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1. SUMMARY

We have gathered thousands of Soviet-era analog recordings of seismic ground
motions, made at hundreds of locations on territory of the former U.S.S. R., from
numerous nuclear explosions. These recordings have been combined with metadata on
event location and characteristics of the recording system, into a modern digital database
now available at

http://www.LDEO.columbia.edu/Monitoring/digitized analog_FSUarchive

A large fraction of the new archive, of principal interest to some potential users, is
comprised of regional signals from explosions too small to be reliably identified via
teleseismic monitoring. The archive also includes signals recorded teleseismically from
explosions in Eurasia, the South Pacific, and the United States. The great majority of
signals are from underground nuclear explosions. The archive additionally includes
signals from large chemical explosions, from nuclear explosions conducted in the
atmosphere and underwater, and from earthquakes on or near nuclear test sites.

2. INTRODUCTION

Seismology is an observational science. Hence, the effort to understand details of
seismic signals from underground nuclear explosions requires analysis of waveforms
recorded from past nuclear explosions. Of particular interest in support of research and
development to improve explosion monitoring, are regional signals from explosions too
small to be reliably identified at great distance (i.e., teleseismically). But also of interest,
are signals from larger explosions, especially those for which the hypocentral parameters
are accurately known. For example, signals from such explosions enable evaluation of
travel-time models. The digitized seismograms can be used not only for developing new
methods for explosion monitoring, but to calibrate stations of the CTBTO International
Monitoring System, to investigate lithosphere and asthenosphere structure at the regions
where nuclear tests were conducted, and to investigate the ways in which nuclear
explosions have had an influence on the medium in which they were conducted.

We note that the great majority of stations operated today, even those in networks
built specifically for nuclear explosion monitoring, have never recorded explosion signals
at regional distances because most modern stations were installed long after the period
when most underground nuclear explosions were conducted; and the few nuclear
explosions that have occurred since the early 1990s were mostly recorded only at
teleseismic distances. Although regional data are the main focus of the project reported
here, we have acquired teleseismic signals, as well as signals from chemical explosions
and earthquakes. Most of our nuclear explosion seismograms are from testing conducted
underground, but some were in the atmosphere, and a few were under water.

Our purpose in digitizing the seismograms originally recorded via analog systems, is
of course to permit the application of modern methods of analysis, such as filtering to
pass or reject specific bands of frequency, and to enable objective methods of detecting
arrivals by comparison of short-time average and long-time average signals (STA/LTA).
For analog recordings of sufficiently high quality, it is even possible to take spectra and
work with spectral ratios. But in this project, more fundamentally, we accomplish the

1

Approved for public release; distribution is unlimited.



basic goal of making nuclear explosion waveform data openly available electronically.
Such access represents a huge improvement on previous practice with the original data
set, which required seismologists either to visit paper archives in Central Asia and to
become knowledgeable in details of instrument characteristics, or to establish a
collaboration with people who had the necessary access to unique paper archives in
different locations in Eurasia, and familiarity with their contents. Finally, as a goal in this
project, we can recognize that seismograms, recorded on photo paper and stored in
archives for a long time, tend to darken and become fragile; and ink records fade. By
scanning and digitizing, we effectively halt the loss of information associated with the
processes of degradation of the originally recorded signals.

Most of our data originated in Kazakhstan, with significant additions from
Kyrgyzstan. Continuous seismological observations started in Kazakhstan in 1927, and a
permanent station network has operated in the country since 1951 for detailed
investigation of seismicity. In addition to the permanent seismographic stations, many
temporary stations were installed at regional distances from test sites in order to record
nuclear explosions. Temporary stations were also installed to build up knowledge of
regional and teleseismic travel times from active earthquake source regions.

The effort to digitize nuclear explosions seismograms recorded in the former Soviet
Union was initiated in the 1990s under the International Science and Technology Centre
(ISTC) project K-063 using analog data from the Complex Seismological Expedition
(CSE) of the Institute of Physics of the Earth, Russian Academy of Sciences (IPE, RAS).
The Lamont-Doherty Observatory of Columbia University (LDEO) helped to organize
that work, writing the proposal to ISTC, which involved the U.S.A, Kazakhstan, and the
Russian Federation; providing NXSCAN' software for digitization; training; and
consultations. After the CSE closed in 2002 the work of storing the historical archive of
the nuclear explosion records was shut down until 2005, when the Institute of
Geophysical Research (IGR), Republic of Kazakhstan, started a program titled “Creation
of digital archive of historical seismograms of nuclear explosions and earthquakes,
recorded by the stations of special control” (2005 —2011). During this program, IGR
employees digitized more than 6000 analog seismograms of nuclear explosions that had
been recorded onto photo paper from the archives of various seismological organizations
of Kazakhstan, and of the Kyrgyzstan Institute of Seismology (National Academy of
Sciences, Kyrgyzstan Republic) (Beryozina et al., 2013).

In 2012 the present project (i.e. the subject of this report), on digitizing the historical
seismograms from archives held in Central Asia, was started as a collaboration between
LDEO and IGR. This project has entailed digitizing of archived seismograms recorded
with RVZT and CSE instruments (Aranovich et al., 1974), and creation of a common
database of nuclear explosions seismograms digitized under different projects.

From the 1990s and up to 2012 the digitization of historical analog seismograms was
possible only for those recorded photographically. However, the archives of CSE IPE
RAS contain thousands of seismograms recorded by ink pen on ordinary paper (i.e. non-
photographic). These records have a curvilinear shape as discussed further below, and
NXSCAN software cannot digitize such seismograms. The current project to digitize

' A manual for NXSCAN software is available from the website associated with this
report, given in the SUMMARY section above.
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historic seismograms from Kazakhstan archives has included digitization of curvilinear
seismograms recorded by RVZT and CSE instruments, and creation of a common
database of nuclear explosion seismograms digitized under the several previous projects.

3. PROCEDURES AND METHODS OF ANALYSIS

In this section we describe the main tasks into which the work of this project was
broken, the stations and instruments that we used and their principal characteristics, and
give a few examples of seismograms we have digitized.

3.1. Main Tasks of the Project

First, we selected and scanned analog seismograms that had been recorded in the
period from 1957 to 1998 from the archives of the Complex Seismological Expedition of
the Institute of Physics of Earth of the Russian Academy of Sciences (CSE IPE RAS),
from the Seismological Experiential-Methodological Expedition of the Republic of
Kazakhstan (SEME MES RK), from the Institute of Geophysical Research of the
Republic of Kazakhstan (IGR RK), and from the Institute of Seismology, National
Academy of Sciences, Kyrgyz Republic (IS NAS KR). Many seismograms recorded
photographically had been previously scanned and digitized, but not incorporated into a
modern database. In this present project we also scanned and digitized many
seismograms written with pen and ink on non-photographic paper.

Second, we digitized selected parts of the scanned seismograms. This work typically
took a few hours per seismogram.

Third, we created a common database for the digitized seismograms of nuclear
explosions, chemical explosions, and earthquakes near test sites—doing this work for the
previously-digitized records derived from photographic recordings, as well as for the
newly-digitized records derived from pen and ink recordings. The format is CSS3.0.

3.2. The Stations Used in this Project

Man-made nuclear explosions first took place in 1945 and the first Soviet nuclear
explosion was conducted in 1949. During this early period, continuous seismological
observations on the territory of Kazakhstan were implemented by use of stations located
mainly in the Northern Tien-Shan region (the mountains on Kazakhstan’s southern and
southeastern borders). At these stations an SKM-3 narrow-band instrument was installed
with amplification of 20,000-40,000 (Mikhailova and Kurskeev, 1995). At most of these
stations an SKD broadband instrument with amplification of 1000 was also installed; the
purpose of these stations was monitoring the earthquakes of the southern and
southeastern parts of Kazakhstan. Other seismic stations (stationary as well as
temporary, throughout the territory of the USSR) were included into the seismographic
network of the Complex Seismological Expedition (CSE), founded by the Institute of
Physics of the Earth (IPE), a part of the USSR Academy of Sciences (later, the Russian
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Academy of Sciences), and headquartered in Talgar. The goals of this network included
monitoring of earthquakes and study of the structure of the lithosphere, and also detection
and discrimination of nuclear tests at regional and teleseismic distances. All stations were
equipped with sensitive instruments such as SKM-3, USF, KSE and RVZT type with
amplification ranging from 40,000 to 120,000) (Aranovich et al., 1974). Most of these
stations were located at sites with a low level of seismic noise, allowing signals to be
obtained even from small underground nuclear explosions at teleseismic distances.

In Kyrgyzstan the archive of analog seismograms of the Institute of Seismology of
the National Academy of Science of the Kyrgyz Republic (IS NAS KR) contains
hundreds of thousands of seismograms, starting from 1927. By the early 1980s the
Kyrgyzstan network had grown to 31 fixed stations, dispersed throughout the country
(Beryozina et al., 2013). Some stations were installed in large cities of Kyrgyzstan, but
most of them were located on bedrock outcrops, in dry drifts, which allowed low seismic
noise levels and thus recording of small underground nuclear explosions. In addition to
the fixed stations, temporary local networks were deployed on the territory of Kyrgyzstan
at different times (Beryozina et al., 2013). In total, 166 seismographic stations operated
on the territory of Kyrgyzstan during Soviet times. A standard Kirnos SKM-3 instrument
with amplification 20,000 and an SKD instrument with amplitude of 1000 were installed
in all stations (Aranovich et al., 1974).

The archive of seismograms at the Institute of Geophysical Research includes the
records of USSR special monitoring stations that were located on the territory of
Kazakhstan at Kurchatov, Borovoye, Aktyubinsk and Makanchi.

The data on parameters of about 270 stations on the territory of former USSR have
been collected under the present project. They are given here as Appendix A, and are the
basis for the “site” tables we have created in CSS3.0 format. Their seismic records are
now kept in archives of Kazakhstan and Kyrgyzstan. Here, we may note that for many of
the stations we have used, the same station code was applied in practice for several
different locations at different times. Appendix A specifies the location of instruments in
different date ranges for a particular station code. (Modern practice is to assign a
different station code if an instrument is moved between two sites that are more than 12
meters apart. If such different locations are counted, then this project has entailed
digitization of instruments deployed at more than 400 sites.)

The accuracy of station coordinates entered into the database is different for different
stations. In some cases the coordinates were determined using topographic maps of
different scale, or taken from literature sources, and in other cases were determined by
GPS. For permanent stations of the SEME MES RK network, of the Kyrgyz Institute of
Seismology, the Tajik network, and the Uzbek network, coordinates were determined
under the ISTC CASRI Project. For Kyrgyzstan temporary stations the coordinates were
based on reports and information provided by personnel of the IS NAS KR. An additional
source of information for the coordinates of Central Asia stations has been the set of
research papers associated with the collection “Earthquakes in the USSR 1964-1991,”
and “Earthquakes of Northern Eurasia 1992-2004.”

Information about temporary stations CSE was taken from a manuscript based on
field notes, and checked using geographic maps.

Information on Kyrgyz stations was agreed with colleagues from IS NAS KR. Some
stations located in Central Asia belonged to CSE until ~1970, and after 1970 the stations
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were transferred to regional networks of other Republics of the USSR; at some stations
the instruments were changed, and others were moved to new coordinates. Thus
Appendix A includes information concerning which location to use in different date
ranges, and information about the stations belonging to a network.

Figure 1 shows the location of seismographic stations from which records were
digitized in this project. Seismograms of these stations are stored mainly in archives: of
SEME MES RK in Almaty city (Seismological Experimental-Methodological
Expedition); of CSE IPE RAS in Talgar town (Complex Seismological Expedition of the
Institute of Physics of the Earth); of IGR RK for seismographic stations Kurchatov,
Borovoye, Aktyubinsk, and Makanchi as noted above; and of IS KR in Bishkek city
(Institute of Seismology of Kyrgyzstan). The majority of these station locations are in
Kazakhstan, Kyrgyzstan and southern Siberia.

270 Seismographic Stations Used in the Digitized Analog Seismogram Archive
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Figure 1. A map of station locations (triangles), from which seismograms were digitized
in this project.

3.3. The Instruments Used in this Project, and their Responses

Figure 2 shows the main types of instruments, which have been used at analog
stations of Kazakhstan and Central Asia since the 1960s, and Tables 1 — 3 list the
principal characteristics of the most important sensors and recording systems. Recording
on photographic paper enables a straightforward procedure for digitizing after scanning,
and such work began at IGR RK long prior to the present project. As we describe below,
in the present project we also undertook the digitization of curvilinear seismograms with
registration by pen and ink on regular paper.
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Figure 2. The main seismometer types used at analog seismographic stations in this project: a)
SGKM-3, b) SVKM-3, ¢) SGKD, d) SVKD, e) USF, f) RVZT, g) KSE.
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f) g)

Figure 2. The main seismometer types used at analog seismographic stations in this
project: a) SGKM-3, b) SVKM-3, ¢) SGKD, d) SVKD, e) USF, f) RVZT, g) KSE
(continued).

Most of the permanent stations used in this project produced analog seismograms
recorded by a three-component, short-period seismograph known as SKM, consisting
of a short-period seismometer, SM2, with natural period 1 — 2 s and nominal damping
constant of about 0.5 (slightly under-damped), and a galvanometer (type GB-4) which
recorded on photographic paper. The SKM seismograph had various standard
configurations for its seismometer and galvanometer settings. Among those
seismograph settings, about five instrument configurations are used in the digitized
analog archive. Detailed instrument constants of those SKM seismographs are listed
in Table 1 and Table 2, and their displacement amplitude responses are plotted in
Figure 3a. Among the five configurations, SKM-2 (7= 1.5s) and SKM-4 (7, = 2.0s)
are the ones most often used by permanent stations. Our final data products include
instrument responses of SKD seismographs in terms of poles and zeroes, and others in
terms of frequency-amplitude-phase (fap) response files.
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SKM Responses
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Figure 3a. Displacement amplitude response curves of five SKM seismographs used in
the digitized analog seismogram archive are plotted against period in seconds.
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Most permanent seismographic stations were also equipped with a three-
component, long-period (broadband) seismograph known as SKD. Two types of
configuration were used, namely SKD-1 with 7= 25 s, and SKD-2 with 7= 20s. A
few records were derived from an SK seismograph with intermediate period band (7=
12.5s). Displacement amplitude responses of these long-period seismographs are
plotted in Figure 3b and their instrument constants are given in Table 3. The SKD
seismographs have relatively wide pass bands (see Table 1), namely 0.05 — 10 Hz,
which indicates that it is similar to a modern intermediate range broadband
seismometer (see Figure 3b).

SKD Responses
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Figure 3b. Displacement amplitude response curves of SKD-1 (7= 25s), SKD-2
(To=20s), and SK (7p= 12.5) seismographs. These responses indicate that SKD
seismographs have a wide passband and are intermediate-range broadband seismographs.
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The RVZ-T seismograph is also widely used in the digitized analog data. RVZ-T is
four channel system that recorded on a long narrow paper strip (180 cm by 29 cm) on a
rotating drum using an ink pen. The RVZ-T system used the SM2 seismometer, which
has a relatively wide frequency response range (see Figure 3c). The RVZ-T instrument
response is given in our database in terms of poles and zeros. The ink pen recorder
electronic circuit and mechanical system functions effectively as a low-pass filter, and we
assumed it as either a 2™ or a 4™ order Butterworth low-pass filter. The amplitude
responses given in Table 1 are the theoretical values based on those poles and zeros.

The KSE-1 seismograph is a single vertical-component system that was widely used
as a portable seismograph. At most of the temporary stations operated by CSE (Talgar
Complex Seismological Expedition), the KSE-1 seismograph supplemented the RVZ-T
seismograph. The KSE-1 seismograph has a relatively narrow pass band with high gain
settings (300 — 1,000 K) (see Table 1 and Figure 3c).

RVZ-T & KSE-1 Responses
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Figure 3c. Displacement amplitude responses of two short-period seismographs, the
RVZ-T and KSE-1 systems. KSE-1 has a relatively narrow band, but high gain.
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The characteristics of the analog seismographs — SKM3, SKD, KSE-1, and RVZ-T
are obtained from Aranovich et al. (1974). Their instrument responses are given in terms
of poles and zeros, or fap (frequency-amplitude-phase) in CSS 3.0 relational database
tables, specifically via .sensor and .instrument tables (Anderson & Farrell, 1990).

3.4. Scanning Procedures

Analog seismograms were scanned at the Data Center in Almaty using two large-
format scanners, namely:
1. a Calcomp Contex, format A0, purchased under the ISTC K-063 Project in
1998, with CADIMAGE software, and
2. amonochrome scanner HD ULTRA i4210s, format A0+ using software
Nextimage Scan+Archive, purchased in 2012.
Scanning was conducted in grey-scale mode with resolution 400 DPI for the
Calcomp Contex scanner and 1200 DPI for the HD ULTRA i4210s scanner.
In total, more than 6200 seismograms were scanned, including
527 seismograms of large chemical explosions from Central Asia,
896 seismograms of nuclear explosions at the Novaya Zemlya Test Site, and
3212 seismograms of nuclear explosions at the Semipalatinsk Test Site.
The files of scanned seismograms totaled 136.8 Gb.
All scanned and digitized seismograms were transmitted to LDEO via a hard disk.

3.5. Examples of Digitized Seismograms—from Photographic Records

NXSCAN software was used, to digitize the scanned seismograms. They were
digitized at 40 samples per second. Fragments of analog seismograms digitized by
NXSCAN are saved in SAC (Seismic Analysis Code) format (Tapley and Tull, 1992),
and then converted into CSS 3.0 format (Center for Seismic Studies v.3.0, Anderson and
Farrell, et al., 1990). The database of each digitized record was created by IGR with the
following CSS 3.0 tables: wfdisc, site, sitechan, assoc, origin. Later, a sensor table was
created by IGR and LDEO.

Figure 4a shows an example of an original (analog) seismogram, recorded via the
SKD system, and the digitized results, in Figure 4b, for a nuclear explosion at the
Semipalatinsk Test Site. Figure 4c shows digitized results for a chemical explosion
recorded at a station that deployed both the SKM and SKD systems. It is useful to have
been able to work from analog recordings made on systems with such different
instrument responses (SKM, short period; SKD, intermediate-range broadband).
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Approved for public release; distribution is unlimited.



Figure 4. a) Three-component seismogram of the nuclear explosion conducted at the
Semipalatinsk Test Site on December 27, 1987, t,= 03:05:07.2, (49.87944°N,
78.72500°E), mb = 6.0. Analog record (Ak-Kiya station, SKD) on photo paper.

Figure 4 b) Digitized version of Figure 4a.
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Figure 4 ¢) Digitized seismograms for the chemical explosion Uch-Terek of June 11,
1989, 6:59:52, recorded by SKM and SKD instruments. Alma-Ata station.

3.6. Example of a Digitized Seismogram —from a Pen-and-Ink Record

For an analog seismogram written by pen and ink, the trace is curved to a degree that
is inversely proportional to the length of the arm of the pen. Although the time axis is
straightforward, digitization is complicated by the fact that in the direction perpendicular
to the time axis, there can be two or more intersections with the original seismogram
trace, for each point in time. We therefore developed a computer code to correct for
curvilinear pen motion directly on scanned images. In order to correct the traces for the
curvilinear pen motion, we need to know the length of the pen arm or radius of the arc
generated by the pen motion. The code has been adapted on MATLAB, to utilize its easy
handling of images and graphics. The code, called DEARC and written at LDEO by Kim
and Gold, can be run in a variety of environments, since the MATLAB package runs on
different computer systems. It was installed in this project at IGR in Almaty,
Kazakhstan. The correction is carried out directly on the scanned image working with
pixels. Essentially, each pixel is moved laterally to the location that would be appropriate
if the pen had an arm of infinite length.

Figure 5 shows an example of a curvilinear seismogram, its appearance after
application of DEARC (transformation into standard form so that there is one amplitude
value for each time value), and a digitized fragment of the record.
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b)

c)

Figure 5. The seismogram of a peaceful nuclear explosion, conducted on August 20,
1972, origin time = 03:00:00, (49.400°N, 48.142°E), recorded by the Abalakovo station
ABAL, on an RVZT instrument, E-W component. a) original seismogram, b)
seismogram transformed using DEARC software, c) digitized seismogram.

4. CHEMICAL AND NUCLEAR EXPLOSION AND EARTHQUAAKE
DATA SETS IN DIFFERENT SOURCE REGIONS

We have classified the digitized seismograms by source type, source region (e.g., test
site), event, and instrument. For purposes of description in this section of the report, the
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thousands of digitized records are organized into thirteen groups, each associated with a
particular source region and source type.

In building the digital database, metadata characterizing seismic sources were taken
from a variety of publications. For many nuclear explosions, we used

http://www.johnstonsarchive.net/nuclear/tests/index.html

for source parameters.

For small nuclear explosions not characterized by this URL, we used information
from Khalturin et al. (2001).

For air and surface explosions, parameters were determined using analog
seismograms and space images as described in Sokolova and Velikanov (2013).

For peaceful nuclear explosions (PNEs), the information was taken from Fujita et al.
(2013).

For nuclear explosions at Lop Nor the information is from Waldhauser et al. (2004).

For chemical explosions the information is from Khalturin et al. (1998), Khalturin et
al. (2001), and Adushkin ef al. (1995).

4.1. Large Chemical Explosions in Central Asia

401 seismograms of large chemical well-recorded research explosions conducted on
the territory of Central Asia in 1966 — 1989 have been digitized; the distance range was
16 — 1802 km. Figure 6 shows the map of chemical explosion epicenters and station
locations from which records were used for digitization. Figure 7a shows the distribution
of digitized records by distance, Figure 7b shows the distribution of digitized records by
my, values, Figure 8 shows an example of the digitized seismogram of chemical explosion
Uch-Terek.

Appendix B gives the parameters of the digitized seismograms of large chemical
explosions in our database.
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Figure 6. A map of chemical explosion epicenters and seismic stations, from which
records were digitized. Stars — explosion epicenters, triangles — seismic stations.
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Figure 7a Distribution of epicentral distances of the digitized records of large chemical
explosions in Central Asia.
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Figure 7b Distribution of my, values of the digitized records of large chemical explosions
in Central Asia.

Figure 8. A digitized seismogram of the calibration explosion Uch-Terek, Feb 02, 1975,
(41.88°N, 73.26°E), recorded at station KAC.
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4.2. Nuclear Explosions, Lop Nor Test Site, China

537 seismograms of atmospheric and underground nuclear explosions conducted at
Lop Nor Test Site, China, in 1965 — 1996 have been digitized; the distance range is 698 —
2003 km. Figure 9 shows the map of nuclear explosion epicenters and station locations
from which records were used for digitization. Figure 10a shows the distribution of
digitized records by distance, Figure 10b shows the distribution by my, values, Figure 11
shows an example of a digitized seismogram of the nuclear explosion conducted at Lop
Nor on December 12, 1984, recorded at Ala-Archa station (SKM instrument).

Appendix C gives the parameters of the digitized seismograms of nuclear explosions
for the Lop Nor Test Site in our database.

Figure 9. A map of Lop Nor Test Site nuclear explosion epicenters and stations, from
which records were used for digitization. Stars — explosion epicenters, triangles — seismic
stations.
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Figure 10a. Distribution of epicentral distances of the digitized records of nuclear
explosions conducted at the Lop Nor Test Site.
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Figure 10b. Distribution of my, values of the digitized records of nuclear explosions
conducted at the Lop Nor Test Site.
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Figure 11. Example of a digitized seismogram of the nuclear explosion conducted at the

Lop Nor Test Site, December 19, 1984, (41.736°N, 88.425°E), m, = 4.7, Ala-Archa
station (SKM instrument).

4.3. Earthquakes, Lop Nor Test Site, China

195 earthquake seismograms for 1967 — 1999 have been digitized; the distance range
was 539 — 1545 km. Figure 12a shows a distribution diagram of the digitized
seismograms by distances, Figure 12b shows a distribution diagram of the digitized
seismograms by my, values, Figure 13 shows an example of a digitized seismogram for
the earthquake near Lop Nor Test Site on January 21,1990, (41.534°N, 88.728°E),
station AAA.

Appendix D gives the parameters of digitized earthquake seismograms from the Lop
Nor Test Site region in our database.
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Figure 12a. Distribution of epicentral distances of digitized earthquakes records for the
Lop Nor Test Site.
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Figure 12b. Distribution of my, values of digitized earthquakes records for the Lop Nor
Test Site region.
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Figure 13. An example of a digitized seismogram for the earthquake which occurred near
the Lop Nor Test Site on January 21, 1990, 07:53:31.9, (41.534°N, 88.728°E), station
AAA.

4.4. Nuclear Explosions, Novaya Zemlya Test Site, USSR

717 seismograms of atmospheric, underground, above-water and under-water nuclear
explosions for 1961 — 1990 have been digitized; the distance range was 1266 — 4411 km.
Descriptions of these explosions and a history of this test site are given by Khalturin ez al.
(2005). Figure 14 shows a map of nuclear explosion epicenters and location of stations
for which records were used for digitization. Figure 15a shows a distribution diagram of
the digitized nuclear explosions seismograms from Novaya Zemlya Test Site by
distances, Figure 15b shows a distribution diagram of the digitized nuclear explosions
seismograms from Novaya Zemlya Test Site by my, values, Figure 16 shows an example
of a digitized seismogram from the nuclear explosion conducted at this test site on
October 24, 1990, (73.361°N, 54.707°E), m, = 5.7, TLG station.

Appendix E gives parameters of the digitized seismograms of nuclear explosions for
the Novaya Zemlya Test Site region in our database.
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Figure 14. A map showing nuclear explosion epicenters at the Novaya Zemlya Test Site,
and the location of stations from which records were used for digitization. Stars —
explosion epicenters, triangles — seismic stations.
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Figure 15a. Distribution of epicentral distances of the digitized records of nuclear
explosions, for the Novaya Zemlya Test Site.
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Figure 15b. Distribution of m;, values of digitized records of nuclear explosions for the
Novaya Zemlya Test Site region.

Figure 16. Example of a digitized seismogram of the nuclear explosion conducted at
Novaya Zemlya Test Site on October 24, 1990, (73.361°N, 54.707°E), my, = 5.7, TLG
station.

4.5. Peaceful Nuclear Explosions, USSR

1074 seismograms of peaceful nuclear explosions for 1965 — 1988 were digitized; the
distance range was 521 — 6729 km. Figure 17 shows a map of nuclear explosion
epicenters, and the location of stations from which records were digitized. Figure 18a
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shows the distribution of the digitized peaceful nuclear explosion seismograms conducted
on the USSR territory by distance, and Figure 18b shows the distribution by m, values.
Figure 19 shows an example of a digitized seismogram from the peaceful nuclear
explosion on October 3,1987, (47.60°N, 56.20°E), m, = 5.3, MNAS station.

Appendix F gives parameters of the digitized peaceful nuclear explosion seismograms
in our database.

Figure 17. A map of epicenters for peaceful nuclear explosions conducted on the
territory of the USSR and the location of stations from which records were used for
digitization. Stars — explosion epicenters, triangles — seismic stations.
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Figure 18a. Distribution of epicentral distances of the digitized records of peaceful
nuclear explosions.
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Figure 18b. Distribution of m;, values of the digitized records of peaceful nuclear
explosions.

Figure 19. An example of a digitized seismogram of the peaceful nuclear explosion on
October 3, 1987, (47.60°N, 56.20°E), m, = 5.3, MNAS station.

4.6. Nuclear Explosions, Pokharan Test Site, India

54 seismograms of underground nuclear explosions for 1974 — 1998 have been
digitized; the distance range was 1379 — 2955 km. Figure 20 shows a map of nuclear
explosion epicenters and the location of stations from which records were used for
digitization. Figure 21 shows a distribution of the digitized nuclear explosion
seismograms by distance for explosions conducted at the Pokharan Test Site, Figure 22
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shows an example of a digitized seismogram from the nuclear test at the Pokharan Test
Site on May 11, 1998, (27.105°, 71.802°E), my, = 5.2, NRN station. (This nuclear test
consisted of near-simultaneous multiple explosions.)

Appendix G gives parameters of the digitized seismograms of nuclear explosions for
Pokharan Test Site region in our database.

Figure 20. A map of epicenters for underground nuclear explosions conducted at the
Pokharan Test Site, and of stations from which records have been used for digitization.
Stars — explosion epicenters, triangles — seismic stations.
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Figure 21. Distribution of epicentral distances of the digitized records of nuclear
explosions for the Pokharan Test Site.

Figure 22. A digitized seismogram for the nuclear explosion at the Pokharan Test Site on
May 11, 1998, (27.105°N, 71.802°E), m, = 5.2, NRN station.
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4.7. Nuclear Explosions, Chagay Test Site, Pakistan

32 seismograms of underground nuclear explosions for 1998 at this site were
digitized; the distance range was 1344 — 2666 km. This nuclear test, on May 28, 1998,
like many others conducted at other test sites around the world, consisted of near-
simultaneous multiple explosions. Figure 23 shows a map of nuclear explosion
epicenters and the location of stations from which records were digitized. Figure 24
shows the distribution of digitized nuclear explosion seismograms by distance for
explosions conducted at the Chagay Test Site, Figure 25 shows an example of a digitized
seismogram from the nuclear explosion at the Chagay Test Site on May 28, 1998,
(28.902°N, 64.789°E), my, = 4.8, OHH station.

On May 30, 1998, when Pakistan conducted a second nuclear test at 06: 55: 00.0,
there was also an earthquake on the border of Tajikistan and Afghanistan (37.106°N,
70.11°E), of magnitude 6, at 06: 22: 28.9. The nuclear test signals are small compared to
the earthquake signals on analog stations in Kirgizstan and in the south and southeast of
Kazakhstan. The explosion record can be seen in digitally recorded data of stations in
Kazakhstan, notably BRVK, VOS, ZRNK, CHKZ, and the Kurchatov cross array.

Appendix H gives parameters of the digitized seismograms of the May 28, 1998,
nuclear explosion at the Chagay Test Site in our database.
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Figure 23. A map of the underground nuclear test epicenter at the Chagay Test Site, and
the location of stations from which records were used for digitization. Star — explosion
epicenter, triangles — seismic stations.
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Figure 24. Distribution of epicentral distances of the digitized records of the nuclear test
at the Chagay Test Site, Pakistan.

Figure 25. An example of a digitized seismogram from nuclear test at the Chagay Test
Site on May 28, 1998, (28.902°N, 64.789°E), m;, = 4.8, OHH station.
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4.8. Nuclear Explosions, In Ekker Test Site, now in Algeria, by France

79 seismograms of underground nuclear explosions for 1962 — 1966 were digitized,
the distance range was 6500 — 8500 km. Figure 26 shows a map of nuclear explosion
epicenters and the location of stations from which records were digitized. Figure 27
shows the distribution of digitized nuclear explosion seismograms by distance for
explosions conducted at the In Ekker Test Site, Figure 28 shows an example of a
digitized nuclear explosion seismogram from the In Ekker Test Site conducted on
February 16,1966, (24.0441°N, 5.0412°E), m, = 4.9, KRM station.

Appendix I gives parameters of the digitized nuclear explosion seismograms in our
database for the In Ekker Test Site.

Figure 26. A map of underground nuclear explosion epicenters at the In Ekker Test Site
and location of stations from which records were digitized. Stars — explosion epicenters,
triangles — seismic stations.
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Figure 27. Distribution of epicentral distances of the digitized records of nuclear
explosions for the In Ekker Test Site.

Figure 28. An example of a digitized seismogram from a nuclear explosion at the In
Ekker Test Site on February 16, 1966, (24.0441°N, 5.0412°E), m, = 4.9, KRM station.

4.9. Nuclear Explosions, Amchitka Test Site, USA

21 seismograms of underground nuclear explosions for 1965 — 1971 were digitized;
the distance range was 5588 — 8021 km. Figure 29 shows the map of nuclear explosion
epicenters (effectively, all at the same site) and the location of stations from which
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records were digitized. Figure 30 shows a distribution of the digitized nuclear explosion
seismograms by distance for explosions conducted at the Amchitka Test Site, Figure 31
shows an example of a digitized record from the Amchitka Test Site explosion of October
29, 1965, (51.4381°N, 179.1826°E), Tereksay station (TERS).

Appendix J gives parameters of the digitized seismograms in our database, for
nuclear explosions conducted at the Amchitka Test Site.

Figure 29. The map of underground nuclear explosion epicenters at the Amchitka Test
Site and stations from which records were used for digitization. Stars — explosion
epicenters, triangles — seismic stations.
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Figure 30. Distribution of epicentral distances of the digitized records of nuclear
explosions for the Amchitka Test Site.
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Figure 31. An example of a digitized seismogram for the nuclear explosion at the
Amchitka Test Site on October 29, 1965, (51.4381°N, 179.1826°E), Tereksay station
(TERS).

4.10. Nuclear Explosions, Mururoa Test Site, South Pacific, by France

260 seismograms of underground nuclear explosions for 1968 — 1996 have been
digitized; the distance range was 15256 — 16907 km. Figure 31 shows a map of nuclear
explosion epicenters and the location of stations from which records were digitized.
Figure 33 shows a distribution of the digitized nuclear explosion seismograms by
distance for explosions conducted at the Mururoa Test Site, and Figure 34 shows an
example of a digitized seismogram from the nuclear explosion at the Mururoa Test Site
on January 27, 1996, (22.236°S, 138.81°W), URVKG station.

Appendix K gives parameters of the digitized seismograms of nuclear explosions for
Mururoa Test Site in our database.
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Figure 32. A map of underground nuclear explosion epicenters at the Mururoa Test Site,
and the location of stations from which records were digitized. Stars — nuclear explosion
epicenters, triangles — seismic stations.
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Figure 33. Distribution of epicentral distances of the digitized records of nuclear
explosions for the Mururoa Test Site region.
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Figure 34. An example of a digitized seismogram for the nuclear explosion conducted at
Mururoa Test Site on January 27, 1996, (22.236°S, 138.81°W), station URVKG.

4.11. Nuclear Explosions, Nevada Test Site, USA

392 seismograms of underground nuclear explosions at this test site for 1963 — 1992
were digitized; the distance range was 5588 — 8021 km. Figure 35 shows a map of
nuclear explosion epicenters and the location of stations from which records were
digitized. Figure 36 shows a distribution of the digitized nuclear explosion seismograms
by distance for explosions conducted at the Nevada Test Site, and Figure 37 shows an
example of a digitized record from the Nevada Test Site on September 16, 1969,
(37.314°N, 116.46°W), Volodarskoye station (VOL), RVZT instrument.

Appendix L gives parameters of the digitized seismograms of nuclear explosions for
Nevada Test Site in our database.

Figure 35. A map of underground nuclear explosion epicenters on the Nevada Test Site
and location of stations from which records were digitized. Stars — nuclear explosion
epicenters, triangles — seismic stations.
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Figure 36. Distribution of epicentral distances of the digitized records of nuclear
explosions for the Nevada Test Site region.

Figure 37. An example of a digitized record, from the underground nuclear explosion at
the Nevada Test Site on September 16, 1969, (37.314°N, 116.46°W), Volodarskoye
station (VOL), RVZT instrument.
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4.12. Nuclear Explosions, Semipalatinsk Test Site, USSR

3074 seismograms of air, surface and underground nuclear explosions for 1961 —
1989 have been digitized; the distance range was 94 — 3494 km. Figure 38 shows a map
of nuclear explosion epicenters and the location of stations from which records were used
for digitization. Figure 39a shows the distribution of digitized nuclear explosion
seismograms by distance for explosions conducted at the Semipalatinsk Test Site (STS),
Figure 39b shows the distribution of the digitized nuclear explosion seismograms by m,
values for explosions conducted at the Semipalatinsk Test Site, and Figure 40 shows an
example of a digitized seismogram from the nuclear explosion in the STS region on July
8, 1989, (49.8678°N, 78.7803°E), AAK station, SKD instrument.

Appendix M gives parameters of the digitized seismograms of nuclear explosions at
the Semipalatinsk Test Site in our database. The set from this test site is by far the largest
in our database.

Figure 38. A map of nuclear explosion epicenters at the Semipalatinsk Test Site, and
locations of stations from which records were digitized. Stars — explosions epicenters,
triangles — seismic stations.
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Figure 39a. Distribution of epicentral distances of the digitized records of nuclear
explosions at the Semipalatinsk Test Site.
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Figure 39b. Distribution of my, values for the digitized records of nuclear explosions at the
Semipalatinsk Test Site.
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Figure 40. An example of a digitized seismogram from the nuclear explosion conducted
at the STS on July 8, 1989, (49.8678°N, 78.7803°E), AAK station.

4.13. Earthquakes, Semipalatinsk Test Site Region, USSR

33 seismograms from the STS region for 1966 — 1996 were digitized; the distance
range is 259 — 1065 km. Figure 41 shows the distribution of the digitized earthquake
seismograms by distance for events in the Semipalatinsk Test Site region, and Figure 42
shows an example of the digitized seismogram from the earthquake which occurred near
STS on March 20, 1976, (50.04°N, 77.321°E), EKS station, SKD instrument.

Appendix N gives parameters of the digitized seismograms for earthquakes in the
Semipalatinsk Test Site region.
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Figure 41. Distribution of epicentral distances of the digitized records of earthquakes that
occurred in the Semipalatinsk Test Site region.

Figure 42. An example of a digitized seismogram for the earthquake near the STS that
occurred on March 20, 1976, (50.04°N, 77.321°E), EKS station.
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5. MORE SEISMOGRAM EXAMPLES, AND CONCLUSIONS

This section is used to show digitized seismograms obtained in this project, that are
chosen to give a sense of the variety of explosion sources for which we now have
waveform data. It also gives some brief conclusions.

Figure 43 gives a record section of the first nuclear test conducted by China, which
was an atmospheric nuclear explosion on May 14, 1965. Figure 43a shows the raw data,
and Figure 43b shows the digitized data passed in the band from 0.6 to 10 hz.
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Figure 43. Digitized data of the first Chinese nuclear test. a) raw data, 40 samples per
second (the rate used throughout this project); and b) the same data, after filtering to pass
the band from 0.6 to 20 hz.
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The test site for which we have the most seismograms, is that at Semipalatinsk in
northeastern Kazakhstan. Figure 44 gives a map of the stations at regional distances, and
Figure 45 gives a record section of the atmospheric nuclear explosion of November 14,
1965. Data of this type have not been available for Soviet, American, and UK nuclear
testing since 1963, when the Limited Test Ban Treaty of banned nuclear explosions in the
atmosphere.

Figure 44. A map showing the location of nuclear explosions at the Semipalatinsk Test
Site (red stars), and the chain of CSE stations used to provide regional data in this
project (white stars).
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Figure 45. A record section drawn from stations shown in Figure 44, for the atmospheric
nuclear explosion of November 14, 1962, at the Semipalatinsk Test Site.

In Degelen Mountain, on the Semipalatinsk Test Site, where nuclear explosions were
conducted underground in adits, some explosion pairs took place at almost the same
location. The second explosion was therefore located in rock that may have been
damaged by the first explosion. We have several examples of seismogram sets from
pairs of such explosions. Figure 46 gives a map of Degelen Mountain, with numbers
indicating specific explosions, and Figure 47 shows pairs of seismograms at station MDO
(Fig. 47a) and at station TSE (Fig. 47b), for two closely located nuclear explosions. For
each station, there are slight differences in waveform, of the second event as compared
with the first.
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Figure 46. A map of explosion locations in Degelen Mountain, and their ID numbers.
Note that some locations have multiple events, such as 34 & 38, 36 & 39,2 & 18 & 42
(and more).
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Figure 47. a) Three-component records at MDO from two nuclear explosions at Degelen
Mountain: #34 (1987 May 6, mb 5.6) and #38 (1987 December 20, mb 4.8). b) Three-
component records at TSN from two nuclear explosions at Degelen Mountain: #34 (1987
May 6, mb 5.6) and #38 (1987 December 20, mb 4.8). For both stations, Pr and Sn
arrivals are consistent for close location, but waveforms are slightly different.
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The largest nuclear explosions carried out by the Soviet Union took place at the
Novaya Zemlya Test Site (see Khalturin et al., 2005, for extensive detail and a history of
the development of this test site). At this test site, 39 underground nuclear tests were
comprised of 133 separate nuclear explosive devices. Earlier there had been nuclear
explosions in the atmosphere and under water. Figure 48 gives a map of stations for
which we have digitized seismograms in this project from nuclear explosions at Novaya
Zemlya. Figure 49 shows a record section of the under water nuclear test of October 23,
1961, conducted at the southern part of the Novaya Zemlya Test Site.

Figure 48. A map showing the location of Novaya Zemlya nuclear explosions, and
stations for which we have digitized associated seismograms.
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Figure 49. A record section of seismograms derived from the under water nuclear
explosion of October 23, 1961 (4.8 kt) at the Novaya Zemlya Test Site.

We note that our database of thousands of digitized seismograms, derived mostly
from nuclear explosions but including records from chemical explosions and earthquakes
near nuclear test sites, are drawn from a variety of locations, all of them on territory of
the former Soviet Union; and a large fraction of the recorded explosions in this database
took place in the FSU. These signals include teleseismic recordings from test sites
outside Eurasia and within Eurasia; and regional recordings from tests sites within
Eurasia. Figure 50 gives information on the numbers of seismograms we have digitized
for different source regions.
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Figure 50. A pie chart showing the numbers of digitized seismograms in twelve different
categories, by test site location and source type. The earthquake category includes
seismograms from events occurring near the Lop Nor region and the Semipalatinsk Test
Site region.

To conclude: nuclear test explosions constitute an extraordinary human activity from
several perspectives. The physical and radiochemical signals from such testing provide
the basis for training sophisticated modern monitoring systems, both national and
international, that are designed to detect future nuclear explosions in the context of
international efforts at nuclear arms control. These same signals also have many uses in
the study of Earth processes and Earth structures.

Of principal interest for monitoring purposes, are regional signals from explosions—
conducted in a wide variety of environments—that were too small to be reliably
identified via teleseismic recordings. The great majority of stations operated today, even
those in networks established for nuclear explosion monitoring, have never recorded
explosion signals at regional distances, because most stations were installed long after the
period when most underground nuclear explosions were conducted; and the few nuclear
explosions that have been conducted since the early 1990s were mostly recorded only at
teleseismic distances. Of principal interest for studies of Earth structure and processes,
are the larger explosions whose signals were clearly recorded on global scales, with
accurate knowledge of source depth, epicenter, and origin time.

This Final Report describes a substantial project, conducted over about twenty years,
with intensive efforts made in 2012—-2014, that has achieved the rescue of regional
seismic waveform data, now digitized, from nuclear test explosions conducted in Eurasia.
It has also included teleseismic waveform data from explosions globally. These data are
now available in modern digital formats.
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6. RECOMMENDATION

The present project complements a previous project, also supported by AFRL—and
other agencies, both national and international—in which the Borovoye digital archive
was processed into a CSS3.0 database. See

http://www.ldeo.columbia.edu/res/pi/Monitoring/Data

Because of these two data rescue projects—the earlier one associated with primitive
digital data from a single station (Borovoye) that began operations in 1965, and the
present one associated with analog data from about 270 stations that began to be acquired
in about 1957—we conclude that openly available seismogram archives for Eurasian
explosions are now better in several respects than those for explosions conducted by the
United States, France, and the UK, especially for the era from 1960 to about 1985.

The opportunity to build and improve such archives will not last indefinitely. We
therefore recommend extensive efforts to collect waveform data and associated metadata
for ALL nuclear test explosions; and to make such data openly available for present and
future generations of scientists engaged in seismic monitoring and in the study of Earth.
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