SAND2021-13679PE

SPE FAR: Shear Wave Generation

Presented to:

SPE FAR Independent Assessment Review

TEAM:

SNL: Andréa Darrh, Miles Bodmer, Christian Poppeliers (presenter)
LANL: Ting Chen, Carene Larmat, Scott Phillips

LLNL: Arben Pitarka

2 November, 2021

MEVADA HATIONAL f‘l
i Sandia 3 E‘“ﬂ ' "I
||® Lawrence Livemore 0353 1 0s Alamos (] iiess  UNCLASSIFIED ™NINSS ﬁ A a. ’
NE‘UDM' Labnratory [ n 4 1:Sandia National;Laboratorieslistalmu tlmlSSIOn Iaboratorv managed and operated by National Technoloay & Engineering‘Solutions’of Sandia, LLC,*a*whollviowned

subsidiary of Honeywell'Internationalilnc. lforkhesU.S. Department of Energy's National Nuclear Security Administration under contract DE-NA0003525. Namn&!ﬂuc(carSecunryAdm:nm!raﬂon




BLUF: observe/quantify shear wave generation from a buried explosion

1. Analysis shows that shear waves generated from both geologic structure (SPE-I) stochastic
heterogeneities (SPE-I and SPE-II)

e azimuthally dependent!
* high-frequency shear generation saturates at about 1km propagation distance

2. Summary of Analysis
e Sandia National Labs

* Large N arrays to observed/quantify shear waves from scattering
*  “bulk” wavefield
* simulations of explosion-generated wavefield: scattering from stochastic heterogeneities
* Lawrence Livermore National Labs
* Large N arrays to observe/quantify shear waves from scattering
* discrete wave arrivals
* simulations: scattering from geologic structure and stochastic heterogeneity
* Los Alamos National Labs
* simulations of explosion-generated wavefields
* scattering from geologic structure
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SPE Phase |

* SPE Phase I: Large N array
* Single event (“SPE 5”)
* WP in granite
* Most of the Large N was on the adjacent alluvium
* Boundary Fault (BF): g

* Approximately vertical boundary between granite
and alluvium

* Expect significant wavefield modification
* Likely near-source P-to-S conversions

37.215

Latitude

e Goal: observe near-source wavefield
modification from significant structure

* We analyzed vertical-component geophone data

- -116.06 -116.05 - -116.04
for coherence and wave propagation Longitude
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SPE Phase I: Large N analysis strategy

* Method: subset Large-N into “sub
arrays” a)

. . . . 37.23 " o/ A 37.23¢
e Question: How does BF diminish B
i i . : 0vaoye N2 7
the “isotropic-ness” of the original "= o0t 0 7
explosion-generated wavefield? 7z Yo clEa e T2
a) Linear arrays £ -
a) Goal: wavefield coherence as a 72 o
function of position 37,205 47,205
b) Areal arrays w2 3 |
. . -116.06 -11 6:05 -116.04 -116.06 -1 16:05
a) Goal: wavefield propagation vector Longitude Longituda
as a function of proximity to BF
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Note the increased
amplitude of surface
waves as the angular
distance from the BF
increases
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SPE Phase |
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Latitude

37.23 1

37.225

37.217
37.205 -

372"

-116.06 -116.05
Longitude

5 10

0.4
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National Laboratory

Frequency (Hz)
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0.6
0.4

0.2

LA8

> Fiequency ()

5 10 20 40 60 PY

Highest wavefield coherency for fault-parallel
and fault-perpendicular wave propagation
Generally, higher coherency for lower
frequencies

Interpretation: fault is preferentially
scattering the direct P: “anisotropic
scattering”
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37.23

37.225

37.22

37.215

Latitude

37.21 1

37.205

37.2

Highest wavefield coherency for fault-parallel
For all other propagation directions, the post-
P wavefield is virtually incoherent for all
frequencies.

Interpretation: fault is preferentially
scattering the post-P: “anisotropic scattering”

Longitude
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37.23

37.22

Latitude

37.21

37.20

Direct P

AA1

azim = 295°

o *| [-64.3-42.2] dB
L vel = 698 m/s

. | anz
[-60.1-44.2) dB

Latitude

Lon'gitude

| vel=595m/s
azim = 307°
| [-64.6 -48.5] dB
vel =732 m/s
7| azim = 294°
| [-63.9 -48.6) dB
/ vel=1571m/s
azim = 315°
[-67.5-53.1] dB
Y| wel = 800 m/s
. | azim=323°
| 1-70.8-523]1d8 |, 500m
) * | vel=1118 m/s ————mm—
. | azim =333%
s ®
-116.04

37.23

37.22

37.21

37.20

SPE - |: wavefield propagation (2-6 Hz

R0

4

"

L

|

| [-47.0-38.4] dB
.

L aaz
[-54.3 -44.1) dB

»

500m

-116.04

Array Processing for
areal arrays
Direct P:

Substantial
amount of low-
frequency
scattered P waves
radiating normal
to fault

Post-P: scattered

energy appears to
have no
directional
preference

Darrh, A., Poppeliers, C., Preston, L., 2019. Azimuthally Dependent Seismic Wave Coherence at the Source Physics Experiment Large-N Array., Bull. Seis. Soc. Am., 109(5): 1935-1947.
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Time Window 2

Time Window 3
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normal to BF 2 .

Interpretation: A A A L S )
scattering from the BF is
a strong source of shear
waves
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SPE - |: wavefield propagation (3-8 Hz)

Time Window 1 Time Window 2 Time Window 3
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Pitarka, A., R. Mellors (2021). Using Dense Array Waveform Correlations to Build a Velocity Model with Stochastic Variability, Bull. Seis. Soc. Am, XX, 1-21
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SPE - I: Other linear arrays

SPE-5

i ma
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| ) o ( e o . * ratio of transverse-to-radial (T/R)
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i .r:/ - — T : component seismic energy
i il | [opt * T/Ris low for small distance,
RN Nt i . . .
ket s SO e i L , increases as distance increases
57.22" .‘; "o"."a".  LargeN - ! ] ope .
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SPE Phase I (Dry Alluvium Geology)

a) b) <)

* SPE Phase Il (DAG): Large N array . R
* Three events DAG 2-4
* WP in dry alluvium

* “complex” bedrock geology, but alluvium is
relatively homogeneous

eDAG-4
*DAG-3
eDAG-2

* Goal: quantify scattering-generated shear . - 5%
waves -

* radial-to-transverse spectral ratios =
 wavefield mean-free-path (MFP) ol Al

Depth (m)

Paleozoic

0 0.5 1.0 1.5 2.0 25
x (km)

Darrh, A., Bodmer, M., Poppeliers, M., 2021. Spatially dependent seismic wavefield scattering from an underground
chemical explosion: Analysis of the Source Physics Experiment Dry Alluvium Geology Large N array. in review
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Lattitude

37.2

371

DAG: transverse-to-radial energy ratio

DAG-2

I
-116.08

1
-116.06

] | 1
-116.08 -116.06 -116.06

-116.08

Longitude Longitude Longitude

8 ° 3

-0.5 0 0.5

/ log, , (T/R) \

less P->S scattering more P—>S scattering
| Lawrence Livermore % Los Alamos Sandia
h National Lalmratow *‘.‘. HATIONAL LABORATORY lNaat::J(:g?l!lliES

Compare the root-mean-square
energy ratio between the transverse-
and radial-component seismograms,
over the entire time-length, 5-50Hz*
Results suggest less P-to-shear
scattering to the south and more P-to
-shear scattering to the west and east

*
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DAG: mean-free-path of scattered wavefield

5-15Hz 10-30 Hz
10-312m 5-156m
) e e Gy * Estimate mean-free-path (MFP) of scattered wavefield
3 ) (mute direct P arrival)
5> * Analysis over two passbands
1.0 * Red indicates a longer MFP, or less scattering
0.3 * Blue indicates shorter MFP, or more scattering
0.8 * Results suggest less scattering to the south and more
o o e scattering to the east
g% 2‘?% e Similar to T/R results!
04
0.3
k) ' . b 0.2

DAG-4
y (km)

more P = S scattering

% (km)
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DAG: Modeling P-to-shear scattering: the effects of large-

scale geologic structure

GFM model made-up of 5 geologic units.
(Prothro and Wagoner, 2020)

Modeling done with SPECFEM3D (spectral element)
with a mesh sustaining 25 Hz

MPI+GPU: 1272 cores in 30min for 7.5s seismograms
(images from Ting Chen and Carene Larmat, LANL)

Large-N

Snapshots of transverse-component wavefield. Scattering
produced by deterministic geologic structure in the GFM model.
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DAG: Modeling P-to-shear scattering: the effects of large-
scale geologic structure

* Simulations here show the
effects of varying the degree
of the seismic wavespeed for
each geologic unit relative to
the other units

* Each unit has a homogeneous
wavespeed throughout

* Here, P-to-shear scattering is
produced by P-to-shear
conversions along the
boundaries of the geologic
units.

* Note that these results show
more shear energy to the

transverse amplltude (m/s)

Peak velocity of low-pass (22Hz) transverse component of modeled waveform

for the DAG GFM model but different elastic properties south and southeast

(images from Ting Chen and Carene Larmat, LANL) Sugges“hg that structure may
be contributing to P-to-shear
scattering
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DAG: Modeling P-to-shear scattering: the effects of

stochastic heterogeneity

* Three synthetic tests™ conducted:

* Model 1: Geologic Framework Model (GFM) (Prothro & Wagoner, 2020) with no
stochastic heterogeneities

* Model 2: Halfspace model with stochastic heterogeneities** oriented North-South
* Model 3: Halfspace model with stochastic heterogeneities oriented East-West

Model 2

North-South heterogeneities

ay=1000 m

1 ] 2=200m

Model 3
East-West heterogeneities

a,=1000 m

a, = 100m for both models

u

Lawrence Livermore
National Laboratory

1% Los Alamos

HATIONAL LABORATORY

()

*3D elastic finite differences, 2m grid
spacing, 30Hz maximum frequency,
isotropic source at z=100m

** von Karman stochastic model, with
characteristic lengths defined by a,, a,,
a,, where the heterogeneities contain
wavespeed/density contrasts of +14%
of the background
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DAG: Modeling P-to-shear scattering: the effects of
deterministic geologic structure

Model 1:
GFM with no stochastic heterogeneities
source depth = 100m

Mean Free Path (P) Mean Free Path (S) T/R Ratio

5-15Hz
y (km)

Simulation results/interpretations

* MFP for P: No real azimuthal dependence for P-wave
scattering over all passbands

* MFP for S: For 10-30Hz passband, there the MFP is
shorter to the west and southwest, indicating more
scattering in these direction.

* Because there are no stochastic heterogeneities in this
model, the azimuthally-dependent MFP is due solely to
large-scale geologic structure.

* T/Rratiois dominated by radially-polarized P waves.

10-30 Hz
y (km)

E——  S— — o
0.35 D45 055 02 04 06 08 1.0

&ji-\ ,\T I, (km) log,, (T/R)

more P = S scattering
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5-15 Hz

10-30 Hz

DAG: Modeling P-to-shear scattering: the effects of
stochastic heterogeneity: mean free path

Model 1: Model 2: Model 3:
GFM stoch. halfspace  stoch. halfspace DAG 2
L . I ‘ ; ] _-I [ I i _a} ! :

- *

TR W T T T |

f)

=¥
-
. i
Tarbgtet
L 1

note difference

02 04 06 08 10
/ |, (k)
more P = S scattering
; — Sandia
S \aitismsy @ LosAlomos (Th) i, UNCLASSIFIED

The GFM simulation does not
preproduce the MFP obtained
from the data, so bedrock
structure is not likely the source
of the anisotropic scattering
Stochastic half-space simulations
show that more scattering
occurs in the direction of the
long axis of the heterogeneities.
NOTE: the stochastic halfspace
models are not attempting to
reproduce the data, rather show
that preferentially aligned
heterogeneities can influence
the direction of scattering.
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Log10 Source Ratio

Shear generation from surface effects?

NVAR SHZ 8.0_12.0 Hz

log10 Velocity (m/s)

SPE-3 238.72 km

log10 Velocity (m/s)

Time from Origin (s)

I ".'u.'“l' ".‘ ! ".—-1 L " "y
' SAMT WYL i} g
i |
o SPE-5 238.72 km
(!
ity
."ll.'»"', .
ot
| ok
) "
Wt ) .
PN b |
hi dlls | AT SPE-5/SPE-3
| [y T | |
Wik | Y i
TR Vo | K J
| l““,l'll.'.? "\ P S | I n II' ) "
- T RN b Lt B
.'_ -J‘ 11 (|
I
predicted Pn - Pg  5n | Lg L
0 120 180

Regional distance

the ratio of enveloped seismograms suggest that the P

and S ratios are different.

SPE-5 and SPE-3 have different source depths, and
hence differing amounts of surface interaction
If NO surface interaction, then there would be no

difference.

Interpretation: surface effects (spall) generates Lg?

figures from Scott Phillips, LANL
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Shear generation from surface effects?

MM71, DJ91
RP15 SPE media
4700 2800 2630 * Regional distance

3  SPE_i/SPE_j, butin the frequency
. o domain
o e al I * Interpretation: surface effects (spall)

i generates Lg?

6/4P | 5/6
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Frequency (Hz)

figures from Scott Phillips, LANL
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Conclusions

 Scattering from deterministic (geologic) structure has a strong
influence on wave propagation direction and generates shear waves
(P—=>S conversions)

 Scattering from stochastic heterogeneities generates a significant
amount of seismic shear waves

* Shear wave generation from scattering is azimuthally anisotropic

* Scattering from heterogeneities appears to saturate at source-
receiver distances greater than ~1km, depending on propagation
azimuth and wavefield frequency
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SPE Phase 2 (DAG): Large N analysis strategy g@.

QZ

* Transverse to radial energy ratio:
* |sotropic explosive source in homogenous

halfspace — no transverse component
seismic wavefields should be generated

* Used to identify areas with a high amount of

transverse component energy

* Estimate mean free path:

* Nonlinear inversion (deterministic)

* Shorter mean free path indicates a higher

amount of scattering

* Used to estimate areas of spatially variable

scattering

Mean Free Path, [
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Goal of our Task: better understand/quantify/model
seismic shear save generation from buried explosions

e Why?
* “Global” observations: *sometimes™ seismic shear waves are observed for buried explosion sources
(in some cases).

“...1-2 Hz seismograms of earthquake (red) and explosion (blue) pairs at nuclear test sites show little
consistent relative P to S wave amplitude differences between the two source types. Low-Frequency P/S does
Lg am plitude VS. y|e|d not discriminate closely located events recorded on the same station at nuclear test sites."
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Background

Explosion generated shear waves are likely generated via

1. surface spall =2 surface waves: Rg and Lg(?)
1. “ground roll”
2. slip on pre-stressed fractures and faults = S body waves
1. Expect that P/S ratio is NOT distant dependent
3. damage to hard-rock regions adjacent to the source
1. Expect that P/S ratio is NOT distant dependent
4. P-to-shear conversions from scattering = surface and body waves
1. Near source: expect that P/S ratio IS distant dependent
2. “generalized”: expect that P/S ratio IS NOT distant dependent (scattering leads tg

saturation of shear waves)
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SPE - I: wavefield coherency

Method:

e quantify the coherency of the vertical-component seismic data as
a function of frequency and propagation direction
[Py (D)

Pex (F)Pyy (f)

Pij09 = the cross power spectral density for seismograms i and j.
MSC,(f) is the “magnitude-squared coherency” between two time series, as a function of frequency. If MSC,, = I, then
they’re perfectly similar (a)

1.5

MSny(f) =

* Compute MSC, () for each seismogram
pair along each linear array for two time 1598
windows (P and “post-P”) '
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Extra slides from T. Chen and C. Larmat
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Testing the effect of 3D structure on P/S ratio

discriminative power

Explosion vs. earthquake

Different velocity models

log(P/S)
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Comparison deterministic and heterogeneous model for DAG-2; low-pass 19Hz; 500m-30%

component Z

0.3 4 s 3:

Comparison deterministic and heterogeneous data for DAG-2; low-pass 19Hz; 500-500-60m 30%

component Z
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Extra Slides from A. Pitarka
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Underground Structure Complexities

1. Large-scale structural heterogeneity due to faulting
2. Source proximity to layers boundary with strong velocity contrast

O — .
3. Chimneys and craters from past nuclear shots.
7
Yucca Flat near U2ez :
(alluvium removed) Snapshots of the Vertical Component of SIMULATED Ground Motion Velocity
Tertiary/Tuff for DAG1
Paleozoic/Carbonate
basement

Wagoner et al.
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DAG-1

Transverse Displacement (microns)

black = geophones
red = broadbands

1-second

Wave train shear motion
right after P wave
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DAG-1

P/S P/S lower

Radial Displacement (microns)

sharp S wave onset

DAG-1 500m Ring Radial Components

black = geophones
red = broadbands

1-second
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Fault scarp effect on recorded Z comp.

recorded
GL12
simulated
Note the change in Z comp. waveform
between GL13 and GL14
GL13

Paleozoic Surface (GFM)
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Questions
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