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Seismic Hammer™: The Movie




Source Physics Experiment Goals @&

= SPE systematically examines the phenomena in the source
region of explosions

= The causes of shear-wave creation is of particular interest

= Conduct a well-instrumented series of explosions at the
Nevada National Security Site (formerly NTS)

= Use seismic and other recordings as groundtruth for more
physics-based models (as opposed to current empirical

models)
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Why Shear Waves?

Selby et al. (2012) BSSA
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New IDC
screening line

Modified from Selby et al. (2012)

* North Korea nuclear
tests fall outside
automated screening
line for “suspicious”
events

* This line is based on
empirical evidence
with limited breadth of
experience

* Need new physics-
based models
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Experience is Limited

Vast majority of well-recorded tests from only four sites




Testing Procedures Probably Similar @i,
Internationally
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Known or Suspected Sources of Shear Energy @) &

Explosion Source Phenomenolog

Cross-section of Explosion Source Region After Patton, LANL
(within 10 - 20 Km of the explosion; not to scale)

Conical Volume (shaded) of
Extensional Deformation

and Tensile Fai

— = Free Surface

S

Tectonic - g L . ' Tectonic
Pre-Stress A Pre-Stress
Shatter Zone { | —LLL. - ﬁ‘-g’k JJ:’ ELLL.
Rock Fabric: | s -LLL. Rock Properties
Joints T%— E.xplu;inn P-Velocity
Faults Yo S-Velocity
\_} ’M/ Density
P = primary or compressional wave; S = secondary or shear wave; R ¢ = short-period surface wave Qp, Qs
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Experimental Layout

Weathered Zone
23'm
Thick

Competent
Granite
Thickness
> 152 m

Accelerometers at
15, 46, 55 m

"Hole Depth

Explosives Hole
91 cm Diameter

Near-Field Measurements

Far-Field Measurements




Where does the Seismic Hammer™ @i
and Yucca Flat Come in?

= SPE is moving to a different geologic setting
= Dry Alluvium Geology (DAG)

= The need for better geophysical characterization as input to
models was demonstrated by SPE




Yucca Flat

Sandia
Laboratories

Tertiary extensional basin

=  Alluvium overlaying Miocene volcanic tuffs and
Paleozoic carbonate rocks

=  Maximum depth-to-Pz approximately 1 km

Location of over 80% of CONUS nuclear
tests (739)




Thor 1 and Thor 2

THORI and Il

Shots Only

B
National
Laboratories

96 Shot points (Thor 1),

58 Shot Points (Thor 2)

At least 32 hits per shot point
Shots spaced every 200 m
360-370 receivers per shot

Variable spacing for
geophones

= 10 m<2km from source
= 20m 2-4km

= 100 m 4+ km

=  Leave behind 100 m

Hit repetition rate: ~¥25 s

Station rate:
= THOR: ~25-30 minutes
] FREY: ~8 min




Sandia

Thor Sensor Layout e

_ +  Variable sensor |
spacing:

* 10 m <2 km from
source

» 20m 2-4 km

~+ 100 m 4+ km

» Leave behind 100 m




SOURCE CHARACTERISTICS
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Slow Motion Movie




Pick and Carry Configuration .

Pick and Carry Movie

« Triples the station repetition rate
from ~30 minutes to ~8 minutes

Hammer in “Frey” Configuration
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Example Stacked Data
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Hammer-Explosives Equivalent ) e

Seismic Hammer vs. TNT in Dry Alluvium
Kohler and Fuis (1992) Empirical Relationship
10° g v v - — r T T ———

T
5 kﬂ TNT
20 kg TNT
50 kg TNT

@ WAGNI Tes « Seismic Hammer™

] yield same peak-to-
peak ground particle
velocity as 20 kg
TNT (in alluvium)

« Caveat: This most
likely is from surface
waves, not body
waves

Amplitude (cm/s)

-4 N N . PP | N N N PR T |
10
1072 1(_)" 10°
Distance (km)

SH = 0.19 MJ potential energy; 20 kg TNT = 80 MJ
Therefore the SH is = 420 x more seismically efficient
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Source Timing and Energy Issues @&

i Shot 018
g 10 ' 1800 , .
4l = 1600}
g
8 =
o 21400 -
2 <!
s = 1200 |
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4k £ 1000}
&
4 ' : 800 .
0.7 075 oa h::f:ﬁ‘ 09 0.95 1 1 2 3 4 5 6 7 8 9
Hit
Line 500 & 600 « Multiple hits at same
70 : : .

source point are needed
before waveform
stabilizes

* “Driven to Refusal”

Number of hits to refusal
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Elastic Rebound Seismic Source ) e,

Ground level depressed statically

Ground level rebounds,
overshooting equilibrium,
radiating seismic energy
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Surface Wave Measurements ) 2=

Surface waves travel at the
~w== velocities proportional to their
.| wavelength (or frequency)

i Forward BeMi

The Seismic Hammer™ has
produced some of the nicest
and most unusual ReMi plots
| have seen. 25

1.5

5
!
8

- T
10 20 30 40 50
Frequency (Hz)

ReMi Slowness-Frequency Plot




Laboratories

Sandia
National

th

23

=
2
3 PR o — &
£ 1 S N —1 &
5 o TN T -
g O ki __.;,______.rr,st — 1
& | ..L_ 1 Sl SR ST O S 5]
= 1 Hhss,
.LT .._“_“ b [ | P O
8 B Y111 P —
— :._r_._.&__ q___‘.:ﬁsﬁﬁ_.._-“t.lu.,
s|;._:_ﬂq.._q___‘ i o s A |
- | I KAE GO i e
ek f _mﬁi-- — T
._______«,___..m1
- o WILRLLR A RS R T I »
ol | | aklnks P ¥ bl NS =
1-|||p___=ﬂq__ el 1 >
e AU R T
B 11T ——
| L i i~ b b n..-...r..-..l.-..-.|llrl..
- =l ﬂ_;._ T T re——
ot AR AR AR T
— MY Ny  $40 W YR
...;.rl__.._ "_. (r ; A .. h..p_.....,..irl...-)..r...
oL | kAL L R
28 8 &8 g 28 2 g8 =2
S & ® 5§ & ¥ & =
mm..__.._h,m.m_n_Emm

Forward Beii

Post-impact

Frequency {Hz)

Elastic Rebound

Source

iIsmic

Se

Red is independently scaled
precursor

Represents ground elastic-

rebound of 13,000 kg unloading

Black starts at hammer-plate

impact

=10

Frequency (Hz)
Pre-impact



P-WAVE CHARACTERIZATION
RESULTS
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Thor 1 Geologic Cross Section .

i Vertical Profile from NSTec’s Yucca Flat 3-D Seismo-Stratigraphic Framework Model Cut Along the Thor 1 Seismic Hammer Line s
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Carpetbag Fault Topgallant

Fault 2

tlevation (meters amsl)

—500 = Yucca Fault 2
LCA3
—1000 =
Yucca Fault 1 e
Topgallant
—1500 Fault 1
2000 N ‘ ‘ ‘ : :
0 2000 8000 10000 12000 14000 16000 18000

Distance along transect (meters)

Figures Courtesy Lance Prothro, NSTec

West Vertical Profile from NSTec’s Yucca Flat 3-D Seismo-Stratigraphic Framework Model Cut Along the Thor 2 Seismic Hammer Line East
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Thor 2 Similarities to GFM Model @&

SPE Phase | State of Analysis Meeting: Oclober 10— 12, 2017

Velocity Model (cont.)

+ Compares very well with SNL’s Thor velocity models

West Thor 2 Velocity Model

East

U-2ez

Alinbue = Propery

80000
55000 o
000 Top of Paleozoic
45000

a0 rocks from GFM

35000
B .| 30000
it =000
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§ g 00
1000 0
l:s 4
Ther 2 Velocity Model
" ™ S~ . -

ey

SO S TN 3-D Perspective View of the Top of Paleozoic.
o i Rocks wﬂh Thor 2 Velocity Model

boking southeast)

NEVADA NATIONAL

Managed and operated by s .
NNSS National Security Technologies, LLC 15 L) Lawrence Livermore
SECURITY SITE National Laboratory

26




Thor 2 Similarities to GFM Model @&z




Vp Results -- Rough Version

(a) E 1400 6.5
g
<2
g 800 5.0 @
¢ 35 &
£ 200 . =
s 20
8 400 ‘Q
2 I T T T T T T T T T T 0.5
0 2 4 6 8 10 12 14 16 18 20 22
NORTH Distance along line (km) SOUTH
6.5
(b) E 1200
2 5.0
K
8 800 @
g 35 &
fe) o
S 400 =
Ke]
2 2.0
3
m 04
, 05
0 2 4 6 8 10
WEST Distance along line (km) EAST
= Over 24,000 (T1) and 17,600 (T2) traveltime picks from Seismic = Tomographic grid spacing 50x50x25 m
Hammer™ = Depth-dependent smoothing
. 924 traveltime picks from nearby emplacement hole surveys . Total rms error = 3 ms
= Picks were weighted inversely proportional from distance to
receiver line
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Sandia
Checkerboard Resolution Tests (Including Picking Error) Isborsais
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S-WAVE CHARACTERIZATION
RESULTS
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Good ReMi Data ) e,

(107 Shot 17, THOR 2
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Frequency (Hz)
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Bad ReMi Data ),

Shot 32, THOR 2

Slowness (s/m)
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Frequency (Hz)




ReMi Quality Map

THOR ReMi Result Quality vs. Surface Effects Map | Legend
Arrays arc 1 km long. Marker is at East End (EW transoct), or North End (for NS transect)

® 1:Excellent
2: Veory Good
3: Good

4: Poor

5' Very Poor

Fine black lines
are mapped

surface effects
(Grasso, 2000)
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Thor ReMi Results )

THOR 1, 1-km Arrays, 80% Overlap
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THOR 2, 1-km Arrays, 80% Overlap
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New Tactic — Group-Wave

Tomography
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A) Raw Trace

B) Gaussian Filter
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MFT Multiple Filter Technique ) .

Frequency (Hz)
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Vs Results -- Rough Version UL
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Vs Comparison to Schramm et. al @&

—o— Schramm et al. (2012), top ~30 m averaged
—o— THOR 1, ~2 km near S end

0 : « Schramm Dataset 3 (red
| arrow), to the south of Thor
1 extent

THOR I and I
Shots Only
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Vp/Vs Results .
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Vp/Vs Checkerboards )
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PROJECT FREY

41




Frey: Characterization of a Partially Collapsed LegacE e

Underground Nuclear Test

Crater Formation As A Function

* Project Frey is over legacy nuclear Of Depth Of Burial
test HADDOCK in Southern Yucca
Flat Sé?;’r‘;%i;fé:f:n -
* 1964 test, DOB 364 m, < 20 kT ‘ e
announced yield B R4 '- ) i l
« HADDOCK is unusual as it did not gﬂugo};;ﬂfn ctimey %
form a surface crater ot

| Thor ___[Frey

Sensors per shot ~330 ~1000
Source Points 144 278

63 km? 6 km?
Crossed 2D  Quasi-3D

Geographic extent
Geometry



Experimental Plans =,

Goal is to isolate a single test [ Frey Chimney Layout
(hard to do in Yucca Flat) and
understand the effect on
seismic wave propagation in
support of SPE

* Unlike Thor, seismic reflection
processing is planned
* Ray coverage is much denser,
with 3D portion
« 5-meter geophone
spacing
* 15-m source spacing
« Working with University of New
Mexico on the reflection
processing
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Preliminary Surface Wave results @

Preliminary Dispersion Analysis % Line 500 South Fm— G600
¥ Line 500 North [
¥ Line 600 North [ — 5003
% Line 600 South I % - 600 Chimney
+ 600 Chimney | 1
= G0ON
500N
% 500 Chimney | 4
# 500 Chimney
— Sms

& )

Phase Velocity (m/s)

z2>

R 0 10 20 30 40 50
Frequency (Hz)

» Over 500 hits per dispersion curve were stacked to create
dispersion curves over the chimney, and immediately adjacent
on four sides

» Results clearly show that super-adjacent to chimney are
seismically fast (opposite of generally expected)

« Slapdown causing compaction of alluvium?
* There seems to be some asymmetry in the chimney
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Raw Gather of Frey Data

HADDOCK HADDOCK
N Line500 ¢ SS Line600 ¢ N 3D Grid

Time (ms)
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