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Executive Summary

The Dry Alluvium Geology (DAG) project was Phase Il of the Source Physics Experiment and
consisted of a series of four chemical explosive tests conducted in the same source hole on the
Nevada National Security Site. This hole is located at 37.1146°N and -116.0693°W, with a surface
elevation of 1,285.2 meters (m) (4,216.5 feet [ft]) above sea level.

The first test (DAG-1) was conducted on July 20, 2018, at 16:51:52.67838 Coordinated Universal
Time (UTC). The explosive source for DAG-1 was nitromethane initiated by a small plastic-bonded
explosive (PBX) charge, detonated at the depth of 385.0 m (1,263.2 ft) below ground surface.
DAG-1 had a trinitrotoluene (TNT) equivalent yield of 0.908 metric tons (2,002 pounds [Ibs]).

DAG-2 was conducted on December 19, 2018, at 18:45:56.92115 UTC. This test was the largest in
the series, with a TNT equivalent yield of 50.997 metric tons (112,429 Ibs). The explosive source
for DAG-2 was nitromethane initiated by a small PBX charge, detonated at the depth of 299.8 m
(983.6 ft) below ground surface.

DAG-3 was conducted on April 27, 2019, at 15:49:01.84183 UTC. The explosive source for this
test was nitromethane initiated by a small PBX charge, detonated at the depth of 149.9 m (492.0 ft)
below ground surface. DAG-3 had a TNT equivalent yield of 0.908 metric tons (2,002 Ibs).

The final DAG test (DAG-4) was conducted on June 22, 2019, at 21:06:19.87632 UTC. The
explosive source for DAG-4 was nitromethane initiated by a small PBX charge, detonated at the
depth of 51.6 m (169.3 ft) below ground surface. DAG-4 had a TNT equivalent yield of

10.357 metric tons (22,833 Ibs).

The four tests were recorded by an extensive set of instrumentation that included sensors both at
near-field (less than 200 m) and far-field (200 m or greater) distances. The near-field instruments
consisted of three-component (3C) accelerometers installed at various depths ranging from 51.6 to
385 m (169.3 to 1,263.1 ft) below ground surface in boreholes positioned around the source hole,
and arrays of single-component and 3C accelerometers on the surface. The far-field network
comprised a variety of seismic and acoustic sensors, including short-period geophones, broadband
seismometers, and 3C accelerometers at distances of 200 m to 400 kilometers. In addition, the
DAG-2, DAG-3, and DAG-4 explosions were recorded by a temporary array of 496 geophones
arranged in a densely spaced grid pattern known as “Large N.”

This report coincides with the release of these data for analysts and organizations that are not
participants in this program. This report describes the four DAG tests and the various types of
near-field, far-field, and other data that are available. Assembled data sets are accessible through:
Incorporated Research Institutions for Seismology, Data Management Center
1408 NE 45th Street, Suite 201, Seattle, Washington 98105 USA.
www.iris.washington.edu
Description: Dry Alluvium Geology experiments 1 through 4 to study the generation and
propagation of seismic waves from underground explosions.

Full Name Nickname ID Full Name Nickname ID
Dry Alluvium Geology 1 DAG-1 21-020 Dry Alluvium Geology 3 DAG-3 21-022
Dry Alluvium Geology 2 DAG-2 21-021 Dry Alluvium Geology 4 DAG-4 21-023
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1 Introduction

The Dry Alluvium Geology (DAG) project was Phase Il of the Source Physics Experiment (SPE)
and consisted of a series of four chemical explosive tests (Snelson et al. 2019). The test bed was
constructed in alluvium in northern Yucca Flat at the Nevada National Security Site (NNSS;
formerly known as the Nevada Test Site) starting in 2016 (Figure 1). These tests were sponsored by
the U.S. Department of Energy, National Nuclear Security Administration’s Office of Defense
Nonproliferation Research and Development. The DAG test series was primarily designed to study
the generation and propagation of seismic waves, and provided data that will improve the predictive
capability of numerical models for detecting and characterizing underground explosions (e.g., Ford
and Walter 2013; Snelson et al. 2012; 2013; 2019). These validated, improved seismic-acoustic
models and simulations will enhance the U.S. ability to detect and discriminate low-yield nuclear
explosions.

The DAG tests were designed and conducted by a consortium of organizations, including Lawrence
Livermore National Laboratory (LLNL), Los Alamos National Laboratory (LANL), and Sandia
National Laboratories (SNL), in conjunction with Mission Support and Test Services, LLC (MSTYS).
The University of Nevada, Reno (UNR) assisted in data acquisition and compilation. Other
organizations, including the Air Force Technical Applications Center (AFTAC) and Silixa, LLC,
also participated in data acquisition efforts.

The execution dates for the DAG tests are listed below.

e DAG-1: July 20,2018

e DAG-2: December 19, 2018

e DAG-3: April 27,2019

e DAG-4: June 22,2019

The vast majority of data acquired under the DAG program are unclassified/unlimited but subject to

a 2-year hold, similar to the policy of the U.S. National Science Foundation. This report presents
information that will aid in the understanding and proper use of the DAG data sets.

Cleat Zeiler, MSTS point of contact (zeilercp@nv.doe.gov), can be contacted for further
information, including information about other data collected at the DAG site.

2 Test Objectives

The objectives for the three phases of the SPE Source Physics series are described in the overall
Science Plan (Snelson et al. 2019). Similar to the SPE Phase 1 experiments, the DAG experiments
consisted of a series of chemical explosions conducted at different depths, in the same geologic
medium (alluvium, considered a “weak rock™), all at the same geographic location. Each of the four
DAG explosive tests was recorded on the same sensor layout, although as the test sequence
progressed, additional sensors were added.



Figure 1

Reference Map Showing the Location of the DAG Test Bed at the Nevada National Security Site



The DAG series provided new explosion signature data from a wide range of diagnostic equipment
(e.g. seismic, acoustic, electromagnetic surface photogrammetry, etc.). These data will be compared
with data from the SPE Phase I, conducted in a granite test bed, as well as with nearby historic
nuclear test data for explosions in alluvium and other materials, and will allow the development,
testing, and validation of new empirical and physics-based modeling computational codes. Analysis
of the Phase Il DAG data is underway as noted in several recent studies (e.g., Blom et al. 2020;
Ichinose et al. 2021).

Several analyses of SPE Phase | data have been published (e.g., Bowman 2019; Chen et al. 2020;
Ford and Vorobiev 2020; Ford and Walter 2021; Pasyanos and Kim 2019; Pitarka and Mellors
2021; Poppeliers et al. 2020; Preston et al. 2020; Pyle and Walter 2019; Scalise et al. 2021; Schultz-
Fellenz et al. 2020; Swanson et al. 2020; Vorobiev and Rubin 2021a; 2021b; Yocky et al. 2021).

2.1 Summary of DAG Test Design Information

Information about the DAG tests is summarized in Table 1, and described in the following
paragraphs.

2.2 DAG-1

The DAG-1 test was conducted in the U-2ez source hole, with a trinitrotoluene (TNT) equivalent
yield of 0.908 metric tons (2,002 pounds [Ibs]) set at the depth of 385.0 meters (m) (1,263.2 feet
[ft]). DAG-1 was an initial Green’s Function test designed to establish direct measurement of the
explosive source in weak rock geology and emplaced as deep as reasonable to minimize spall. It
was analogous to SPE-4Prime (National Security Technologies, LLC [NSTec] 2017). See a detailed
description of the source in Section 4.1.

2.3 DAG-2

The DAG-2 test was the largest in the series of tests at the U-2ez location, with a TNT equivalent
yield of 50.997 metric tons (112,429 Ibs) set at the depth of 299.8 m (983.6 ft) in the source hole.
The objective of the DAG-2 test was to generate regional signals to 300 kilometers (km), analogous
to those of SPE-5 (MSTS 2019), for comparison with monitoring stations that recorded historical
nuclear tests. See a detailed description of the source in Section 4.2.

Table 1
Information for the Dry Alluvium Geology Experiments 1 through 4 (DAG-1 through DAG-4)

Surface Location: 37.114644234, -116.06926431 ‘ Surface Elevation: 1,285.2 m (4,216.5 ft)

DAG-1 DAG-2 DAG-3 DAG-4
Date 07/20/2018 12/19/2018 04/27/2019 06/22/2019
(Day 201) (Day 353) (Day 117) (Day 173)

Time (Coordinated
Universal Time)

16:51:52.67838

18:45:56.92115

15:49:01.84183

21:06:19.87632

TNT Equivalent

Yield 0.908 50.997 0.908 10.357
(metric tons)

TNT Equivalent

Yield (Ibs) 2,002 112,429 2,002 22,833
Depth 385.0 m (1,263.2 ft)| 299.8 m (983.6 ft) 149.9 m (492.0 ft) 51.6 m (169.3 ft)

3




2.4 DAG-3

The DAG-3 test was conducted in the U-2ez source hole, with a TNT equivalent yield of

0.908 metric tons (2,002 Ibs) set at the depth of 149.9 m (492.0 ft). DAG-3 was a middle depth test
conducted to compare to DAG-1, and serve as a Green’s Function test for Large-N (a dense
geophone network). It was analogous to SPE-1 (NSTec 2014). See a detailed description of the
source in Section 4.3.

2.5 DAG-4

The DAG-4 test was conducted in the U-2ez source hole, with a TNT equivalent yield of

10.357 metric tons (22,833 Ibs) set at the depth of 51.6 m (169.3 ft). The objective of the DAG-4
test was to provide data for comparison of a “normal-depth” explosion (i.e., similar in scaled depth
of burial to historic underground nuclear explosive test) to the “over-buried” DAG explosions
(DAG-1 through DAG-3) and was analogous to SPE-6 (MSTS 2019). See a detailed description of
the source in Section 4.4.

2.6 Data Sets

A comprehensive set of strong-motion and seismo-acoustic instrumentation was deployed for the
four tests. The near-field (<200 m from the shot point) instrumentation included high-sample-rate,
three-component (3C) accelerometers deployed in boreholes. Single-component and 3C
accelerometers were also installed at the surface for each test. At distances at and beyond 200 m
(far-field), a large number of seismic and acoustic sensors were deployed at distances up to 400 km,
including some of the exact locations at which the seismic signals from historic nuclear tests had
been recorded. In addition to seismic data, the DAG team collected data from acoustic and
infrasound sensors, high-speed video, and other instrumentation. A temporary deployment of 496
3C geophones (known as Large N), was installed in a grid sited 200 to 2,500 m from the test
location, as were two dense lines with a spacing of 50 m along the southwest and southeast
directions.

The following sections of this report provide more detailed information for these data sets. The data
and metadata were compiled, archived, and distributed by the technical members of the Nevada
Seismological Laboratory (NSL) at UNR. Records for stations at greater distances are available
from the permanent UNR seismic network.

The full data sets for all four DAG tests, along with associated metadata, are available from the
Incorporated Research Institutions for Seismology (IR1S) Data Management Center. This report is
intended to complement the data sets and provide ancillary information.

Assembled data sets are accessible through:

Incorporated Research Institutions for Seismology, Data Management Center
1408 NE 45th Street, Suite 201, Seattle, Washington 98105 USA.
www.iris.washington.edu

Full Name Nickname ID Full Name Nickname ID
Dry Alluvium Geology 1 DAG-1 21-020 Dry Alluvium Geology 3 DAG-3 21-022
Dry Alluvium Geology 2 DAG-2 21-021 Dry Alluvium Geology 4 DAG-4 21-023




3 Site Description

The DAG test bed consists of a cleared pad in an open and flat area in northern Yucca Flat. There is
minimal fill across the pad surface and the substrate is alluvium (Figure 2). Twelve instrumentation
holes were drilled in an array surrounding preexisting Inventory Emplacement Hole U-2ez (simply

U-2ez in this report), which was selected to be the source hole for the DAG test series. See sections
3.1.2 and 5.1 for additional information about the instrument holes and sensors installed in them.

Figure 2
Map Showing the Surface Geology and Terrain of the DAG Test Bed
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3.1 Test Bed Construction

3.1.1 Source Hole

Inventory Emplacement Hole U-2ez was drilled with a 2.44-m (8-ft) diameter bit to a total depth
(TD) of 396.2 m (1,300 ft), in 1983. The borehole remained unused until it was selected for the
DAG experiments. It was chosen based on its desirable alluvium characteristics, total depth,
stability, and location. The four DAG tests were conducted in U-2ez at increasingly shallow depths
by successively emplacing stemming following each test. No additional deepening of the source
hole was needed.

3.1.2 Instrumentation Holes

To measure the response of the subsurface medium to the DAG explosions, a three-arm array of
instrumentation holes was drilled in 2017 for later installation of diagnostic instruments. Each arm
of the array has four holes spaced 10, 20, 40, and 80 meters from the source hole. Each hole was
drilled to approximately 405 m (1,330 ft) into alluvium using a 10%-inch [in.] diameter tricone bit,
except U-2ez-SW80, which was drilled to 518 m (1,700 ft) into the underlying volcanic tuff.
Appendix 1 provides a summary of construction data for the U-2ez source hole and instrument
holes. Figure 3 shows an aerial view of the DAG test bed with the locations of the source hole and
instrument holes. See additional discussion of the near-field data in Section 5.1.

3.2 Geology

The location of the DAG test bed was selected based on the availability of an open, unused, large
diameter borehole drilled in alluvium. The alluvium at the test bed is dry, soft, homogenous, and
unfractured and is considered a weak rock. Because the existing borehole was originally constructed
in preparation for an underground nuclear test in a commonly used testing area of the NNSS,
abundant geologic, seismic, and ground shock data are available for comparison to DAG test data.

3.2.1 Geologic Setting

The following paragraphs are from the completion report for the DAG instrumentation holes
(e.g., Wagner et al. 2017).

The DAG test bed lies in a north-trending graben that hosts Yucca Flat. Highlands around the valley
are composed of Proterozoic and Paleozoic sedimentary rocks, Mesozoic intrusive rocks, and
Cenozoic volcanic rocks that shed sediment into the alluvial basin. Proterozoic to Paleozoic marine
carbonate and siliciclastic rocks experienced significant Mesozoic shortening, most widely
expressed at the NNSS as older east- to southeast-vergent thrust faults (e.g., Belted Range fault
system) and slightly younger west- to northwest-vergent folds and thrust faults (e.g., CP Hills
thrust; Cole and Cashman 1999). Mesozoic granodiorite and quartz monzonite make up the Climax
and Gold Meadows stocks north of Yucca Flat. Cenozoic-age variably welded rhyolite tuffs crop
out along the margins of Yucca Flat, and form the upper sequence of rocks that predate basin
development (e.g., Sawyer et al. 1994; Slate et al. 1999). Yucca Flat is one of many north-oriented
alluvium-filled grabens formed by east-west Neogene Basin and Range extension (basin initiation
dated as >8.1 and <11.45 Million years ago; Marvin et al. 1989; Bechtel Nevada 2006). Basin
development pervasively overprinted the structures in the area. The dominant faults in the basin are

the east-dipping Carpetbag-Topgallant and Yucca normal fault systems.
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The uppermost sequence of rocks and sediment deposits at the DAG test bed are indurated Neogene
to Quaternary alluvial sands and gravels, which increase in volcanic detritus with depth (Wagoner

and McKague 1985; Bechtel Nevada 2006; Huckins-Gang and Drellack 2016). The grain size of the
alluvium can vary horizontally at scales of tens of meters or less, which makes this widespread unit
difficult to generalize (Sweetkind and Drake 2007; Phelps et al. 2011; Cronkite-Ratcliff et al. 2012).

Figure 3
Aerial Photo of the DAG Test Bed Showing Locations of the Source Hole and Instrument Holes
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In the U-2ez area, the alluvial deposits extend approximately 450 m (1,500 ft) below the surface,
where they are in contact with variably welded volcanic tuffs of Neogene age. East-dipping normal
faults buried just west of U-2ez, the emplacement hole for the experiments, suggest that the alluvial
fill may be thinner near the west edge of the test bed (Howard 1980).

The static water level in Yucca Flat varies across the basin, but is deepest in the north; in the area
around DAG, it is likely deeper than 500 m (1,750 ft). Depths to the underlying Proterozoic and
Paleozoic basement rocks are poorly constrained in this part of the basin, but may lie as shallow as
900 m (3,000 ft) beneath the surface at U-2ez (Howard 1980).

Reconnaissance mapping of the near-surface geology at the DAG test bed indicates that there is
minimal construction fill across the pad, and there are variable exposures of caliche on the pad
surface (Huckins-Gang and Wagner 2017). Combined with ground disturbances from drilling and
instrumentation (e.g., filled-in mud sumps and trenches, both historic and recent), this heterogeneity
creates a complex surface that could complicate interpretation of surface effects and geophysical
sensor responses to the experiments.

3.2.2 Geologic Characterization Data

The U-2ez source hole was drilled in 1983, prior to construction of the test bed. The twelve DAG
instrumentation holes were drilled in 2017. During drilling, cuttings were collected from each
borehole to characterize the geology. After drilling, a suite of geophysical logs and downhole
camera runs were made in each borehole to characterize the geology, the borehole path, and
borehole condition (e.g., areas with enlargement, ledges). Downhole camera runs and deviation
surveys were also run in some of the instrumentation holes during drilling to assess hole conditions.
The following sections describe the collected characterization data.

3.2.2.1 Source Hole

The drill crew collected cuttings at 3.0-m (10-ft) intervals from U-2ez during drilling. One-pint
samples were collected from a bucket hanging from the drill-fluid exhaust pipe (“blooie line”) and
are thus composites. No core samples were collected from the hole.

Geophysical logs collected from U-2ez after it was drilled in 1983 include caliper, density,
resistivity, gamma, magnetic, neutron, and seismic. Two downhole videos were run to TD in 1988.
Additional downhole videos collected by Colog, Inc. (February 12, 2014) and the U.S. Geological
Survey (November 30, 2016), as well as a depth check by NSTec (August 22, 2017) show that the
hole had eroded little since completion and had less than a few meters of fill.

3.2.2.2 Instrumentation Holes

The instrumentation holes were drilled in 2017. While augering the conductor holes from 0 to 26 m
(0 to 85 ft) below ground surface, the drill crew collected samples of augered material at 3.1-m
(10-ft) intervals for each hole except U-2ez-N10. These conductor hole samples are best considered
spot samples. During drilling of each main hole, drill cuttings were collected by the drill crew at
approximately 9.1-m (30-ft) intervals from the bottom of the conductor casing to TD. The drill crew
collected a sample of cuttings at each kelly-down or shortly thereafter, during the connection of the



next joint of drill pipe. The samples from the main holes are best considered as representing a
composite sample across the 9.1-m (30-ft) sample interval.

Downhole video camera runs were made with a GeoVision micro 500 camera before the casing was
installed in the conductor holes at U-2ez-E80 and U-2ez-SW40 to document the shallow strata and
borehole conditions. Additional video camera runs were done at U-2ez-SW40 to aid drillers in
reconnecting to a dropped bottom-hole assembly, and at U-2ez-N40 to investigate borehole
conditions that may have led to a drill bit getting stuck.

At U-2ez-N10, U-2ez-E10, and U-2ez-SW10 (the holes closest to the U-2ez emplacement hole), a
REFLEX EZ-TRAC magnetic deviation tool was run downhole at every third connection
(approximately 30-m [100-ft] intervals), without fully removing the drill pipe, to provide timely
information on the borehole trajectory relative to emplacement hole U-2ez. This tool was operated
by the drill crew and required adjustment of the bottom-hole assembly to accommodate
non-magnetic, Monel alloy collars, which served as a target depth to record magnetic orientation
measurements.

After drilling was completed, Colog, Inc. collected a suite of geophysical logs, which aided in
assessing the condition of the boreholes and characterizing the geology. Geophysical logs run in
each of the instrumentation holes include:

e Compensated formation density with one-armed caliper and gamma ray
e  Optical televiewer with magnetic deviation
e Dual induction with natural gamma ray

NSTec recorded downhole video camera logs in U-2ez-SW20 and U-2ez-SW40 after drilling to
assess borehole conditions. In addition, NSTec checked the total depths of all of the holes a few
months after drilling with a weighted pipe attached to a wireline.

Inquiries about geologic characterization data should be directed to the MSTS point of contact,
Cleat Zeiler (zeilercp@nv.doe.gov).

4 Test Descriptions

As described above, all four DAG tests were conducted in the same source hole, over a period of
approximately eleven months. After each test, fill material was added to the hole to bury the
underlying experiment debris, before the canister for the next test was inserted. Details for each test
are provided in the following sections.

For all but DAG-4, the cable holding the previous test cannister were severed using small
explosives prior to insertion of the next cannister. For the first three experiments of the series,
acoustic sensors were in place for the experiment recorded these cable-cutter detonations.

Section 4.5 discusses detonation diagnostics for all four DAG tests.

4.1 Explosive Source and Detonation for DAG-1

The explosive source for DAG-1 was nitromethane initiated by a small plastic-bonded explosive
(PBX) charge, and had a TNT equivalent yield of 0.908 metric tons (2,002 Ibs). The canister was
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1.173 m (3.848 ft) in length and 1.048 m (3.438 ft) in diameter, for a length-to-diameter ratio of
1.120. After the canister was positioned at the top of the source hole, it was loaded with
nitromethane prior to being lowered down the hole into position. The canister was installed in the
source hole so that the center of the explosive charge was at the depth of 385.0 m (1,263.2 ft) below
ground surface.

Prior to stemming operations, fill was tagged in the source hole at 395.3 m (1,297 ft) below ground
surface. A lift of 3&-in. gravel was placed to the depth of 388.0 m (1,273 ft) below ground surface on
top of the fill prior to installation of the canister. To fully confine the explosive source, the canister
was surrounded by Overton sand up to the depth of 379.9 m (1,246.5 ft) below ground surface.
Three alternating layers of %:-in. gravel and 40/100 sand (concrete sand) were placed above the sand
to the depth of 313.9 m (1,030 ft) below ground surface. A 3.4-m (11-ft) thick grout plug was
placed above the last layer of concrete sand to a depth of 310.6 m (1,019 ft) below ground surface.
Lastly, a 2.7-m (9-ft) thick lift of 20/40 sand was placed on top of the grout plug to the depth of
307.8 m (1,010 ft) below ground surface (Figure 4).

The DAG-1 test was conducted on July 20, 2018 (day 201), at 16:51:52.67838 Coordinated
Universal Time (UTC). The location was 37.114644234, -116.06926431, at a centroid depth of
385.0 m (1,263.2 ft). The explosion was well confined, with no prompt (<1 second) ejecta or gas
release.

4.2 Explosive Source and Detonation for DAG-2

The explosive source for DAG-2 was nitromethane initiated by a small PBX charge, and had a TNT
equivalent yield of 50.997 metric tons (112,429 Ibs). The canister was 11.969 m (39.268 ft) in
length and 2.115 m (6.939 ft) in diameter, for a length-to-diameter ratio of 5.66. After the canister
was positioned at the top of the source hole, it was loaded with nitromethane prior to being lowered
down the hole into position. The canister was installed in the source hole so that the center of the
explosive charge was at the depth of 299.8 m (983.6 ft) below ground surface.

Prior to emplacement of the canister, 20/40 sand was placed to the depth of 306.6 m (1,006 ft)
below ground surface on top of the DAG-1 stemming and cable debris. To fully confine the
explosive source, the canister was surrounded by Overton sand up to the depth of 289.7 m (950.5 ft)
below ground surface. Three alternating layers of %-in. gravel and 40/100 sand (concrete sand)
were placed above the Overton sand to the depth of 160.0 m (525 ft) below ground surface. A 5.2-m
(17-ft) thick grout plug was placed above the last layer of concrete sand to a depth of 154.8 m

(508 ft) below ground surface. Lastly, a 3.0-m (10-ft) thick lift of 20/40 sand was placed on top of
the grout plug to the depth of 151.8 m (498 ft) below ground surface (Figure 5).

The DAG-2 test was conducted on December 19, 2018 (day 353), at 18:45:56.92115 UTC. The
location was 37.114644234, -116.06926431, at a centroid depth of 299.8 m (983.6 ft). The
explosion was well confined, with no prompt (<1 second) ejecta or gas release. DAG-2 registered as
a 2.33 magnitude earthquake according to the Nevada Seismological Laboratory
(http://www.seismo.unr.edu/Events/main.php?evid=670843). Seismic activity continued for about
two days after detonation.
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Figure 4
Schematic Drawing Showing Placement of Explosives and Stemming in DAG-1 Source Hole
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Figure 5
Schematic Drawing Showing Placement of Explosives and Stemming in DAG-2 Source Hole
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4.3 Explosive Source and Detonation for DAG-3

The explosive source for DAG-3 was nitromethane initiated by a small PBX charge, and had a TNT
equivalent yield of 0.908 metric tons (2,002 Ibs). The canister was 1.173 m (3.848 ft) in length and
1.048 m (3.438 ft) in diameter, for a length-to-diameter ratio of 1.120. After the canister was
positioned at the top of the source hole, it was loaded with nitromethane prior to being lowered
down the hole into position. The canister was installed in the source hole so that the center of the
explosive charge was at the depth of 149.9 m (492.0 ft) below ground surface.

Prior to emplacement of the canister, 20/40 sand was placed to the depth of 150.9 m (495 ft) below
ground surface on top of the DAG-2 stemming and cable debris. To fully confine the explosive
source, the canister was surrounded by Overton sand up to the depth of 146.9 m (482 ft) below
ground surface. An 83.5-m (274-ft) thick layer of 3%s-in. gravel was placed above the Overton sand
followed by a 3.0-m (10-ft) thick layer of 40/100 sand (concrete sand). A 3.4-m (11-ft) thick grout
plug was placed above the concrete sand to a depth of 57.0 m (187 ft) below ground surface. Lastly,
a 2.4-m (8-ft) thick lift of 20/40 sand was placed on top of the grout plug to the depth of 54.6 m
(179 ft) below ground surface (Figure 6).

The DAG-3 test was conducted on April 27, 2019 (day 117), at 15:49:01.84183 UTC. The location
was 37.114644234, -116.06926431, at a centroid depth of 149.9 m (492.0 ft). The explosion was
well confined, with no prompt (<1 second) ejecta or gas release. DAG-3 registered as a 0.40
magnitude earthquake according to the Nevada Seismological Laboratory
(http://www.seismo.unr.edu/Events/main.php?evid=683377).

4.4 Explosive Source and Detonation for DAG-4

The explosive source for DAG-4 was nitromethane initiated by a small PBX charge, and had a TNT
equivalent yield of 10.357 metric tons (22,833 Ibs). The canister was 3.080 m (10.105 ft) in length
and 2.134 m (7.001 ft) in diameter, for a length-to-diameter ratio of 1.444. After the canister was
positioned at the top of the source hole, it was loaded with nitromethane prior to being lowered
down the hole into position. The canister was installed in the source hole so that the center of the
explosive charge was at the depth of 51.6 m (169.3 ft) below ground surface.

Prior to emplacement of the canister, a 1.1-m (3.5-ft) lift of 20/40 sand was placed on top of the
DAG-3 stemming and cable debris. To fully confine the explosive source, the canister was
surrounded by Overton sand up to the depth of 46.2 m (151.5 ft) below ground surface. A 15.8-m
(52-ft) thick layer of %:-in. gravel was placed above the Overton sand followed by a 25.5-m (83.5-ft)
thick layer of 40/100 sand (concrete sand). The remainder of the hole was grouted to the surface
(Figure 7).

The DAG-4 test was conducted on June 22, 2019 (day 173), at 21:06:19.87632 UTC. The location
was 37.114644234, -116.06926431, at a centroid depth of 51.6 m (169.3 ft). The explosion was well
confined, with no prompt (<1 second) ejecta or gas release. DAG-4 registered as a 1.96 magnitude
(ML) earthquake according to the Nevada Seismological Laboratory
(http://www.seismo.unr.edu/Events/main.php?evid=688352).
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Figure 6
Schematic Drawing Showing Placement of Explosives and Stemming in DAG-3 Source Hole
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Schematic Drawing Showing Placement of Explosives and Stemming in DAG-4 Source Hole

4.5 Detonation Diagnostics (Corrtex)

Corrtex (COntinuous Reflectometry for Radius vs. Time Experiment) utilized time domain
reflectometry, pulsed at 100 kilohertz, to actively measure the lengths of cables that were installed
on each DAG experimental package. Each of the four DAG experiments included six Corrtex
cables: two inside the package, installed along the pipes that secured the initiation fixture at the
device center, and four outside the package, installed in angle brackets along the cannister’s exterior
wall. Installation in DAG-1 and DAG-2 are shown in Figures 8 and 9, respectively; installation in
DAG-3 and DAG-4 was very similar. Because the Corrtex cables proceed up-hole from the device,
and because the device is initiated at its center, Corrtex data provided a record of detonation for the
top half of each experiment, with cable lengths measured every 10 microseconds to record the
progress of the detonation wave. In addition, Corrtex cable lengths were recorded through the initial
period of grout/rock crush above the DAG cannister. In each experiment, Corrtex successfully
recorded cable length change throughout the detonation of the nitromethane. No issues were
encountered in the fielding of this diagnostic, or in the reduction of data from the four DAG
experiments.

For each of the four DAG tests, data comprise cable length measurement as a function of time for
each of the six cables. The data record for each cable is given as two columns: one for time
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Figure 8
DAG-1 Corrtex Installation
On the left photo, a red oval designates one of four external channels into which Corrtex cables were
inserted. Cables were truncated at the first sign of detonation along the cannister wall. The photo on the right
is the initiation package inserted into the DAG-1 cannister. Corrtex was installed within two of the four pipes.

Figure 9
DAG-2 Corrtex Installation
As in Figure 8, red ovals on the left photo designate start and end point for one of four external conduits
used for Corrtex cables. The photo on the right shows the insertion of the initiator package into the DAG-2
cannister. As for DAG-1, Corrtex cables were installed in two of the four pipes.
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(measured in seconds), and one for the net cable length change (measured in meters) since the start
of each test. Corrtex cables 1 and 2 were truncated by the nitromethane detonation directly up the
axis of the test canister from the initiation unit, and hence are a direct measurement of the
detonation velocity. Corrtex cables 3 through 6 were installed in angle iron channels on the outside
of the device, and are placed symmetrically; data from these channels show truncation of the cables
at the device centerline (adjacent the initiator), followed by rapid but decelerating cable truncation
speed as the detonation wave propagates up the device, with an asymptotic approach of truncation
speeds to the detonation velocity. Because of the similarity between cable installation geometries
(1 and 2 vs. 3 through 6), data for cables 1 and 2 are identical, and data for cables 3 through 6 are
identical. This was the expectation due to the design, and confirmed that all four DAG experiments
were perfectly symmetric tests. Data from all cables deviated significantly after the nitromethane
was fully consumed. There was speculation that cable length changes beyond this time indicated the
speed at which rock was crushed by the expanding shockwave surrounding the hole in which the
devices were buried. Plots of the data from each experiment are presented in Figures 10 through 13.

5 Near-Field Instrumentation

Near-field instrumentation (defined as less than 200 m from the source) for the DAG experiments
included accelerometers installed in boreholes and on the surface, as described in this section.

5.1 Borehole Accelerometers

As described in Section 3.1.2, twelve boreholes were drilled to accommodate installation of near-
field instrumentation packages. Each package consisted of a 3C accelerometer, with triaxial sets
mounted 120 degrees apart on the same radius. All ranged a minimum of three times the maximum
predicted acceleration. They had a minimum 5,000 g shock survival rating. The Z axis was oriented
upward, and the X and Y axes are orthogonal to Z.

As described in Section 3.1.2 and shown in Figure 3, three lines of holes were drilled at distances of
10, 20, 40, and 80 m from the source holes. Figure 14 is a schematic illustration of the positions of
the accelerometer packages in each hole relative to the DAG experiment locations along one line.
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Figure 10
Plot for DAG-1 Corrtex Data

Figure 11
Plot for DAG-2 Corrtex Data
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Figure 12
Plot for DAG-3 Corrtex Data

Figure 13
Plot for DAG-4 Corrtex Data
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This diagram illustrates, in side view, the
arrangement of the borehole accelerometer
packages in each of three lines of holes drilled
for the DAG tests. The depths of the four DAG
tests are indicated by the yellow icons. Four
holes were drilled along each line at 10, 20,
40, and 80 m from the DAG source hole. The
lateral distance of each instrument hole is
indicated in blue across the top. The red pods
indicate sensors in place for all four tests. The
green sensors were added after the DAG-2
test to record DAG-3 and DAG-4.

Figure 14

Diagram Showing Typical Near-Field Borehole Accelerometer Package Arrangement along a Line of
Instrument Holes for All DAG Tests

5.2 Near-Field Surface Accelerometers

A near-field surface accelerometer array was installed within 200 m of the U-2ez source hole to
capture the extent, if any, of surface spall and supplement the near-field high-shock accelerometers
in satellite boreholes. At the surface, accelerometers were installed in six lines radiating out from
the surface location of the DAG test (*“surface ground zero,” or SGZ) spaced at 60-degree
increments azimuthally. The number and spacing of deployed surface accelerometers varied among
the DAG tests (Figures 15 through 17). For DAG-1, 24 accelerometers were spaced in 20-m
increments. For DAG-2 and DAG-3, 42 accelerometers were spaced in 10-m increments. For
DAG-4, the spacing of 48 accelerometers varied from 10 to 70 m. For all of the tests, some
accelerometers contained single channel vertical components (channel FNZ) and others included 3C
sensors (channels FNZ, FNR, and FNT) with horizontals oriented in the radial and transverse
directions.
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Figure 15
Map Showing Locations of the Near-Field Surface Accelerometers Deployed During DAG-1
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Figure 16
Map Showing Locations of the Near-Field Surface Accelerometers Deployed during
DAG-2 and DAG-3
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Figure 17
Map Showing Locations of the Near-Field Surface Accelerometers Deployed During DAG-4
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6 Far-Field Instrumentation

Three primary types of far-field sensors (seismic, infrasound, and weather) were deployed for the
DAG tests, as described in the following sections. The waveform sensor data in this data release
used the Federation of Digital Seismograph Networks (FDSN.org) network code SN (Southern
Great Basin Network).

The far-field surface seismic range is differentiated from near-field surface and borehole seismic
sensors by distance (i.e., 200 m from the source hole), which was approximately four times beyond
the predicted elastic radii of the largest DAG experiment (<50 m). In the near field, high-shock
accelerometers were required inside the zone of nonlinear hydrodynamic deformation, while the far
field is considered a zone of linear-elastic deformation.

6.1 Surface Seismic Instrumentation

To characterize the far-field seismic wavefield (defined as 200 m or more from the source), a
number of different instrument arrays were deployed to distances as great as 400 km. The primary
set of far-field seismic data collected came from geophones and accelerometers in place for all four
of the DAG tests conducted. An additional set of data was collected from a grid of 496 closely
spaced geophones (“Large N”) placed within 200 to 2,500 m of SGZ. The following sections
provide information about the various seismic arrays.

6.1.1 Geophones, Accelerometers, and Broadbands

The surface seismic far-field instrumentation for the DAG experiments consisted of 3C geophones,
accelerometers, and broadband sensors deployed in various geometries around the U-2ez source
hole (Figure 18). Most of these sensors were buried in shallow postholes to improve coupling in the
alluvium. The data was recorded using 6-channel RefTek digitizers powered by batteries trickle
charged from solar panels. The data were then telemetered in real time to the Nevada Seismological
Laboratory at UNR.

6.1.1.1 Geophones

The 3C Geospace GS11D surface geophone geometries included lines, rings, and arrays. The
geophone lines consisted of 16 geophones (station codes GL0O0-GL15) arranged in north-south and
east-west lines, with four geophones placed between 200 and 500 m in 100 m increments extending
linearly out from SGZ (Figure 19). The geophone rings consisted of 42 3C Geospace GS11D
geophones deployed around SGZ (Figures 18 and 19). The naming convention for the rings
included two numbers, the distance from SGZ (radii of 0.5 km, 1.5 km, and 2.0 km as G5, G15, and
G20) followed by ‘M’, and a sequential number from 0 to 9 or A, clockwise from north. Eight or
nine geophones were arranged in 3 rings with radii of 0.5 km (station codes G5M00-G5M09),

1.5 km (station codes G15M0-G15M7), and 2 km (station codes G20M0-G20MA). The geophones
in each ring were separated by approximately 45-degree increments in azimuth around SGZ.
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Figure 18
Map Showing Locations of Surface Seismic Sensors in the Far-Field for the DAG Experiments
See expanded view of the four geophone small aperture arrays (yellow triangles) on Figure 20.

Exceptions to the naming conventions for the geophone rings occurred at several sites to note the
inclusion of an infrasound sensor (e.g., station code 120M1). There were some gaps in sensor
surface coverage due to neighboring collapse craters created by historical underground nuclear
explosions. The horizontal geophone channels (DLR and DLT) were oriented away from the
direction of the source hole in radial direction, transverse was perpendicular clockwise from radial,
and vertical channel DLZ is oriented positive downward (see Subsections 6.1.1.1.1 and 6.1.1.1.2 for
polarity standards and orientation corrections).
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Figure 19
Map Showing Locations of Surface Seismic Sensors Placed within
Approximately 1 Kilometer of U-2ez Including Geophone Lines

Four geophone arrays were located approximately 1.5 km from SGZ in two types of small-aperture
array designs (Figures 18 and 20). Gradiometer arrays were located 1.5 km north (GN) and 1.5 km
east (GE) of SGZ (Figure 18). Both arrays had an aperture length of 4 m and consisted of

13 geophones (station codes GNO1-GN13) arranged in a circle with a radius of 2 m about a center
geophone (GN14). Array GW was located 1.5 km west and array GS was located 1.5 km south of
SGZ (Figure 18 and 20). Both of these arrays had apertures of approximately 100 m and also
consisted of 14 total geophones (station codes GW01-GW14) but with different designs

(Figure 20). The horizontal geophone channels (DLN and DLE) were oriented in north-south and
east-west configurations for array processing (see Subsections 6.1.1.1.1 and 6.1.1.1.2 for polarity
standards and orientation corrections).
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Figure 20
Maps Showing Locations of the Four Geophone Small Aperture Arrays
See Figure 18 for locations in relation to SGZ.
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Twelve geophones (station codes FL781 and FL785-FL795) were deployed to reoccupy the sites
instrumented for the FLASK underground nuclear explosive test conducted on May 26, 1970
(U.S. Department of Energy 2015). The FLASK #1 crater is approximately 600 m east-southeast
from SGZ (Figure 19). The reoccupied instrumentation sites ranged between 2.5 and 3.5 km from
U-2ez, forming a circle around SGZ (Figure 21). The horizontal geophone channels (DLN and
DLE) were oriented in south-to-north and west-to-east configurations for array processing (see
Subsections 6.1.1.1.1 and 6.1.1.1.2 for polarity standards and orientation corrections).

All geophone channels recorded continuously at a sampling rate of 500 samples per second (sps)
(Nyquist frequency of 250 hertz [Hz]. The geophones have a natural frequency of 4.5 Hz. All the
RefTek 130 digitizer gains were set to full amplification factor of 32. The gain was reduced to an
amplification of one within a day before the experiments and subsequently increased back to 32
within a few days in order to record the cable-cutter shots. The higher gain setting between
experiment times allowed for the recording of background noise and lower gain setting allowed for
on-scale recording of the explosions with minimal clipping. The exception was with DAG-1, where
the digitizer gains were not changed from 32, since clipping was not expected due to the smaller
size and greater depth of this test.

6.1.1.1.1 Geophone Polarity Standards

It is important to note that data polarity standards for geophones and seismometers differ.
Geophones produce negative voltages for upward ground motions, while the broadband
seismometers and accelerometers produce positive voltages for upward ground motion. This
polarity standard is extended to all three components in the case of the 3C geophones. The right-
hand-rule, a common mnemonic for understanding orientation of axes in 3D, was used with the
vertical axes pointing into the Earth. Orientations were set in the field visually and later verified by
compass. Timings were established by global positioning system (GPS) receivers at each digitizer.

6.1.1.1.2 Geophone Sensor Orientation Corrections

There is an error in the metadata for all geophone channels (DL) which is not to be confused with
the geophone polarity standard. This error was corrected in this data release. The vertical and
horizontal orientations required either a “-1” multiplier or subtraction of 180 degrees with
360-degree modulo operation (“wrap-around 360 function”). The Python code snippet in Figure 22
demonstrates the correction of dip and azimuth in files formatted according to the Standard for the
Exchange of Earthquake Data (SEED) formatted files.
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Figure 21
Map Showing Location of the Flask Geophone Array and Broadband Seismic Sensors
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Figure 22
Snippet of Python Code Demonstrating the Correction of Dip and Azimuth in SEED-Formatted Files

In addition to the differing polarity conventions between sensor types, there are also differences in
the definition of orientation stored in the metadata formats. The sensors’ vertical orientation angle is
recorded in the variable CMPINC, DIP, or VANG in SAC headers, SEED channel blockettes, and
CSS sitechan formats respectively. For the SAC and CSS formats, the incident angle of 0 is vertical
upwards and 180 downwards; however, the SEED convention is +90 upward and -90 downward.
The sensors horizontal orientation angle (degrees clockwise from north) is recorded in the variable
CMPAZ, AZI, or HANG in SAC, SEED, and CSS formats respectively. There are no differences
between the formats with the horizontal orientation angle. Therefore, regardless of the formatting,
the logic applied to the SEED volume, can instead be applied to CSS or SAC metadata.

Users can test and verify these corrections by FDSN SEED volume reader (rdseed) application and
output to SAC files using the dash ‘z’ option to apply polarity reversal corrections to the data
(Figure 23). The data can also be extracted without the dash “z’ option.

Figure 23
Information about the FDSN SEED Volume Reader

Both extraction methods can be tested with explosion data, given the expectation that first motion
polarities are positive on the vertical component oriented upwards and positive on horizontal
components oriented outwards. Comparisons can also be performed with nearby co-located
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accelerometers where available. When using rdseed to extract SAC files with the corrected
metadata, the dash ‘z’ option results in CMPINC=0 (oriented upwards) for the DLZ vertical-
component and a positive first-motion polarity consistent with explosion first-motion expectation.
The same for the radial component, CMPAZ which now points outward consistent with the positive
radial first-motion polarity. Without the dash “z’ option, the vertical orientation is not changed (i.e.,
CMPINC=180) and the DLZ vertical-component is left in the geophone standard with negative
first-motion polarity. The same can also be applied to the geophone arrays and FLASK arrays
recorded using the DLN and DLE components and were verified using the ‘rotate’ command in
SAC.

6.1.1.2 Accelerometers

The 22 accelerometers deployed around SGZ were arranged with a similar naming convention as
the geophone rings (Figures 18 and 19). The Kinemetrics EpiSensor or EpiSensor2 force balance
accelerometers were combined with RefTek 130S data acquisition systems. The naming convention
for the rings included two numbers, the radii from SGZ (0.5km, 1.3km, 1.5km, and 2.0km as D5,
D13, D15, and D20) followed by ‘M’ and a sequential number from 0 to 9 or A, clockwise from
north. There were some gaps in sensor surface coverage due neighboring collapse craters created by
previous historical underground nuclear explosions. The horizontal geophone channels (CNR and
CNT) were oriented toward the source hole in radial and transverse configurations, and vertical
channel CNZ is oriented positive upward. Two accelerometers (ULAS and U1AU) located in Area 1
of the NNSS had horizontal components oriented in north-south and east-west configurations (CNN
and CNE). The accelerometer sampling rates were 500 sps and Nyquist frequency 250 Hz. The
exception was with stations ULAS and U1AU set to a rate of 250 sps.

6.1.1.3 Broadbands

The 26 broadband sensors were deployed around SGZ and within the NNSS boundary (Figure 21).
Instrumentation included Nanometrics Trillium 120 Compact sensors and RefTek 130S or
Kinemetrics Quanterra Q330 data acquisition systems. Four of these broadbands (120M0, 120M3,
120M6, and 120M9) were within a 2-km geophone ring around SGZ. Some of the broadband sites
from SPE Phase | remained in place for DAG, including three instruments place by AFTAC
(AF001, AF004, and AF005), which are 3C triaxial force-balance PMD SP400U3 electrochemical
transducers. The 3C broadband channels (CHZ, CHN, and CHE) were oriented in the standard
seismology vertical, north-south, and east-west component configurations. Broadband channels
were sampled using either 250 or 500 sps, resulting in Nyquist frequencies of either 125 or 250 Hz,
respectively.

6.1.2 Large N Seismic Array

A temporary seismic deployment consisting of a large number of geophones was installed for the
DAG tests. This array is commonly referred to as “Large N.” The Large N array includes 496
DT-SOLO 5 Hz 3C geophones. This array covers an area of approximately 2.5 km by 2 km, with a
spacing of 100 m (Figure 24). Two dense lines with a spacing of 50 m are along the southwest and
southeast direction. The distance from the geophones to the DAG test location ranges from
approximately 200 to 2,500 m. The Large N seismic array recorded explosion data from DAG-2,
DAG-3, and DAG-4. Cable-cutter data after DAG-2 and DAG-3 were also recorded.

31



Data recovery for the Large N seismic array is greater than 98%. The INOVA Acquisition Systems
store data in a modified SEG-Y Rev. 0 format. Metadata, such as sensor locations, are all stored in
the SEG-Y header. The locations are specified using UTM Zone 11 North coordinates. Channel 1 is
vertical, channel 2 is east-west, and channel 3 is north-south. The microsecond part of the record
time is stored in bytes 169-172. For DAG-2, 292 geophones recorded at 1,000 sps, and 199
geophones recorded at 500 sps. The origin time for the data with 1,000 sps is 18:45:56.921 and the
origin time for the data with 500 sps is 18:45:57.000. For the DAG-2 cable cutters, there are 496
SEG-Y files recorded at 500 sps. For DAG-3, the data from the test and cable cutters were recorded
at 500 sps in 496 SEG-Y files. Channels 1-3 are data from the test and channels 4-6 are data from
the cable cutters. For DAG-4, there are 487 SEG-Y files recorded at 500 sps. Near SGZ, some
channels are clipped at 2.5 Volts. The sensitivity of the sensor is 80 Volts/meter/second.

Figure 24
Layout of the Large N Seismic Array
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6.2 Infrasound Instrumentation

Infrasound data were obtained by SNL for all four DAG tests using various methods as described in
the following sections.

6.2.1 Primary Infrasound Array

Thirty-two Hyperion microbarometers were deployed at a range of 0.5-2 km from SGZ (Figure 25).
All Hyperions located approximately 0.5 km from SGZ were the “seismically decoupled” model,
which reduces the impact of spurious signals due to ground motion. Wind noise mitigation was
accomplished using soaker hoses and high frequency shrouds. Hyperions at greater than 0.5 km
from SGZ consisted of a mixture of seismically decoupled and non-seismically decoupled sensors.
Mechanically disabled “null” Hyperion sensors were co-located at two stations within 2 km of SGZ.
These sensors can be identified by channels labeled “CYF.” They were disabled by removing the
backing screw from the Hyperion, thereby venting the reference pressure chamber on the sensor.
This made the sensor insensitive to pressure changes, meaning that all other non-pressure noise
sensors (e.g., ground motion, electronic interference, etc.) are highlighted. By comparing active and
null sensors at the same location, the relative contributions of non-acoustic noise sources can be
assessed.

In addition to the sensors located 2 km and closer to SGZ, ten Chaparral infrasound
microbarometers were deployed between 3 and 12 km from SGZ (Figure 25). Each station consisted
of a single microbarometer.

The data were recorded using Ref Tek 130 digitizers sampling at 500 Hz. Data were stored locally
and also telemetered to the database at UNR in near real time.

6.2.2 Downhole Microbarometer

For DAG-1 and DAG-2, these data consist of two InfraBSU microbarometers (Marcillo et al. 2012)
digitized on a Reftek 130 recorder (Figures 26 and 27). One channel, DHM1 FDF, is a normally
configured microbarometer (a flow filter on one port, the other port open). This prevents the unit
from recording pressure signals in the infrasound or audio range frequency bands. It only records
non-pressure sources. This setup can therefore distinguish between true pressure records and
spurious signals from other sources such as ground motion. The other channel, DHM1 FYF, is a
microbarometer with filters on both ports. There was another channel with a polarity reversed
InfraBSU sensor, but it failed to record during the experiment. All sensors were installed outside of
the U-2ez source hole, with aquarium tubing leading from their pressure inlets to a 2-in. diameter
PVC manifold extending approximately 6.1 m (20 ft) into the source hole. The source hole was
partially covered elsewhere with a mesh grate.

For DAG-3, these data consist of one InfraBSU microbarometer (Marcillo et al. 2012) digitized on a
Reftek 130 recorder (Figures 26 and 27). The sensor was installed directly on the mesh grate above
the source hole. It had a nominal sensitivity of 0.000046 volts per Pascal and the Ref Tek 130 had a
counts-to-volts conversion of 8.61x107-8, including the gain of 32.
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Figure 25
Map Showing Sensor Locations for the DAG Primary Infrasound Array
The horizontal distance from SGZ (red circle with cross) is labeled in kilometers. The BEEF trailer park is
shown as a green rectangle.
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Figure 26
Microbarometer Manifold for the Downhole Pressure Recording Diagnostic
This pipe was attached to a ~10 m (33 ft) PVC pipe extending into the source hole. Aquarium tubing carried
the pressure signal from the brass ports on this manifold to the microbarometers.

Figure 27
Configuration of the Microbarometer Recorders
Microbarometers are arranged in channel order.
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6.2.3 Gem Linear Array

For DAG-1, a temporary array of Gem microbarometers (Anderson et al. 2018) was emplaced close
to SGZ in an attempt to capture very faint acoustic signals that the main acoustic network may have
missed. Table 2 gives the locations of the array.

Table 2
Gem Microbarometer Array Locations
) Latitude Longitude
Station Notes
WGS84
GEM1 37.1147427 | -116.06816 100 m from SGZ
GEM2 37.1147517 | -116.06808 120 m from SGZ
GEM3 37.1147653 | -116.06798 140 m from SGZ
GEM4 37.1147793 | -116.06786 160 m from SGZ
GEM5 37.1147912 | -116.06776 180 m from SGZ
GEM6 37.1148043 | -116.06765 200 m from SGZ
GEM7 37.1148151 | -116.06754 220 m from SGZ

6.2.4 Crane Microbarometer

For DAG-3, these data consist of a Gem infrasound microbarometer (Anderson et al. 2018) installed
on an NNSS crane. The location of the Gem was 37.11591 north latitude, -116.07000 west
longitude. The Gem was located at an elevation angle of 14.5 degrees with respect to SGZ,
measured using the Theodolite app on an iPhone.

For DAG-4, these data consist of a Gem infrasound microbarometer (Anderson et al. 2018) installed
on the crane. The location of the Gem was 37.11587 north latitude, -116.07 west longitude. The
Gem was located 34 m (112 ft) above ground surface.

6.2.5 Balloon Microbarometer

6.2.5.1 DAG-3

For DAG-3, four infrasound microbarometer payloads were prepared for flight on heliotrope solar
hot air balloons (Bowman et al. 2020). The flights were intended as “proof of concept,” since the
upper air winds were expected to carry the balloons out of range of the DAG-3 infrasound signal by
the time the test was executed. Thus, the data have not been exhaustively examined for potential
arrivals.

Of the four payloads, Payloads 1 and 2 were brought to the launch site but were not launched. They
were brought back to the nearby instrumentation trailer park (also known as “BEEF” [see location
on Figure 25]) and hung from tent poles when the test was executed. The location of Payload 1 is
thus marked at 37.09604 north latitude, -116.06815 west longitude. It had three channels: a normal-
polarity infraBSU (channel CDF1), a reversed-polarity infraBSU (channel CDF2) and a
mechanically disabled infraBSU (channel CYF). The polarity reversal is accomplished by swapping
the position of the mechanical filter. The mechanically disabled channel is accomplished by

removing the filters from both ports. InfraBSU microphones are described in Marcillo et al (2012).
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They were digitized on a DiGOS DATA-CUBE logger. Payload 2 consisted of a Gem
microbarometer and an Eagle flight computer for payload position logging. It was also located at
37.09604 north latitude, -116.06815 west longitude when DAG-3 was executed.

Payload 3 was launched on a solar hot air balloon. It had a Gem microbarometer and an Eagle flight
computer for payload position logging.

Payload 4 was launched on a solar hot air balloon. It had two Gem microbarometers co-located in
the same box, and an Adafruit GPS Shield for payload position logging. The GPS shield truncated
all but the left two digits of the elevation reading, meaning that when the balloon reached level
float, there is a +/- 1 km uncertainty in altitude.

6.2.5.2 DAG-4

For DAG-4, a total of seven infrasound microbarometer payloads were prepared for flight on
heliotrope solar hot air balloons (Bowman et al. 2020). Last minute problems with the balloon
trackers meant that only four were qualified for flight a day prior to the shot.

Of the seven payloads, Payload 1 and 4 were not launched. They were hung from tent poles in the
BEEF trailer park when the test was executed. The location of Payload 1 is thus marked at 37.09604
north latitude, -116.06815 west longitude. It had three channels: a normal-polarity infraBSU
(channel CDF1), a reversed-polarity infraBSU (channel CDF2) and a mechanically disabled
infraBSU (channel CYF). The polarity reversal is accomplished by swapping the position of the
mechanical filter. The mechanically disabled channel is accomplished by removing the filters from
both ports. InfraBSU microphones are described in Marcillo et al. (2012). They were digitized on a
DiGOS DATA-CUBE logger. Payload 4 consisted of a Gem microbarometer (Anderson et al. 2018)
and an Eagle flight computer for payload position logging. It was also located at 37.09604 north
latitude, -116.06815 west longitude when DAG-4 was executed. Payload 3 was not operational and
was therefore not turned on.

Payload 5 was launched on a solar balloon towed aloft by a helium balloon. The solar balloon failed
to deploy properly and the payload landed in the Grand Canyon prior to DAG-4. It was never
recovered, as it would have required a helicopter to access the landing site.

Payload 2 was launched on a solar hot air balloon. It had a Gem microbarometer and an Eagle flight
computer for payload position logging. It was located in the stratospheric shadow zone when
DAG-4 was executed, and no acoustic arrivals were identified.

Payload 6 was launched on a solar hot air balloon towed aloft by a helium balloon. It had a Gem
microbarometer and an Eagle flight computer for payload position logging. It was located too far to
the east when DAG-4 was executed, and no acoustic arrivals were identified.

Payload 7 was launched on a solar balloon towed aloft by a helium balloon. It had a Gem
microbarometer and an Eagle flight computer for payload position logging. An arrival from the
DAG-4 test was identified at 21:09:27 UTC, June 22, 2019, when the balloon was at 36.68026 north
latitude, -116.38151 west longitude, at an altitude of 21,867 m above mean sea level.
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6.2.6 Ground Zero Microbarometer

For DAG-4, these data consist of one InfraBSU microbarometer (Marcillo et al. 2012) digitized on a
Reftek 130 recorder. The sensor was installed on a post about 1 m (3 ft) tall directly over SGZ. The
bitweight was 8.61x107-8 (including the 32x gain), and the conversion for sensor volts to pascals
was 0.000046.

6.3 Weather Data

Weather data were collected for the DAG tests to provide information needed for analysis of surface
acoustic measurements such as infrasound. Weather data for the tests were collected from one
temporary station and three permanent stations in the network of weather stations managed by the
NNSS Weather Operations, Air Resources Laboratory/Special Operations and Research Division.
This network is known as the SORD/NNSS Weather Mesonet, and consists of 24 stations located
across the NNSS. The DAG data provided are from stations MO9/A09AB, M49/A04AA, and
M17/A01AB. These are 10-m (33-ft) tall towers located approximately 2.5 km northeast, 6 km
south-southeast, and 2.7 km southwest, respectively, of the DAG test bed (Figure 28). Wind and
other weather observations, including temperature, humidity, atmospheric pressure, and solar
radiation, were taken to provide 15-minute averaged data. The temporary station, M90, was a 2-m
(7-ft) tall station that recorded wind speed, wind direction, temperature, relative humidity, and
atmospheric pressure every 2 seconds. This station was located approximately 2.5 km north-
northwest of the DAG test bed.

In addition to the weather data collected on the 10-m (33-ft) and 2-m (7-ft) towers, SORD also
collected upper air data using a radiosonde (balloon) for the DAG tests. Measurements were taken
by the radiosonde every 1 second and reported every 2 seconds. Parameters recorded by the
radiosonde included wind speed and direction, temperature, humidity, pressure, and location. The
balloon release location was near the BEEF trailers about 2.2 km south of the DAG testbed
(Figure 28).

Detailed information about the weather data collection methodology for the tests is provided in
Attachment 1.
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Figure 28
Google Earth Image Showing the Location of NOAA SORD Meteorological Towers and Radiosonde

Balloon Release Location in Relation to the DAG Test Bed

7 Additional Diagnostics

7.1 Distributed Acoustic Sensing (DAS)

DAS technology was deployed for the DAG experiments in an effort to track continuous wavefields
in addition to the few widely spaced point measurements, available from typical geophone layouts.
The DAS deployed is a fiber-optic sensing system comprising an advanced optoelectronics
interrogator and sensing cables. Helically-wound fiber cable (HWC) placed in two DAG boreholes
in vertical seismic profiling configurations recorded up-going and down-going P and S waves. It is
planned to convert the fiber strain rate to acceleration by scaling with the local apparent slowness.
The technique works best in high signal-to-noise time windows where phases are well separated.

Three Silixa Carina interrogators were in place and recorded DAS data for all four DAG
experiments. Interrogators 1 and 2 were attached to HWC with 30-degree pitch. Both HWC fiber
runs start at a junction box located between instrumentation holes U-2ez-SW80 and E80.
Interrogator 1 was run southwest from the box and inserted into borehole SW80, and interrogator 2
was run northeast from the box and inserted into borehole E8O. Interrogator 3 was attached to
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straight (i.e., not HWC) Silixa Constellation fiber that extended southeast from the surface junction
box to the recording station over 2 km away. All surface fiber was installed in a trench up to

15 centimeters below ground surface and backfilled with native material. The downhole portions
were grouted in place. Figure 29 shows a map showing the layout of the fiber optic cable lines.

The gauge length of the interrogators was 2 m (7 ft). The sample rate depended on the interrogator
and the experiment, and ranged from 36 to 100 kilohertz (kHz). Full sample-rate data are not
available. All data were exported by the vendor at 2,000 Hz.

Data from interrogators 1 and 2 were combined into a single SEG-Y file per experiment (file has
‘HWC” in filename). Data from interrogator 3 are in a separate SEG-Y file per experiment (data
have ‘surface’ in filename). The SEG-Y files were exported from Schlumberger Vista software and
are in a Floating-Point IBM format. An effort was made to conform to SEG-Y Revision 1 standards,
but some header variables may not strictly adhere. The data are in units of strain rate:
nanometers/meter/second. However, due to a recording problem, the data for DAG-1 are merely
proportional to strain-rate, with an unknown proportionality constant. All source and receiver
locations are reported in the SEG-Y headers in UTM Zone 11 North and elevations are in WGS84
meters.

Figure 29
Map Showing the Layout of the Distributed Acoustic Sensing Fiber Optic Cable

Blue line is helically wound cable (HWC). Green line is straight Constellation fiber.
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7.2 Magnetometers

7.2.1 Primary Magnetometers

Low frequency electromagnetic (EM) signals were observed from the approximately one-kiloton
chemical explosion of ANFO that was part of the 1993 Non-Proliferation Experiment by Sweeney
(1994). In general, chemical explosions are expected to produce low frequency EM signals

(e.g. Soloviev and Sweeney 2005; Sweeney 2011). These signals are expected to attenuate rapidly,
and may be observable only at close range (<1 km) from the DAG subsurface chemical explosions.
The purpose of the DAG LLNL EM data collection was to observe these signals using
magnetometers deployed at close range (<100 m).

These observations are complicated by several factors: 1) movement of the sensors in the Earth’s
ambient field will create signals; 2) timing and firing circuits may produce signals; and 3) high
background noise due to power lines and other sources of EM energy. These difficulties may be
mitigated by co-locating the magnetometer with a seismic sensor and by the collection of
background data prior to the test and during the dry runs, when much, but not all, of the timing and
firing circuitry is tested.

The observations were made by deploying magnetometers (B field) sensors near SGZ. Two setups,
at distances of 30 and 60 m (horizontal distance from SGZ), were installed for each test (Figure 30
and Table 3). Each setup consisted of three orthogonal B field sensors (EMI BF-5/6 magnetometers)
with coil windings and a nominal response of 1-100 kHz (Figure 31). A seismic sensor, typically a
KMI EpiSensor, was installed at each location as well, to measure ground motion, because the
arrival of the seismic wave will produce signals due to the motion of the sensor within the Earth’s
magnetic field. A seismic sensor is essential for proper interpretation of the data (e.g., Sweeney
2011) and to ensure that that signal associated with later-arriving ground motion can be
distinguished from the actual source EM signal, which arrives earlier due to higher propagation
speed of the EM signals (~3e10 m/s) as opposed to the seismic signals (~3e4 m/s).

Data were recorded on a six channel Reftek at 500 or 1000 sps. The Reftek uses a non-causal finite
impulse response (FIR) anti-alias filter, which may produce acausal transients for high-frequency
signals near the Nyquist frequency. The exact response of the FIR differs with the firmware version.
Timing is based on a crystal oscillator with periodic locks to an external GPS signal.

Table 3
Positions of Primary DAG Magnetometer Sensors
Reftek Latitude (DMS) Longitude (DMS) Elevation
B258 37 13 14.69 116 03 40.29 1,520 m (4,987 ft)
B259 371313.72 116 03 40.80 1,523 m (4,997 ft)
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Figure 30
Primary Magnetometer Set-up at Each Point
Magnetometer schematic shown in left image. Right image shows co-located magnetometer and
EpiSensor seismic sensor.

Figure 31
Nominal Frequency and Amplitude Response for the Primary DAG Magnetometers

7.2.2 Atomic Magnetometers

Two QTFM QuSpin scalar magnetic field sensors were deployed for DAG-4. The sensors recorded
the total magnetic field and their GPS time and position. See Table 4 for sensor locations. These can
also be recovered from the QTFM files and from the code in p01_ReadPlotDag4Data.py. The
sensors were about one meter closer to SGZ than listed because the GPS antenna was not on the

magnetometer.
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There are no known issues with the data. Python 3 code is included with the data to show how it
was processed. The raw data recorded directly from the sensors are in ./rawData. It is plain text. The
Python code p00_cleanTheRawData.py removes null bytes from the raw files and dumps that data
into ./cleanData. The Python code p01_ReadPlotDag4Data parses the clean data into two sets of
data: magnetometer and GPS. The GPS data are used to align the clock in the magnetometer data to
the GPS PPS (pulse per second). This means timing is probably no more accurate than the sampling
frequency of the sensors, which is ~1/204 Hz ~= 4 milliseconds.

Table 4
Atomic Magnetometer Locations for DAG-4
Latitude Longitude
Sensor
WGS84

Northeast 37.115020 -116.069024
Southeast 37.114394 -116.068796

7.3 Unmanned Aerial System (UAS) Photogrammetry

The low-altitude aerial photogrammetry diagnostic was designed to capture high-resolution
overhead imagery with surface ground control in order to develop detailed topographic models
before and after select experiments in the DAG series. This diagnostic facilitated the identification,
quantification, and analyses of any surface changes generated as a result of the underground
conventional high-explosive experiments. This diagnostic involved the deployment of a
commercial-off-the-shelf digital single-lens reflex (DSLR) camera, fixed to a small unmanned
aerial vehicle and deployed at low altitude (<40 m above ground level). The vehicle plus the sensor
is referred to as an unmanned aerial system (UAS). Imagery was collected in a pre-defined
boustrophedonic pattern over a region of 820 m by 720 m (~3,160 m?). The centroid location of the
diagnostic collection area is off-centered with respect to SGZ in order to explore any surface
changes distal to SGZ that may be associated with nearby topographic relief (e.g., legacy
underground nuclear explosion collapse craters adjacent to the DAG site) and buried faults. To
obtain the highest possible resolution elevation data, imagery was collected with significant overlap
(>80% frontal overlap and >65% side overlap) and in conjunction with a dense network of
geodetically-surveyed ground control points. The pre-experiment data were collected over a three-
to five-day period preceding the experiments, and post-experiment data were collected as soon as
site conditions were deemed safe and accessibility was granted following the experiment execution
(typically within 1-2 days). Image data were photogrammetrically processed using Agisoft
Photoscan (now Agisoft Metashape), orthorectified, and rendered into digital elevation models in
conjunction with the surveyed ground control points in order to develop orthorectified composite
orthoimages and topographic data products that could be compared against each other to determine
and assess surface changes.

Further details on the diagnostic deployment (including aircraft and camera sensor specifications)
and data analysis methods can be found in Crawford et al. (2021), https://www.mdpi.com/2504-
446X/5/2/25/htm. Example maps, deployment methodological discussions, data processing
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methodological information, data quality thresholds, and details on image quality can also be found
in Crawford et al. (2021). Interested parties are referred first to this open-access peer-reviewed
manuscript as a resource, and encouraged to contact the authors of that paper for further details on
the current state of these data and related ongoing research, and with any questions.

Raw image data are available for the DAG-2 and DAG-4 experiments, and can be obtained on
request to specific staff (listed below) in the Los Alamos National Laboratory’s Earth Systems
Observations Group. Approximately 32,000 individual image files exist in total, for an aggregate
total data volume of 1.2 terabytes. The DAG-2 photogrammetric campaign collected approximately
11,000 total pre-experiment and post-experiment photos, while the DAG-4 photogrammetric
campaign collected about 18,500 pre-experiment and approximately 19,500 post-experiment
photos. Photogrammetric analyses for DAG-4 additionally included a much later-time post-
experiment data collection, which took place approximately six weeks after the experiment, and that
dataset consists of approximately 8,500 photos. For both the DAG-2 and DAG-4 campaigns, the
imagery link to absolute spatial change via a network of at least 220 surveyed ground control points.
These fiducials were installed and surveyed before the pre-experiment photogrammetric data
collection, and surveyed again following the post-experiment photogrammetric collections.

Raw image files, processed pre- and post-experiment ortho-imagery, pre- and post-experiment
digital elevation models, and ground control point survey information can be obtained by contacting
the following:

e Brandon Crawford (bcrawford@Ianl.gov)
e Anita Lavadie-Bulnes (lavabul@Ianl.gov)
e Emily Schultz-Fellenz (eschultz@lanl.gov)
e Erika Swanson (emswanson@lanl.gov)

7.4 Fully Polarimetric Synthetic Aperture Radar Imagery (PolSAR)

PoISAR data were collected for DAG-2 on December 19, 2018 by airplane with the SNL Facility
for Advanced RF and Algorithm Development (FARAD) X-band (9.6 gigahertz center frequency)
SAR system in circular trajectory videoSAR mode. The airplane flew two circles before DAG-2,
one circle during DAG-2, and two circles after DAG-2. The data sets used were the first circle
flown before DAG-2 (denoted as C-2), the circle flown during DAG-2 (denoted as Co), and the
second circle flown after DAG-2 (denoted as C+2). The data set contains calibrated fully-
polarimetric images with the linear polarization channels:

o vertical receive, vertical transmit (VV)

e horizontal receive, vertical transmit (HV)

e vertical receive, horizontal transmit (VH)

e horizontal receive, horizontal transmit (HH)
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A short list of the nominal collection and imaging parameters are as follows:

e Desired grazing = 38.0 degrees

e Desired standoff range = 3,470 m

e Image resolution = 0.1016 m in slant-range and cross-range resolution after a -35 dB Taylor
weighting

e Pixel spacing = 0.07816 m

e Desired scene size dimensions = 200 m in slant-range and cross-range

MATLAB code will be supplied to read the imagery format.
Included files:

e Formed complex-valued images for apertures used. Data are real and imaginary reflective
values, not amplitude and phase. The images from C-2 and C.2 are co-registered to the
images from Co.

e Coherence between apertures from C-2 and Co, and Co and C-2.

e H/A/a polarimetric decomposition for apertures in the same circles given above. The
decomposition is described in Yocky et al. (2019).

Initial exploitation and results from the data set are captured in West et al. (2021). A sample data set
consisting of approximately 700 megabytes will be posted to IRIS. The total data set is
approximately 46 gigabytes. The data have been approved as unclassified unlimited release (UUR)
by SNLs review and approval process. The entire data set will be hosted at SNL. For SNL images,
the copyright statement is: © 2021 National Technology & Engineering Solutions of Sandia, LLC,
and should be used in any publication.

7.5 Video

Several types of videos were obtained during the DAG tests by LANL and MSTS, as described in
the following sections.

7.5.1 U-2ez Site Camera and GoPro Cameras

Two types of videos, test detonation and cable-cutter, were obtained by LANL for the DAG tests
using LANL’s U-2ez site camera and GoPro cameras. Video footage was collected during each
experiment to observe the event and to record the degree to which the cables suspending the
explosives canisters in the U-2ez source hole were disrupted by the detonation. Attachment 2
provides a complete descriptive document, which is summarized in this section, containing photos
and a list of videos and camera settings.

Each experiment canister was suspended from a pair of wire cables in the source hole. As described
in Section 4, the hole was stemmed with gravel, sand, and grout above each canister prior to
detonation. Because of this, the cables showed minimal motion during the events. The canister for
DAG-4 was installed near the top of the source hole and the hole was stemmed to ground level, so
cables were not present for DAG-4. Cable-cutter videos were collected during ancillary explosive
operations that followed DAG-1, DAG-2, and DAG-3. Each operation utilized small shaped charges
with Composition C-4 to cut the cables just above the top of stemming for the three experiments.
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More motion of the cables was observed during the cable-cutter operations than during the tests due
to the release of tension that was applied during installation of the experiment canisters.

Thirteen videos were collected by LANL. They are available upon request from Juan-Antonio Vigil
(jviqil47@lanl.gov).

7.5.2 High-Speed Video Cameras and Handy-Cams

MSTS fielded two high-speed Phantom V711 cameras (S/N: 11894 and S/N: 13546) and four
handy-cams (HC-01, HC-02, HC-03, and HC-04) for each of the DAG tests and also the cable
cutter events. The goal of fielding both high-speed and low-speed video was to capture any ground
motion, determine estimates of shock propagation, determine symmetry of shock propagation, and
also record any late-time events that may have occurred at the U-2ez test bed and the surrounding
area from different vantage points. Attachment 3 provides the complete descriptive document,
which is summarized in this section, containing findings, photos, and lists of videos, camera
settings, and camera locations.

Both high-speed video cameras were located west of U-2ez in a large enclosure (known as the “Ice
Box”), which was temperature controlled and had a viewport on the side covered by plexiglass so
no wind or debris would interrupt the view of the cameras. It also housed all of the equipment
necessary to communicate with the systems remotely from the BEEF trailer park (located about

2.2 km south of U-2ez). In order to mitigate any sort of ground vibration coming from the
equipment so it would not affect the seismic recording equipment around U-2ez, all of the
equipment in the Ice Box trailer were running either off of a RUPS unit or dedicated battery
supplies for the high-speed cameras. The handy-cams were positioned roughly north, east, and west,
and at U-2ez at varying distances depending upon the event itself.

A total of 36 videos were collected by MSTS. They are available upon request from Rand Kelly
(kellyrp@nv.doe.gov).

8 Post-Experiment Procedures

Post-experiment aggregation, merging, archiving, and distribution of data from DAG-1 through
DAG-4 were conducted at UNR by the technical members of the NSL. The process employed the
Antelope Real Time and data processing software system from Boulder Real Time Technologies
(Boulder, Colorado); the data processing suite from the Program for Array Seismic Studies of the
Continental Lithosphere (PASSCAL); the CSS 3.0 database format; and Ubuntu-Linux-based
servers at NSL data centers.

9 Summary

This report coincides with the official release of near- and far-field seismic, acoustic, and diagnostic
data for DAG-1, DAG-2, DAG-3, and DAG-4. The report includes a description of the experiment,
the types of data and instruments, and post-experiment data processing. This data release includes
separate sets of these data, including the raw data as well as the data reflecting the application of the
corrections.
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Appendix 1
Construction Data for Boreholes Drilled at the U-2ez Site

Hole Spud Completion | Accelerometer Azimuth from | Distance from lConductor Hole C.onductor Casing : Borehole - SPC (NADZ?/NGVDZQ)
Name Date Date Install Date Stem Date Source Hole | Source Hole | Diameter [ Depth | Diameter | Depth |[Diameter | Depth Northing Easting TOC Elev Notes
(degrees) (ft) (in.) (ft) (in.) (ft) (in.) (ft) (sft) (sft) (sft)

U-2ez 8-Nov-1983 20-Nov-1983 na na na na 98 118 98 117 96 1300 861,270.23 | 674,440.22 4,216.52 [[NNSS Survey 12/12/16
U-2ez N10 2-May-2017 3-May-2017 14-Feb-2018 14-Mar-2018 342 32.73 18 81 13.375 83.05 10.625 | 1322.84 || 861,301.33 | 674,430.02 | 4,216.00 |INNSS Survey 10/4/18
U-2ez N20 30-Mar-2018 3-Apr-2017 28-Feb-2018 14-Mar-2018 342 65.53 18 87 13.375 83.75 10.625 | 1334.16 || 861,332.72 | 674,420.48 | 4,215.86 |INNSS Survey 10/4/18
U-2ez N40 3-Apr-2017 6-Apr-2017 6-Mar-2018 2-May-2018 342 131.04 18 85 13.375 82.90 10.625 | 1330.00 || 861,395.10 | 674,400.48 | 4,216.03 |INNSS Survey 10/4/18
U-2ez N80 7-Apr-2017 11-Apr-2017 26-Mar-2018 2-May-2018 342 262.22 18 85 13.375 80.97 10.625 | 1336.51 || 861,520.08 | 674,360.64 | 4,219.67 |INNSS Survey 10/4/18
U-2ez E10 24-Apr-2017 27-Apr-2017 22-Feb-2018 14-Mar-2018 85 32.84 18 87 13.375 82.80 10.625 | 1332.24 || 861,273.28 | 674,472.92 | 4,215.74 |INNSS Survey 10/4/18
U-2ez E20 28-Mar-2017 29-Mar-2017 22-Feb-2018 14-Mar-2018 85 65.91 18 87 13.375 83.50 10.625 | 1330.18 || 861,275.78 | 674,505.89 | 4,215.82 [INNSS Survey 10/4/18
U-2ez E40 17-Apr-2017 19-Apr-2017 7-Mar-2018 2-May-2018 85 131.40 18 83.5 13.375 81.00 10.625 | 1330.00 || 861,281.28 | 674,571.15| 4,215.14 [INNSS Survey 10/4/18
U-2ez EB0 19-Apr-2017 24-Apr-2017 9-Apr-2018 2-May-2018 85 262.53 18 85 13.375 80.71 10.625 | 1330.28 || 861,292.09 | 674,701.84 | 4,214.83 [INNSS Survey 10/4/18

U-2ez SW10 || 27-Apr-2017 1-May-2017 26-Feb-2018 14-Mar-2018 225 32.84 18 87 13.375 83.45 10.625 | 1334.45 || 861,246.97 | 674,417.04 | 4,215.52 [INNSS Survey 10/4/18
U-2ez SW20 || 20-Mar-2017 27-Mar-2017 27-Feb-2018 14-Mar-2018 225 65.68 18 85 13.375 81.40 10.625 | 1321.27 || 861,223.66 | 674,393.91 | 4,215.52 [INNSS Survey 10/4/18
U-2ez SW40 || 23-Feb-2017 16-Mar-2017 19-Mar-2018 2-May-2018 225 131.14 18 86 13.375 83.80 10.625 | 1333.95 || 861,177.52 | 674,347.48 | 4,216.51 [INNSS Survey 10/4/18
U-2ez SW80 12-Apr-2017 14-Apr-2017 10-Apr-2018 2-May-2018 225 262.43 18 85 13.375 83.68 10.625 | 1700.00 || 861,084.55 | 674,254.77 | 4,217.43 [INNSS Survey 10/4/18

Note: Azimuth and distance from source hole refers to surface locations.

Elev = elevation
ft = feet
in. = inches

na = not applicable

NAD27 = North American Datum of 1927
NGVD29 = National Geodetic Vertical Datum of 1929

sft = U.S. survey feet

SPC = State Plane coordinate system (Nevada, Central, 2702)

TOC = top of casing
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DAG Weather Data Collection

BACKGROUND

05 August 2021

The surface weather data collected for the DAG experiments were from one temporary station
and three stations in the SORD/NNSS Weather Mesonet. The Mesonet consists of 24 stations

located all across the NNSS. The DAG data provided are from stations M09/A09AB,

M49/A04AA, and M17/A01AB. These are 10-meter tall towers and are located approximately
2.5 km west-northwest, 6 km south-southeast, and 2.7 km southwest, respectively, from the
DAG test bed. Wind observations and other weather observations, including temperature,
humidity, atmospheric pressure, and solar radiation, were taken to provide 15-minute averaged
data. The temporary station, M90, was a 2-meter tall station that recorded wind speed, wind
direction, temperature, relative humidity, and atmospheric pressure every 2 seconds. This station
was located approximately 2.5 km north-northwest of the DAG test bed. The SORD weather
stations are sited, installed, operated, and maintained according to the ANSI/ANS-3.11 (2015)
Voluntary Consensus Standard, “Determining Meteorological Information at Nuclear Facilities”.

SURFACE DATA COLLECTION METHODOLOGY
The tables below summarize the collection methodology for the surface data collected. Table 1
defines how all of the observations from a standard NNSS Mesonet Weather tower are taken for
the 15-minute averaged data on the 10-meter towers. Table 2 defines how the observations are
taken for the 2-second data at a SORD/NNSS Micronet 2-meter portable tower.

Table 1: Weather Sensor Collection Methodology for Routine 15-minute Averaged Data, 10-

meter tower
Parameter Sensor Location Sample Rate Data Processing Units
15 minute R-M. Young SP 10 meters, 4 times per Averaged over 15 Meters/
. 81000RE, Sonic .
Wind Speed top of tower second minutes second
Anemometer
15 minute R.M. Young 3D .
Wind 81000RE, Sonic 10 meters, 4 times per Averag‘ed over 15 Compass
L top of tower second minutes Degrees
Direction Anemometer
15 minute R.M. Young 3D .
WindSigma | 81000RE, Sonic | S | ST | AT | e
Theta Anemometer P &
15 minute Maximum 3-
R.M.Y 3D
Wind Speed oung . 10 meters, 4 times per second running Meters/
. 81000RE, Sonic
Maximum- top of tower second average over the second
Anemometer . .
Gust 15 minute period
15 minute Minimum 3-
Wind Speed RM. Young 3P 10 meters, 4 times per second running Meters/
. 81000RE, Sonic
Minimum- top of tower second average over the second
Anemometer . .
Lull 15 minute period
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Table 1 continued: Weather Sensor Collection Methodology for Routine 15-minute Averaged
Data, 10-meter tower

Parameter Sensor Location Sample Rate Data Processing Units
Telns‘n ne]:’r;ltjl?:e Vaisala i.eSa:nttzceros% 4 times per Averaged over 15 | Degrees
P HMP155A P minute minutes Celsius
Upper tower
15 minute 8.5 meters
Relative Vaisala n.ear to 01: 4 times per Averaged over 15 %
Humidity- HMP155A P minute minutes (percent)
tower
Upper
15 minute Vaisala 2 meters, 4 times per Averaged over 15 | Degrees
Temperature- near bottom . X .
HMP155A minute minutes Celsius
Lower of tower
15 minute 2 meters
Relative Vaisala near botto'm 4 times per Averaged over 15 %
Humidity- HMP155A minute minutes (percent)
of tower
Lower
15 minut Vaisal 2 meters, .
minu e‘ alsala meters 4 times per Averaged over 15 hecto-
Atmospheric Barometer near bottom minute minutes Pascals
Pressure PTB110-BCA of tower
15 minute Hukseflux 2 meters, 4 times per Averaged over 15 X
Solar Pyranometer near bottom minute minutes W/m
Radiation LPO2 of tower
15 minute Hukseflux 2 meters, 4 times per Totaled over 15
Total Solar Pyranometer near bottom minuti minutes kl/m?
Radiation LPO2 of tower
. Hydrological Near Ground, Records
15 minute . N . « ”
Services Tipping opening bucket Totaled over 15 .
Total . MY ae . inches
Precipitation Bucket Rain about 1 (0.01”) tips minutes
P Gauge TB3/P meter AGL as occurs
15 minute Campbell In All- .
Battery Scientific CR1000 | Weather Box 4 ;T:jtger Aver;gisstzzer 15 Volts DC
Voltage Data Logger at 1.5 meters
. Calculated from
15 minute 2 meters, 4 times per | lower Temperature | Degrees
Dew Point N/A near bottom . P P . & .
minute and Relative Celsius
Temperature of tower L
Humidity
15 minute Difference . Calculated from Degrees
Delta between 4 times per .
N/A . upper and lower Celsius /
Temperature 8.5mand 2m minute
. . Temperature meter
with Height temperature
Collects and st
Campbell In All- ° aelcl ;aatr; a_;dores
Datalogger Scientific CR1000 | Weather Box N/A . . N/A
transmits to Main
Data Logger at 1.5 meters PC
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Table 2: Weather Sensor Collection Methodology for 2-second Data, 2-meter portable tower

Parameter Sensor Location Sample Rate | Data Processing Units
Campbell In All-
Battery Scientific CR1000 | Weather Box | OncePer | Reportedevery [ o ne
Voltage second 2 seconds
Data Logger at 1.5 meters
Minimum Campbell In All- Once per Reported ever
Battery Scientific CR1000 | Weather Box seco:d g seconds ¥ Volts DC
Voltage Data Logger at 1.5 meters
Vaisala AL2.0
Wind WXT520 ) Once per Reported every Meters /
. . . meters,
Direction Sonic . second 2 seconds second
top of tripod
Anemometer
Vaisala AL 2.0
. WXT520 Once per Reported every Meters /
Wind Speed . meters,
Sonic . second 2 seconds second
top of tripod
Anemometer
Vaisala
WXT520 At 2.0
i Once per Reported every Degrees
Temperature Capacitive meters, .
. . second 2 seconds Celsius
Ceramic top of tripod
THERMOCAP
Vaisala
WXT520 At 2.0
Relative . . Once per Reported every
. Capacitive thin meters, % (percent)
Humidity . . second 2 seconds
film polymer top of tripod
HUMICAP
Vaisala
WXT520 At2.0 Once per Reported every
Pressure " meters, hectoPascals
Capacitive tob of trinod second 2 seconds
Silicone BAROCAP | 0P 0T HIP
Vaisala
WXT520 At2.0
o . Reported every .
Precipitation Impact Sensitive meters, As occurs inches
. . . 2 seconds
piezo-electrical top of tripod
RAINCAP
Campbell In All- stcci'”eic;(lsl ?ir;fcja
Datalogger Scientific CR1000 | Weather Box N/A . N/A
Data Logger at 1.5 meters and transmits to
’ Main PC
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RADIOSONDE (BALLOON) DATA COLLECTION METHODOLOGY

The table below summarizes the collection methodology for the upper air data
(radiosonde/balloon) collected. Table 3 defines how the observations were taken. Measurements
are taken by the radiosonde every 1 second and reported every 2 seconds.

Table 3: Radiosonde (Weather Balloon) Data Collection Methodology

Sample . .
Parameter Sensor Ratz Data Processing Units
Computed by
InterMet Radiosonde the change in
. * | Once per g Meters
Wind Speed iMet-1-ABx P GPS position. /
second second
GPS Reported every
2 seconds
Computed by
. i the ch i
Wind InterMet Radiosonde, Once per ec an‘g.e In Compass
. . iMet-1-ABx GPS position.
Direction second Degrees
GPS Reported every
2 seconds
InterMet Radiosonde, Once per Reported every Degrees
Temperature iMet-1-ABx .
second 2 seconds Celsius
Glass Bead
. InterMet Radiosonde
Relative ’ | Once per | Reported ever
W iMet-1-ABx P P Ve 1o (percent)

Humidity Capacitive Polymer second 2 seconds

InterMet Radiosonde, | Once per | Reported every

Pressure hectoPascals

iMet-1-ABx second 2 seconds
. InterMet Radiosonde, Once per | Reported every Latitude
Location iMet-1-ABx
GPS second 2 seconds (degrees)
. lnterMet Radiosonde, Once per | Reported every Longitude
Location iMet-1-ABx
GPS second 2 seconds (degrees)
. InterMet Radiosonde, Once per | Reported every Height
Location iMet-1-ABx
GPS second 2 seconds (meters)

No challenges were encountered, data were collected as planned, and the results were as
expected.

Please refer any questions and comments to Walt Schalk, Director, NOAA ARL/SORD at 702-
295-1231, schalk@nv.doe.gov, walter.w.schalk @noaa.gov .
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DAG Video Data Release LA-UR-21-24470
(includes videos)

DAG Video Data Release
Pl: Juan-Antonio Fidel Vigil, LANL J-NV

Video description:

Site camera footage was collected during each DAG experiment event to witness the event occurrence,
and to record the degree to which the cables, from which each was suspended in the U2ez hole, were
disrupted by the events.

Videos collected by LANL included:

1. DAG-1 shot, collected with LANL’s U2ez site camera (60 fps);

2. DAG-1 cable cutters, collected with a GoPro camera directed down the hole from above (60 fps
+ audio);

3. DAG-2 shot, collected with 2 GoPro cameras directed down the hole from above (24 fps and 30
fps, both with audio);

4. DAG-2 cable cutters, collected with LANL’s U2ez site camera (21 fps);

5. DAG-3 shot, collected with LANL’s U2ez site camera (21 fps);

6. DAG-3 shot, collected with 2 GoPro cameras directed down the hole from above (120 fps +
audio);

7. DAG-3 cable cutters, collected with LANL's U2ez site camera (30 fps);

8. DAG-3 cable cutters, collected with 2 GoPro cameras directed down the hole from above (120
fps, + audio);

9. DAG-4 shot, collected with LANL’s U2ez site camera (24 fps);

10. DAG-4 shot, collected with a GoPro camera directed along the ground toward ground zero (60
fps + audio);



DAG video data description LA-UR-21-24470
(includes videos)

DAG Video Data Description:

Videos for DAG come in two varieties: shot videos and cable cutter videos. Shot videos were collected
during the DAG experiments, which were nitromethane detonations at 1 ton, 50 tons, 1 ton, and 10 tons
for DAG-1 through DAG-4 respectively. Each experiment was suspended from a pair of wire cables and
installed in the U2ez hole at NNSS. The hole was stemmed with sand and grout above each experiment
prior to detonation, so the cables show minimal motion due to the shot blasts. DAG-4 was installed very
near the top of the U2ez hole, so the cables were not present above the hole once stemming material
had cured. Cable cutter videos were collected during ancillary explosive operations that followed DAG-
1, DAG-2, and DAG-3; each operation utilized small shaped charges with Comp C4 to cut the cables just
above the stemming from each of the main tests. There was more motion of the cables during the cable
cutter operations due to the release of tension that was applied during installation of the main DAG
charges.

A total of 13 videos are ready for release as part of DAG project data reporting. Some were collected
using LANL’s U2ez site camera, and some with GoPro cameras. A sample frame from each video is given
in the figures below, and the videos are available on request.

Figure 1. DAG-1 shot from the site camera; camera shake indicates the shot occurred.



DAG video data description LA-UR-21-24470
(includes videos)

Figure 2. DAG-1 cable cutters from a GoPro directed down the U2ez hole; dust is launched from the cables when tension is
released.

Figure 3. DAG-2 shot from GoPro 1, directed down the U2ez hole; dust is released from the cables due to the explosive blast.



DAG video data description LA-UR-21-24470
(includes videos)

Figure 4. DAG-2 shot from GoPro 2, directed down the U2ez hole; dust is released from the cables due to the explosive blast.

Figure 5. DAG-2 cable cutters from the site camera; cable “hop” can be seen as tension is released from the wires.



DAG video data description LA-UR-21-24470
(includes videos)

Figure 6. DAG-3 shot from the site camera; camera shake indicates the shot occurred.

Figure 7. DAG-3 shot from GoPro 1; debris is knocked from the cables by the explosive blast.



DAG video data description LA-UR-21-24470
(includes videos)

Figure 8. DAG-3 shot from GoPro 2; debris is knocked from the cables by the explosive blast.

Figure 9. DAG-3 cable cutters from the site camera,; camera shake indicates shot occurred.



DAG video data description LA-UR-21-24470
(includes videos)

Figure 10. DAG-3 cable cutters from GoPro 1; debris is knocked from the cables when tension is released.

Figure 11. DAG-3 cable cutters from GoPro 2; debris is knocked from the cables when tension is released.



DAG video data description LA-UR-21-24470
(includes videos)

Figure 12. DAG-4 shot from the site camera; minor ground heave due to the blast launches dust from the ground.

Figure 13. DAG-4 shot from a GoPro; minor ground heave due to the blast launches dust from the ground.
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“High-Speed Video Camera and Handy-Cams”
Provided By: Rand Kelly
Fielding Support: Michael Hanache, Kaleb Howard, James Wilson

MSTS fielded two (2) high-speed Phantom V711 cameras (S/N: 11894 and S/N: 13546) and four
(4) handy-cams (HC-01, HC-02, HC-03, and HC-04) for each of the DAG experiments and also the
cable cutter events. The goal of fielding both high-speed and low-speed video was to capture
any ground motion, determine estimates of shock propagation, determine symmetry of shock
propagation, and also record any late-time events that may have occurred at U-2ez and the
surrounding area from different vantage points.

Both high-speed video cameras were located West of U-2ez in a large enclosure (we called the
“Ice Box”) that was temperature controlled and had a viewport on the side of it covered by
plexiglass so no wind or debris would interrupt the view of the cameras. It also housed all of the
equipment necessary to communicate with the systems remotely from the BEEF trailer park. In
order to mitigate any sort of ground vibration coming from the equipment so it would not
affect the seismic recording equipment around U-2ez, all of the equipment in the Ice Box trailer
were running either off of a RUPS unit or dedicated battery supplies for the high-speed
cameras. The handy-cams were positioned roughly North, East, West, and at U-2ez at varying
distances depending upon the event itself.

Figure 1: Trailer (Ice Box) to house high-speed cameras and other equipment.



Figure 2: Close up view of both Phantom high-speed cameras on top of our optical bread board for stabilization. In-between is
one of our handy-cams.

Figure 3: View from HC-01 East of U-2ez.

A total of 36 videos were collected from DAG |, DAG Il, DAG Il Cable Cutters, DAG lll, DAG Il
Cable Cutters, and DAG IV. All videos are available upon request from Rand Kelly
(kellyrp@nv.doe.gov).



PHANTOM HIGH-SPEED VIDEO CAMERAS

SHOT CAMERA LOCATION LENS FRAME RATE RESOLUTION EXPOURE TIME

(s/N) (mm) (fps) (us)
DAG | 11854 ICE BOX WEST OF U-2E2 100 8,300 1280 x 720 90
DAG | 13546 ICE BOX WEST OF U-2E2 200 8,300 1280 x 720 90
DAG |l 11854 ICE BOX WEST OF U-2E2 100 8,300 1280 x 720 90
DAG |l 13546 ICE BOX WEST OF U-2E2 200 8,300 1280 x 720 90
DAG |l Cable Cutter 11854 ICE BOX WEST OF U-2E2 100 8,300 1280 x 720 90
DAG |l Cable Cutter 13546 ICE BOX WEST OF U-2E2 200 8,300 1280 x 720 90
DAG Il 11854 ICE BOX WEST OF U-2E2 105 8,300 1280 x 720 100
DAG Il 13546 ICE BOX WEST OF U-2E2 180 8,300 1280 x 720 100
DAG |ll Cable Cutter 11854 ICE BOX WEST OF U-2E2 105 8,300 1280 x 720 110
DAG |ll Cable Cutter 13546 ICE BOX WEST OF U-2E2 180 8,300 1280 x 720 100
DAG IV 11854 ICE BOX WEST OF U-2E2 180 8,300 1280 x 720 100
DAG IV 13546 ICE BOX WEST OF U-2E2 58 8,300 1280 x 720 100

Table 1: Phantom High-Speed Video Camera Locations and Settings

HANDY-CAM VIDEO CAMERAS
CAMERA FRAME RATE
SHOT LOCATION
(HC-XX) (fps)

DAG | 01 Morth East of U-2ez 24

DAG | 02 North West of U-2ez 24

DAG | 03 At U-2ez Looking Down 24
Hole

DAG | 04 West of U-2ez in lce Box 24

DAG || 01 Morth East of U-2ez 24

North West of U-2ez on
DAG I 02 24
2nd Stage

DAG Il 03 At U-2ez Looking Down 24
Hole

DAG || 04 North West of U-2ez 24

DAG |l Cable Cutter 01 Morth East of U-2ez 24

North West of U-2
DAG Il Cable Cutter 02 orth wres eren 24
2nd Stage

DAG Il Cable Cutter 03 At L-2ez Looking Down 24
Hole

DAG |l Cable Cutter 04 North West of U-2ez 24

DAG 1 01 East of U-2ez 24

DAG 1 02 West of U-2ez Near lce Box 24

DAG 1 03 North of U-2ez 24

DAG IlI o4 At U-2ez Looking Down 24
Hole

DAG Il Cable Cutter 01 East of U-2ez 24

DAG Il Cable Cutter 02 West of U-2ez Near lce Box 24

DAG Il Cable Cutter 03 North of U-2ez 24

DAG Il Cable Cutter 04 At L-2ez Looking Down 24
Hole

DAG IV 01 North West of U-2ez 24

DAG IV 02 MWorth East of U-2ez 24

DAG IV 03 West of U-2ez in lce Box 24

DAG IV 04 East of U-2ez (Balloon Hill) 24

Table 2: Handy-Cam Video Camera Locations and Settings



The analysis from the high-speed videos and the handy-cams indicate the following:

e DAGI
0 Surface shock propagation was calculated to be approximately 5.39 km/s.
0 Surface vertical displacement appears to be approximately 2.7 inches.
0 Geometry of surface shock appears to be radially symmetric from U-2ez.
e DAGII
0 Surface shock propagation was calculated to be approximately 6.70 km/s.
0 Surface vertical displacement appears to be approximately 4.6 inches.
0 Geometry of surface shock appears to be non-radially symmetric and displaced
from U-2ez.
e DAG Il Cable Cutters
0 No noticeable surface disturbance at U-2ez or extending from there.
0 Only noticeable movement were the large ring-hole bolts that appears to have
vertically moved approximately 4.6 inches at U-2ez.
e DAGIII
0 Surface shock propagation was calculated to be approximately 5.086 km/s.
0 Surface vertical displacement appears to be approximately 3.2 inches.
0 Geometry of surface shock appears to be radially symmetric and displaced from
U-2ez.
e DAG Ill Cable Cutters
0 No noticeable surface disturbance at U-2ez or extending from there.
0 Only noticeable movement were a couple of cables at U-2ez.
e DAGIV
0 Surface shock propagation was calculated to be approximately 4.972 km/s.
0 Surface vertical displacement shows a large movement of approximately 8.0
inches.
0 Geometry of surface shock appears to be radially symmetric and centered at U-
2ez.
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