Relative-location 
methods (JHD, double-
difference) need stable 
networks.



Seismic Coupling

Geophysical Interpretation

Earthquake Relocations
Align with Eltanin Bathymetry

Howe, 2018; Howe, Ekström, Nettles, 2019

The reward: High-precision mapping of earthquake history, faults and coupling



Congratulations GEOSCOPE!

Keep on observing!

There are discoveries out there, waiting for us!

The information is in the wiggles!


