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Introduction	and	Motivation

Seismological	monitoring	and	analysis	is	imperfect

• Many	small	seismic	events	are	not	detected		
• Location	uncertainties	are	routinely	large	(many	km)	
• Discrimination	methods	do	not	always	work	
• Seismological	yield	estimates	disagree	
• Understanding	of	elastic	waves	from	UNEs	is	incomplete
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Mission	Relevance

Improved	seismological	capabilities	will

• Enhance	the	ability	to	monitor	nuclear	testing	
• Improve	the	characterization	of	underground	nuclear	tests	
• Build	confidence	and	trust	in	monitoring	capabilities	
• Build	preparedness	for	future	testing,	or	claims	of	testing
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Technical	Approach
• mb	and	MS	give	different	size	estimates	

• not	due	to	observational	uncertainties	
• problem	is	with	UNE	source	model

Farallon Islands, CA

Palisades, NY

October 15 Hawaii earthquake

P wave surface wave

P wave surface wave

October 15, 2006, Hawaii earthquake, M=6.7

Ekström	and	Richards,	1994

Soviet	UNEs
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Technical	Approach
• mb	predicts	cumulative	yield	well	

• mb	=	4.55	+	0.75	log	Y	
• problem	is	with	long-period	waves

256 M. Howe, G. Ekström and P. G. Richards

Figure 3. Annual cumulative yields for UNEs at the STS from 1964 to 1989. Grey bars show the announced annual cumulative yield (Mikhailov et al. 1996).
The open bars show the cumulative yields calculated using the mb values of Peacock et al. (2017) and the new mb– W relationship developed in this study.
The fit between estimated and announced cumulative yields is remarkably good, even better than that reported by Khalturin et al. (2001) using the earlier
Blacknest/NORSAR magnitudes of Ringdal et al. (1992).
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where, to simplify the expression, we have introduced two constants,

A1 = 2β2

α2
(8)

A2 = 3α2 − 4β2

α2
. (9)

To simplify these expressions further, we use notation similar to
that of Ekström & Richards (1994) to describe the strike-slip and
dip-slip motions at the source as

K · SS = M0 sin δ cos λ

= K (−U2 sin 2# + U3 cos 2#) (10)

K · DS = 1
2

M0 sin 2δ sin λ

= K (U2 cos 2# + U3 sin 2#), (11)

where the modification from Ekström & Richards (1994) is that in
our usage, SS and DS require the scaling factor K to relate them
to the moment-tensor elements. From eqs (10) and (11) it follows
that

# = 1
2

tan−1(
DS · U3 − SS · U2

DS · U2 + SS · U3
). (12)

Using this notation, we can describe two extreme cases of tectonic
release. The case where the tectonic release is characterized by
purely dip-slip motion can be described by a solution with SS =
0. The other extreme case, where tectonic release is characterized
by purely strike-slip motion, can be described by a solution with
DS = 0. The DS term is maximized, at fixed M0 and λ, for a thrust
mechanism with a dip of 45◦ and is zero for a vertically dipping
mechanism.

We use this notation to combine eqs (5) and (11):

K · U1 = A1 Mzz + 1
2

(Mxx + Myy − 2Mzz) − A2 · K · DS. (13)

We then group the U-related terms on one side of the expression
and the moment-related terms on the other side:

K {U1 + A2 · DS} = A1 Mzz + 1
2

(Mxx + Myy − 2Mzz). (14)

Note that the expression depends only on DS, and not SS. Recall that
U1 describes the azimuthally isotropic component of the surface-
wave radiation pattern. A pure thrust mechanism will contribute to
this isotropic component. A strike-slip mechanism will not.

At this point, if we chose to model the explosive source as
isotropic (Mxx = Myy = Mzz), one term on the right-hand side of
eq. (14) would drop out. Following Patton & Taylor (2008) we
choose not to do this, allowing a divergence from the traditional
assumption that seismic energy is radiated equally in all directions
out of the focal sphere from a UNE. Seismic radiation results from
the deformation of the source medium, and resistance to deforma-
tion may be different in different directions, for example, because
motions near the source are stronger in a particular direction. One
example is the case of spallation at the surface above a UNE, for
which resistance to deformation in the vertical direction is less than
in the horizontal directions.

We choose to disregard potential variations with azimuth for
the explosion, and set Mxx = Myy = MH, allowing variations only
between the horizontal and vertical directions. To implement this in
our source model, we define a scaling factor, C, such that,

C ≡ Mzz

MH
. (15)

Defined in this way, a value of C = 1 refers to an isotropic explosive
source. If MH > Mzz then C < 1, and if Mzz > MH then C > 1.

We now replace Mxx, Myy, and Mzz with combinations of C and
MH by combining eqs (14) and (15),

K · {U1 + A2 · DS} = MH {1 + C(A1 − 1)}. (16)
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Howe,	Ekström	and	Richards,	2020

Annual	yields	of	UNEs	at		
Semipalatinsk	Test	Site,	
Kazakh	SSR

This	is	surprising,	since	we		
typically	find	that	seismic		
sources	are	easier	to	model	and		
understand	at	long	periods
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Technical	Approach

SEISMIC CHARACTERISTICS OF UNDERGROUND NUCLEAR DETONATIONS 1677 

2(~).~=~ = T(~) 2(~), .  (5) 

Considering observations at some common distant station for two proximate detona- 
tions and assuming the transfer functions to be linear, we may write 

2~(~) D~=~ = ~ ~ T ( ~ )  2~(~) , (6) 

where the transfer function is taken to be the same for both cases since the propaga- 
tion paths are essentially identical. Thus, for two detonations with different source 
medium parameters, we obtain the general scaling formula from equations (6) and 
(4)  as 

2 (~) . ~  ~ ( ~ )  r~l,~c~ / c ~  ~ + r ~  / ~  + (1 - 2 ~ ) ~ I ~  ~ + ~ # ~  (7 )  

An analytic approximation to the form of the pressure profile acting at the elastic 
radius has been selected on the basis of analyses of free-field observations from a 
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FIG. 1. P r e s s u r e  profile a t  t h e  e las t i c  r a d i u s .  

number of underground nuclear detonations including SALMON (Perret, 1968), 
HARDHAT (Perret, 1965) and SHOAL (Weart, 1965). This forcing function, which 
is shown in Figure 1, may be functionally represented as 

p(t)  = (poe -at -F poc) H( t )  (8) 

where p0 -F p0c = p0= is the peak shock pressure, p0c is the steady-state pressure, 
is the decay constant, and H(t )  is the unit step function. The Fourier transform of 
p(t)  is 

~(~) _ (p0= - ~0~) + p0~.. (9 )  

Mueller	and	Murphy,	1971modified	from	Wang	et	al.,	2018

Elastic	radius

Classic	UNE	source	model:		
Pressure	at	the	elastic	radius	

Mount	Mantap,	DPRK
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Technical	Approach
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(3, 1) (3, 2) (3, 3)

(Aki and Richards,  2002)

The nine dipoles of the seismic moment tensor

Myy

Mxx

Mzz

Myx Myz

Mxy Mxz

Mzy Mzx

Landslide force model

d

Facc. Fret.

m

Faulting force model

The elastic stress release in an earthquake is described 
by a double couple of forces 

Seismologists	understand	very		
well	how	forces	and	force	couples		
make	elastic	waves
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Chelyabinsk meteor, 2013-02-15

A vertical 
impulseTechnical	Approach

An	exotic	example
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plunge 76 deg; 
2.8 x 10   dyne-s17

Estimating	the	impulse	on	Earth	from	seismic	data

Collect	available	seismic	signals Invert	using	model	seismograms Result

Technical	Approach
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A	second	exotic	example

April 11, 2013Bingham Canyon Mine, Utah
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X - 18 HIBERT ET AL.: DYNAMICS OF BINGHAM MINE LANDSLIDES

Figure 2. Observed (black) and synthetic (red) seismograms for (a) the first and

(b) the second events. The station name and component are given to the right of each

trace. Landslide force histories for (c) the first and (d) the second event. The time is

given with respect to the long-period detection.

D R A F T March 10, 2014, 3:36pm D R A F T

X - 18 HIBERT ET AL.: DYNAMICS OF BINGHAM MINE LANDSLIDES

Figure 2. Observed (black) and synthetic (red) seismograms for (a) the first and

(b) the second events. The station name and component are given to the right of each

trace. Landslide force histories for (c) the first and (d) the second event. The time is

given with respect to the long-period detection.

D R A F T March 10, 2014, 3:36pm D R A F T

Model	the	seismograms

Technical	Approach
Quantify	the	history	of	forces

Hibert et al., 2014Hibert et al., 2014

Hibert, Ekström and Stark, 2014
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Physics

HIBERT ET AL.: DYNAMICS OF BINGHAM MINE LANDSLIDES X - 19

Figure 3. Frequency decomposition of the seismic signal recorded at MID station

generated by (a) the first and (b) the second event, along with the modulus of the inverted

forces (black curve) and the vector product of the acceleration and the normalized velocity

vectors (red curve). The vertical black line indicates the onset of the seismic signal. Gray

rectangles indicate the transition phase between episodes. t0 indicates the original start

time of the LFH, before shifting it by the travel-time of the seismic waves. Frequency

decomposition of the seismic signal recorded at DUG station generated by (c) the first

event and (d) the second event, and inverted forces. Inferred trajectories for (e) the first

and (f) the second events. Colored dots indicates the time at which the center of mass

occupied the corresponding position along the inferred trajectory. The contour of the scar

and the deposit is shown by the black dashed line.

D R A F T March 10, 2014, 3:36pm D R A F T
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I(t) =
�
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�
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I(t) =
�
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�
I(t)dt = �

�
p(t)dt = �mD(t)

F(t) = �d(mv(t))
dt

= �dp(t)
dt

I(t) =
�

F(t)dt = �p(t)

�
I(t)dt = �

�
p(t)dt = �mD(t)

Inverted geometry and mass agree with ground truth

First slide: 70 million tons
Hibert, Ekström and Stark, 2014
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Results
Strong	sensitivity	of	explosion	elastic	source	to	depth	of	burial

Model Development
Vertical Force Scaling

C = 1.0 C > 1.0

C = Mzz / MH

Model Development
Vertical Force Scaling

C = 1.0 C > 1.0

C = Mzz / MH

Soviet	UNEs	with	known	
depth	of	burial

Symmetric Asymmetric

overburied	UNE

(deep) (shallow)

Large	variations	in	surface-wave	amplitudes	(	>	10	)
Howe,	Ekström	and	Richards,	2020

Model Development
Vertical Force Scaling

C = 1.0 C > 1.0

C = Mzz / MH
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Conclusion	and	Next	Steps
1.	The	amplitude	of	long-period	surface	waves	(used	for	MS)		
				is	very	sensitive	to	the	scaled	depth	of	burial	
	2.	Shallow	explosions	are	described	better	with	a	dominant	
			vertical	force	couple	(C	>	1.0)	than	an	isotropic	source	
3.	This	explains	scatter	in	yield	estimates	based	on	MS	
4.	This	explains	poor	discrimination	of	deep	UNEs	

Continued	work	on	this	topic:	
1. Investigation	of	other	UNEs	using	legacy	data	
2. Comparison	with	Source	Physics	Experiment

Lake	Chagan

Kazakh	NNC
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