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INTRODUCTION

On-site inspections (OSI) use geophysical methods to detect Underground Nuclear Explosion
(UNE) observables.

We present 3D MAG (magnetic field mapping), GRV (gravity field mapping), ERT (electrical
resistivity tomography), FDEM (frequency-domain electromagnetics) and TDEM (time-domain

electromagnetics) simulations of the observables, done by means of ad-hoc developed Python
functions.

By varying the observable parameters, we built a portfolio of 870 geophysical anomalies,
crucial for:

o Survey design

o Interpretation of the collected data
o Training for inspectors

o Update of equipment list
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GENERAL WORKFLOW

Physical/geometrical parametrization of |dentification of realistic UNE scenarios
UNE observables by literature review including different observables

Development of Python code for 3D muilti-
geophysical forward simulations

Forward 3D multi-geophysical simulations of
the scenarios

Assessment of geophysical methods
effectiveness/limits and development of
anomalies portfolio
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PHYSICAL/GEOMETRICAL PARAMETRIZATION OF UNE OBSERVABLES
100~ T T T TTTT] T T TTTTH
« Underground Nuclear Explosion cavity B  Mama i
radius (Rc) vs depth of burial (DOB): - s (1% 140 .
o Rc was retrieved from the multi- £ E cramte 0% i)
lithology Castagnola and Carnahan g ' Carbonate (0% Hy0)
(1971) diagram, by hypothesizing an 3 __\
UNE 1 kt - yield in alluvium as e [
reference, and different DOBs SN
o Other geological environment could § -
be however considered (tuff, salt, etc.) = T | 7
, L] R
100 Depth of Bursrlophgerers) 0%
TELL0%
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PHYSICAL/GEOMETRICAL PARAMETRIZATION OF UNE OBSERVABLES
APICAL VOID
CRUSHING Z
(12-14 m/kt” ZONE OF LOCAL
DEFORMATION
SUB-ZONE OF (200-220 m/kt™)
. .. ith?gsT % k:!g
« Alteration shell radii:
o Iinferred from Adushkin and %SA-?SN;:;N SN ::‘.:‘f{:.: ~ZoNE oF NELASTIC
Leith (2001) (providing shell i (120-130 k")
Tl i : 1/3 ZONE OF INTENSE
radii normalized to yield"/?) i oA \_ CRACNE
. . . eith, Inﬂg‘r §helll
« Chimney height/radius: vt s i sl
o from Le Garrec (1999) o AR ™
Le Garrec 245m ‘)L’ )
(1999) wim
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PHYSICAL/GEOMETRICAL PARAMETRIZATION OF UNE OBSERVABLES
« Shell porosities: Poresiyfem T
o Adushkin and Spivak (2004) real Adlushidn-Sgtezlk, |
FEES s g,
« We identified three shells (porosity>
background) and accordingly computed:
o density (Gassmann’s equation) uiprrbaa i) et
Pou = (1 - F)Pma + F(Swow, + Syoy) T
o electrical resistivity (Archie’s law)
Rpuik = ad™ sy, "Ry, N
« Magnetic susceptibility: 8/8/18/“' I gt
o From Maris (2019) (no relationship i el ||
with porosity) Outershell | |
TELLGE
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CONSIDERED SCENARIOS
® cav' scenario ® "HAL" scenario
* After an extensive bibliographic review, we oo8 P
identified five main UNE scenarios:
o iy 0 ¥ o 7
o Cavity ("CAV")
o Cavity + alteration shells ("HAL") T T —
o HAL + collapse chimney ("CHI") ——
o HAL + collapse chimney + apical void + boB boB
casing ("VOI")
o Horizontal emplacement: ) )
o horizontal topography ("FLT")
o or S|Oping tOpography ("SLP") ® "FLT" SCenarioA y
el 6 ﬂ
TELLGE
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IMPLEMENTED CODE

 The need for 3D geophysical simulations

WaS eVI d e nt R R T e R TR R e T T A e T e R R R TR R T R A S R R R e
¥ Import modules
HHEHERERERHHHERHREERRRRHHEHRRERERERHHBHRRBRERERBHHRRRRHBRRRRHHEHRRBERERERH R

* We therefore developed Python codes from discretize imort Treshsh S e ST TSR
1 7 from SimPEG import maps
for each scenario, by using the open- N
import numpy as np

source SImPEG libraries for geophysical b~

import matplotlib.pyplot as plt

. . try:
SImUIatlonS ” from pymatsolver import Pardiso as Solver

except ImportError:
from SimPEG import SolverlLU as Solver

« Codes designed for the geophysical
i n Stru m e n tS aV a| I ab I e at CT B TO a n d HHHEHHHHHEHEHHHHHHHEHHEHHEH R

¥ Function beginning

1 1 . S T T o e b o o b S
re I evant I n p u t/O utp ut d a.ta. fl I e fo rm at . def cav_grav_fwd(dom width,

dh,

o ABEM Terrameter LS2 (ERT)

surv_width,

o Iris Promis (FDEM)

profile_or,

o Abem WalkTEM (TDEM) S o sy

cavity density,

cav_grav_fwd.py X  voi_grav_fwd.py X  VOIL grav_script.py X  hor_grav_fwd.py X  VOLscript NEW.py X S 4

Simulation and Parameter Estimation in Geophysics

An open source python package for simulation and gradient based parameter estimation in

cavity_radius,
cavity_depth,

* Output files ready for inversion

par_file,
topo_file):

* Developed code released to CTBTO

save_file = True
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“HAL" MODELS

Considered variable parameters:

O 0O O O O O

DOB (Depth Of Burial)
R, (cavity radius)

"HAL" scenario

04.5-276

Pi» Pms Por Pp (Shell/back. density contrasts, dry/saturated)
Yir Ym» Yo (Shell magnetic susceptibility contrasts)

| (magnetic inclination)

Gi, Om, Oo, Op(Shell/back. el.conductivity, dry/saturated)

DOB 100 (m) 500 (m)

R, 13 (m) 45 (m)

p; (e.g.) -0.58 (g/cm3) -0.16 (g/cm3)
vi (e.g.) -5.1*10-3 (S.l.) -3.7*10-3 (S.l.)
I -90° 90°

o; (e.g.) 8e-4(S/m) 5e-3 (S/m)

.
.
»
£
".. pO,GO,XO
....
“x

.
lllll

PpsOp

"‘
.
.*

DOB

714 25 40 m/kt”
| | | |
| T |

|
1 2 36 5.7 rIRc

TE;,.,,DIE%
BAcL|g



SnT 2&25 e Development of OSI Forward Modelling Capacity for Non-Seismic Geophysical

CTBT: SCIENCE AND TECHNOLOGY CONFERENCE Tec h n I q u eS
Rizzello, D., Koivisto, E.A.L., Gaya Pique, L., Armadillo, E.

04.5-276

“HAL" MODEL RESULTS Anomaly maps and profiles (best cases)

(color scales normalized to min/max values)

* GRV: not suitable (very low anomalies)

Grav anomaly (mGal)

* MAG: useful with shallow alt. zone and high ¥ = R o A
contrasts B e -
- ERT: generally useful; better with shorter arrays = 5 s
« FDEM: very difficult for dry rocks; perceivable with i R
high-freq and long Tx-Rx separation in sat.rocks o e
- TDEM: difficult; small loops preferable ERT
Not Anomaly range -
suitable ! &
GRV X 0.08-0.47 mGal (P2P) ... .
MAG X 1.6-96 nT (P2P) . |
ERT  x 18129 (dp_RMS%) =[S :
FDEM X 0.002-8.3 (P2P%) " W =SS
TDEM X 11.5-68 (P2P%)

—-400 1
—400 -300 —200 -100 0 100 200 300 400
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» Considered variable parameters:

o DOB (Depth Of Burial)
o R, (chimney radius)

o O}, Om, Oy, 0p (Shell and background
el.conductivity, dry/saturated)

o | (magnetic inclination)
DOB 100 (m)
R, 11 (m)
c; (e.g.) 8e-4 (S/m)
| -90°

max
500 (m)
45 (m)
5e-3 (S/m)
90°

Rizzello, D., Koivisto, E.A.L., Gaya Pique, L., Armadillo, E.

“CHI" MODELS

"CHI" scenario

“‘
.

0..
.

)
“““
*

L]
....
L]
-----

04.5-276
DOB
:: v
Rch
)_1 1/3
714 25 40 mlkt
| l | |
| I | |
1 2 36 5.7 rIRc
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“CHI" MODEL RESULTS Anomaly maps and profiles (best cases)
. (color scales normalized to min/max values)
* GRV: not useful (perhaps the chimney only) m— N T
* MAG: useful (alt. halo signature also retrievable) " .
- ERT: useful to detect the chimney; short arrays d P I .
« FDEM: useful with high-freq, long Tx-Rx separation N O (I
and saturated conditions o
- TDEM: detectable for big R.,; better small loops and ; A EENEEE
saturated rocks ERT
Not Anomaly range " g
SU|tab|e i_zoieoo 600 400
GRV X 0.1'0.6 mGaI (PZP) qutlY=Cm},maXPZD\perc‘r=2:05
MAG  x 30-227 nT (P2P) o K
ERT X 4.5-19.5 (dp_RMS %) ]
FDEM X 0.02-8.6 (P2P%) . ;
TDEM X 11.5-81.5 (P2P%) . ERI====—
-400 -300 -200 -100 © 100 200 m TE!R!FG%

AQVL 9
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“VOI" MODELS
Considered variable parameters:

o DOB (Depth Of Burial)

o R.,(chimney radius) ? HAFHCEETENG .
o O}, Om, Oy, 0p (Shell/background

el.conductivity, dry/saturated) d = 3-4m 4
o | (magnetic inclination) ...... sl >

o d (casing diameter)
o Presence/absence of casing

50 100 150

iy v VOI_ERT_00cs model casing section at Z =-40.0m

DOB 150 (m) 500 (m) , .
Ren 13 (m) 45 (m) o P |
s; (e.9.) 8e-4 (S/m) 5e-3 (S/m) R

714 25 40 m/kt”
| -90° 90° ]

12 36 57 rIRc
d 3m 4m
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“VOIH MODEL RESULTS Anomaly maps and profiles (best cases)
. . e (color scales normalized to min/max values)
* GRV: generally not useful (only the chimney identified) T T
* MAG: high with casing or shallow alteration zone - - i
« ERT: suitable; small arrays preferable 5 =y
- FDEM: suitable with casing if one coil lies over it - T
(unlikely)
- TDEM: without casing suitable with shallow alt. zone; ™ ; Tk S Y W
casing dominates the response; small loops preferable ERT s ot ciats oz 5
Not Anomaly range : 2;‘225’
S u Itab I e g 20(1600 —4'00 —2'00 0 ZOIO 460 600 o
GRV X 0-05-2 mGal (PZP) dBdt (X=0m),max P2P(perc)= 674677645268
«  *[TDEM _
MAG X 4-417 nT (P2P, no cas.) = —
ERT  x 1.7-8.7 (dp_RMS%) ..
FDEM X 0.01-4.7 (P2P%) N
TDEM X 9.1-38.7 (PZP%) _ 5 . ’ B 300 200 100 ; 100 200 300
-400 -300 —200 -100 O 100 200 300 400 m TE!;‘!R;‘%

EIAGL &
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“VOI" MODEL RESULTS —INFLUENCE OF CASING
No casing Casing
i TMI (nT) = 50 TMI (nT)
 Examples of MAG and TDEM MAG © 50" v
anOma"eS: hlgh increase Of the _20042::5 ..................... g :7'5 0
geophysical anomaly with |
metallic casing
TDEM ¢ =
TELLGE
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“SLP" MODELS

- Considered variable parameters: "SLP" scenario
o o (slope)
o O, Om, Op, 0p (Shell and background
el.conductivity, dry/saturated)
o | (magnetic inclination)

tunnel

10 m]
o 10° 30°
metallic doors
o; (e.g.) 8e-4(S/m) 5e-3 (S/m) 1000m
| -90° 90° 71425 40 m/kt"

I i Y
1236 5.7 MRc

TE!;%A%
BAcL|g
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“SLP" MODEL RESULTS

* GRV: not suitable (low anomaly)

 MAG: tunnel always retrievable up to 20° for mid-
mag.latitudes

« ERT: part.suitable up to 15° (doors not retrievable)
 FDEM: better medium-large separation, dry

 TDEM: useful in all cases; small/big loops
equivalent

Not Anomaly range
suitable
GRV X 0.1-0.35 mGal (P2P)

MAG  x 12-27 nT (P2P)
ERT X 0.6-6.7 (dp_RMS%)
FDEM X 2.3-60 (P2P %)
TDEM X 34-44000 (P2P%)

Rizzello, D., Koivisto, E.A.L., Gaya Pique, L., Armadillo, E.

Anomaly maps and profiles
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(best cases)

(color scales normalized to min/max values)

Grav anomaly (P2P=0.35mGal)

0.00 TMI (P2P=27.5nT,|=45°,D=0°)
3 T 15

10

200 {::¢

—400 {E -5

600 {: :
-10

0 250 500 750 -750 -500 —250 0 250 500 750

m m
1000
SLP_ERT_10_2x32_

900

800

w wyo

£ 0

200

—400

-600

750 -500 —-250

E
£
2 _100
©
P
=
z —200
&

lm(Bsec/Bpan at 880Hz, TxRx dist = 100m

400

200 4=

04+

-600

-400 200 0 200 400 600 g

dBdt (X=-310.0m),max P2P{perc)= 981384 53

b
—200 SN

—400 45

100

075

050

0.25

000

-0.25

5
-0.50 3
o
o

-0.75

-600 T T
-600 -400 -200

200 400 600
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“SLP" MODEL RESULTS - INFLUENCE OF THE SLOPE (MAG CASE)

« MAG anomaly vs slope:

o Overall significant up to 20° slope
o Always high at the tunnel entrance

e Oof

600

400

200

-200

—400

—600

10°

TMI (P2P=27.5nT,1=45°,D=0°)

15

r10

qu

-5

SN Magnetic profiles (1 = 45, D = 0)

—— x=-560.0 m, P2P = 18.7621 nT
10 —— x=-60.0 m, P2P = 3.5841 nT
—— x=160.0 m, P2P = 8.6923 nT
= x =440.0 m, P2P = 14.9257 nT
0
-10
—800

—600 —400 —200 0 200 400 600 800
m

20°

TMI (P2P=11.8nT,1=45°,D=0°)

6
600 |
400 ré
200 1 5
01, 3
Lo
—200 1
—400 - =2
—600 1 -4

SN Magnetic profiles (I = 45, D = 0)

= x =-560.0 m, P2P = 11.7987 nT
29 —— x=-60.0m, P2P = 11855 nT
= x = 160.0 m, P2P = 0.8688 nT
= x =440.0 m, P2P = 1.5452 nT

—800 —600 —400 -200 0 200 400 600 800
m

E Of:

nT

30

TMI (P2P=23.9nT,|=45°,D=0°)
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o

600 {iis

200 {*

-200 {*
-400 {

—600 {+

400 {+

=15

SN Magnetic profiles (I = 45, D = 0)

o —— x =-560.0 m, P2P = 10.8725 nT
4 ~ x=-60.0 m, P2P = 0.4329 nT
2 —— x =160.0 m, P2P = 0.2176 nT
—— x =440.0 m, P2P = 0.3297 nT
0 —
=2
-4
—800 -600 —400 —200 200 400 600 800

0
m
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CONCLUSIONS

A comprehensive geophysical simulation study of synthetic Underground Nuclear Explosion
scenarios has been carried out

The computations have been done by means of ad-hoc developed Python codes, which can also
be used on-site

We built a portfolio of 870 geophysical anomalies, stemming from 358 UNE models and multiple
acquisition settings

The portfolio is essential for:

o OSI geophysical method choice/survey design and on-site acquisition strategies
o Interpretation of the collected data

o Surrogate inspectors training

o CTBTO equipment list development
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