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Editor's note

This presentation dates from shortly after the arrival of the InSight (Interior Exploration
using Seismic Investigations, Geodesy, and Heat Transport) lander on Mars in 2018.

InSight is now approaching the end of its nominal lifespan, but the ideas contained
herein are no less reasonable today.

Kimberly Hess and Junjie Dong helped make the original version of this presentation.
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Synopsis

*| propose to detonate a two-megaton nuclear device on the surface of Mars.

=This mission is readily achievable with existing technology and is within the constraints
of NASA's Discovery Program.

*The detonation would serve as a seismic source for mapping the Martian deep interior.
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First...

*This proposal has nothing to do with Elon Musk’s Elon Musk elaborates on his proposal to nuke Mars
idea to terraform Mars by bombing its ice Capsl He wants to create two tiny pulsing suns over the Martian poles

By Loren Grush | @lorengrush | Oct 2, 2015, 2:16pm EDT

\ MOST READ
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First...

*This proposal has nothing to do with Elon Musk’s Elon Musk elaborates on his proposal to nuke Mars
idea to terraform Mars by bombing its ice Capsl He wants to create two tiny pulsing suns over the Martian poles

By Loren Grush | @lorengrush | Oct 2, 2015, 2:16pm EDT

\ MOST READ

*Musk’s proposal is an unworkable publicity stunt.

= Even very large numbers of nuclear devices could not
vaporize a significant fraction of the ice caps.

= Any vapor produced would quickly redeposit or be lost
to space.

= Mars would remain completely inhospitable even if all
the ice was vaporized.
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=My proposal, by contrast, is cogent and plausible.
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Planetary
seismology




What's down there?

*Planets are extremely large, but only their surfaces
are visible to us.
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What's down there?

*Planets are extremely large, but only their surfaces

are visible to us.

=\/olcanoes only excavate rocks
from relatively shallow depths.

=\Without a more direct method of
observation we can only guess
at what's inside a planet.

our deepest
borehole

N

A

Mt. Everest
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How can we know?

=Seismic waves (the vibrations produced by
earthquakes) can travel through an entire planet.
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=Seismic waves (the vibrations produced by
earthquakes) can travel through an entire planet.

quake
=Seismic waves bend or change speed as they pass
through various layers.

= By measuring where and when the vibrations from a
quake are observed, we can infer the sizes and
properties of those layers.
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allowed us to map the Earth’s interior.
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How can we know?

=Seismic waves (the vibrations produced by
earthquakes) can travel through an entire planet.

quake
=Seismic waves bend or change speed as they pass
through various layers.

= By measuring where and when the vibrations from a
quake are observed, we can infer the sizes and
properties of those layers.

=Qver the past century, millions of seismometers have
allowed us to map the Earth’s interior.

= (we don’t have millions of seismometers anywhere else)



Martian seismology timeline
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=\We have had a hard time getting

even one seismometer to Mars. Mission Year
Viking 1 1976
Viking 2 1976
Mars 96 1996
MESUR 1999
NetLander | 2007
ExoMARS | 2011
InSight 2018

Fate

Didn’t work*

Working

*The Viking 2 seismometer was mounted on the top
of the lander (rather than on the ground as intended)
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Martian seismology timeline

=\We have had a hard time getting
even one seismometer to Mars. Mission Year |Fate

Viking 1 1976

=\Without seismic data, the interior Viking 2 1976 | Didn’t work™*

of Mars has remained a mystery. Mars 96 1996

MESUR 1999
=Now that an instrument has finally
worked, we must extract as much NetLander | 2007
information from it as possible. ExoMARS | 2011

InSight 2018 [ Working

*The Viking 2 seismometer was mounted on the top
of the lander (rather than on the ground as intended)
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This is InSight

This is SEIS (the only seismometer
successfully deployed on another planet)
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Aren’'t quakes good enough?

=You need a very energetic event to produce waves strong enough to travel though an
entire planet.

=On Earth, powerful earthquakes are generated by the movement of tectonic plates.
= Mars does not have active tectonics, so marsquakes will not be nearly as strong.
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Aren’'t quakes good enough?

=You need a very energetic event to produce waves strong enough to travel though an
entire planet.

=On Earth, powerful earthquakes are generated by the movement of tectonic plates.
= Mars does not have active tectonics, so marsquakes will not be nearly as strong.

Table 1. Predicted recumence interval of seismic events on Mars,

log (Morment) Tesrestrial Recumence interval Recumence interval
(=g rrgnlt\u:a from surface taulting for @nird lithospharns

285 (s7) ﬁ.igzm: (a6 years) — This study, for example, predicts that a magnitude 6.7
235 49 565 years 6.8 months marsquake will only occur every 356 years.
22 4 71 yaars 0.9 month
) oy Sz
1 . r ! .
175 13 52 fays 1.2 hours = On Earth, events that big happen monthly.

Golombek et al. (2002)



*This plot estimates how often
InSight will detect marsquakes of
various sizes.
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N(M>M,) (year' planet!)

108

10*

102

10°

1072

104

10-6

Moment Magnitude, M,

0 1 2 3 4 5 6 7
| L ] ) ] L | ] ] | ]
iy i Detectable R3
Pt 1 at 60° detectable

Mominal mission
—{duration

Mars (faults):
-+ Taylor et al (2013)
-2~  Knapmeyer et al (2008)
- Golombek et al (2002)
-+ Golombek et al (1992)
_._

= Earth:
Global 1990-2010 (CMT)

Moon:
Makamura et al (1979)

These events are too rare for InSight to observe
-+ Teanby (2015), Teanby&Wookey (2[111'fk5 5x10°%4)

e 2
= Intraplate (UK and France) 1990-2010 | ISG}'\
-

\;\;\!

Panni;vg et al. (2|01 7)

M. C. Brennan



M. C. Brennan

=This plot estimates how often Moment Magnitude, M,
InSight will detect marsquakes of O S U SR SRR SR S SR
: : A | Detectabl R3
various sizes. ateos pE—
_ .0 |

10¢ £ \-\.

- These events are too weak
to image the Martian core.

102— , c\.

Mominal mission
109 {duration

Mars (faults):
-+ Taylor et al (2013)
+-  Knapmeyer et al (2008) :
- Golombek et al (2002) LY
-+ Golombek et al (1992)
_.,_

These events are too rare for InSight to observe.

-+ Teanby (2015), Teanby&Wookey 2011'fk5 5x10°%4) .
104 - Earth: . B

Global 1990-2010 (CMT)
Intraplate (UK and France) 1990-2010 ( ISG}'\

Moon: -
Nakamura et al (1979) "-.\_l

10-6 T ' T ' T ; T ' T ' T
Panning et al. (2017)

10—2 _

N(M>M,) (year~! planet™')




M. C. Brennan
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*This plot estimates how often
InSight will detect marsquakes of
various sizes.

=There will be at most a few
sufficiently large marsquakes while
InSight is operative.
= Even then, there’s no guarantee

that InSight will be in the right spot
to observe any of them.

=Smaller events might help image
the crust and upper mantle, but not
the deepest layers of Mars

N(M>M,) (year~! planet™')

Moment Magnitude, M,,

0 1 2 3 4 3 6 7

108

104_.

102 -

100 -

10—2 _

1074

| = Tayloretal (2013)

|

| = |Intraplate (UK and France) 1990-2010 ( ISG}'\

IR3
| detectable

- These events are too weak
to |mage the Martlan core.

7%,

@
/s
)

.
"

Mars (faults):

+-  Knapmeyer et al (2008) :
- Golombek et al (2002) LY

-+ Golombek et al (1992) w |
These events are too rare for InSight to observe.

-+ Teanby (2015), Teanby&Wookey (2011, ks 5x10°%4)
Earth: l.
% Global 1990-2010 (CMT) A

Moon: "

=

Nakamura et al (1979) AN

10-6

| | | | | | | Panni;vg et al. (2|01 7)

M. C. Brennan



M. C. Brennan

=This plot estimates how often Moment Magnitude, M,,
InSight will detect marsquakes of OO SR U SRS SRR S SR SR
. . PNy . ’ I
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seismology
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Make your own luck

=Quakes need not be the source of seismic energy.

=\/arious industries image rock layers with artificial
seismic sources, rather than waiting for an appropriate
earthquake.

= Artificial sources are either generated by explosives or
special trucks.
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Make your own luck

=Quakes need not be the source of seismic energy.

=\/arious industries image rock layers with artificial
seismic sources, rather than waiting for an appropriate
earthquake.

= Artificial sources are either generated by explosives or
special trucks.

=Several Apollo missions (14,16, and 17) used
seismometers and explosive “thumpers” to study the
Moon’s shallow subsurface.
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Artificial impacts

=[_arger seismic sources were generated by the intentional crash-landing of the Apollo 12
Lunar Module ascent stage and the Apollo 13 third stage booster.

*These impacts were detected by seismometers previously set up on the Moon.
= They helped measure the thickness of the lunar crust.
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Artificial impacts

=Unfortunately, the spacecraft used by Apollo were much larger than what we could
reasonably hit Mars with.

= Even so, their impacts were not large enough to detect the lunar core.
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Artificial impacts

=Unfortunately, the spacecraft used by Apollo were much larger than what we could
reasonably hit Mars with.
= Even so, their impacts were not large enough to detect the lunar core.

Table 1. Expended LM ascent stage and S-
IVB impact parameters, The Apollo 12 seis-
mic station is located at 3°03'S, 23°25'W.

Parameter LM S-IVB

Timeof
impact
(G.M.T.) 22817m16.4* 01"D9m30 (=020

Mass (kg) 2,383 13,925

Fmpact = The larger (Apollo 13) impact delivered ~101° J of energy to

velocity

m/sec . .
Kooy _ / the lunar surface.
of impact

(ergs) 3.36(10)
Equivalent = We need ~10'6 J (a million times more energy) to see core

energy of
impact {Ib iy
of INT)  177(10)°  2.44(10)" sensitive phases on Mars.
Angle of im-
pact from
horizontal 3.7 76.4°

Disunce = A more powerful seismic source is required.
Jiﬁ;‘&’_‘"“
:;ti;ﬁs(ﬁ:l) T3 135
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Before it was a bomb, the bomb was an idea.

*Nuclear weapons are potent sources of
energy; a detonation is detectable by
seismometers anywhere on Earth.
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energy; a detonation is detectable by
seismometers anywhere on Earth.

=The strategic value of locating and
measuring an atomic weapon test has
ensured that the seismic signature of a
detonation is extremely well studied.
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Before it was a bomb, the bomb was an idea.

*Nuclear weapons are potent sources of
energy; a detonation is detectable by
seismometers anywhere on Earth.

(b) S waves

P waves
Earthquake ——

=The strategic value of locating and
measuring an atomic weapon test has
ensured that the seismic signature of a
detonation is extremely well studied.

Nuclear Blast

Lawrence Livermore National Lab (2009)
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Before it was a bomb, the bomb was an idea.

*Nuclear weapons are potent sources of
energy; a detonation is detectable by
seismometers anywhere on Earth. \

(b) S waves

P waves
Earthquake ——

= Earthquake energy arrives in several pulses

*The strategic value of locating and
measuring an atomic weapon test has
ensured that the seismic signature of a Nuclear Blast
detonation is extremely well studied.

f Lawrence Livermore National Lab (2009)
= Bomb energy arrives as a single large pulse
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Before it was a bomb, the bomb was an idea.

*Nuclear weapons are potent sources of
energy; a detonation is detectable by
seismometers anywhere on Earth. \

(D) S waves

= Earthquake energy arrives in several pulses

P waves
Earthquake ——

*The strategic value of locating and
measuring an atomic weapon test has
ensured that the seismic signature of a Nuclear Blast
detonation is extremely well studied.

-Seismic data from an eXp|OSi0n WOUId be f Lawrence Livermore National Lab (2009)
easier to interpret than a similarly-sized = Bomb energy arrives as a single large pulse
marsquake.
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Energy required

energy (J)

1 calorie 4 x 100

baseball pitched at 94 mph 2 x 102

1 ton TNT 5x10°

1 megaton TNT 5x 10"

Sumatra earthquake (2004) 1 x 1017
Tsar Bomba (1961) 3 x 10"

Krakatoa eruption (1883) 3x 1078

Chicxulub impact (65 Mya) 5x 10%
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Energy required

energy (J)

1 calorie 4 x 100

baseball pitched at 94 mph 2 x 102

=QOur threshold for a detecting core

1ton TNT 5 x10° seismic phases is 1 x 1016 J.

1 megaton TNT 5x 10" '

Sumatra earthquake (2004) 1 x 1017

Tsar Bomba (1961) 3 x 10" *This means we’ll need an explosive

yield of at least 2 megatons.
Krakatoa eruption (1883) 3x 1078

Chicxulub impact (65 Mya) 5x 10%
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Bomb shopping

*During the Cold War, the US nuclear stockpile had
weapons as large as 9 megatons.

= These were intended to collapse deeply buried bunkers.




Bomb shopping
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device | yield (megatons)

W76 0.1

W80 0.15
W84 0.15
W62 0.17
W78 0.35
B61 0.4
W87 0.48
W88 0.48
B83 1.2

= “B” for “bomb” and “W” for “warhead”

*During the Cold War, the US nuclear stockpile had
weapons as large as 9 megatons.

= These were intended to collapse deeply buried bunkers.

*Nothing in the modern stockpile is nearly that
powerful.
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Bomb shopping

device | yield (megatons) *During the Cold War, the US nuclear stockpile had
W76 0.1 weapons as large as 9 megatons.
= These were intended to collapse deeply buried bunkers.
W80 0.15
Wa4 0.15 o o
W62 017 *Nothing in the modern stockpile is nearly that
powerful.
W78 0.35
B61 0.4
W87 0.48 =Unless someone is kind enough to declassify a bomb
W88 048 for this mlsspn, we’'ll need multiple explosives.
= Two B83s will get us there.
B83 1.2

= “B” for “bomb” and “W” for “warhead”
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Will it fit on a spaceship?

=Two unmodified B83 thermonuclear
bombs weigh more than 2000 kilograms.

= This is too heavy for a NASA Discovery
Program payload.

Editor’s note: “Discovery” is a NASA program in
charge of the cheapest, lightest missions.




Will it fit on a spaceship?

=Two unmodified B83 thermonuclear
bombs weigh more than 2000 kilograms.

= This is too heavy for a NASA Discovery
Program payload.

"However, it is possible to pare down the
weight to just the “physics package”.
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Will it fit on a spaceship?

=Two unmodified B83 thermonuclear
bombs weigh more than 2000 kilograms.

= This is too heavy for a NASA Discovery @} Nuclear Interceptor @ anen-
Program payload. / ' Main Engine

Hydrazine Tank
e

Divert Thrusters and
J Central Combustion
.~ Chamber

"However, it is possible to pare down the 4
weight to just the “physics package”. g B ke i Wishe

*NASA has already proposed a B83-
armed asteroid interceptor that weighs
only 1500 kilograms for the entire
spacecratft. e e e Ny

Elb W Advanced Conpepts OMMice '“"-:_..-'




*The theoretical maximum efficiency
of a nuclear weapon is 6 kilotons of
energy for each kilogram of weight.

= This is called the ‘Taylor limit’

Weight (kilograms)

Alex Wellerstein (2013) M. C. Brennan
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*The theoretical maximum efficiency

of a nuclear weapon is 6 kilotons of o A — 01 05 1 2 3456
energy for each kilogram of weight. Yields and weights of & & ee/ e
U.S. nuclear weapons ) S S o ©

= This is called the ‘Taylor limit’
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*The theoretical maximum efficiency
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“\WWHAM will consist of a lightweight interplanetary “cruise stage” spacecraft with a
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The trip there

“\WWHAM will consist of a lightweight interplanetary “cruise stage” spacecraft with a
payload of two modified B83 thermonuclear warheads.

= No equipment is needed besides navigational instruments.

*The launch vehicle will be an Atlas V 401 rocket. It may be launched from either Cape
Canaveral AFS or Vandenberg AFB.

= In either case, its initial trajectory will carry it out over the ocean.
Editor’s note: By July 2020, Cape Canaveral will be a Space Force Station (SFS).

=|_aunch will take place in July 2020 in order to maximize the chances of arrival during
the InSight lifetime.

= This launch date takes advantage of an ideal Mars — Earth orbital configuration (also used by the
Mars 2020 mission).
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The trlp there (speculation)

=All previous Mars missions have had the goal of either entering Mars’ orbit or landing on
its surface.

= Both require slowing down the spacecraft to match Mars’ orbital speed.

“\WWHAM technically does not have this constraint, so it may be possible to arrive at Mars
in less than the standard 6-month travel time.

= This is especially true if we use some of the weight we saved on the bomb housings to bring
extra fuel for a less efficient orbital transfer.
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InSight

=One of the most useful seismic phases for
determining the size of the core is ScS.

= This is a shear wave that bounces once off
the top of the core.

=|t is useful to have the explosion occur at a
distance that maximizes the possible spread
of ScS travel times.

= Previous research (Brennan et al., 2020) suggests this
occurs where the epicentral angle is 30°.

= This means targeting a site ~1776 km from InSight.
Editor’s note: Just as the Founding Fathers intended.
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The arrival

=This is a topographic map of Mars’
eastern hemisphere.
= This is the Elysium quadrangle.

J%‘:j%#‘\.

|

=\WHAM will detonate at a site 500

i InSight : :
s o km gas’F of Elysium Mops.
e | = This lies on our 30° epicentral angle.

= The hard, unbroken basalt will
transmit the impact energy well.

| R = |t is far from any interesting
Southern Highlands . geological features.

S R
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Danger to Earth

*Thermonuclear weapons are designed to _
be mounted on rockets. Numerous high- - \
altitude weapons tests were conducted
during the Cold War.

=Several of these tests failed after launch,
but all of these were able to harmlessly
self-destruct (without a nuclear explosion).

=There has never been an accidental TR SR o
nuclear explosion, even when warheads This B28 bomb was recovered intact from the

have crash-landed. seafloor after its aircraft exploded in midair off the
coast of Spain.
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Danger to Earth

=*|[t's actually quite hard to detonate a thermonuclear warhead.

*Thermonuclear weapons are fusion devices, they only work if a nuclear primary (fission)
charge goes off correctly.

*The fission charge, in turn, is set off by a layer of high explosives.
» These high-explosives are “insensitive munitions” and cannot detonate due to heat or shock.

*In modern weapons (like the B83), the arming process (which makes the warhead ready to
explode) can be performed remotely, once it is away from Earth.
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Danger to Mars

*The blast radius of our device is small (15 o
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Danger to Mars

*The blast radius of our device is small (15
km) and will not damage or disfigure the
Martian surface beyond adding one new
crater.

=QOur choice of impact site is essentially bare
volcanic rock; it is not among the proposed
habitats for microbial life.
» Most interplanetary missions require costly
Planetary Protection procedures to prevent

contamination by Earth germs, but WHAM is
entirely self-sterilizing.

PLAAE e ‘
Blast radius [~
(toscale) ¢
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Danger to Mars

=Without a magnetic field, the Martian o NASA (2013)
surface is constantly bombarded by R 2 km from
radiation. E i - detonation
%
=Fallout from our explosion will add ~30% £ "
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Danger to Mars

=Without a magnetic field, the Martian o NASA (2013)
surface is constantly bombarded by R 2 km from
radiation. E i - detonation
%
=Fallout from our explosion will add ~30% g
off exponentially from there. 0§ ¢ 4 ki from
A . c detonation
= Even at the crater, the radioactivity will quickly Ny
decay to superficial levels. | - I

Editor’s note: |
can’t remember
how | calculated

these values.

Abdominal CT Scan
500 Days on Mars

=Any existing microbes are either adapted to
high-radiation environments or are
sheltered from surface radiation.

US Annual Average, All Sources
6 Months on ISS (average) -
180-day Transit to Mars

Annual Cosmic Radiation (sea level)
DOE Radiation Worker Annual Limit

= Radiation cannot penetrate solid rock.
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Legality

The Outer Space Treaty (Article |V) states:

“Parties to the Treaty undertake not to place in orbit around the Earth any objects carrying
nuclear weapons or any other kinds of weapons of mass destruction, install such weapons on

celestial bodies...the testing of any type of weapons... on celestial bodies shall be forbidden”
(emphasis mine).

=Since WHAM does not require orbiting Earth, will not permanently or temporarily install
the warhead on Mars, and is not testing the capabilities of the B83, we’re ok.

Furthermore: “The use of military personnel for scientific research or for any other peaceful
purposes shall not be prohibited. The use of any equipment or facility necessary for peaceful
exploration of the moon and other celestial bodies shall also not be prohibited.”

=This clause permits the use of military hardware for peaceful scientific missions.
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Expense

*The cost of a space mission largely comes
down to two factors:

= How much R&D is needed to make the
instrument?

= How heavy is it?

“WHAM'’s R&D piggybacks off both InSight
and the strategic defense budget. No new
technology is needed.

=The weight will be comparable to other
interplanetary missions.

Mission Launch year | Mass (kg) | Cost (M$)
Mars Pathfinder | 1996 264 265
Stardust 1999 391 200
MESSENGER | 2004 1108 450
Deep Impact 2005 650 330
Dawn 2007 1218 472
Kepler 2009 1052 640
GRAIL 2011 307 496
InSight 2018 721 830

Selected NASA Discovery program missions.
The WHAM mission would weigh at least 400kg,
but cost very little.

M. C. Brennan



M. C. Brennan

Expense

=Each year, the US spends about 10 billion dollars on NNSA ‘Weapons Activities'.

» (https://www.nti.org/analysis/articles/us-nuclear-weapons-budget-overview/)

*This cost includes the storage, security, and maintenance of our remaining 6200
warheads, as well as weapons research and training.

= https://fas.org/issues/nuclear-weapons/status-world-nuclear-forces/
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Expense

=Each year, the US spends about 10 billion dollars on NNSA ‘Weapons Activities'.

» (https://www.nti.org/analysis/articles/us-nuclear-weapons-budget-overview/)

*This cost includes the storage, security, and maintenance of our remaining 6200
warheads, as well as weapons research and training.

= https://fas.org/issues/nuclear-weapons/status-world-nuclear-forces/

*[t's impossible to say how much of the Weapons Activities budget goes towards
individual warheads, but it's fair to say that each costs more than a million dollars
per year.

=By removing two (or more) warheads from the stockpile, WHAM will (eventually)
become the only profitable interplanetary mission.


https://www.nti.org/analysis/articles/us-nuclear-weapons-budget-overview/
https://fas.org/issues/nuclear-weapons/status-world-nuclear-forces/
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In conclusion...

=\We’ve got all these nukes just laying around collecting dust and tax dollars.

=\We’ve invested more than 40 years and a billion dollars getting a seismometer to Mars.
=\We can send some of our nukes to Mars to make sure that we get the data we want.

*This idea is cheap, safe, and easy. It only sounds far-fetched.
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