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Abstract 
Mars data presents a collection of startling and seemly contradictory isotopic 
data: a glaring excess of the two radiogenic isotopes 129Xe/132Xe @ 2.5 and 
40Ar/36Ar @ 3000 enabled identification of MM (Mars Meteorites) because 
they are so different than any other major Solar System reservoir. Mars ap-
pears to have lost an original atmosphere of pressure 1 bar or greater, yet the 
ratio 14N/15N indicates only a loss of a few millibar by Solar Wind Erosion. 
The LPARE (Large Planet Altering R-process Event) hypothesis attempts to 
explain these major isotopic puzzles at Mars by postulating that two massive, 
anomalous thermonuclear explosions, rich in R-process physics, occurred 
over the surface of Northern Mars in the past, approximately 500 million 
years ago, and that these explosions created the 129Xe/132Xe excess, and the 
accompanying intense neutron bombardment of Mars atmosphere and rego-
lith created the 40Ar/36Ar excess off of potassium in the surface rocks. The 
collateral massive and non-mass fractionating atmospheric loss, and the in-
tense neutron bombardment of 14N in the atmosphere primarily created the 
14N/15N ratio we presently observe, with some mass fractionating erosion of 
the residual atmosphere. This LPARE hypothesis is found to explain other 
isotopic features of Mars atmosphere and surface. 80Kr and 82Kr are hyper-
abundant in the Mars atmosphere and in the youngest MMs indicating in-
tense irradiation of Mars surface with neutrons. Although there is presently 
no plausible explanation for the nuclear events, the hypothesis can be tested 
through related nuclear products such as Pu-244. 
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1. Introduction 

Mars is a planet with an apparently complex history, manifesting itself in puz-
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zling isotopic features in its atmosphere starkly different from Earth, such as the 
ratio of 129Xe/132Xe, and 40Ar/36Ar, both radiogenic [1] and the ratio15N/14N sug-
gesting a loss of only millibars of atmosphere by Solar Wind erosion over Mars 
geo-history while geomorphology strongly suggests atmospheric pressure 1 bar 
or greater in the past. Other puzzles are also present, as will be discussed. It is 
the aim of this article to explain these salient puzzles with a new hypothesis: that 
Mars was the site of massive thermonuclear explosions, of unknown cause, in 
the recent geologic past. These explosions created the radiogenic excesses of xe-
non and argon and caused the loss of atmosphere without significant fractiona-
tion of nitrogen. In the remainder of this article the salient puzzles of Mars iso-
topic system will be discussed as will the hypothetical events which caused them.  

Mars global geomorphologies suggesting a past much different than its present 
state. Mars apparently had a warm dense atmosphere of approximately 1 bar or 
greater in pressure, that lasted for an unknown fraction of its geologic history. 
This is in vivid contrast to the present thin Mars atmosphere of approximately 6 
mbar. This dense past atmosphere, suppressing vaporization of water and trap-
ping heat, apparently allowed the formation of abundant water channels on ter-
rains of both old and young age and even an apparent Paleo-Ocean on its lightly 
cratered Northern plains [2] [3]. Typical of this range of ages of channels are 
Maadim Vallis on old terrain and showing evidence of precipitation, the other 
Hradd Vallis on young terrain, which are believed to have been carved by water 
[4] [5] with magma induced melt water flows being the likely source (see Figure 
1). 

The loss of atmosphere by various mechanisms is expected to have created 
isotopic clues to its mechanisms that can be seen in surface atmospheric mea-
surements and in trapped gases in MMs (Mars Meteorites). Two of those iso-
topic features of immediate interest are the ratio of 36Ar/38Ar, which consistent  
 

 

Figure 1. Maadim Vallis (L) on old terrain draining into Gusev Crater. Hradd Vallis on 
young terrain. Both channels are approximately 800 km long. 
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with a loss of 1/2 bar or greater of Mars atmosphere by diffusive sputtering and 
erosion by the SW (Solar Wind) [6] in the last 4 Billion years. However, in vivid 
contrast, the ratio 14N/15N indicates only a small loss of atmosphere, 3 mbar, by 
such sputtering-SW erosion over the last 4.0 Billion years [7]. This low loss rate 
is in agreement with measurements form orbit [8], despite being, seemly, at odds 
with both geomorphology and the 36Ar/38Ar data.  

Given the evident large scale of Mars atmospheric change and the uncertain-
ties in its chronology, which in turn effect models of its isotopic makeup, plus 
the present uncertainties in the locations and conditions of R-Process possibly 
observed in events in the larger Cosmos [9] and thermonuclear detonation expe-
riments on Earth [10], the author will attempt to present a hypothesis that ex-
plains the salient points of the Mars isotopic and isotopically linked atmospheric 
history, and some of its major details. It must be accepted that any simple new 
explanation for a complex body of data, must account for many presently known 
mechanisms that are operating in a dynamic environment over geologic time on 
Mars: a changing geomagnetic field at Mars in time, atmospheric erosion, mass 
fractionation, outgassing, multiple isotopic reservoirs, varying Cosmic ray irrad-
iation and spallation of isotopes in the regolith, spontaneous fission of actinides, 
radioactive decay of nuclides and production of daughter nuclei, to name only 
major mechanisms known to operate on Mars.  

Analysis of the only available Mars samples, the MMs, must consider their 
isotopic makeup in terms of not only their geologic history on Mars but also the 
fact of their ejection from Mars and subsequent space irradiation by Cosmic 
rays, and other effects. This vast body of effects and data will cause even a suc-
cessful new hypothesis aiming to explain the salient points of the data, to also 
create other problems in some less important details. Therefore, rather than try-
ing explain every detail of the Mars data set, we will concentrate on explaining 
the main puzzles of the Mars data set and deal with higher order features in the 
data in later studies.  

In the remainder of this article we will present the LPARE (Large Planet Al-
tering R-process Event) hypothesis and then examine it in the light of isotopic, 
lander, and orbital survey data from Mars.  

2. The LPARE (Large Planet Altering R-Process Events)  
Hypothesis 

It is hypothesized that two massive R-Process events occurred in mid-air over 
the Northern Plains of Mars. The R-Process is inferred to occur in astrophysical 
events, but has been seen on Earth in thermonuclear explosions [10]. In a plane-
tary environment a large R-process event above the planetary surface would 
create powerful Tunguska-like explosions. Given the nitrogen and carbon dio-
xide components in the Mars atmosphere such fireballs would be expected gen-
erate large amounts of nitric acid. These hypothetical R-Process events caused 
the 129Xe/132Xe and 40Ar/36Ar excesses and occurred during the epoch of warm- 
dense atmosphere on Mars, and terminated that epoch. Like all R-process events 
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it was fission rich because fission forms the limiting process on formation of 
heavy actinides in an R-Process event [9]. The resulting massive loss of atmos-
phere due to the powerful Tunguska-like explosions created isotopic patterns in 
36Ar/38Ar and 14N/15N in addition to isotopes characteristic neutron irradiation 
effects, and creating fireball glass deposits near the sites of the events and a glob-
al debris pattern with deposits at the approximate antipodes of the events. By the 
geological principle of superposition: new rocks in top layers-older rocks below, 
rocks older than the LPARE epoch were buried deeper than rocks of approx-
imately LPARE Crystallization Age and so were shielded from the intense neu-
tron radiation in the LPARE epoch. The rocks irradiated during the LPARE 
epoch received little neutron irradiation afterward, because the thin surviving 
atmosphere generated few secondary neutrons and resurfacing rates were much 
reduced. Thus, the rocks of Crystallization Ages approximately corresponding to 
the LPARE epoch received the most neutron irradiation while on Mars, or being 
in contact with the regolith, received such highly irradiated materials as regolith 
inclusions. The loss of atmosphere from Mars, under this hypothesis, was pri-
marily hydrodynamic and catastrophic and thus not mass-fractionating [11], re-
sembling a giant impact, with the decay of the remainder of the Mars atmos-
phere by sputtering and UV bombardment that was mass fractionating. The dif-
ference in mass fractionation between N and Ar is attributed to their difference 
in chemical activities with N being bound to the soil and outgassing later while 
Ar was always in the atmosphere, except for the isotope 40Ar. 

The total energy of these hypothetical R-Process events exceeded that esti-
mated for the Chixulube event on Earth [12] and occurred at approximately 0.5 - 
1.3 Billion years ago (see Figure 2). 
 

 

Figure 2. A schematic of the LPARE Hypotheses. Mars rocks of older Crystallization Age 
were shielded from Cosmic rays by a dense atmosphere and then buried before the 
LPARE, and the atmosphere was too thin to appreciable secondary neutron flux after the 
LPARE. Only rocks that crystallized near-surface in the era of the LPARE incorporate 
highly irradiated materials. 
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3. Evidence for a Geologically Recent Loss of Mars  
Atmosphere 

Mars apparently once had a warm-dense atmosphere, of approximately 1 bar or 
greater pressure, as evidenced by numerous long water channels, even on recent, 
lightly cratered terrains [13]. This atmosphere was rapidly lost by some process, 
leaving only the thin present atmosphere at 6 mB. However, the 15N/14N ratio in 
the present Mars atmosphere indicates that the dense atmosphere was present 
until recent geologic time [7] and this is supported by orbiter measurements 
which show that present the loss rate is only ~millibar/Gyr [9]. It has been pro-
posed that formation of large deposits of carbonate rock on Mars could explain 
this loss of atmosphere however, no such large amounts of carbonates have been 
detected [14]. 

This scenario of a dense atmosphere on Mars persisting until recent geologic 
time is supported by young average ages of the MMs, now numbering over 100, 
that is less than 1 Gyr, requiring average age of the Mars surface to be also young 
[15] [16] [17] constraining in turn the Mars cratering rate versus the Moon, the 
key parameter determining Mars surface ages from crater statistics. The MM 
crystallization ages can only be reconciled with estimates of average Mars surface 
ages if the rate is be much higher than presently estimated. This higher cratering 
rate than Lunar being consistent with Mars proximity to the asteroid belt. Thus, 
the northern plains of Mars and the signs of water flows and standing bodies 
likely have much younger ages than previously estimated.  

This scenario of a dense atmosphere persisting until recent geologic times and 
then undergoing massive non-fractionating loss, is consistent the weak fractio-
nation of 14N/15N and 36Ar/38Ar and with numerous instances of aqueously al-
tered materials contained in MMs (Mars Meteorites), which are thought to 
represent samples of shallow subsurface rocks. The MMs include the youngest 
subgroup, the Shergottites, at an average age of 200 myrs. 

4. Xenon Isotopes on Mars 

Given the glaring excess of 129Xe, which has defied credible explanation, and 
which apparently appeared late in Mars history based on its absence in deep in-
terior samples of EETA79001 and ALH84001 and the primordial Olivine mete-
orite Chassigny [1] is extremely significant. The basic problem is that 129Xe is 
hyperabundant in the Mars atmosphere, relative other major solar system reser-
voirs such as Earth (see Figure 3) and is attributed to decay of 129I with a half life 
of 17 Myrs shortly after Mars accretion. However, the decay by spontaneous fis-
sion of 244Pu with a half-life of 80 years, would create relatively large amounts of 
heavier Xenon isotopes [18] a component that has not been seen.  

A more recent attempt to explain this mystery has been put forth, [19] pro-
posing that an early Mars atmosphere dominated by water vapor, CO2 and 129Xe 
from short lived 129I, created a regolith of phyllosilicates on top of the basement 
rocks. The Xe isotopes, being highly soluble in the phyllosilicates, would be  
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Figure 3. Mars and Earth Xenon stable isotope concentration normed to 130Xe = 100. 
 
uniformly sequestered and preserved when the early atmosphere would be lost, 
to remerge later when the atmosphere was replaced by outgassing to create the 
present thin atmosphere, which would now be have Xe isotopes dominated by 
the early atmosphere’s 129Xe excess. However, this phyllosilicate sequestration 
proposal suffers from the serious flaw that the later heavier Xe isotopes from 
244Pu fission and other longer lived Actinides, would also be sequestered by the 
same phyllosilicate regolith, after upwardly diffusing from the basement rocks, 
and then also be outgassed later with 129Xe, wiping out the 129Xe excess. Another 
flaw is that Mars terrains of a full range of ages, and especially the most ancient 
terrains, show abundant water channels, indicating that any period of lost at-
mosphere on Early Mars was brief and quickly replaced by outgassing from both 
diffusion and venting of mantel sourced gases. Such gases would most likely re-
flect Xe isotopes found in Chassigny, where no 129Xe excess appears. Because of 
either or both effects, there remains no likely reason that the heavy Xe isotopes 
from 244Pu fission would be absent from the present Mars atmosphere. There-
fore, the 129Xe excess remains in need of an explanation.  

Even more telling is the evidence, from interior samples of older Mars mete-
orites, such as ALH84001 and Chassigny that 129Xe excess was not present on 
Early Mars but appeared later. It is also apparent that large amounts of fission, 
spontaneous or otherwise, also occurred on Mars, and that produced abundant 
heavier isotopes of Xe, such as 136Xe/132Xe, seen in Figure 4, taken from [1]. 

The 129Xe excess of the present Mars atmosphere, absent in the olivine Chas-
signy, and interior samples of ETTA79001 the vastly more ancient ALH84001, 
yet while present in surface samples of ALH84001, can be explained as correlat-
ing with the exposure of the parent rock layers to ground water carrying dis-
solved atmosphere. Exposure of the Olivine Chassigny to water would have de-
stroyed it. So in its anhydrous state it could preserve the primordial mantel gas 
isotopic distributions, while other MM parent rocks were affected by the modern 
atmosphere, at least in their surface layers. 
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Figure 4. Mars Xe data showing that primordial Mars atmosphere trapped in older 
meteorites, ALH84001 and Chassigny, did not contain an 129Xe excess but that it arrived 
later in geologic time in a Fission rich period. Figure taken from [1]. 
 

The observed 129Xe hyperabundance, relative to 132Xe is also seen in Xe iso-
topes, extracted at high temperature, from Presolar Grains in the very ancient 
Carbonaceous Chondrite Meteorite Allende, which is not from Mars (Figure 5) 
data from [20] [21]. 

The presence of a hyperabundance of 129Xe in Allende pre-solar grains has 
been attributed to the occurrence of R-Process associated with Supernova or 
neutron star merger before the origin of the Solar system. The R-Process, pro-
duces characteristic isotopic distributions [22] (see Table 1). In particular, pro-
ducing a 129Xe/132Xe >> 1, this is in contrast to S-process, occurring at less in-
tense and lower energy neutron flux (see Table 2) which produces 129Xe/132Xe << 
1. 

The parameter 129Xe/132Xe >> 1 can thus be regarded as a signature of R- 
Process.  

The xenon isotopic spectrum of the R-process can be seen to compare well 
with xenon data from Mars, but less well with Earth (Figure 6). 

There is a change in the fission product isotopic spectrum when high energy 
neutrons, such as those found in R-Process, cause fission, as opposed to fission 
by thermal neutrons, this is seen in Figure 7. 

The contributions of spontaneous fission to the xenon isotopic spectrum can 
be seen to be dominated by isotopes heavier than 129 (Figure 8).  

Therefore, the signature 129Xe/132Xe > 1 of Mars may be explained as due to a 
massive R-Process event on Mars rather than a loss of Mars early atmosphere.  

The high concentration of 129Xe in the Martian atmosphere is a unique feature 
of Mars atmosphere and, because of the 129Xe excess, Mars Xe differs starkly  
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Figure 5. Mars Xe atmosphere isotopic composition compared to that found in refractory 
pre-Solar grains in meteorite Allende. Note the good matches at 130Xe and 131Xe. 
 

 

Figure 6. Mars, Earth and R-Process Xenon stable isotope concentration normed to 130Xe 
= 100 and 132Xe = 600. Data taken from [21] [22]. 
 
Table 1. End Member R-Process Isotope Compositions from models based on the as-
sumption that 130Xe is not produced. Note the large relative amount of 129Xe that is pro-
duced. Table adapted from [22]. 

R-Process 

Composition Min Ratio Max Ratio χ2 

124Xe/132Xe 0.00279 (04) 0.00722 (08) 234 
126Xe/132Xe 0.00433 (03) 0.00626 (09) 336 
128Xe/132Xe 0.00057 (30) 0.0164 (48) 232 
129Xe/132Xe 1.538 (02) 1.529 (29) 1294 
130Xe/132Xe ≡0 ≡0 … 
131Xe/132Xe 1.137 (02) 1.143 (01) 233 
134Xe/132Xe 0.258 (01) 0.557 (05) 492 
136Xe/132Xe ≡0 ≡0.466 … 
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Figure 7. Mass distribution of fission fragments formed by neutron induced fission of 
235U when neutrons have been moderated (solid curve) and fission by 14 MeV fusion 
neutrons (broken curve) [23] showing increase in middle range isotopes for 14 MeV fu-
sion neutrons. Note that very little change occurs in the atomic mass interval a = 80 - 100. 
 

 

Figure 8. Xenon Isotopes produced by spontaneous fission of 244 Pu, figure taken from 
[24]. 
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Table 2. Isotopic compositions determined by simulations for pure S-Process Xe isotopes 
under the assumption that little or no 136Xe is produced. Note the very small relative 
amount of 129Xe that is produced table taken from [22]. 

Ratio S-Process χ2 Lewis et al. Arlandini et al. 
124Xe/132Xe −0.00065 (08) 234 −0.0002 (01) ≡0 

126Xe/132Xe −0.00020 (02) 336 0.0003 (02) ≡0 

128Xe/132Xe 0.212 (04) 232 0.216 (02) 0.202 (89) 

129Xe/132Xe 0.105 (30) 1294 0.118 (11) 0.097 (03) 

130Xe/132Xe ≡0.48 (01) - ≡0.483 (04) 0.40 (17) 

131Xe/132Xe 0.184 (18) 233 0.186 (12) 0.16 (05) 

134Xe/132Xe 0.013 (05) 492 0.0222 (53) 0.053 (17) 

136Xe/132Xe ≡0 - 0.00344 (03) ≡0 

 
from the isotopic mass spectrum of Xe from major reservoirs existing elsewhere 
in the solar system. This is particularly true of Earth, the Solar Wind and the 
Chondritic reservoir, thought to be the source reservoir for planetary accretion, 
as seen in Figure 7. The Xenon isotopic spectrum of Comet 67P resembles Mars 
only in its ratio of 129Xe/132Xe > 1 and nowhere else. Disagreement in the heavier 
isotopes of Xe is particularly marked, as can be seen in Figure 9. Taken from 
[25]. 

Alternatively, to the LPARE Hypothesis, it would seem reasonable to suggest 
that Mars Xe was simply pre-Solar, however, samples of deep interior and older 
Mars meteorites contain Mars original ancient atmosphere and the 129Xe/132Xe > 
1 excess is absent in them [1] as seen in Figure 3 previously. Instead, the 129Xe 
excess appears in Mars meteorites of much later crystallization ages, as seen also 
in Figure 10 further below. Therefore the 129Xe/132Xe excess can be explained by 
the LPARE Hypothesis.  

5. Evidence from Krypton of Large R-Process Events on Mars 

The physics of the Classical R-Process is that of intense, high energy, neutron 
bombardment of heavy elements [9]. In the case of the LPARE hypothesis we 
would expect any R Process Event on Mars to leave evidence in the krypton fam-
ily of isotopes of an intense neutron bombardment of the surface rocks of Mars. 
One measure of such a bombardment would be the level of 84Kr generated in 
surface layers MM parent rocks by neutron absorption on 83Kr from Mars at-
mosphere retained in the rock by water infiltration or shock implantation, while 
the rock was on Mars. Such a bombardment can successively create 84Kr from 
83Kr and 82Kr due to the latter two isotopes having large neutron absorption 
cross sections. This would be in addition to Kr created in the LPARE directly. 
This appears consistent with the data presented in Figure 10 where it is seen 
that ALH84001, and the Nakalites, older and therefore probably more deeply 
buried than the younger Shergottites, was spared such bombardment. 
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Figure 9. Xenon isotopic compositions of the Solar Wind, Earth’s Atmosphere, average 
Chondrite and primordial Comet 67P. Figure taken from [25]. 
 

 

Figure 10. 129Xe in Mars meteorites versus fission product Kr 84, both normed to 132Xe 
showing an evolution of Mars environment from “primordial” Chassigny at 1.5 Gyr old 
to younger rock samples at 0.2 Gyr old and finally the modern Mars atmosphere. This 
shows an addition of a fission component to the Mars environment after its formation. 
Graph adapted from [1]. 
 

The only distribution of krypton isotopes that resembles that of Mars atmos-
phere are those of the Sun itself, a nuclear furnace, as seen in Figure 11, where 
neutrons produced by fusion irradiate an array of elements, including Kr that 
was originally chondritic, as is seen in the primordial MM Chassigny. [26] and  
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Figure 11. Mars krypton isotope abundance compared to Earth’s atmosphere and the 
Solar Wind [21]. 
 
which formed the likely basis for Mars original atmosphere. Fission produces 
both Xe and Kr, with Xe being produced more strongly with a ratio of approx-
imately Xe/Kr @6 [27] The ratio Xe/K = 0.27 on Mars, or nearly equal, in vivid 
contrast to Earth where Xe/Kr = 0.076 [28] is consistent, like the ratio of 
136Xe/123Xe in the Mars atmosphere, with a large fission component in the Mars 
atmosphere. Thus Xe/Kr is large on Mars relative to Earth. 

Krypton isotopes are a product of fission reaction that can occur as part of the 
R-process. As can be seen in Figure 8, [1] the rise in concentration of 84Kr and 
129Xe in Mars rock forms an approximate “mixing line “ between the primordial 
Xe and Kr in ancient Mars rocks such as Chassigny and rocks and that found in 
the younger Mars meteorites and Mars present atmosphere. This would indicate 
that the R-process Xenon appeared at the same time as the 84Kr.  

This correlation between the appearance of hyperabundances of 129Xe and 84Kr 
in the Mars environment is consistent with the occurrence on Mars of the fis-
sion-rich R-process events on Mars late in geologic time.  

A large R-Process fission-rich event on Mars would also produce other effects, 
such as a large irradiation of the surface with neutrons, and would also produce 
large amounts of other krypton fission product isotopes. We can thus look for 
these other signs of a large R-Process fission-rich event in Krypton isotopes.  

The 80Kr and 82Kr abundances in Mars Shergottites and in Mars atmosphere 
[1] are consistent with exposure to a neutron flux of 1014/cm2 - 1015/cm2, with 
capture on 80Br and on 81Br in the Mars regolith with subsequent outgassing, de-
pending on the neutron energy spectrum [29] (see Figure 12 taken from [1]). 
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Figure 12. Krypton isotopes measured in different samples from glass inclusions in 
EETA 79001 showing MA2 (Mars atmosphere 1 (modern) with evidence of 80Kr and 82Kr 
excesses over the EA (Earth atmosphere) relative abundances. 
 

In the Shergottite EETA 79001, of approximate crystallization age of 180 
Myrs, there is seen a composite of three distinct lithologies [30] of approximate-
ly the same age. Signs of intense neutron radiation are seen in glass inclusions 
[29] [31] but the enclosing matrix rock shows barely detectable levels. This pat-
tern appears to be repeated in the Shergotites SaU 005 and Dho 019, of crystalli-
zation ages of approximately 500 Myrs [29] [31]. Evidence of intense neutron 
exposure in the glass inclusions is seen not just in Kr isotopes but in isotopes of 
Sm and Gd and apparently occurred on Mars, because the exposure does not 
correlate with the MMs space exposure to cosmic rays after ejection into space 
[31] (see Figure 13).  

The concentration of intense neutron exposure in glass inclusions in the 
Shergottites is consistent with the exposure of Mars regolith to the intense irrad-
iation with its later being engulfed and melted by molten lava issuing from 
deep-shielded reservoirs. The intense neutron irradiation associated with the 
LPARE can thus be said to predate the oldest Shergottites but to have occurred 
after the formation of the Nakalites at approximately 1.3 Gyrs, which, being 
more deeply buried under the Principle of Geologic Superposition, were shielded 
from the neutron irradiation of the LPARE. This places the epoch of intense 
neutron irradiation somewhere between 1.3 and 0.5 Gyrs ago on Mars.  

Changes in relative isotopic abundances can have many causes. Various 
processes can erode a planet’s atmosphere over time, especially if it has no 
strong magnetic field like the situation of Mars. These processes tend to erode 
the top of the planet’s atmosphere, and thus erode lighter isotopes more that 
heavier ones. The result is that such processes of atmospheric erosion tend to  

https://doi.org/10.4236/ijaa.2023.132007


J. E. Brandenburg 
 

 

DOI: 10.4236/ijaa.2023.132007 125 International Journal of Astronomy and Astrophysics 
 

 
(a) 

 
(b) 

Figure 13. (a) and (b) The level of neutron irradiation measured in various MMs show-
ing in (a) the concentration of intense irradiation in the Shergottites, which have the 
youngest crystallization ages of the MMs. The subfigure (b) shows the level of neutron 
exposure for most Shergottites does not correlate with their space exposure to cosmic 
rays. Figure taken from [31]. 
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fractionate, or disturb, the distribution of isotopes in a way that makes heavier 
isotopes relatively more abundant than lighter ones [21]. Massive atmospheric 
loss from giant impacts can also produce some mass fractionation, but much less 
than slow erosion [11] However, on Mars, whatever process disturbed the kryp-
ton isotopes made lighter isotopes relatively more abundant that heavier ones. 
Thus, Kr is “reverse fractionated” (Figure 8). This requires a predominately 
nuclear process rather than diffusive mass fractionation. This can also be com-
pared to Kr isotopes found in comet 67P [32] (Figure 14). Comets have been 
proposed as the source of parts of planetary atmospheres.  

Therefore, there exists evidence consistent with the LPARE hypothesis in the 
two rarest gases contained in Mars atmosphere and rocks. We will now discuss 
isotopic evidence in some of the most abundant gases in the Mars atmosphere.  

6. Lower Atomic Weight Isotopic Systems on Mars 

Signs of intense neutron radiation of Mars are also present in argon and nitro-
gen isotopes on Mars. The light nuclei in the Mars atmosphere, aside from hy-
drogen which is easily mass fractionated on Mars, and where large reservoirs 
and outgassing sources of H2O and CO2 are believed to participate in atmos-
pheric evolution, show only mild fractionations relative to the Earth, as seen in 
Table 3. Earth is believed to have mostly preserved its primordial atmosphere, 
so its isotopes are a reasonable standard for such primordial ratios. Therefore, 
mild Mass fractionations relative to Earth would be expected for oxygen and 
carbon for atmospheric loss via sputtering and UV bombardment with outgass-
ing and large reservoirs being available for replenishment. Added to this sput-
tering loss under the LPARE Hypothesis would be a preceding event would be a 
large and catastrophic loss of atmosphere by mostly non-fractionating hydrody-
namic escape. So Earthlike isotope ratios would not be surprising. However, this 
picture of mild fractionation relative to Earth is spoiled by the stark exceptions 
of isotopes129Xe, and the low atomic weight pairs 15N/14N and 40Ar/36Ar. There-
fore, one must look for another process besides mass fractionation to explain 
these isotopic ratios. 
 
Table 3. Various Isotopic Systems on Mars and Earth, data from [35]. 

Isotopic ratio 
Atmosphere 

Mars Earth Mars/Earth 

D/H (in H2O) 9.3‰ ± 1.7‰ 1.56‰ ~6 
12C/13C 85.1 ± 0.3 89.9 0.95 
14N/15N 173 ± 9 272 0.64 
16O/18O 476 ± 4.0 499 0.95 

36Ar/38Ar 4.2‰ ± 0.1‰ 5.305 0.79 
40Ar/36Ar 1900 ± 300 298.56 ± 0.31 ~6 

C/84Kr (4.4 - 6) × 106 4 × 107 ~0.1 
129Xe/132Xe 2.5221 ± 0.0063 0.97 ~2.5 
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Figure 14. The fractional abundances of krypton isotopes in comet 67P relative to a Solar 
Wind [22]. 
 

It is of great interest that the 15N and 40Ar pair are easily produced by the im-
pact of thermal neutrons on 14N and 39K [33]. Also, the predominate isotope of 
potassium, 39K, upon thermal neutron irradiation converts to 40K, which for in-
tense neutron irradiation can become 40Ar. For its part 14N can absorb a neutron 
and become 15N with the emission of a gamma ray. This reaction has been easily 
observed in open air tests of nuclear weapons [34]. This is in contrast to isotopes 
of oxygen and carbon, who have low reactivity with thermal neutrons and hence 
make good components for moderators in nuclear reactors. Thus, the intense 
irradiation of the Mars atmosphere and surface with thermal neutrons over sev-
eral seconds could be expected to produce glaring differences with Earth isotopic 
abundance ratios, for 40Ar and 14N/15N but leave the oxygen and carbon and rela-
tively undisturbed, to undergo conventional fractionation as the remaining at-
mosphere was lost to space. This is, in fact, consistent with what is found.  

Under the LPARE hypothesis the production of large amounts of 40Ar would 
occur promptly in the Mars due to neutron irradiation, become part of the rego-
lith and would then outgas to become part of the Mars atmosphere. 40Ar can also 
result from the slow decay of 40K, half-life 1.2 Billion years, but also from the 
prompt process of an n, p reaction on 40K. It is this latter prompt process for 40Ar 
production, that, under the LPARE hypothesis produced the dominant amount 
of 40Ar now found in the Mars atmosphere. This would be more prominent in 
the North of Mars under the LPARE hypothesis, because of the events hypothet-
ically occurring there and could account for the puzzling discrepancy between 
the Curiosity measurements of 40Ar/36Ar @1900, in the Southern Hemisphere of 
Mars [35] and those at the Viking sites in the North @ 3000.  

A large amount of 36Ar would also be produced under the LPARE hypothesis, 
from the neutron absorption on 35Cl forming unstable 36Cl, with a half-life of 0.3 
Myrs to form stable 36Ar. This would form in the soil and outgas unless trapped 
in melt glass inclusions. As with Kr isotopes formed by intense neutron bom-
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bardment of the regolith under the LPARE hypothesis, argon isotopes would 
form in larger amounts in the younger regolith rocks of the Northern Hemis-
phere of Mars, because the LPARE events appear to have occurred there and be-
cause chlorine was found abundantly in the regolith at both Viking lander sites. 
The Northern Hemisphere of Mars with its younger estimated surface ages is al-
so believed to be the source region for the Shergottites. Also, conversely, Solar 
Wind erosion of heated remaining atmosphere after the explosions would mass 
fractionate the remaining 36Ar 38Ar system perhaps exceeding the 36Ar gain be-
cause of neutron irradiation of 35Cl in the regolith. 

Interestingly, 15N formed in the atmosphere, being chemically active, would be 
expected to become part of the regolith also. The formation of Tunguska-like 
fireballs would create large amounts of nitric acid [36] which would react with 
siderite and other carbonates in the regolith to form nitrates. Such nitrates, 
thought due to meteor trails and lightning, have been measured in the Martian 
soil, though at low levels [37] Nitrates in the Martian soil, would be expected in 
time to react by oxidizing iron in the form of Siderite (FeCO3) the soil and Oli-
vine (FeSiO3). Creating Hematite (Fe2O3), SiO2 and outgassing molecular nitro-
gen and CO2. Alternatively, the Mars impact flux could also free nitrogen bound 
as nitrates in the soil, as was discussed in [38] Thus, both 15N, 36Ar, and 40Ar 
would diffuse into the Mars atmosphere from the regolith after formation under 
the LPARE hypothesis.  

Such a joint outgassing of 15N and 40Ar would be expected to occur at ap-
proximately similar rates. Evidence of this is seen in MMs and Mars atmosphere 
measurements that appear to form a linear array of values. (Figure 15) Alterna-
tively, the observed linear array may simply be a mixing line between primordial  
 

 

Figure 15. Apparently correlated 40Ar and 15N data found in MMs and in the Mars at-
mosphere. Figure taken from [38]. 
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values in MMs and exposure to Mars atmosphere which received both 40Ar and 
15N together, shortly following the LPARE. Production of 36Ar by neutron irradi-
ation of 37Cl would also occur, lessening the effect of the LPARE neutron irradia-
tion on 40Ar/36Ar and the atmospheric erosion mass fractionation on 38Ar/36Ar. 

7. Alternative Hypotheses 

The 129Xe anomaly together with the matching abundance and reverse fractiona-
tion pattern of the krypton isotope abundances in the Martian atmosphere plus 
the40Ar and 15N features, can be explained by a large R-process fission event in 
Mars history. The alternative hypothesis can be proposed that Mars was the site 
of a natural nuclear reactor. This hypothesis was initially favored by the author 
[39]. Such a large amount of fission requires either a chain reaction or a large fu-
sion event to supply the required neutrons. Only a fission chain reaction can 
occur in nature under Martian conditions. Uranium 235 is the only naturally 
occurring isotope that can sustain a chain reaction, however, it always occurs 
mixed in nature with much more abundant 238U. Even a billion years ago, the 
relative abundance of 235U at 3% allowed chain reactions in to only occur in na-
ture in the presence of moderating groundwater which slowed the neutrons and 
allowed the large cross section for fission at low energies to dominate and allow 
a small reaction mean free path. Given the presence of impurities that absorb 
neutrons in nature and thus compete with fission in absorbing neutrons, a short 
reaction mean free path is necessary for a chain reaction to occur.  

A chain reaction with fast fission neutrons can also occur because fast neu-
trons quickly slow down by collisions but it is more difficult to achieve. Thus, a 
fast neutron spectrum chain reaction, must occur quickly and in a compact re-
gion for it to be feasible in nature. However, the high neutron energy, such as a 
raw fission neutron spectrum, also requires a high density of fissionable material 
because of the shrinking of the fission cross section at high energies means that 
chain reaction is not possible without moderation for any natural abundance of 
U235. The natural nuclear reactor must then produce approximate S-process Xe 
compositions without a 129Xe excess. Without moderation, and thus without an 
S-process, no chain reaction is possible in natural uranium. Consistent with this 
conclusion, the only fission reactors known to operate without moderation, 
must do so using highly enriched uranium, nearly weapons grade, to make up 
for the loss of reaction cross section that occurs at high neutron energies. 
Therefore, the 129Xe super-abundance, which means that the fission event was 
dominated by high energy neutrons, means that it cannot have been a natural 
uranium-based natural nuclear reactor. The R-process event is thus required.  

Another alternative hypothesis to the R-process event on Mars is that Mars 
could have had Earth-like Xe isotopes and then suffered large impact late in its 
geologic history, by a comet or comets of the same primordial isotopic composi-
tion as 67P. Such a massive impact could have largely replaced the Mars atmos-
phere with one of pre-Solar composition. However, two problems exist with 
such a comet-impact hypothesis. 
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The comet would have to be very large to replace a major fraction of the Mars 
atmosphere to create the observed present composition. Mars atmosphere has a 
mass of 2.5 × 1016 kg, approximately the mass of comet Hale-Bopp [40], among 
the largest of comets studied.  

The first objection to the late comet-impact hypothesis is that the isotopic 
compositions of species other than Xe measured at comet 67P, differ significantly 
from Mars. Even for Xe isotopes, despite displaying 129Xe/132Xe >> 1, the re-
mainder of the Xe isotopic abundance, relative to 132Xe, is quite different from 
Mars. Krypton isotope composition at 67P is seen in Figure 11 and bears no re-
semblance to that seen on Mars, seen in Figure 8, which resembles a Solar pat-
tern. Mars values for Kr isotopic composition adhere to the Solar pattern to 
within a percent, whereas the 67P Kr is scattered and varies by 10% from Solar 
values. The Comet 67P ratio of 36Ar/38Ar = 4.5 is a good match to Mars at 
36Ar/38Ar = 4.3. However, the absence of neon from the comet [32], despite it 
being easily detectable in the Mars atmosphere [1] and much more abundant 
than krypton or xenon in that atmosphere, also makes this comet impact scena-
rio seem unlikely.  

The second objection to the comet-impact hypothesis is that while such an 
impact would create a massive explosion, it would create no nuclear reactions, 
whereas the R-process on Mars hypothesis would be expected to create many. As 
has been seen, the hypothesized R-process event on Mars appears to have been 
associated with a massive neutron irradiation event on Mars, producing large 
excesses of 40Ar and 80Kr, as would be expected. Thus, a large comet impact on 
Mars to explain the Xe isotope data would also require a separate catastrophic 
event to create the evidences of a massive episode of neutron irradiation, such as 
80Kr, 15N, and 40Ar abundances. The principle of Economy of Hypothesis thus 
makes this cometary impact hypothesis seem less likely. Further anomalies on 
Mars exist.  

8. The Potassium-Actinide Anomaly on Mars  

Meteoritic samples of Mars rock, thought to be originally subsurface, are dep-
leted in uranium and thorium relative to Earth by a factor of 10 to 3 whereas the 
surface rocks appear Earthlike in abundance, as seen in Figure 12. This paradox 
was found in the Phobos and Mars probe data [41], which showed enhanced le-
vels of Uranium and Thorium, in approximately chondritic ratio to each other, 
in the top layer of the Mars surface, that can be measured from orbit. This has 
been confirmed for Thorium by the Odyssey GRS (Gamma Ray Spectrometer) 
[42]. However, this is in vivid contrast to the much lower abundances of potas-
sium and thorium found in meteorites from Mars (see Figure 16). Hot spots of 
thorium and potassium in Mars Acidalium centered at approximately 35W, 55N 
and Utopia Planitia at approximately 95E and 55N can be seen in Figures 17 
(a)-(d), with another concentration at the approximate antipode of the center of 
the hypothetical explosions, approximately 160E 40S. These antipode deposits,  
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Figure 16. K, Th variations on Mars compared to Mars Meteorites (SNC). Typical Un-
certainty is shown on the right. Figure taken from [42]. For comparison K is 2% wt. and 
Th 6 ppm of Earth’s crust. 
 
first pointed out by Dr. Edward McCullough [Private Communication], are con-
sistent with large Tunguska-like explosions sending shock waves around the 
planet, and are thus consistent with the interpretation of this being due to a 
massive R-Process Event. Such an event which would have irradiated large areas 
of planet’s surface with neutrons and then scattered this irradiated debris all 
around the planet, the maps of radioactive 40K shows the same features, includ-
ing the antipodal feature (see Figure 13). It therefore seems possible that a large 
concentrated uranium and thorium body existed on Mars and exploded in a 
R-Process event, giving rise to a global surface layer of debris enriched in ura-
nium and thorium and irradiated large areas of the planet with intense neutron 
radiation.  

9. Fission Yield Calculations  

Based on the observed abundances of Mars Xe and Kr isotopes and the observed 
enriched layer of U and Thorium on its surface, it is possible to estimate the 
number of fissions that occurred under this R-Process hypothesis and thus the 
Fission energy release. Based on the abundance of 129Xe in the Mars atmosphere 
and assuming it was all produced in the explosion at approximately a fractional 
mass yield F129 into the atomic mass 129 channel of F129 = 3% for a fast neutron 
spectrum we can write for the total energy released based on 129Xe [12]: 

129 26
129 1.5 10 JXe fission XeW W n HA F= = ×                (1) 

where Wfission is the energy released per fission of 200 Mev or 3.2 × 10–11 J, nXe129 = 
9 × 1010 cm−3 is the number density of 129Xe in the Mars atmosphere, H = 1.1 × 
106 cm, is the Martian atmosphere scale height-giving a columnar density of 1017 
cm−2 or 3 × 1018 fissions per cm2 of planetary surface and A is the surface area of 
Mars of 1.4 × 1018 cm2. This is a large energy, equivalent to the impact of a 70 km 
diameter asteroid into Mars and sufficient to produce a global ejecta layer of  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 17. (a) Map of Mars global concentrations of 232Th adapted from [42]. (b) Map 
and image of Acidalia Planetia LPARE site. (Google Mars) Note the absence of major 
craters or volcanic features. (c) Map of Mars global concentrations of radioactive 40K. 
Arrows mark hot spots including the approximate antipode of the largest hot spot. Map 
adapted from [42]. (d) Map and image of Utopia Plantitia LPARE site. (Google Mars). 
Note the absence of major craters or volcanic features. 
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4 meters, and enough to devastate the planet [43]. 1 Megaton of energy is ap-
proximately 4 × 1015 J so an energy release for the R-Process Event of 1026 J is 
approximately 25 billion megatons. 

Based on the neutron fluence Fneutron = 1015/cm2 neutron fluence required to 
explain the irradiation of glass lithogies of EETA79001 and account for the 80Kr 
anomaly, and assuming this was a planet-wide occurrence from delayed neu-
trons of an approximate fraction Fdelayed = 0.1% that were radiated immediately 
after the event by fission fragments in the planet-wide ejecta layer, we can calcu-
late and approximate number of fissions in the event as approximately 1018 fis-
sions per cm2 of planetary surface and thus have an independent estimate of the 
yield. We can then estimate the yield from the 80Kr anomaly: 

254.6 10 JKr fission neutron delayedW W F A F= = ×               (2) 

where the values of other quantities Wfission and A are the same as in Equation 
(1). Thus the Fission energy release, calculated from two pieces of evidence ar-
rives at an approximate energy release in the R-Process Events as approximately 
1025 J this is a yield of approximately 10 billion megatons (1 MT = 4 × 1015 J) 
This is exceeds estimates of the energy released in the Chixulube Impact on 
Earth, estimated to be 1023 J [43], and indicates these R-Process Events would 
have created a global catastrophe on Mars and could have permanently changed 
Mars climate.  

10. Tests of the LPARE Hypothesis 

Two preliminary tests of the LPARE hypothesis can be made. One is geochemi-
cal: Tunguska-like fireballs in the atmosphere of could be expected to sweep up 
regolith fines and turn them into glasses similar to Trinitite, these glass particles 
would also be expected to etched by nitric acid created by the fireballs in the CO2 
and N2 atmosphere of Mars, as was created at Tunguska [44] and believed to 
occur on Mars in atmospheric meteor trails [37]. Evidence exists from NIR 
(Near Infrared) spectral features concentrated near the hypothesized LPARE 
sites in Acidalia Planitia and Utopia Planitia [45] (see Figure 18 and Figure 19) 
The presence of oxidizing acid etching was inferred by similar NIR features seen 
in experiments using mixed strong sulfuric acid and hydrogen peroxide solu-
tions to etch basaltic rocks [46]. Similar etching on glass has been demonstrated 
using hot nitric acid [47]  

As can be seen in Figure 18 and Figure 19, iron rich glass showing up as yel-
low in red on Figure 18 and Figure 19 and acid etching of this glass, shown in 
blue, is concentrated around the hypothetical LPARE sites at 30W 55N, in Aci-
dalia Planitia, and at 95W and 55N in Utopia Planitia.  

The second test of the LPARE Hypothesis is isotopic, and is the search for 
244Pu, or other long lived isotopes with R process origins, in Mars samples. If the 
LPARE occurred within the last Billion years then detectable trace levels, above 
those with R process origins from galactic background infall [48], should be 
found. 
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Figure 18. Maps taken from orbit by Mars Express, showing A. NIR features associated with (in blue) basaltic rock etched by oxi-
dizing acid, and B. NIR features (in red) associated with iron rich glass. Figure adapted from (Horgan [45]). 

 

 

Figure 19. Maps taken from orbit by Mars Express, showing (a). NIR features associated 
with (in blue) basaltic rock etched by oxidizing acid, and (b). NIR features (in red) asso-
ciated with iron rich glass. Figure adapted from [45]. 
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11. Summary 

Therefore, several glaring Mars isotopic anomalies can be understood in terms 
of R-process events occurring between 0.5 - 1.3 Gyr years ago. Evidence for 
R-process events on Mars is found in atmospheric xenon, krypton, argon, and 
nitrogen; and in surface concentrations of potassium and thorium. The puzzle of 
the excess ratio of 129Xe/132Xe, and 40Ar/36Ar, relative to Earth, is explained as due 
to massive R-process driven explosions, of unknown cause, that occurred over 
Northern Mars surface, which created both large amounts of 129Xe directly and 
large amounts of 40Ar by intense neutron bombardment of K in the regolith. The 
mild mass fractionation ratio15N/14N, despite evidence of large Mars atmospheric 
loss, is due, under this hypothesis to massive hydrodynamic atmospheric loss 
without appreciable mass fractionation due to the R-process explosions plus 
neutron capture on 14N. Neutron capture on bromine led to a measured excess of 
light Kr isotopes. The 36Ar/38Ar ratio, so at seeming variance with that in nitro-
gen, is due, under this hypothesis, primarily to Solar Wind erosion of the heated 
remaining atmosphere after the explosions, moderated by 26Ar outgassing from 
the regolith after neutron irradiation of 35Cl. The surface evidence puts the 
R-process events at Acidalia Planitia and Utopia Planita, in the northern hemis-
phere. These events left no craters, implying they occurred at some height above 
the surface. The global fission yield of the R-process events is estimated at 1025 J, 
or 1010 megatons. This yield is an order of magnitude larger than estimates of the 
energy of the Chixulub impact and consistent with massive hydrodynamic at-
mospheric loss. The R-process energy estimates are consistent with what appears 
to be a global debris pattern with concentrations at the approximate antipodes. 
Oxidizing acid etched glass, resembling trinitite, is found at the approximate lo-
cation of the explosions. The R-process hypothesis can be verified by measure-
ments of anomalous amounts of 244Pu in Mars samples.  

Acknowledgements 

The author wishes to gratefully acknowledge the encouragement and support of 
Brent Nelson and Jason Dvorkin of Kepler Aerospace in this research, and the 
encouragement helpful comments of Dr. Lance Williams, of the Konfluence Re-
search Institute, in the preparation of this article.  

Conflicts of Interest 

The author declares no conflicts of interest regarding the publication of this pa-
per. 

References 
[1] Smith, T., Ranjith, P.M., He, H.Y. and Zhu, R.X. (2020) Reviewing Martian Atmos-

pheric Noble Gas Measurements: From Martian Meteorites to Mars Missions. 
Geosciences, 10, Article 439. https://doi.org/10.3390/geosciences10110439 

[2] Brandenburg, J.E. (1986) The Paleo-Ocean of Mars. Symposium on Mars: Evolution 

https://doi.org/10.4236/ijaa.2023.132007
https://doi.org/10.3390/geosciences10110439


J. E. Brandenburg 
 

 

DOI: 10.4236/ijaa.2023.132007 136 International Journal of Astronomy and Astrophysics 
 

of Its Climate and Atmosphere. Lunar and Planetary Institute.  
https://www.lpi.usra.edu/lpi/contribution_docs/LPI-000599.pdf  

[3] Clifford, S.M. and Parker, T.J. (2001) The Evolution of the Martian Hydrosphere: 
Implications for the Fate of a Primordial Ocean and the Current State of the North-
ern Plains. Icarus, 154, 40-79. https://doi.org/10.1006/icar.2001.6671 

[4] Ming, D., et al. (2006) Geochemical and Mineralogical Indicators for Aqueous 
Processes in the Columbia Hills of Gusev Crater, Mars. Journal of Geophysical Re-
search, 111, E02S12. https://doi.org/10.1029/2005JE002560 

[5] Hamilton, C.W., Mouginis-Mark, P., Sori, M.M., Scheidt, S.P. and Bramson, A.M. 
(2018) Episodes of Aqueous Flooding and Effusive Volcanism Associated with Hrad 
Vallis, Mars. JGR Planets, 123, 1484-1510. https://doi.org/10.1029/2018JE005543 

[6] Atreya, S., et al. (2013) Primordial Argon Isotope Fractionation in the Atmosphere 
of Mars Measured by the SAM Instrument on Curiosity and Implications for At-
mospheric Loss. Geophysical Research Letters, 40, 5605-5609.  
https://doi.org/10.1002/2013GL057763 

[7] Jakosky, B.M., Pepin, R.O., Johnson, R.E. and Fox, J.L. (1994) Mars Atmospheric 
Loss and Isotopic Fractionation by Solar-Wind-Induced Sputtering and Photo-
chemical Escape. Icarus, 111, 271-288. https://doi.org/10.1006/icar.1994.1145 

[8] Baradash, S., Fedorov, A., Lundin, R. and Sauvaud, J.A. (2007) Martian Atmospher-
ic Erosion Rates. Science, 315, 501-503.  

[9] Kajino, T., et al. (2019) Current Status of r-Process Nucleosynthesis. Progress in 
Particle and Nuclear Physics, 107, 109-166.  
https://doi.org/10.1016/j.ppnp.2019.02.008 

[10] Beck, S.A. (2016) Approximating the R-Process on Earth with Thermonuclear Ex-
plosions. Lessons Learned and Unanswered Questions, Los Alamos National Labor-
atory Report LA-UR-16-20452. 

[11] Lammer, H., et al. (2020) Loss and Fractionation of Noble Gas Isotopes and Mod-
erately Volatile Elements from Planetary Embryos and Early Venus, Earth and 
Mars. Space Science Reviews, 216, Article No. 74.  
https://doi.org/10.1007/s11214-020-00701-x 

[12] Brandenburg, J.E. (2015) Evidence for Large, Anomalous Nuclear Explosions on 
Mars in the Past. Proceedings of the 46th Lunar and Planetary Science Conference, 
Houston, 16-20 March 2015.  
https://www.hou.usra.edu/meetings/lpsc2015/pdf/2660.pdf  

[13] Tanaka, K.L. (1986) The Straitigraphy of Mars. Journal of Geophysical Research, 91, 
E139-E158. https://adsabs.harvard.edu/full/1986LPSC...17..139T  
https://doi.org/10.1029/JB091iB13p0E139 

[14] Bandfield, J.L., Glotch, T.D. and Christensen, P.R. (2003) Spectroscopic Identifica-
tion of Carbonate Minerals in the Martian Dust. Science, 301, 1084-1087.  
https://doi.org/10.1126/science.1088054 

[15] Brandenburg, J.E. (1994) Constraints on the Martian Cratering Record Based on the 
SNC Meteorites and Implications for the Mars Climatic History. Earth, Moon and 
Planets, 67, 35-45. https://link.springer.com/article/10.1007/BF00613288 
https://doi.org/10.1007/BF00613288  

[16] Treiman, A. (1995) S ≠ NC: Multiple Source Areas for Martian Meteorites. Journal 
of Geophysical Research: Planets, 100, 5329-5340.  
https://doi.org/10.1029/94JE02184 

[17] Nyquist, L.E., Borg, L.E. and Shih, C.Y. (1998) The Shergottite Age Paradox and the 

https://doi.org/10.4236/ijaa.2023.132007
https://www.lpi.usra.edu/lpi/contribution_docs/LPI-000599.pdf
https://doi.org/10.1006/icar.2001.6671
https://doi.org/10.1029/2005JE002560
https://doi.org/10.1029/2018JE005543
https://doi.org/10.1002/2013GL057763
https://doi.org/10.1006/icar.1994.1145
https://doi.org/10.1016/j.ppnp.2019.02.008
https://doi.org/10.1007/s11214-020-00701-x
https://www.hou.usra.edu/meetings/lpsc2015/pdf/2660.pdf
https://adsabs.harvard.edu/full/1986LPSC...17..139T
https://doi.org/10.1029/JB091iB13p0E139
https://doi.org/10.1126/science.1088054
https://link.springer.com/article/10.1007/BF00613288
https://doi.org/10.1007/BF00613288
https://doi.org/10.1029/94JE02184


J. E. Brandenburg 
 

 

DOI: 10.4236/ijaa.2023.132007 137 International Journal of Astronomy and Astrophysics 
 

Relative Probabilities for Martian Meteorites of Differing Ages. Journal of Geo-
physical Research: Planets, 103, 31445-31455. https://doi.org/10.1029/98JE01965 

[18] Conrad, P.G., et al. (2016) In situ Measurement of Atmospheric Krypton and Xe-
non on Mars with Mars Science Laboratory. Earth and Planetary Science Letters, 
454, 1-9. https://doi.org/10.1016/j.epsl.2016.08.028 

[19] Krantz, J., et al. (2018) Sequestering of Nobel Gases in Early Hydrated Crusts on 
Mars. Proceedings of the 49th Lunar and Planetary Science Conference, The 
Woodlands, 19-23 March 2018.  
https://www.hou.usra.edu/meetings/lpsc2018/pdf/2321.pdf  

[20] Saebo, K. and Kuroda, P.K. (1986) Anomalous Xenon Isotopes in Carbonaceous 
Chondrites. Geochemical Journal, 19, 251-257.  
https://inis.iaea.org/search/search.aspx?orig_q=RN:17081452  
https://doi.org/10.2343/geochemj.19.251 

[21] Hunten, D.M., Pepin, R.O. and Walker, J.C.G. (1987) Mass Fractionation in Hy-
drodynamic Escape. Icarus, 69, 532-549.  
https://doi.org/10.1016/0019-1035(87)90022-4 

[22] Gilmour, J.D. and Turner, G. (2007) Constraints on Nucleosynthesis from Xenon 
Isotopes in Presolar Material. The Astrophysical Journal, 657, 600-608.  
https://iopscience.iop.org/article/10.1086/510881/pdf  
https://doi.org/10.1086/510881 

[23] Lambrecht, M., et al. (1964) Plutonium Project Report. Reviews of Modern Physics, 
18, 539.  

[24] Rowe, M.W. and Kuroda, P.K. (1965) Fissiogenic Xenon from the Pasamonte Mete-
orite. Journal of Geophysical Research, 70, 709-714.  
https://doi.org/10.1029/JZ070i003p00709 

[25] Marty, B., et al. (2017) Xenon Isotopes in 67P/Churyumov-Gerasimenko Show That 
Comets Contributed to Earth’s Atmosphere. Science, 356, 1069-1072.  
https://doi.org/10.1126/science.aal3496 

[26] Peron, S. and Mukhopadhyay, S. (2022) Krypton in the Chassigny Meteorite Shows 
Mars Accreted Chondritic Volatiles before Nebular Gases. Science, 377, 320-324.  
https://www.science.org/doi/10.1126/science.abk1175  
https://doi.org/10.1126/science.abk1175 

[27] Jelea, A. (2020) An Equation of State for Xenon/Krypton Mixtures Confined in the 
Nuclear Fuels. Journal of Nuclear Materials, 530, Article ID: 151952. 
https://www.sciencedirect.com/science/article/pii/S0022311519312772  
https://doi.org/10.1016/j.jnucmat.2019.151952 

[28] NASA (1976) Standard Atmosphere.  
https://ntrs.nasa.gov/api/citations/19770009539/downloads/19770009539.pdf  

[29] Rao, M.N., et al. (2011) Isotopic Evidence for a Martian Regolith Component in 
Shergottite Meteorites. Journal of Geophysical Research, 116, E08006.  
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2010JE003764  
https://doi.org/10.1029/2010JE003764 

[30] Reid, A. (1980) Elephant Moraine A79001 Petrographic Description. Antarctic Mete-
orite Newsletter, 3.  

[31] Hidaka, H., Yoneda, S. and Nishiizumi, K. (2009) Cosmic-Ray Exposure Histories 
of Martian Meteorites Studied from Neutron Capture Reactions of Sm and Gd Iso-
topes. Earth and Planetary Science Letters, 288, 564-571.  
https://doi.org/10.1016/j.epsl.2009.10.019 

https://doi.org/10.4236/ijaa.2023.132007
https://doi.org/10.1029/98JE01965
https://doi.org/10.1016/j.epsl.2016.08.028
https://www.hou.usra.edu/meetings/lpsc2018/pdf/2321.pdf
https://inis.iaea.org/search/search.aspx?orig_q=RN:17081452
https://doi.org/10.2343/geochemj.19.251
https://doi.org/10.1016/0019-1035(87)90022-4
https://iopscience.iop.org/article/10.1086/510881/pdf
https://doi.org/10.1086/510881
https://doi.org/10.1029/JZ070i003p00709
https://doi.org/10.1126/science.aal3496
https://www.science.org/doi/10.1126/science.abk1175
https://doi.org/10.1126/science.abk1175
https://www.sciencedirect.com/science/article/pii/S0022311519312772
https://doi.org/10.1016/j.jnucmat.2019.151952
https://ntrs.nasa.gov/api/citations/19770009539/downloads/19770009539.pdf
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2010JE003764
https://doi.org/10.1029/2010JE003764
https://doi.org/10.1016/j.epsl.2009.10.019


J. E. Brandenburg 
 

 

DOI: 10.4236/ijaa.2023.132007 138 International Journal of Astronomy and Astrophysics 
 

[32] Rubin, M., et al. (2018) Krypton Isotopes and Noble Gas Abundances in the Coma 
of Comet 67P/Churyumov-Gerasimenko. Science Advances, 4, eaar6297.  
https://www.science.org/doi/10.1126/sciadv.aar6297  
https://doi.org/10.1126/sciadv.aar6297 

[33] Renne P.R., Knight, K.B., Nomade, S., Leung, K.N. and Lou, T.P. (2005) Application 
of D-D Fusion Neutrons to 40Ar/39Ar Geochronology. Applied Radiation and Iso-
topes, 62, 25-32. https://doi.org/10.1016/j.apradiso.2004.06.004 
https://escholarship.org/content/qt9nh6r28f/qt9nh6r28f.pdf?t=lnqc6f  

[34] Glasstone, S. and Dolan, P.J. (1977) The Effects of Nuclear Weapons.  
https://www.atomicarchive.com/resources/documents/effects/glasstone-dolan.html  

[35] Mahaffy, P.R., Webster, C.R., Atreya, S.K., Franz, H., Wong, M., Conrad, P.G., 
Harpold, D., Jones, J.J., Leshin, L.A., Manning, H., et al. (2013) Abundance and 
Isotopic Composition of Gases in the Martian Atmosphere from the Curiosity Rov-
er. Science, 341, 263-266. https://www.science.org/doi/10.1126/science.1237966  

[36] Curci, G., Visconti, G., Jacob, D.J. and Evans, M.J. (2004) Tropospheric Fate of 
Tunguska Generated Nitrogen Oxides. Geophysical Research Letters, 31, L06123.  
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2003GL019184  
https://doi.org/10.1029/2003GL019184 

[37] Stern, J.C., et al. (2015) Evidence for Indigenous Nitrogen in Sedimentary and Aeo-
lian Deposits from the Curiosity Rover Investigations at Gale Crater, Mars. Pro-
ceedings of the National Academy of Sciences of the United States of America, 112, 
4245-4250. https://doi.org/10.1073/pnas.1507795112 

[38] Wong, M.H., et al. (2013) Isotopes of Nitrogen on Mars: Atmospheric Measure-
ments by Curiosity’s Mass Spectrometer. Geophysical Research Letters, 40, 6033-6047.  
https://doi.org/10.1002/2013GL057840 

[39] Brandenburg, J.E. (2011) Evidence for a Large, Natural, Paleo-Nuclear Reactor on 
Mars. Proceedings of the 42nd Lunar and Planetary Science Conference, Wood-
lands, 7-11 March 2011. https://www.lpi.usra.edu/meetings/lpsc2011/pdf/1097.pdf  

[40] Weissman, P.R. (2007) The Cometary Impactor Flux at the Earth. Proceedings of 
the International Astronomical Union, 2, 441-450.  
https://doi.org/10.1017/S1743921307003559 

[41] Surkpov, Y.A., et al. (1988) Determination of the Elemental Composition of Mar-
tian Rocks from Phobos 2. Nature, 341, 595-598. https://doi.org/10.1038/341595a0 

[42] Taylor, G.J., et al. (2003) Igneous and Aqueous Processes on Mars: Evidence from 
Measurements of K and Th by the Mars Odyssey Gamma Ray Spectrometer. Sixth 
International Conference on Mars, Pasadena, 20-25 July 2003.  
https://www.lpi.usra.edu/meetings/sixthmars2003/pdf/3207.pdf  

[43] Sleep, N.H. and Zahle, K. (1998) Refugia from Asteroid Impacts on Early Mars and 
Early Earth. Journal of Geophysical Research, 103, 28529-28544.  
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/98JE01809  
https://doi.org/10.1029/98JE01809 

[44] Kolesnikov, E.M., Kolesnikova, N.V. and Boettger, T. (1998) Isotopic Anomaly in 
Peat Nitrogen Is a Probable Trace of Acid Rains Caused by 1908 Tunguska Bolide. 
Planetary and Space Science, 46, 163-167.  
https://www.sciencedirect.com/science/article/abs/pii/S0032063397001906  
https://doi.org/10.1016/S0032-0633(97)00190-6 

[45] Horgan, B. and Bell, J.F. (2012) Widespread Weathered Glass on the Surface of 
Mars. Geology, 40, 391-394. https://doi.org/10.1130/G32755.1 
https://asu.pure.elsevier.com/en/publications/widespread-weathered-glass-on-the-s

https://doi.org/10.4236/ijaa.2023.132007
https://www.science.org/doi/10.1126/sciadv.aar6297
https://doi.org/10.1126/sciadv.aar6297
https://doi.org/10.1016/j.apradiso.2004.06.004
https://escholarship.org/content/qt9nh6r28f/qt9nh6r28f.pdf?t=lnqc6f
https://www.atomicarchive.com/resources/documents/effects/glasstone-dolan.html
https://www.science.org/doi/10.1126/science.1237966
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2003GL019184
https://doi.org/10.1029/2003GL019184
https://doi.org/10.1073/pnas.1507795112
https://doi.org/10.1002/2013GL057840
https://www.lpi.usra.edu/meetings/lpsc2011/pdf/1097.pdf
https://doi.org/10.1017/S1743921307003559
https://doi.org/10.1038/341595a0
https://www.lpi.usra.edu/meetings/sixthmars2003/pdf/3207.pdf
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/98JE01809
https://doi.org/10.1029/98JE01809
https://www.sciencedirect.com/science/article/abs/pii/S0032063397001906
https://doi.org/10.1016/S0032-0633(97)00190-6
https://doi.org/10.1130/G32755.1
https://asu.pure.elsevier.com/en/publications/widespread-weathered-glass-on-the-surface-of-mars


J. E. Brandenburg 
 

 

DOI: 10.4236/ijaa.2023.132007 139 International Journal of Astronomy and Astrophysics 
 

urface-of-mars  

[46] Horgon, B., et al. (2011) Acid Alteration of Basalts, Andesites, and Anorthites: 
Near-IR Spectra and Implications for Martian Soil Formation. Proceedings of the 
42nd Lunar and Planetary Science Conference, Woodlands, 7-11 March 2011.  
https://www.lpi.usra.edu/meetings/lpsc2011/pdf/2415.pdf  

[47] Jang, H.K., et al. (2001) Effects of Chemical Etching with Nitric Acid on Glass Sur-
faces. Journal of Vacuum Science & Technology A, 19, 267-274.  
https://doi.org/10.1116/1.1333087 

[48] Wallner, A., et al. (2020) 60Fe Deposition during the Late Pleistocene and the Holo-
cene Echoes past Supernova Activity. Proceedings of the National Academy of 
Sciences of the United States of America, 117, 21873-21879.  
https://doi.org/10.1073/pnas.1916769117  

 
 

https://doi.org/10.4236/ijaa.2023.132007
https://www.lpi.usra.edu/meetings/lpsc2011/pdf/2415.pdf
https://doi.org/10.1116/1.1333087
https://doi.org/10.1073/pnas.1916769117

	Evidence for Large Planetary Climate Altering Thermonuclear Explosions on Mars in the Past
	Abstract
	Keywords
	1. Introduction
	2. The LPARE (Large Planet Altering R-Process Events) Hypothesis
	3. Evidence for a Geologically Recent Loss of Mars Atmosphere
	4. Xenon Isotopes on Mars
	5. Evidence from Krypton of Large R-Process Events on Mars
	6. Lower Atomic Weight Isotopic Systems on Mars
	7. Alternative Hypotheses
	8. The Potassium-Actinide Anomaly on Mars 
	9. Fission Yield Calculations 
	10. Tests of the LPARE Hypothesis
	11. Summary
	Acknowledgements
	Conflicts of Interest
	References

