
Contents lists available at ScienceDirect

Technology in Society

journal homepage: www.elsevier.com/locate/techsoc

Meltdown at Browns Ferry
P.D. Morley∗, Andrew Kalukin1

Blue Ridge Scientific LLC Front Royal, VA, 22630, USA

A R T I C L E I N F O

Keywords:
Nuclear power plant
Browns Ferry
Fukushima-Daiichi
Flood risk
Nuclear regulatory commission
Earthquake

A B S T R A C T

Browns Ferry nuclear power plant (abbreviated BF NPP - three reactors) is located in Northwest Alabama within
the New Madrid Seismic Zone (NMSZ) of the North American intraplate fault system. It has the same plan as
Fukushima-Daiichi NPP in Japan, meaning it has the same design errors which led to the latter's meltdown in
2011 from flooding. Next to BF NPP is the very large Wheeler Reservoir. The NMSZ is capable of generating an
8+ class moment magnitude earthquake. BF NPP would then be at extreme risk from meltdown due to flooding
from Wheeler of the backup diesel generators, both from a turbulent kinetic energy incoherent response, and the
far more serious coherent tsunami-seiches response. It is strongly advocated that the Nuclear Regulatory
Commission (NRC) create a mitigation plan to safeguard BF NPP, including a possible levee. However, lique-
faction flooding with possible Wheeler Reservoir run-in causing inundation, is expected and so the flooding
hazard may be an intractable problem. The NRC should include in its mitigation plan facility shutdown. The BF
NPP antiquated design is built to only withstand Peak Ground Acceleration (PGA) of 0.1 g (g is the acceleration
of gravity). Seismic study of the NMSZ anticipates PGA at BF NPP of around 0.25 g. Thus, ground shocks may
disrupt the emergency cooling system from operating, even if the diesels are not flooded.

1. Introduction-what is at stake here

The meltdown2 at Fukushima-Daiichi NPP in Japan would have de-
stroyed Japan had the winds blown North-to-South, instead of West-to-
East [1], because it would have then resulted in the evacuation of the
Metropolitan Tokyo Region, Fig. 1. While a mega-earthquake from the
New Madrid fault (Fig. 2) would destroy the city of Memphis, and cause
extensive mid-Atlantic damage [4] (including millions of Americans as
internally displaced people), it would be a recoverable catastrophe. In
contradistinction, a meltdown at Brown Ferry NPP (Fig. 3) would re-
lease enormous amounts of radioactivity in the ground water of mid-
America and would not be a recoverable catastrophe. It would make
large regions of America uninhabitable and call into question the very
future of the United States.

The 2011 Virginia earthquake [5] showed unusual propagation of
seismic waves in Eastern United States, due to its granite base. This
resulted in shutdown of the North Anna NPP for 2.5 months after design

parameters3 were exceeded [7,8]. The earthquake sequence of events
for BF NPP is given in Fig. 4. The control rods will be scrammed as soon
as any shock envelope arrives. It is not expected that the three reactor
cores will have a problem with scramming, due to the short freefall of
the reactor control rods and the fact that most mega-earthquakes have
precursor tremors. However, BF NPP is antiquated and has design de-
fects, discussed below. In 2006, the NRC approved 20-year license ex-
tensions for all three reactors at BF NPP beyond the original 40-year life
of the license [9]. Future life extensions are anticipated. With realistic
PGA, both horizontal and vertical, it is expected that some infra-
structure damage will occur at BF NPP (with foundations down to
bedrock) because its seismic design parameters will be exceeded (like
those at North Anna), resulting in a shutdown lasting months or forever
(if the turbines are damaged). The purpose of this paper is to show that
mega-quake induced flooding by Wheeler Reservoir can lead to melt-
down, even if the reactor infrastructure survives.
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2. How did the Japanese nuclear engineers get it wrong?

Ordinarily, earthquake flooding is not part of nuclear engineering. It
is a part of the civil engineering discipline called geotechnical en-
gineering. However, the Japanese nuclear engineers (considered the
elite of the profession) worried about tsunami. Fukushima Daiichi re-
actor complex is the same design as BF NPP. Both have the major design
defect of having the critical diesel generators in the basement, below
level ground.4 The Japanese were protected by watertight doors, but
the concept of watertight is a static concept. Under cyclic dynamic
loading, doors are not watertight. Flooding of the basement diesels will
lead to diesel failure and interruption of coolant circulation.

A scientist colleague of the authors obtained the posted tsunami risk
technical briefing [11] from the Tokyo Electric Power Company, before
it was removed off the Internet. It is quickly seen that the major tech-
nical mistake by the Japanese nuclear engineers was the assumption
that the earthquake inducing the tsunami was off the coast of South
America, where the Nazca oceanic tectonic plate is subducted under the
South American continent, Fig. 5. The size of tsunamis is dependent on
many factors, and among the most critical, is the distance from the
epicenter to the shore. Inexplicitly, the Japanese nuclear engineers did
not consult the thousand-year old record of Japan on historical tsu-
namis. Instead of a Chilean earthquake, the tsunami was generated by
an earthquake off the East coast of Honshu, Japan. The protecting sea
wall of the Fukushima Daiichi NPP was adequate for an accessed 5.2m
tsunami, but the real tsunami height was 14m. This flooded the diesels
as in Fig. 4, interrupting the coolant circulation and causing nuclear
core meltdown.5 The same sequence of events can occur at BF NPP, but
instead of Pacific Ocean water, a large inland lake, Wheeler Reservoir,

would be responsible. What does the U.S. Government NRC say?

3. The NRC has deemed BF NPP safe

Though Browns Ferry NPP has been deemed safe by US nuclear
regulators, the criteria for assessment of safety have been tied to
probabilities of failure derived from laboratory tests of the individual
failure of components, and there has been little effort to generate
physical models which can account for the joint probabilities of
multiple extreme disasters occurring at once, in this case earthquake,
then flooding. Rigorous statistical analyses have not been completed for
American Nuclear Society (ANS) estimates of probability of exceedance
of combined flooding events [12,13].

Mitigation against weather-induced flooding is described in the
Final Safety Analysis Report for BF NPP; however, tsunami events were
explicitly neglected in this report because of the inland setting [14].
Additionally, safety walkdowns and other inspections were performed
at BFF NP in response to the Fukushima disaster [15]. These rather
comprehensive studies, however, failed to recognize the danger that
earthquake-induced flooding poses to NPP, which should be considered
a technical mistake.

FEMA/DHS commissioned a study [16] of the expected con-
sequences of a New Madrid seismic rupture. NRC has also studied
Browns Ferry using the Seismic Core-Damage Frequency (SCDF) metric,
which assesses the safety of Browns Ferry and other US plants based on
Individual Plant Examination of External Events. In fact, the nuclear
engineering community has done a very good job of recognizing the
danger that ground shocks pose for NPP core containment and a very
poor job of understanding the risk that flooding presents to NPP that
have safely scrammed. The problem is that the NRC has never actually
computed a joint probability assessment for rare and high magnitude
events. The closest study that the authors were able to find is reference
[17].

US nuclear regulators and engineers reconsidered the safety of BF
and other NPP in the light of the disaster at Fukushima. The assessment
[14] was that an event such as Fukushima was unlikely to occur, be-
cause inland events would not lead to the type of tsunami that caused
that disaster.6 The Institute for Energy and Environmental Research (a
non-profit [18]) has evaluated [19] the NRC ‘Recommendations for
Enhancing Reactor Safety in the 21st Century: The Near-Term Task
Force Review of Insights from the Fukushima Dai-ichi Accident, U.S.
Nuclear Regulatory Commission, July 12, 2011’, reference [20], and
concluded that the NRC had little understanding of earthquake-induced
flooding risks. The NRC conclusion that tsunami-type events cannot
occur on in-land lakes will be shown to be a categorically false un-
derstanding of physics.

One of the standard tools used by the nuclear industry for assessing
flood safety, the flood hazard curve, describes the frequency of ex-
ceedance in events per year that a region might experience a flood
height greater than a threshold elevation, like a ‘hundred year flood’.
Climate change has drastically altered the timeline [21]. Earthquake
induced flooding contributes to this Probabilistic Risk Assessment
(PRA) curve. However, this PRA methodology should be abandoned
because of the short historical time window for rare events [22]. What
can be done is to model the effects if the extreme event does occur.

BF NPP has several issues that have been documented, calling into
question whether the emergency cooling system will even work at all, if
the diesels are not flooded. The design of structures and equipment
important to the plant safety features was based on a PGA of 0.10 g. In
addition, the design is such that the plant can be safely shut down
during a PGA of 0.20 g [23]. However, it will be shown in the next

Fig. 1. Nuclear contamination (in units mSv) from the Fukushima Daiichi
meltdown, taken from Ref. [1].

4 This is only one design error. Others include elevated positions of spent fuel
pools requiring water to be piped vertically, inability to vent hydrogen through
stacks when power is lost, etc. [10].

5 Even though the nuclear reactor chain reaction has been stopped, decay
radioactive heating still continues.

6 The Japanese nuclear engineers understood the flooding risk and tried to
mitigate it. The succeeding sections indicate that the American nuclear en-
gineers do not understand earthquake flooding at all.
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section that expected PGA>0.25 g. Perhaps, even more worrisome, is
the NRC discovery [24] of corruption and mismagement related to the
emergency core cooling. For more than two years, BF NPP operated
without a fully functioning failsafe system: emergency cooling lines sat
blocked and a massive cooling pump did not work.

4. Flooding hazard at BF NPP can be modeled

The authors have undertaken a development of a first-principles
seismic-induced flooding model, in leiu of the NRC failure to do so. It
should be noted that since the construction of BF NPP, the NMSZ has
had thousands of microseismic earthquakes [25]. The physics of

earthquake flooding by lakes can be divided into three events:

1. Incoherent lake response: turbulent kinetic energy shoreline
flooding

2. Coherent lake response: generation of tsunami/seiche flooding
3. Liquefaction flooding

Fig. 2. USGS earthquake hazard zones, showing the New Madrid hazard region. The colors are peak ground accelerations theoretically expected. BF is expected to
have PGA∼ 0.2 g from a moment magnitude 7.7. The symbol g is the acceleration of gravity. From Ref. [2]. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 3. Browns Ferry nuclear power plant on the large Wheeler Reservoir (NRC
photo from Ref. [3]).

Fig. 4. Sequence of earthquake events leading to meltdown.
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Each of these will be discussed in the following sections.

4.1. Incoherent lake response: shoreline flooding

This is flooding occurring during the earthquake itself.7 In order to
compute an estimate of shoreline flooding from the turbulent kinetic
energy of water, synthetic accelerograms must be computed. In ap-
pendix A, we consider the size of the possible New Madrid fault
earthquake based on geological data. Appendix A shows that an 8+

class moment magnitude earthquake is possible. In appendix B, we use
a moment magnitude 8.0 earthquake to compute synthetic accel-
erograms based on the stochastic modeling method of references
[27,28]. This is the authors’ own FORTRAN-95 code.

An example of a synthetic accelerogram, taken from appendix B
modeling, is given in Fig. 6. The earth moves in all three directions, so
the accelerograms are lateral (X, Y horizontal) and vertical (Z). The
PGA are around 0.27 g, in line with Fig. 2. As can be seen, any structure
(e.g. limestone cliff) that couples to these seismic waves has a prob-
ability of being shaken to collapse.

The response of water to ground motion is different from a free-
standing object because water has no cohesive forces maintaining its
shape.8 When the container holding the water undergoes chaotic ac-
celerations, the walls of the container are doing work on the water. An
earthquake accelerogram creates chaotic kinetic energy of water tur-
bulence. Even vertical motion creates kinetic energy because the free-
surface on top, which would seem not to excite water that has ground
motion in the negative vertical direction, results in kinetic energy when
the downward ground motion is stopped and the gravitational potential
energy drop is converted into kinetic energy. Thus an earthquake
accelerogram is a forcing function of water kinetic energy. Math-
ematically, the velocity ground response and the velocity water

Fig. 5. Tokyo Electric Power tsunami origin, taken from Ref. [11].

Fig. 6. A typical appendix B synthetic accelerogram for ground accelerations.

Fig. 7. Ground velocity profile of Fig. 6.
7 It will be seen in this section that the turbulent kinetic energy of water

increases monotonically in time from an earthquake accelerogram. What makes
the flooding hazard at BF NPP so dangerous is that during the estimated 80 s
earthquake duration, the chaotic kinetic energy becomes so high that a sub-
stantial fraction of the basin volume may flood. Since BF NPP is at the lowest
part of the shoreline, it will receive a disproportionate fraction of the water.

8 The reader can do a simple experiment of jiggling a class of water and noting
what happens.
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response to the same accelerogram differ in the following fundamental
way:

1. The ground velocity function is a direct integration of the accel-
erogram, Fig. 7.

2. The water velocity function is a direct integration of the absolute
value of the accelerogram.9

The different response of water to ground motion means that the
longer the duration of the ground motion, the greater is the imparted
kinetic energy. For a lake, the turbulent kinetic energy [29] increases to
the level that it can overcome the gravitational potential energy of its
sidewall, and then afterwards spills over into shoreline flooding. There
is a natural cut-off10to the turbulent kinetic energy: dissipation energy
of the free-surface due to lake wind and wind shear are the primary
mechanisms.11 Indirectly then, the cut-off is proportional to the

gravitational potential energy (per unit mass) of the lip (2 g⋅height,
3 g⋅height, etc.).

The turbulent kinetic energy per unit of mass (KE/M) is
+ +V V V[ ]X Y Z

1
2

2 2 2 , where the vector components are the mean-square of
the velocity fluctuations, determined by the accelerograms. When this
reaches g⋅height, where height is the wall height, then spillover begins.
After that, statistically 1/3 of the KE/M goes into reaching a greater
height after the wall barrier is surmounted, and 1/6 of the KE/M flows
horizontially across each vertical face of an imaginary parallelepiped
for shoreline flooding, up to the cutoff KE/M.

We assume for Wheeler Reservoir,12 height=3m. From Fig. 8, we
estimate that BF NPP has a longitudinal exposure of about 2 km. Then
Table 1 gives the estimated shoreline flooding13 as a function of the
available cut-offs in the gravitational potential energy of the lip.14

The estimated values of shoreline flooding in Table 1 are significant
in themselves, independent of coherent response flooding in the sec-
tions that follow. What is disconcerting about Table 1 is that the (KE/
M) cut-off is not known in advance, but depends on the atmospheric
wind/wind shear dissipation interactions with the turbulent free-sur-
face of the lake. It is possible that the actual kinetic energy cut-off oc-
curs later in the accelerogram time history, with consequential vastly
increased shoreline flooding.

Fig. 8. Bathymetric profile of Wheeler Reservoir reference [26].

Table 1
Estimated shoreline flooding due to 3-dimensional accelerograms.

g⋅height cut-off shoreline flooding
(acre⋅feet)

RMS lateral velocity at cut-off
(m/s)

2 238.3 2.214
3 658.5 3.131
4 1185 3.835

9 The ensuing positive values are the root-mean-square (RMS) velocity
fluctuations of each component direction.

10 An example of water's incoherent response to an accelerogram producing
turbulent kinetic energy per mass and having no cut-off: water in an in-ground
pool. For sufficient forcing time, all the water gets sloushed out.

11 These atmospheric quantities interact with the turbulent kinetic energy of

(footnote continued)
the water, limiting its maximum value. Internal heat dissipation also occurs.
The large earthquake-induced motions are never in equilibrium with dissipa-
tion until atmospheric interactions cut in.

12 The BF NPP has ground elevation of 560 feet [14]. A 3m height means that
Wheeler Reservoir has a water elevation of 550.157 feet. In Table 1, the esti-
mated shoreline flooding does not depend on these absolute elevations, but only
on the difference.

13 Averaged over 640 trials, so the expected error is less than one percent.
14 The assumed 3m BF NPP lip height is reached after about 12.7 s into the

earthquake, for typical accelerograms in 3-dimensions.
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4.2. Coherent lake response: tsunami-seiches

Seiches are lake oscillations while tsunamis are a special type of
water wave, which can reach great heights when breaking onto land.
We will treat these separately.

Fig. 9. Wheeler Reservoir transverse cross section reference [26].

Fig. 10. Idealized Wheeler Reservoir neck profile.

Fig. 11. The cooling channels that will be resonantly excited by the earthquake
wave packet. Photo from Ref. [33].

Fig. 12. Wheeler Reservoir is ringed by limestone sedimentary bluffs over-
looking the water. Any earthquake induced landsides will create tsunami-like
tidal waves that will crash over BF NPP. The most dangerous are actually op-
posite BF itself, circled. Reference [26].

Fig. 13. Larger scale 3D map showing Wheeler Reservoir ringed by limestone
sedimentary bluffs overlooking the water. Some of the high-elevation areas in
the vicinity of the reservoir have an elevation of 200 feet above the water.
Reference [26].
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4.2.1. Seiches
Eq (12) gives the period of oscillation of seiches. The neck region,

Fig. 9, is the area of Wheeler Reservoir oscillations that will influence
BF NPP. With a measured length L=1.37 miles, and a deepest depth 24
feet, with a 12 foot average linear profile, Fig. 10, the longest period is
12.3 min, followed by 369 s, 246 s, 185 s and 148 s for excited multi-
mode states. It would seem that these long periods do not couple to the
short periods of seismic waves, as expected in the synthetic accel-
erograms, which are only a few seconds. This is not true. It is expected
that the earthquake shock envelope will cause Wheeler Reservoir to
have seiche oscillations many hours after the passage of the seismic
waves [30]. Although seiching produces standing waves, these waves
become translationary where the water shallows or the lake is con-
stricted [30] and seiching creates shoreline flooding. The reason why
seismic waves of seemingly different periods excite lake seiches is due
to local amplification [31] of long period waves by the water basin.15

Local amplification of seismic waves has dramatic consequences: the
1985 Michoacan earthquake had epicenter 300 km away from the
Mexican City basin, but was amplified [32] by an estimated factor of
10.

BF NPP has cooling channels, Fig. 11, that will themselves undergo
seiche oscillation. Using estimated parameters of =L 30 m, D=7m,
the longest period is 7.24 s, while the multi-modes start off at 3.62 s.
Thus there is no question that BF NPP will be subjected to seiche
flooding over many hours after the cessation of seismic ground vibra-
tions. More on seiching in the next section.

4.2.2. Tsunami
The nuclear engineers will be surprised that tsunamis can be gen-

erated in inland lakes or bays. During the 1811–1812 New Madrid
earthquakes, tsunamis were seen on the Mississippi [34,35]. The me-
chanism is landslides (slumps) [36] or land uplift [37]. The uplifted

land can in fact be outside the fault zone [38]. This latter reference does
a computational physics model of tsunami/seiches on Lake Tahoe.
Waveheight values as high as 10m are obtained. However, tsunami are
deterministic, not stochastic in origin. What can we say about Wheeler
Reservoir's exposure to tsunami-type waves? A lot, because Wheeler
Reservoir is surrounded by high limestone sedimentary bluffs which
overlook the water.16 Typical examples are in Figs. 12 and 13. Any
earthquake-induced landside would result in a tsunami-like wave that
will radiate throughout the reservoir. Multiple landsides would create a
series of large wave amplitudes that would crash over BF NPP. Slide
induced waves and seiching is covered in Ref. [30]. These waves tra-
veled onto shore, Fig. 14 with significant waveheights. In Fig. 15, ex-
perimental data on earthquake-induced seiches were obtained showing
that local amplification of seismic waves can couple long-period seiche
oscillations to seismic loading. In Ref. [30], seiching and tsunami-type
waves scoured the shoreline of Kenai Lake in Alaska.

Finite element modeling may be done to determine structures that
are statically stable, but dynamically unstable. The Wheeler Reservoir
bluffs, being made of sedimentary limestone, could have landsides from
strong ground motion that would be expected to cause significant dis-
lodgement.17

4.3. Liquefaction flooding

Liquefaction flooding [39] can occur if the water table is close to the
surface and if the pressure gradient from the seismic waves is great
enough. While the latter constraint is site specific, one can do an em-
pirical study relating distance from epicenter to seismic magnitude to
get an understanding if the pressure gradient is high enough. This has
been done in Ref. [40], where a magnitude 8 quake would be expected

Fig. 14. Figure taken from Ref. [30] showing slide material and direction of wave travel (arrows). The top numbers on the arrow are runup heights. If similar waves
hit the area of BF NPP, they would not be met with a high hillside, so instead of a runup height, they would be associated with massive flooding.

15 This reference [31] gives data showing that the Denali moment magnitude
7.9 earthquake created seiches on inland lakes, from an epicenter 2400 km
away.

16 Readers familiar with the University of Texas @ Austin will recognize that
Wheeler Reservoir is very similiar in topography to Lake Travis.

17 The danger these cliffs pose comes from the fact that the response ampli-
tude is greatest at the top of the cliff, and the base itself may act like a lens to
amplify seismic waves.

P.D. Morley and A. Kalukin Technology in Society 58 (2019) 101140

7



to have the potential of liquefaction within a 360 km radius. BF NPP
is well within this zone. Since it sits on a large reservoir, the water table
may allow this type of flooding. Reference [41] describes liquefaction
effects.18 Buried facilities are very vulnerable to liquefaction flooding.
Sand boils erupting water can appear on the protecting side of a levee,
compromising its protection. The real damage potential is that the soil
separating the cooling channels from BF NPP is breached and total run-
in of Wheeler Reservoir occurs. This would lead to full inundation of BF
NPP by Wheeler. The NRC already knows that the BF NPP located on
the north bank of Wheeler Reservoir at Tennessee River Mile 294.0 has
the lowest natural ground elevation in the site vicinity: the Tennessee
River above BF NPP site drains 27,130 square miles [14].

5. Conclusion

An intraplate fault earthquake at New Madrid will change America
forever. A meltdown at BF NPP is the worst possible outcome - an
apocalyptic event19 for the citizens of the United States. The NRC has

not done a flooding simulation of BF NPP. This paper has done that.
Wheeler Reservoir will flood BF NPP: turbulent kinetic energy will
cause shoreline flooding during the earthquake itself; seiches will be
created lasting many hours and their oscillatory behavior will become
flooding when they encounter the BF NPP corner position. Wheeler
Reservoir is ringed by limestone sedimentary bluffs which can have
landsides, inducing tsunami-type waves that will crash into the nuclear
facility. The location of BF NPP immediately adjacent to a large re-
servoir has high risk of liquefaction flooding.

We strongly advocate that the NRC create a flood mitigation plan,
that may include levee protection and should include basin amplifica-
tion effects folded into finite-element studies. Earthquake resistant

Fig. 15. Figure taken from Ref. [30] showing that earthquakes induce lake seiching. The peaks (biggest to smallest) are at: 36.36min, 24.0 min, 11.53min, 9.43min,
6.06min, 5.40min, 4.05min, 2.25min and 1.40min. Significantly, the recording equipment was not operational until several hours after the earthquake, showing
that seiching carries over many hours after forcing.

18 This reference gives a very nice example in their Fig. 2, where ground
motion is plotted for soils and bedrock. BF NPP sits on bedrock and so the PGA
will be maximal.

19 Most of the meltdown released radioactivity will end up in the Tennessee
River and in the ground water of mid-America. We can estimate the lethality of
this event as follows: The IAEA [42] estimates that for boiling water reactors,

(footnote continued)
one-GWe generation produces 30 metric tonnes of high-level waste (HLW-re-
quires cooling or special extreme protection). The amount of harmful HLW
associated with one tonne is about 2.48× 106 Ci [43]. Thus 1 GWe creates
about 7.46× 107 Ci. The integrated amount of electrical generation of BF NPP
can be estimated to be about 130 GWe, based on the history of the three re-
actors [44]. The accumulated HLW on-site is then about 9.7×109 Ci. We use
radioactive Polonium as a surgate for the lethality of HLW, being about
49×10−6 Ci [45]. Thus the assessed lethality of a BF NPP meltdown could kill
2× 1014 human beings. This estimate does not include the much more volu-
metric low level waste induced-lethality. Radioactive contamination would
make mid-America uninhabitable.
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levees are discussed in Ref. [46]. However, liquefaction flooding with
possible Wheeler Reservoir run-in causing inundation, is expected and
so the flooding hazard may be an intractable problem, given the ori-
ginal site placement. The NRC should include in its mitigation plan
facility shutdown.

5.1. New Madrid seismic moment

The Reelfoot Reef, which hosts the New Madrid Seismic Zone, is not
a single plane of right lateral strike-slip fracture like the San Andreas
fault-line, but a very complicated grouping of ancient convoluted faults.
We show in Figs. 16 and 17 the surface contours and locations of re-
corded earthquakes above Moment 2.5, to give an idea of the geological
complexity. In reality, it is numerous faults screwed together, which
make multiple mega-earthquakes possible in a short geological time
period.

The seismic moment in geo-physics MS is the torque (units Joule)
that two geological formations exert against each other during relative
movement. It has the expression [47].

=M µADS (1)

where μ is the shear modulus of the rocks involved, A is the area in-
terface, and D is the relative displacement. For the New Madrid fault
system [50], we use idealized quantities: fault-length of 240 km with a
vertical depth of 21 km, giving the area = ×A 50.4 108 m2. The rock is
granite which has a shear modulus of 27× 109 Pa [51]. The relation
between seismic moment and moment magnitude for great earthquakes

[52] is

=M M1
1.5

[log 9.1]S (2)

If =M 8.0, then = ×M 1.259 10S
21 Joules. This requires a slip

=D 9.25 m, which is consistent with the slip of great earthquakes [53].
Thus, the New Madrid fault sysytem is capable of 8+ class moment
magnitude North American intraplate earthquakes20.

5.2. Synthetic accelerograms

In order to estimate the incoherent lake response/turbulent kinetic
energy shoreline flooding, we need a good estimate of the ground ac-
celeration, which is a synthetic accelerogram, A t( )C ; A t( )C is a function
of time t. This is a convolution of the source function S, with the sui-
tably normalized phase function R

=
+

A t R S t d( ) ( ) ( )C (3)

The source function has all the physics. The Fourier transform of S
will be denoted by notation A f( ), where f is frequency.21 The expected

Fig. 16. Copy of Qian li et al. [49].

20 It is of interest to compare the Joules (energy) associated with an 8.0 class
moment magnitude earthquake with a large thermonuclear weapon. A megaton
thermonuclear weapon has energy ×4.184 1015 Joules, compared to the
1.259× 1021 J of a moment magnitude 8.

21 We adopt the notation of reference [28].
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duration of the earthquake ground motion is computed as follows: the
240 km fault has a source duration of (240 km/3.5 km/s) where
3.5 km/s is the shear wave velocity of the rock (granite). The radiated
seismic waves will have different speeds through the earth because of
dispersive effects. This is estimated to have a functional dependence
[27] of 10 s per 200 km. BF NPP is 240 km away in this simulation,
where from Figs. 16 and 17, this is an average distance.22 Therefore the
total duration of ground shaking expected at BF NPP is around 80.57 s
A f( ) is made up of several factors that carry the physics information.

=A f S f G f A f P f V f C M PRT R FS( ) ( ) ( ) ( ) ( ) ( ) [( ) ( )]e n s P0 (4)

where.

S f( )e is the seismological factor

G f( ) is the geometric attenuation factor

A f( )n is the anelastic whole path attenuation factor

P f( ) is the upper crust attenuation factor

V f( ) is the upper crust amplification factor

C0 is a scaling factor

Ms is the seismic moment

PRT R FS[( ) ( )]P refer to respectively the partition of total shear-wave
energy into horizontal components, wave radiation pattern averaged
over azimuths, and the free-surface amplification factor.

1. S f( )e is the ‘H96’ function from Ref. [27].
2. =G f R( ) 130/km

1
70 where R=240. Taken from Ref. [27].

3. =A exp p( )n , =p f R
Q , = + +Q f f539 152 1.43 2 reference [28],

= 3.5 km/s, R in km.
4. P f V f( ) ( ) is given by the function: amdim where amdim = 1.1 for

f < 0.1, = 0.0 if f > Nyquist frequency and 1.2087–0.154124*log

(f) −0.0903987*log(f)*log(f) otherwise23.
5. C0 = 1

4 3 where ρ=density of rock at fracture zone (2.75 gm/
cm3).

6. =PRT R FS[( ) ( )] .707 .55 2.P , respectively [27].

For accelerations, a factor i(2 )2 multiplies24 A f( ). The normalized
phase function is the Gaussian white noise with exponential window, as
used in Ref. [27]. The authors’ code is in FORTRAN 95.

5.3. Shallow water equations

The shallow water fluid equations play a major role in the flooding
assessment of BF NPP by the large Wheeler Reservoir. For one dimen-
sional water oscillation [54] (with horizontal distance parameter x and
time t) the equations are

=u
t

g
x

=
t

H u
x (5)

If the water does not have a uniform bottom, we can approximate it
as an idealized structure (Fig. 10) of deepest depth D, having mean
depth =H D/2.

The variables are: u one dimensional horizontal velocity vector,
averaged across the vertical column and η the total fluid column height.
The boundary conditions are

= =u u L(0) ( ) 0 (6)

Eq (5) are solved by separation of variables

Fig. 17. Copy of Chen et al. [48].

22 Not the distance to the city of New Madrid, MO.

23 This is the fitted function = 0.08 in Fig. 12 of reference [27].
24 The factor =i 1 .
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=u x t T t X x( , ) ( ) ( ) (7)

=x t t x( , ) ( ) ( ) (8)

The time dependence is the familiar = =T t t e( ) ( ) i t , giving

+ =H d X
dx g

X 0
2

2

2

(9)

with boundary condition = =X X L(0) ( ) 0. Letting =X x U x( ) sin , Eq
(9) reduces to

+ =H
g

02
2

(10)

giving

=
gH (11)

The boundary condition =X L( ) 0 gives =sin 0L
gH or = nL

gH .

Since the period P is 2 , we have finally

= = …L
n gH

n2 , 1,2,P
(12)

In Eq (12), =n 1 is the longest period oscillation, and larger values
of n correspond to excited shorter period oscillations.

The physical solutions are (U is a required initial horizontal speed)

=x t e iHU
gH

x
gH

( , ) cosi tRE
(13)

=u x t e U x
gH

( , ) sini tRE
(14)

where RE means real value. This seiche solution gives the periodicity
of the waves.
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