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Abstract We have relocated seismic events registered
in the area of the Novaya Zemlya Archipelago, which
are not identified as nuclear explosions but are probably
of tectonic nature. For the relocation, we collected all
available seismic bulletins and waveform data. The
location was performed by applying a modified method
of generalized beamforming. Verification of the modi-
fied method and selection of the travel time model were
performed using data on two Novaya Zemlya nuclear
explosions that occurred on 02.11.1974 and 24.10.1990.
The modified method and the BARENTS travel time
model provide sufficient accuracy for event location in
the region. The relocation procedure was applied for 9
seismic events registered in the area of the Novaya
Zemlya Archipelago. As a result, the new coordinates
of the five events turned out to be significantly different
from those that were defined previously.
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1 Introduction

The Novaya Zemlya Archipelago is the largest in the
Russian Arctic and is located in the eastern part of the
Barents Sea (Fig. 1). It includes two large islands,
Severniy and Yuzhniy, which are separated by the nar-
row Matochkin Shar Strait (2—-3 km) and numerous of
smaller islands. A Soviet nuclear test site was operated
on the archipelago until 1990. At Novaya Zemlya, a
total of 130 tests were carried out high in the atmo-
sphere, at low levels above water, at the water/air inter-
face, below water, and underground (Khalturin et al.
2005).

Novaya Zemlya is characterized by low seismicity,
and most of the detected seismic events from the region
resulted from nuclear tests. There are significant diffi-
culties in the seismic monitoring of the Novaya Zemlya
Archipelago. Widely spaced seismic stations cannot
register small-magnitude earthquakes, and poor station
coverage makes it difficult to determine earthquake
hypocenters and focal mechanisms accurately.
According to the studies Assinovskaya (1994) and
Avetisov (1996), the completeness threshold of earth-
quakes for the Barents Sea region and, in particular, the
Novaya Zemlya Archipelago in the period 1971-1980
was m, = 4.3-4.6, and in the period 1981-1990 was
my, = 3.9-4.2. As a result, understanding of the archi-
pelago’s seismic activity is based on 18 seismic events
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Fig. 1 Map showing the location of the Novaya Zemlya Archi-
pelago, the neotectonic structures and active faults (Atlas 2004),
combined with a bathymetric data (www.ngdc.noaa.gov): /

that are not identified as nuclear explosions but are
probably tectonic in nature (Table 1).

Two new seismic stations were installed in the
region between 2010 and 2011. The AMD station
(69.76°N/61.68°E) was placed in the settlement of
Amderma on the coast of the Kara Sea, and the ZFI
station (80.81°N/47.66°E) was installed on Alexandra
Land Island in the Franz Josef Land Archipelago
(Morozov and Konechnaya 2013). The ZFI and
AMD seismic stations belong to the Arkhangelsk
seismic network (AH network). The threshold of
earthquakes for the Barents Sea region and, in
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boundaries of the study area; 2 main neotectonic faults; 3
borders of neotectonic structures; 4 dislocation with a break of
continuity

particular, the Novaya Zemlya Archipelago is now
2.7 (Morozov and Konechnaya 2013). Only two
earthquakes have occurred after the installation of
the stations, one on 11.10.2010 at 22:48:27.8
(mp(ISC) = 4.7) and one on 04.03.2014 at 04:42:36.0
(ML(AH) = 3.3). The uncommon occurrence of tec-
tonic activity requires a detailed survey for each earth-
quake detected. A list of seismic stations and their
parameters is presented in Table 2 and in Fig. 2.
Worldwide, seismic events are preliminarilylocated
immediately after their occurrence. A common practice
in seismology is a posterior reprocessing of the events
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Fig. 2 Location of seismic stations from Table 2

when data of all seismic stations are collected, velocity
models are updated, and location techniques are worked
out. This article illustrates relocation procedures per-
formed for seismic events registered within the area of
the Novaya Zemlya Archipelago, which were not iden-
tified as nuclear explosions, but likely of tectonic nature.
We have used all available bulletin data for the reloca-
tion procedure. For more exact onset determination,
waveform data were used for some cases, including data
from Soviet and Russian seismic stations.

@ Springer

2 Description of dataset and methods

A catalog of seismic events was created for the Novaya
Zemlya Archipelago using the data of International Seis-
mological Centre (ISC; International Seismological
Centre 2013), NORSAR (NOA network), Institute of
Seismology (University of Helsinki) (ISUH, HEL net-
work), Kola Regional Seismic Center (KOLA network),
and the Arkhangelsk seismic network (AH network)
(Table 1). The area of interest was limited to the
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following coordinate ranges: latitude from 70.4°N to
77.5°N and longitude from 47.0°E to 70.0°E.

Nuclear explosions were excluded from the
catalogusing the data of Databases of Nuclear Tests
(Yang et al. 2003), as well as seismic events that oc-
curred in the area of the nuclear test site, thus consider-
ing only seismic events of tectonic origin (Table 1).

Bulletins and waveform data from the Soviet and
Russian seismic stations were obtained from the Geo-
physical Survey (OBN-network) of the Russian Acade-
my of Sciences (RAS), the Kola Regional Seismic Cen-
ter, and the Arkhangelsk seismic network. Seismic station
bulletins from the global network were collated using
data from the ISC, NORSAR, and the ISUH. The wave-
form data were obtained from the GEOPHON Seismo-
logical Archive (www.geofon.gfzpotsdam.de/geofon/).

The goal of analyzing the waveform data from seis-
mic events was phase identification. Onset determina-
tion was performed using the Windows Seismic Grafer
(WSG) program, a joint product from the Geophysical
Survey of the RAS and Geotech, a limited liability
company (wWww.ceme.gsras.ru). Seismic event location
and depth estimation were carried out using the New
Association System (NAS) program, which is a part of
the New System for Detection and Location (NSDL)
system developed in the Kola branch of the Geophysical
Survey of RAS. The software was used to carry out
automated seismicity monitoring of any region using
an arbitrary network (Asming and Prokudina 2016;
Asming et al. 2016). We have relocated only seismic
events with at least 8 phases from 4 stations.

2.1 Event location algorithm

The NAS program (Asming and Prokudina 2016;
Asming et al. 2016) performs phase association using a
modified form of the known generalized beam forming
method (Kvaerna and Ringdal 1996). NAS makes a grid
search in a limited region of time and space around a
point of a preliminary event location (prototype event). It
takes a circle of a relatively large radius (value of 250 km
was used in this study) around the preliminary location of
the event’s epicenter. This circle is considered as a search
area for a more precise location. It is covered by a set of
overlapping circles of smaller radii, thus forming a grid of
round cells. A rating function R(e,t) is computed for each
cell ¢ of the grid, with the hypothesis that the event has
occurred in this particular cell at time t. To describe this
function in more detail, let a phase (P or S) arrived at the i-

th seismic station at time t;. Let rjp(c) and rj(c) be the
minimal and maximal distances from the i-th station to
the cell c. If the event actually occurred in this cell, its
origin time has to be within the limits [¢;—r;1(c)/v, t;—
rio(c)/v], where v is the wave’s apparent propagation
velocity. Thus, following Kvaerna and Ringdal (1996),
we can define the total rating function as follows:

Re,t) = ;s(z, tmri1 (€) /v, tir () /v), (1)

where S(t,t,,t;,) is the step function:

L, t€ty, tp)
0, otherwise

S(t,ta, tp) = { (2)

It is assumed that each phase that can correspond to
an event that occurred in a given cell at a given time
makes unit contribution to the rating function for this
cell. This would work well if all measurements {t;} were
accurate and the knowledge of v was exact. In the
present case, we measure onsets with some uncertainty
Atynser, and we know the velocity with uncertainty Av.
Therefore, the interval for the origin time must be ex-
panded as follows: [t;—r;(c)/v— At, t;—rip(c)v+ Af],
where Ar= Al 00+ 7+ AVH.

Instead of S(t, t,, t,), we introduce a trapezoidal-
shaped function T:

1=(t,~t) ] At te[t,~At, 1]
1, t€]ty, ts)
T(t,t4,tp, Al) = (3)
1=(t-tp) / At, t<[ty, tp + At

0, otherwise
And finally we define the rating function as follows:

R(c,t) = Z T(t,ti—r(c) /v, tr—rio(c) /v, At) (4)

This is a sum of contributions of all phases that can
correspond to an event that occurred in a given cell at a
given time. Those phases that belong to the exact time
interval [t;—r;(c)/v, t;—rio(c)/v] add 1 to the sum,
whereas the ones that are outside the main interval but
may correspond to the event add smaller values.

The rating functions are computed for an interval of
possible origin times [ty-AT, ty + AT], where t, is the
preliminary estimation of origin time of the prototype
event, AT is the some large time reserve (30 s value was
taken for the events considered in this study). Maximal
values of the rating function among the times within the
interval are rating estimations for the grid cells. The grid
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is diminished several times. Each time 75% of the cells
with the smallest ratings are excluded and each remain-
ing cell is divided into four smaller ones, to keep the
same total cell number. Following, ratings are
recalculated.

The grid search is performed several times with dif-
ferent fixed depths (from 0 to 100 km with a step 5 km
for the present study). Finally, the cell with the maximal
rating is selected. The time t, for which the rating
function has reached its maximum is considered to be
the event’s origin time.

A weight is attributed to each phase, which is taken
equal to the contribution of the phase to the rating
function for an estimated origin time ty:

w; = T(to, t—11(c) /v, tirio(c) /v, At) (5)

The phases with non-zero weights are taken into
account for the next stage of processing. This ap-
proach enables us to screen out phases with non-
realistic times. This procedure may be proven useful
for processing onsets obtained from old analog
seismograms.

In the next step, the phases and the weights are used
to improve the location by searching the point where the
residual of origin time estimation computed for this
point is minimal.

We briefly remind the method. Again, let t; be an
arrival time of a P or S wave to the i-th station with
coordinates (@;, A;). Suppose that the event coordinates
are (@, A, h), where @ is the latitude, A is the longitude,
and h is the depth. Origin time estimations are as fol-
lows:

tOi(¢7>\7h) = ti_TT(¢i7)‘i707¢7)\ﬂh) (6)

where TT is the travel time between two points for
this wave type. If (@, A, h) are true coordinates of
the event, onsets are measured exactly and TT is
known, then all ty; must be the same and equal to
the true origin time.

The average origin time estimation is as follows:

(A h) = Zwirtor/ L wi, (7)

where w; are the weights of the phases that are calculat-
ed during the grid search (Avetisov, 1996).

@ Springer

And its standard deviation is as follows:

o(p, A\ h) = \/;Wi‘ (%_tOi)/Zi:Wi (8)

To locate the event, we find the point (@event Aevents
heyent) Where o is the minimal:

min — i ) )‘7 h ) event? )\even 5 heven
Omin = D, (@, A k) (Pevents Aevents hevent)

Arg (*rjnAuz) a(p, A\, h) 9)

Usually, for bulletin processing, the coordinates
obtained by the minimization differ very slightly
from those obtained by the grid search. As a rule,
the final point lies within the same cell of the grid
where the maximum of the rating function was
reached. Thus, it would seem that this step of pro-
cessing could be omitted. Nevertheless, the
functiono(yp, A, h) appeared to be useful for the es-
timation of the confidence region.

We estimate the confidence region by solving the
inequality (with fixed depth heyent):,

0(307 )‘7 hevent) SUO

where o is the border value of the standard deviation,
depending on the expected errors (uncertainties) of the
onset time measurements At,,e¢ and the uncertainties
of travel velocities Av.

It is estimated for a given set of arrivals {t;} as: (r; is
distance from the i-th station to the event):

rp Ay

2
3 ) (summary onset time uncertainty)
v

Aty = At(m.\'etz + (

oo = [ (wrlA) ) Sw;

| | (10)

The region is estimated numerically and is approxi-
mated by an ellipse.

To determine the depth range, a similar inequality is
solved for h:

mino (¢, A\, h) < og (11)
(p:A)
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The onset picking errors (Aty,ser) Were taken
Aty = 0.5 s and Aty = 1 s. That is reasonable for old
seismograms. The velocity uncertainties were taken
Av, = Avg=0.15 km/s.

2.2 Verification of the algorithm, selection of travel time
model, location error estimation

Two Novaya Zemlya nuclear explosions (02.11.1974
and 24.10.1990) were chosen for verification of the
algorithm, selection of the travel time model, and esti-
mation of the location error (Fig. 3). The last Soviet
nuclear test occurred in 1990, and we chose it as a
reference because most of the seismic stations that we
used in the relocation were already in operation at the
time. This explosion is denoted as event GT1 (Yang
et al. 2000).

The 1974 explosion (GTS after Yang et al. 2000) was
chosen because it occurred at a significant distance from
the 1990 explosion in another area of the nuclear test site
(Fig. 3). The parameters of the hypocenters of the 1974
and 1990 explosions were obtained from Yang et al.
(2003).

Several 1D velocity models were tested: BARENTS
(Kremenetskaya et al. 2001), BAREY, and BAREZ
from Schweitzer and Kennett (2007), NORP
(Morozov and Vaganova 2011), NOES (Morozov and
Vaganova 2017), and NZ2010 (Gibbons et al. 2016).
The BARENTS model has been developed for
Fennoscandia, the Baltic shield, and adjacent areas. In
its upper layers, the model is a simplified average of
various models developed for parts of the region. Below
the Moho, the model uses the ITASPEI91 model layers
(Kennett and Engdahl 1991).

The BAREY and BAREZ models were adapted from
a model developed by Kremenetskaya et al. (2001) by
making minor P-velocity adjustments and varying the
Vp/Vg ratio in the upper mantle. The BAREZ model
uses a Vp/Vg ratio of 1.73 in the crust and a ratio of 1.72
below the Moho. The BAREY model uses a Vp/Vg ratio
of 1.77 in the uppermost mantle (Schweitzer and
Kennett 2007).

The NORP model has been developed based on
calculation of the crustal velocity structure of two areas
of the Russian Plate using receiver functions (Morozov
and Vaganova 2011).

The NOES model is based on calculation of the
crustal velocity structure for the area of the Franz Josef
Land Archipelago using receiver functions (Morozov
and Vaganova 2017). The BAREY, BAREZ, NORP,
and NOES models were combined with the deep layers
of the IASPEI91 model to compute travel times at
teleseismic distances.

The NZ2010 model is the modification to BAREY/
BAREZ, which appears to give the best fit to the re-
gional arrival times for the purely teleseismic hypocen-
ter and the origin time for the 11 October 2010 event in
the Novaya Zemlya Archipelago (Gibbons et al. 2016).
The model is identical to BAREY/BAREZ except for a
1.74 Vp/Vg ratio but with a 0.5% increase in P velocities
between 41 and 410 km depth.

Seismic station bulletins for the 1974 and 1990 nu-
clear explosions were collated using data from the ISC
and Geophysical Survey of the RAS. All available on-
sets were collected, and several datasets from stations
located at certain distance intervals from the event’s
location were prepared: 0—10°, 0—15°, 0-20°, 0-30°,
and 0-90°. The results are summarized in Fig. 3.

T
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Fig. 3 Checking the efficiency of the modified generalized
beamforming and the velocity models using the underground
nuclear explosions performed on 02.11.1974 (t0 = 04:59:56.9,
mb(IASPEI) = 6.4, GT5) and 24.10.1990(t0 = 14:57:58.3,

mb(IASPEI) = 5.7, GT1) (Yang et al. 2003). Maps showing the
computed (circles) and true (stars) epicenters of the underground
nuclear explosions
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The BARENTS, BAREY, and NORP models
showed sufficient location accuracy for all the datasets.
The focal depth was estimated to be equal to zero for all
of these variants. We chose the BARENTS model for
the relocation because the distance between each obtain-
ed location and the true coordinates for this model were
slightly smaller than for the other models (Table 3).

Thus, the application of the algorithm implemented
in the NAS program together with the BARENTS mod-
el gives the most accurate parameters of hypocenters.
This allows us to apply the algorithm and model to
relocate seismic events registered in the area of the
Novaya Zemlya Archipelago.

3 Discussion of results
3.1 12.12.1974 seismic event

According to the Reviewed ISC Bulletin, the seismic
event occurred on December 12, 1974, in an area of the
Barents Sea 70 km to the west of Yuzhniy Island, which
is part of the Novaya Zemlya Archipelago (Table 1).
The event was registered at the seismic stations of the
ISUH, Hagfors Observatory (National Defense Re-
search Institute, HFS2 network), and Large Aperture
Seismic Array (LAO network). The Reviewed ISC Bul-
letin includes the hypocenter calculated based on the
following: Nutions = 14, gap = 220°.

For this seismic event, additional bulletins from the
SVE, APA, ARU, and OBNSoviet stations (Table 4)
were collected and analyzed. Seismic phases were iden-
tified from the bulletins of the APA and ARU stations.
The relocation procedure was performed based on the
following: Ngations = 165 Nphases = 23; gap = 167°
(Table 4). The epicentral distances varied from 790 to
7020 km.

According to the new location of the 1974 seismic
event, the epicenter is shifted 200 km (Fig. 4) to the
south-east with respect to the initial coordinates. It is
located in the south part of Yuzhniy Island in the
Novaya Zemlya Archipelago on the shore of the Barents
Sea in the vicinity of the nuclear test site. This could
imply a possible anthropogenic nature of the seismic
event. The range of possible depths varies from 0 to
40 km. The area of the error ellipse is 1507 km?. The
size of the ellipse can be explained by the wide azimuth-
al gap and the wide range of epicentral distances (Fig. 4,
Table 13).

@ Springer

3.2 15.11.1978 seismic event

According to the Reviewed ISC Bulletin, the seismic
event on November 15, 1978 occurred in the north-
western part of Yuzhniy Island in the Novaya Zemlya
Archipelago by the shore of the Barents Sea. NORSAR
and Hagfors Observatory registered the event. The
Reviewed ISC Bulletin reports a hypocenter that was
calculated based on the following: Ngations = 0,
gap = 336° (Table 1).

In this case, the bulletins of the PUL, APA, ARU,
OBN, and MOS Soviet stations were collected and
analyzed. However, no seismic phases corresponding
to the event were found. As a result, the relocation
procedure was performed based on the following pa-
rameters: Nyutions = 65 Nphases = 10; gap = 336°
(Table 5). The epicentral distances varied from 980 to
2170 km.

According to the new location of the 1978 seismic
event, the epicenter is shifted 115 km (Fig. 4) to the
north-east with respect to the initial coordinates. The
epicenter is located in the southern part of Severniy
Island in the area of the Matochkin Shar Strait in the
vicinity of the nuclear test site, which could imply a
possible anthropogenic nature of the seismic event. It is
impossible to compute the focal depth of the event
reliably due to the small number of available stations
and phases. The area of the error ellipse is 12,866 km®.
The large size of the ellipse can be explained by the wide
azimuthal gap and the narrow range of epicentral dis-
tances (Fig. 4, Table 13).

3.301.08.1986 seismic event

According to the ISC-EHB Bulletin, a seismic event
occurred on August 01, 1986, in the north-eastern part
of Yuzhniy Island in the vicinity of the Brandta Strait.
According to Marshall et al. (1989), the hypocenter of
the seismic event is as follows: 13:56:37.8 73.03°N/
56.73°E, H = 24 km. In comparison to report by the
ISC-EHB Bulletin, the epicenter is shifted 25 km to the
north-east into the Kara Sea. The hypocenter in the
bulletin enlists was calculated based on the following:
Nitations = 51, gap = 11° (Table 1).

Bulletins of Soviet stations PUL, APA, ARU, OBN,
and MOS were also analyzed for the given seismic
event. Seismic phases were found in the bulletins of
stations PUL, APA, and OBN (Table 6). The arrival
times of seismic phases from the PUL stations were
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Table 4 Phase picks for the 12 December 1974
Station Latitude  Longitude Distance® Azimuth® P pick S pick ISC This
©) @) (°) ©) hh/mm/ss.0  hh/mm/ss.0 study
Code  Name, country
APA  Apatity, Russia 67.569 33.405 7.1 239.6 21:21:34.0  21:23:000 — +
KEV  Kevo, Finland 69.755 27.007 7.7 264.2 21:21:41.0  21:23:220 + +
SOD  Sodankyla, Finland 67.371 26.629 9.2 251.1 21:22:04.0  21:23:54.8 + +
TRO  Tromso, Norway 69.633 18.928 10.3 271.8 21:22:240 - + +
KIR Kiruna, Sweden 67.840 20.417 10.8 261.8 21:22:26.5 21:24:340 + +
KJF  Kajaani, Finland 64.199 27.715 11.2 236.9 21:22:26.0  21:24:33.0 + +
NUR  Nurmijarvi, Finland 60.509 24649 151 2332 21:23:16.3  21:26:03.8 + +
ARU  Arti, Russia 56.429 58562  16.0 161.6 21:23:00.5  21:25:36.0 +
HFS  Hagfors, Sweden 60.134 13.695 18.4 248.4 21:24:02.6 - +
NAO NORSAR Subarray 1A 60.824 10.832  18.6 2533 21:24:06.8 — +
Beam Reference Point,
Norway
CLL  Collm, Germany 51.308 13.003 263 237.6 21:25:29.0 - + +
BRG  Berggiesshubel, Germany 50.873 13.943 264 236.0 21:25:180 — + +
VRI Vrincioaia, Romania 45.867 26.728 28.3 214.8 21:25:55.0 - + +
MBC Mold Bay, Canada 76.242 -119.360 319 355.0 21:26:14.0 - + +
LAO LASA Array, US.A. 46.689 -106.223  60.4 341.0 21:29:584 - + +
BMO  Blue Mountains Array, U.S.A. 44.853 -117.306  63.1 349.5 21:30:15.7 + +

? Epicentral distances and station azimuths were calculated with respect to the solution of Table 12

not considered in the ISC-EHB Bulletin for the calcula-
tion of the hypocenter. Thus, a relocation procedure was
conducted based on the following: Ngations = 52;
Nphases = 64; gap = 11° (Table 6). The epicentral dis-
tances varied from 1030 to 8430 km.

According to the new location of the 1986 seismic
event, the epicenter is shifted 12 km (Fig. 4) to the north
with respect to the initial coordinates of the ISC-EHB
Bulletin and 23 km to the west compared to the epicen-
ter calculated by Marshall et al. (1989). The epicenter
was located within Klokova Bay of Yuzhniy Island. The
range of possible depths varies from 0 to 15 km and the
area of the error ellipse is 602 km?. The size of the
ellipse can be explained by the narrow azimuthal gap
and the wide range of epicentral distances (Fig. 4,
Table 13). The initial epicenter from the ISC-EHB Bul-
letin is located within the error ellipse of the new epi-
center. Thus, both solutions are correct.

3.4 13.06.1995 seismic event

NORSAR registered the event on the Novaya Zemlya
Archipelago in 1995. According to the research of Ringdal

(1997), the epicenter was located within the Glazova Bay
in the western part of the Severniy Island (Table 1).

Seismic phases of the 1995 event were registered at
the KBS, ARU, and LVZ stations (Table 7). Thus, a
relocation procedure was performed based on the fol-
lowing: Ngtations = 75 Nphases = 10; gap = 233°. The
epicentral distances varied from 1120 to 3870 km.

According to the new location of the 1995 seismic
event, the epicenter is shifted 6 km (Fig. 4) to the south-
west with respect to the initial coordinates. It is impos-
sible to compute the focal depth of the event reliably due
to the small number of available stations and phases.
The area of the error ellipse is 6374 km®. The large size
of the ellipse can be explained by the wide azimuthal
gap and the narrow range of epicentral distances (Fig. 4,
Table 13). The initial epicenter from Ringdal (1997) is
located within the error ellipse of the new epicenter.
Thus, both solutions are correct.

3.523.02.2002 seismic event

According to the Reviewed ISC Bulletin, the seismic
event on February 23, 2002 occurred in the south-
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Fig. 4 Maps showing the relocated epicenters of seismic events in the area of the Novaya Zemlya Archipelago: / seismic stations; 2 initial
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Table 5 Phase picks for the 15 November 1978

Station Latitude Longitude Distance” Azimuth® P pick S pick ISC This

(©) ©) ©) ©) hh/mm/ss.0  hh/mm/ss.0 study

Code Name, country

KEV Kevo, Finland 69.755  27.007 8.8 263.9 08:32:16.0  08:33:56.0 + +

SOD Sodankyla, Finland 67.371  26.629 10.3 252.7 08:32:38.8  08:34:349 + +

KIR Kiruna, Sweden 67.840 20417 11.8 262.6 08:32:56.5  08:35:085 + +

KJF  Kajaani, Finland 64.199  27.715 12.4 240.1 08:33:04.0  08:35:28.0 + +

NB2 NORSAR Subarray 2B Beam 61.040 11.215 19.5 2555 08:34:359 - + o+
Reference Point, Norway

HFS Hagfors, Sweden 60.134  13.695 19.5 250.9 08:34:36.7 - + 4+

“ Epicentral distances and station azimuths were calculated with respect to the solution of Table 12

western part of the Severniy Island in an area of
Yuzhnaya Sul’meneva Bay. The event was registered
at the stations of the ISUH, OBN network, International
Data Center (IDC), and NORSAR. The Reviewed ISC
Bulletin reports the hypocenter based on the following:
Nitations = 14, gap = 89° (Table 1).

We were unable to find additional seismic phases in
the bulletins of Russian stations (Table 8). Therefore, the
calculation was based on similar parameters:
Ngtations = 14, Nphases = 20, gap = 89°. The epicentral
distances varied from 1034 to 3470 km.

According to the new location of the 2002 seismic
event, the epicenter is shifted 16.5 km (Fig. 5) to the
south-east with respect to the initial coordinates. Thus,
the epicenter is located in the southern part of the
Severniy Island. The range of possible depths varies
from 0 to 39 km. The area of the error ellipse is
905 km?. The size of the ellipse can be explained by
the narrow azimuthal gap and the wide range of epicen-
tral distances (Fig. 5, Table 13). The initial epicenter
from the Reviewed ISC Bulletin is located within the
error ellipse of the new epicenter. Thus, both solutions
are correct.

3.6 10.11.2002 seismic event

The seismic event that occurred on November 10, 2002
was recorded at the seismic stations of the ISUH and
NORSAR. According to the data of the ISUH, the
epicenter was located in the waters of the Barents Sea,
160 km to the south-west of Yuzhniy Island. The ISUH
reports the hypocenter based on the following:
Nitations = 3, gap = 276°. The minimum epicentral dis-
tance is equal to 823 km (Table 1).

Waveform data from the ARU, LVZ, OBN, and PUL
Russian stations were analyzed for the event. The seis-
mic phases were identified at the LVZ station (Table 9).
Thus, a relocation procedure was performed based on
the following: Nytations = 65 Nphases = 10; gap = 276°
(Table 9). The epicentral distances varied from 623 to
1280 km.

The epicenter is shifted 36 km (Fig. 4) to the east with
respect to the initial coordinates reported by the ISUH.
Thus, the epicenter is located in the Barents Sea 130 km
from the shores of Yuzhniy Island. It is impossible to
compute the focal depth of the event reliably due to the
small number of available stations and phases. The
maximum of the rating function is obtained at a depth
of 99 km. This focal depth is unlikely for the area. It
shows once again that depth estimations can have large
uncertainties for events in the region. The area of the
error ellipse is 2817 km?. The size of the ellipse can be
explained by the wide azimuthal gap and the narrow
range of epicentral distances (Fig. 5, Table 13).

3.7 30.03.2006 seismic event

According to the Reviewed ISC Bulletin, the seismic
event on March 30, 2006 occurred in the Barents Sea
60 km from the Yuzhniy Island. The event was regis-
tered by the stations of the ISUH and NORSAR. The
Reviewed ISC Bulletin lists the hypocenter calculated
based on the following parameters: Ngugions = 14,
gap = 267° (Table 1).

The waveform data of the Russian stations ARU,
OBN, and PUL were analyzed. However, no seismic
phases corresponding to the event were found. Thus, a
relocation procedure was performed based on the
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Table 7 Phase picks for the 13 June 1995

Station Latitude Longitude Distance® Azimuth® P pick S pick (Ringdal, This
©) ©) © ©) hh/mm/ss.0  hh/mm/ss.0 1997) study

Code Name, country

LVZ Lovozero, Russia 67.898 34.651 10.1 234.6 19:24:59.5 19:26:45.3 - +
KBS Kingsbay, Norway 78.926 11.942 10.4 311.1 19:25:05.3 19:26:56.1 - +
APA  Apatity, Russia 67.569 33.405 10.6 235.8 19:27:02.3 +
FIAO FINESS Array Site A0, 61.444 26.077 17.5 234.7 19:26:36.7 +

Finland

ARU Arti, Russia 56.429 58.562 18.9 177.1 19:26:54.3 19:30:16.4 - +
HFS Hagfors, Sweden 60.134 13.695 21.4 249.1 19:27:28.9 + +
NRS Narsarsuaq, Greenland 61.160 —-45.419 34.8 304.4 19:27:28.7 + +

 Epicentral distances and station azimuths were calculated with respect to the solution of Table 12

following: Nguations = 14; Nphases = 20; gap = 267°
(Table 10). The epicentral distances varied from 712 to
1523 km.

According to the new location of the 2006 seismic
event, the epicenter is shifted 73 km (Fig. 4) to the
south-east with respect to the initial coordinates. The
epicenter is located in the Barents Sea 25 km from the
southern part of Yuzhniy Island. It is impossible to
compute the focal depth of the event reliably due to
the small number of available stations and phases. The
maximum of the rating function is obtained at a depth of

Table 8 Phase picks for the 23 February 2002

35 km. The area of the error ellipse is 2388 km?. The
size of the ellipse can be explained by the wide azimuth-
al gap and the narrow range of epicentral distances
(Fig. 5, Table 13).

3.8 11.11.2009 seismic event

The seismic event that occurred on November 11, 2009
was registered at the seismic stations of the ISUH.
According to these data, the epicenter was located in
the Barents Sea 160 km from the shores of the Yuzhniy

Station Latitude Longitude Distance” Azimuth® P pick S pick ISC This
(©) ©) (©) ©) hh/mm/ss.0  hh/mm/ss.0 study

Code  Name, country

LVZ  Lovozero, Russia 67.898 34.651 9.3 237.5 01:23:31.7 - + o+

KEV  Kevo, Finland 69.755 27.007 9.9 2574 01:23:38.67 01:25:21.09 + +

SPAO  Spitsbergen Array Site AQ, Norway 78.177 16.370 10.0 311.0 01:23:39.1  01:25:32.65 + +

ARAO ARCESS Array Site A0, Norway ~ 69.535 25.506 10.5 2583 01:23:43.71 01:25:38.08 + +

KBS  Kingsbay, Norway 78.926 11.942 10.9 314.9 01:23:51.01 01:25:49.36 + +

JOF Joensuu, Finland 62.918 31.312 14.3 230.2 01:24:34.76  01:27:02.29 + +

KAF Kangasniemi, Finland 62.113 26.306 16.1 236.6 01:24:59.56 - + +

FIAO  FINESS Array Site A0, Finland 61.444 26.077 16.8 235.8 01:25:07.92 - +  +

TIXI  Tiksi, Russia 71.649 128867 203 60.7 01:25:50.1  01:29:30.7 + +

NOA  NORSAR Array Beam Reference ~ 61.040 11215 208 254.5 01:25:58.96 - + o+
Point, Norway

NRAO NORESS Array Site A0, Norway — 60.735 11.541  21.0 253.6 01:26:01.76 - + o+

NAO  NORSAR Subarray 1A Beam 60.824 10.832  21.1 254.6 01:26:03.0 - + o+
Reference Point

MKAR Makanchi Array Beam Reference ~ 46.794 82290 299 142.1 01:27:274 - + o+
Point, Kazakhstan

BILL  Bilibino, Russia 68.039  166.271 31.2 429 01:27:30.1 - + o+

* Epicentral distances and station azimuths were calculated with respect to the solution of Table 12
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Fig. 5 Maps showing the relocated epicenters of seismic events in the area of the Novaya Zemlya Archipelago: / seismic stations; 2 initial

coordinates; 3 new coordinates
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Table 9 Phase picks for the 10 November 2002

Station Latitude Longitude Distance® Azimuth® P pick S pick Institute of seismology ~ This
©) ©) ©) ©) hh/mm/ss.0  hh/mm/ss.0 (University of Helsinki)  study

Code Name, country

LVZ  Lovozero, Russia 67.897  34.651 5.6 2499 - 11:07:09.7 -

KEV  Kevo, Finland 69.755  27.007 74 2753 11:06:28.7 11:07:50.1 +

ARAO ARCESS Array Site 69.535  25.506 7.9 274.8 11:06:36.3 11:08:01.9 + +
A0, Norway

JOF  Joensuu, Finland 62918 31.312 10.1 230.8 11:07:04.4 11:08:53.0

KJN  Kajaani, Finland 64.085  27.711 10.2 242.1 - 11:08:51.9

SPAO Spitsbergen Array ~ 78.177  16.370 11.5 326.5 11:07:20.6  11:09:18.9

Site A0, Norway

* Epicentral distances and station azimuths were calculated with respect to the solution of Table 12

Island. The ISUH calculated the hypocenter based on
the following: Ngaions = 16, gap = 267°. The minimum
epicentral distance is 684 km (Table 1).

The waveform data of the LVZ, OBN, and PUL
Russian stations were also analyzed in respect to this
seismic event. Stations LVZ and PUL detected seismic
phases of the seismic event (Table 11). Thus, a reloca-
tion procedure was held based on the following:

Table 10 Phase picks for the 30 March 2006

Ngtations = 18; Nphases = 335 gap = 235°. The epicentral
distances varied from 623 to 1880 km.

According to the new location of the 2009 seismic
event, the epicenter is shifted 11 km to the south with
respect to the initial coordinates reported by the ISUH.
Thus, the epicenter is located in the Barents Sea 160 km
from the shores of Yuzhniy Island. It is impossible to
compute the focal depth of the event reliably due to the

Station Latitude Longitude Distance” Azimuth® P pick S pick ISC This
©) ©) ©) ©) hh/mm/ss.0 hh/mm/ss.0 study
Code Name, country
LVZ  Lovozero, Russia 67.897 34.651 6.4 250.3 - 10:46:55.7 + +
APZ9 Apatity, Russia 67.569  33.405 7.1 2504 - 10:49:08.7 + o+
APAO Apatity Array Site AO, Russia 67.606  32.992 7.2 251.4 - 10:49:14.6 + o+
KEV  Kevo, Finland 69.755  27.007 8.2 2734 10:48:04.2 10:49:35.4 + o+
ARAO ARCESS Array Site A0, 69.535 25506 8.7 2733 10:48:11.2 10:49:49.1 + o+
Norway
KU4 Liikasenvaara, Finland 66.365 29.579 9.0 250.2 10: 48:14.0 10:49:53.8 + +
SGF  Sodankyla, Finland 67.442  26.526 9.3 260.2 - 10:50:02.2 + o+
KIF Kilpisjarvi, Finland 69.004  20.802 10.5 274.1 10:48:34.5 10:50:30.9 + o+
JOF  Joensuu, Finland 62918  31.312 11.1 2335 - 10:50:38.4 + o+
KIN  Kajaani, Finland 64.085  27.711 11.2 2439 - 10:50:41.8 + o+
SPAO  Spitsbergen Array Site A0,  78.177 16.370 11.5 324.1 10:48:48.1 10:50:50.8 + o+
Norway
SUF  Sumiainen, Finland 62.719 26.150 11.8 2332 - 10:51:17.63 + +
KBS Kingsbay, Norway 78.926  11.942 12.6 326.1 10:49:02.0 10:51:19.2 + o+
FIAO FINESS Array Site A0, 61.443  26.077 13.7 238.8 10:49:14.67 - + o+

Finland

 Epicentral distances and station azimuths were calculated with respect to the solution of Table 12

@ Springer



J Seismol (2017) 21:1439-1466 1461
Table 11 Phase picks for the 11 November 2009
Station Latitude Longitude Distance” Azimuth® P pick S pick Institute of This
©) ©) ©) ©) hh/mm/ss.0  hh/mm/ss.0 seismology study
Code Name, country (University of
Helsinki)
LVZ  Lovozero, Russia 67.897  34.651 5.6 236.7 04:19:48.3  04:20:47.2 — +
APA  Apatity, Russia 67.569  33.405 6.1 235.9 04:19:50.1  04:20:58.1 + +
KEV  Kevo, Finland 69.755  27.007 6.71 264.4 04:20:01.1 04:21:17.0 + +
VRF  Varrio, Finland 67.748  29.609 6.98 245.8 04:20:03.0 04:21:20.5 + +
ARAO ARCESS Array Site 69.535  25.506 7.28 264.6 04:20:07.6  04:21:28.3 + +
A0, Norway
SGF  Sodankyla, Finland 67.442  26.526 8.09 249.7 04:20:17.9 04:21:47.1 + +
KTKI1 Kautokeino, Norway  69.011  23.237 8.24 263.8 04:20:21.6  04:21:52.6 + +
HEF  Hetta, Finland 68.408  23.660 8.41 259.6 04:20:22.1  04:21:55.8 + +
MSF  Maaselka, Finland 65911  29.040 8.44 237.2 04:20:22.7 04:21:55.0 + +
RNF  Rovaniemi, Finland 66.609  26.014 8.79 246.3 04:20:27.6  04:22:03.7 + +
KIF  Kilpisjarvi, Finland 69.004  20.802 9.02 266.5 04:20:31.6  04:22:10.5 + +
SPITS Spitsbergen Array 78177 16370 10.21 3242 04:20:45.3 - + +
Beam Reference
Point, Norway
KJN  Kajaani, Finland 64.085  27.711 10.23 2329 04:20:45.8 04:22:373 + +
KBS  Kingsbay, Norway 78.926  11.942 11.32 326.0. 04:20:594 - + +
SUF  Sumiainen, Finland 62.719  26.150 11.8 231.9 04:21:06.2 04:23:11.9 + +
KEF  Keuruu, Finland 62.166  24.866 12.6 2329 - 04:23:314 + +
PUL  Pulkovo, Russia 59.772 30322 13.4 218.6 04:21:35.5 04:23:59.0 - +
OBN  Obninsk, Russia 55113 36.568 16.9 200.9 04:22:25.8 04:25:32.6 + +
? Epicentral distances and station azimuths were calculated with respect to the solution of Table 12
Table 12 Phase picks for the 04 March 2014
Station Latitude Longitude Distance” Azimuth® P pick S pick Arkhangelsk ~ This
©) ©) ) ©) hh/mm/ss.0 hh/mm/ss.0 seismic study
Code Name, country network
AMDE Amderma, Arkhangel’skaya 69.761  61.678 52 160.7 04:43:45.2  04:44:37.0 + +
Oblast’, Russia
ZFI2 Zemlya Franca-locifa2, 80.809  47.655 6.4 346.9 04:44:08.2 04:45:163 + +
Arkhangel’skaya Oblast’,
Russia
HOPEN Hopen, Svalbard,Norway 76.510  25.010 8.0 297.9 04:44:28.0 04:45:52.8
SPAO  Spitsbergen Array Site A0,  78.178  16.370 9.8 309.0 04:44:56.2  04:46:42.0
Norway
KEV Kevo, Finland 69.755  27.007 10.2 256.0 04:44:59.7 04:46:51.8
AREO  ARCESS Array Site EO, 69.535  25.506 10.7 257.1 04:45:10.1 04:47:04.1
Norway
KBS Kingsbay, Norway 78926  11.942 10.7 3132 04:45:07.1 04:47:033 +
ARU Arti, Russia 56429  58.561 18.3 176.8 04:46:45.4 — -
OBN Obninsk, Russia 55.113  36.568 21.1 213.1 04:47:212 - -

 Epicentral distances and station azimuths were calculated with respect to the solution of Table 12
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Fig. 6 Maps showing the relocated epicenters of 04.03.2014 seismic event and waveform data: / seismic stations; 2 initial coordinates; 3
new coordinates

small number of available stations and phases. The area narrow range of epicentral distances (Fig. 5, Table 13).
of the error ellipse is 1304 km?. The size of the ellipse The initial epicenter is located within the error ellipse of
can be explained by the wide azimuthal gap and the the new epicenter. Thus, both solutions are correct.
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3.9 04.03.2014 seismic event

The seismic event on March 04, 2014 was registered at
the stations of the Arkhangelsk seismic network. Initial-
ly, the relocation procedure was performed using the
waveform data of the seismic stations belonging to the
NORSAR and the Norwegian National Seismic Net-
work (BER network). The epicenter was calculated
based on the following: Nggions = 4, gap = 309°
(Table 1). The epicenter is located in the area of the
Mashigina Bay of the Barents Sea on the shores of
Severniy Island.

The waveform data of the events from the ARU,
LVZ, OBN, NRIL, and ZFI2 Russian stations were
analyzed. Waveform data of the KBS (78.9°N/11.9°E)
and HOPEN (76.5°N/25.0°E) seismic stations were also
analyzed. Seismic phases were identified at the OBN,
ARU, KBS, HOPEN, and ZFI stations (Table 12). The
ARU and OBN station records are noisy and the phases
P are not seen clearly (Fig. 6). The NAS program, due to
its generalized beamforming algorithm, ignores those
phases that do not match the majority of the others. Such
ignored phases do not influence on the event location.
For the event 04.03.2014, the program has used the
phases of these stations. It means that the phases corre-
spond to the others within the limits of onset picking
uncertainties (At, = 0.5 s and Aty = 1 s). Thus, a
relocation procedure was performed based on the fol-
lowing: Ngtations = 93 Nphases = 16; gap = 174° (Table 12).
The epicentral distances varied from 578 and 2346 km.

According to the new location of the 2014 seismic
event, the epicenter is shifted 52 km (Fig. 6) to the east
compared to the initial one. Thus, the epicenter is locat-
ed in the sea near the east coast of the Severniy Island. It
is impossible to compute the focal depth of the event
reliably due to the small number of available stations
and phases. The maximum of the rating function is
obtained at a depth of 40 km. The area of the error
ellipse is 1385 km?®. The size of the ellipse can be
explained by the wide azimuthal gap and the narrow
range of epicentral distances (Fig. 6, Table 13).

4 Conclusions
We have not found additional seismic phases in the
bulletins and waveform data for the 31.12.1992,

13.01.1996, 08.10.2003, 05.03.2006, 14.03.206,
26.06.2007, and 11.06.2010 seismic events shown in
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Table 1. These events also did not meet our require-
ments (at least 8 phases by 4 stations), so a relocation
procedure was not performed.

We also did not find additional seismic phases in the
bulletins and waveform data for the 16.08.1997 and
11.10.2010 seismic events in Table 1. Schweitzer and
Kennett (2007) and Gibbons et al. (2016) have obtained
satisfactory results based on all available bulletins and
waveform data, so a relocation procedure was not per-
formed in this case as well.

The relocation procedure was applied for 9 seismic
events registered in the area of the Novaya Zemlya
Archipelago (Fig. 7, Table 13). For the 01.08.1986,
13.06.1995, 23.02.2002, and 11.11.2009 events, the
initial epicenters are located within the error ellipses of
the new epicenters. Thus, both solutions for these events
are correct. For the 12.12.1974 and 15.11.1978 events,
the epicenters are located in the vicinity of a nuclear test
site, which could imply a possible anthropogenic nature.
It is impossible to compute the focal depths reliably for
most of the seismic events due to the small number of
available stations and phases. The 0-km maximum
depth of the rated function is inaccurate and must not
be taken into account. Other maximums of the rating
function are obtained at depths within the Earth’s crust.

It is known that to obtain the most realistic location of
seismic events, it is necessary to use data of all available
seismic stations and correct travel time model. In this
study, we have additionally used data from some Rus-
sian and Soviet seismic stations that previously were not
taken into account for hypocenter calculations. We have
considered several travel time models and selected one
with the best location accuracy for ground truth events
(Novaya Zemlya nuclear explosions). We have evaluat-
ed the uncertainties of the velocities specified in the
model and this made it possible to estimate correctly
(or even slightly overestimate) the errors of location and
depth determination. We believe that our results are true
within the estimated error intervals.

We deliberately did not try to relate the recalculated
epicenters to the active tectonic structures of the Novaya
Zemlya Archipelago. Future research will aim to identify
the relationship between geological and tectonic process-
es. The regional seismicity will be based on the overall set
of earthquakes that occurred during historic and instru-
mental periods, as well as paleoearthquake data.

The present results improve our knowledge of seis-
mic activity in the area of the Novaya Zemlya Archipel-
ago. Using for all relocated events, the same velocity
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Fig. 7 Map showing the relocated epicenters of seismic events in
the area of the Novaya Zemlya Archipelago: / new coordinates; 2
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dislocation with a break of continuity; 4 A, B, and C denote three

model, the same methodological approach, and all the
currently available waveform data and bulletins allowed
us to locate the earthquakes more realistically.
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