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Introduction and Motivation
Elastic waves recorded by seismometers are used to 
(1) detect, (2) locate, and (3) characterize/discriminate 
seismic events (earthquakes, explosions, cavity 
collapses, volcanic unrest, bolides, landslides, … )

2006 DPRK Test ( < 1kT ?)

Seconds

(Kim et al., 2009)MDJ (PRC) station
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British Geological Survey

Challenges: 
(1) The Earth is heterogeneous 
(2) Different types of waves 
(3) The Earth is attenuating 
(4) The Earth is anisotropic 
(5) Signals are noisy

Classic (and current) methods of event location 
use delay-time triangulation

P wave



4

International Monitoring System 

The boundaries and presentation of material on this map do not imply the expression of 
any opinion on the part of the Comprehensive Nuclear-Test-Ban Treaty Organization 
(CTBTO) Preparatory Commission concerning the legal status of any country, territory, 
city or area or its authorities, or concerning the delimitation of its frontiers or boundaries.

CTBTO.ORGRevised August 2021
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Projection from the South Pole, representing accurately the size of Antarctica
and the location of the stations in this region

50 Primary
120 Auxiliary

Seismic Stations:
CTBTO Monitoring

The International Data 
Center generates a global 
Reviewed Event Bulletin. 
It complements catalogs  
by the USGS and many 
national and regional 
agencies, and classified 
ones by AFTAC and 
analogous organizations. 
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Mission Relevance

Defense Nuclear Nonproliferation R&D 

Technical Approach

Magnitudes and Yields of the 39 underground 
nuclear tests at the USSR Novaya Zemlya 
Test Site

Between 1964 and 1990, the USSR conducted 
39 underground nuclear tests on Novaya 
Zemlya involving 133 nuclear charges.

Yields o f  Novaya Zemlya tests 

NQVAYA ZEMLYA 

777 

Figure I .  Map of the Novaya Zemlya test sites. Locations of the Northern (NNZ) and Southern (SNZ) 
testing areas are shown. An azimuthal equidistance projection centred on Novaya Zernlya shows the 
distribution of stations used in the study. 

studied. The yield estimates are from Dahlman & Israelson (1 977) and are based on relative 
amplitudes and an absolute baseline from PNEs of announced yield in the Soviet Union. 

Burger et a!. (1 985) provide all the observed waveforms, amplitudes, and magnitudes for 
each of the events. We will investigate four types of measurements in this section: 
amplitudes and magnitudes based on A u b  (first peak to first trough amplitude) and A b C  
(first trough to second peak amplitude). Magnitudes are calculated by  

mb = 1% ( A / q  + p(A), ( 1 )  

where P(A)  is the distance correction defined by  Veith bi Clawson ( 1  972). 
A previous study of Novaya Zemlya event amplitudes using a small set of North American 

WWSSN stations indicated a systematic difference in average amplitude patterns between 
NNZ and SNZ (Butler & Ruff 1980). The ratio of  these patterns has about a factor-of-3 
azimuthal variation in relative amplitude across North America. This result prompted us to  
treat the two subsites separately in our analysis. 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/87/3/775/668363 by C

olum
bia U

niversity user on 17 February 2022

33 tests

6 tests

Mikhailov et al., 1996Mikhailov et al., 1996

Mikhailov	et	al.,	1996Details of the testing program were made 
public following the dissolution of the USSR, 
including precise estimates of annual total 
explosive yield at each test site.

Accurate and precise locations of 
earthquakes and explosions are 
essential for seismic discrimination, 
tectonic interpretation, earthquake 
hazard assessment, and 
tomographic imaging of Earth’s 
internal structural heterogeneity.

There or here?CTBT On-Site Inspection area is 
limited to 1000 square km.
Typical location error/uncertainty is 
20+ kilometers.
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The 2022 seismic swarm on the Reykjanes Ridge
Version of March 3, 2023

1 Summary of the earthquake swarm

On September 26, 2022 at 06:17 (all times UT), a magnitude 4.8 earthquake occurred on the

northern section of the Mid-Atlantic Ridge, marking the start of an unusual seismic swarm on this

slow-spreading section of the North America–Eurasia plate boundary (Figure 1). Approximately

50 moderate earthquakes (M 4.2–5.8) occurred later on September 26, and intense seismic activity

continued through September 29, with more than 60 moderate earthquakes each day. Subsequently,

the activity slowed, with ⇠10 earthquakes on September 30, a total of 65 earthquakes in October,

16 earthquakes in November, 7 earthquakes in December, and 5 earthquakes in January 2023. No

further earthquakes were reported in February 2023.

Figure 1: Map showing reported epicenters of 368 earthquakes on the Mid-Atlantic Ridge between Septem-

ber 26, 2022 and February 28, 2023.

1.1 Reported earthquake hypocenters

Earthquakes on the northern Mid-Atlantic Ridge are far from seismographic stations, and the event

detection is therefore limited to moderate and larger earthquakes (M > 4.0). In this study, we rely

primarily on hypocenters reported by the National Earthquake Information Center (NEIC). The

NEIC routinely reports hypocenters for earthquakes M 4.5 or larger in this area, but only rarely for

1

A seismic swarm on the Reykjanes 
Ridge, September 2022 NEIC (USGS) 

reported 
locations

iAtlantic.eu

http://iAtlantic.eu
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IDC (CTBTO) 
reported locations

826 events

Classic swarm behavior: many 
earthquakes of similar size

First 100 hours
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[5] Provided that the waveform similarity is high,
relative surface-wave time shifts can be measured
precisely, and waveform similarity generally translates
into locating events with similar faulting geometry and
depth. This is similar to the requirements necessary for
waveform correlation methods applied at the local and
regional scales [e.g., Waldhauser and Ellsworth, 2000;
Schaff and Richards, 2004]. As we discuss later, tests
using synthetic waveforms show that the required degree
of similarity in depth and faulting geometry between
events is functionally broad in important tectonic
environments. Example short-arc Rayleigh (R1) wave-
forms for three events from the Panama Fracture Zone
(PFZ) are shown in Figure 1. Each panel contains three
vertical component displacement waveforms filtered to
include periods between 80 and 30 s. Both groups of
waveforms are from the same three events. The similarity
in wave shape is apparent, even for events located more
than 50 km apart. The relative time shifts (meaning
relative to other local events) can be estimated with a
precision on the order of 1 to 2 s using a relatively
unsophisticated peak of the cross-correlation function.

The systematic azimuthal pattern of observed time shifts
supports this claim (Figure 1). A difference in event
location should produce a systematic cosine variation in
the time shifts [e.g., Schwartz and Ruff, 1987]. Although
the travel time shifts for the event pairs are shown on the
same scale to communicate the variations of the pattern
with inter-event distance, a close view of the nearby
event variation (events 01 and 02 in Figure 1) shows that
the measurements are consistent with the cosine variation
to within 1 or 2 s. In the application described below,
we show that the RMS associated with the inversion of
such observations is closer to 1.0 than to 2.0 s. This
demonstrates that intermediate-period surface wave shifts
can be measured at least that well.
[6] The observations in Figure 1 illustrate the raw data

and the patterns that can be utilized to relocate events
using Rayleigh waveforms excited by nearby moderate-
size events with similar faulting geometry and depths.
In what follows, we show how similar surface-wave
time-shift observations can be combined in a multiple-
event, double-difference based inversion to estimate
optimal event locations over a relatively broad and
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Figure 1. Example waveforms for three events from the Panama Fracture Zone observed at two different
stations of significantly different distance (left-side panels). The right-side panels show the cosine fits to
the observed surface-wave time differences between these events. The red dashed curve shows the fit
predicted by the original USGS/NEIC location.

CLEVELAND AND AMMON: RELATIVE EARTHQUAKE LOCATION USING R1

2894

ANMO
StationTechnical Approach

Seismic  
events (1) Cross correlate 

signals for high-
precision differential 
delay times  

Cleveland and Ammon, 2013
(modified)

(2) Solve for relative locations of 
events in cluster  
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Focal mechanisms

Horizontal extension

(`stress release’)

Horizontal compression

expected

not expected
NEIC locations

GCMT focal 
mechanisms

125 events



10

Z. Liu, W.R. Buck / Earth and Planetary Science Letters 491 (2018) 226–237 235

Fig. 8. Comparison of data and numerical model results for segment-scale variations in axial relief and faulting (a) Shaded relief bathymetric map of 33◦S on the mid-Atlantic 
Ridge, Karen, Judy and Phred are location of OBSs from Tolstoy et al. (1993) (b) high-pass filtered bathymetry with wavelengths greater than 20 km removed. Filtered 
topography is expected to indicate fault characteristics (Small, 1998); (c) Along-axis interpreted cross-section of the 33◦S segment of the Mid-Atlantic Ridge based on a 
seismic refraction experiment (Tolstoy et al. (1993)). (d)–(f) Three model cases for different values of axial crustal thickness Hc, but with the same lithospheric structure 
(axial lithospheric thickness HL is fixed at 5 km) and magma supply fluctuation period (0.1 Ma). Hc is based on seismic refraction experiment (Fig. 8(c)). (d) Note the fairly 
shallow axial valley and the moderate fault offsets for Hc = 7.5 km, which matches the sense of the bathymetric profile from 33◦S Mid-Atlantic Ridge segment center (from 
Fig. 8(a), P1). (e) Deeper valley depth for Hc = 6 km. The model topographic profile is similar to that observed from Fig. 8(a), P2. (f) Faults with very large offsets occur and 
much deeper valley depth is seen for Hc = 4.5 km. The model topographic profile is similar to that observed from the 33◦S segment end (Fig. 8(a), P3).
we are confident of the general patterns of axial relief as functions 
of HL and HC as show in Fig. 9.
6. Conclusions

Our treatment of partitioning of magma between lithosphere 
cutting dikes and deeper dikes resolves several problems of pre-

vious models for the accretion and tectonics of plate spreading 
centers. In summary, this conceptually simple mechanism implies 
that:

1. The global and segment-scale dependence of axial valley 
depth on crustal thickness and axial lithospheric thickness can 
be described analytically with the assumption that the amount 

Cluster relocation and 
alignment with detailed 
bathymetry

Cluster shifted 3 km West to align 
with bathymetry (and tectonics)
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The best-located and 
geographically referenced 
earthquakes become 
`master events’ for relative 
location of additional 
events

Empirical uncertainty ellipses
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Before

After
Relocation of all earthquakes in GCMT 
catalog (1976-2022) using geographically 
registered master events

Gray - before 2022
Red - 2022 swarm
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Conclusions
(General) - a cluster of master events can be defined by 
geographically registering a cluster of internally well-located 
events with tectonic features 
(General) - location w.r.t. a master-event cluster can reduce 
location uncertainty by a factor of 5 
(Specific) - precise locations allows identification of earthquakes 
showing `wrong’ state of stress 20 km off ridge axis - probably 
reflecting bending stresses in the lithosphere  
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Next Steps
(Scientific) - explain the occurrence and locations of the 
anomalous compressional earthquakes 
(Technical) - improve estimates of location uncertainty and 
refine criteria for successful geographical registration 
(General) - contribute event information to IASPEI ground-
truth reference-event database  
(General) - develop and demonstrate approaches to making 
master-event-cluster location operational
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