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Abstract. We show that a recently introduced class of elec- Other geophysical observations also bring into question
tromagnetic composite particles can explain some discrepthe validity of the natural (U and Th) radioactive elements
ancies in observations involving heat and helium releaseds the source of the earth’s heat flow — in particular the lack
from the earth. Energy release during fleemation of the of a strong correlation of the geological depths and the heat
composites and subsequent nuclear reactions involving thBux measurements dflareschal and Jaupaf2013, not to
composites are described that can quantitatively account fomention the difficulty in quantifying the absolute or relative
the discrepancies and are expected to have implications iamounts of the natural radioactive elements in the e&fkth (
other areas of geophysics — for example, a new picture oSchmus 1995, adding to the suspicion that there may be
heat production and volcanism in the earth is presented. =~ something wrong with the SEEP.

In addition to the heat to helium imbalance, geophysical
measurements of the helium released also appear to be pecu-
liar. The vented helium usually has a small amoungléé
present in the dominaftHe amounting to about one part in

The early history of the heat from the earth has been clearlyt0® except in the vicinity of volcanically active sites where
reviewed inCarslaw and Jaegét946. After the earliest ef-  the ratio may be larger by two or more orders of magni-
forts in heat-flow modeling gave cooling times far too short gude. However, in contrast to ttféte, there is no source of
compared to geological times, new developments in nuclear 1€ from radioactivity. Hence, geophysicists have assumed
science gave rise to a better understanding of the effects df t© e prlmord|alz,1 continuing to be vented along with the
billion year timescales of the radioactive isotopes of uranium He: But the’He/ *He ratio is almost the same around the
and thorium. This led, in turn, to the now-familiar associa- €&rth when sampled at the mid-ocean ridges. This observa-
tion between energy release by such isotopes and the helPn argues for a common, or perhaps a connected, source
from the earth Dickin, 2005 p. 9). We will refer to this as-  for the helium isotopes as has been suggestetidydon
sociation as thetandard earth energy paradig(8EEP). Al- (2003. We point out that the statistics in Herdor_l’s Table 1
though this picture is now widely accepted, it has been showrshows that the ratiéHe,/ *He on the mid-ocean ridges (far

to have some long-standing discrepancies with geophysicafrom volcanic act|V|ty_) varies by no more than ab_out a fa(_:tor
observations: see in particul@Nions and Oxburglf1983, of two at about 1_05 in these_locatlons. More will be said
Oxburgh and O'Nion€1987), andvan Kekan et al(2007). ~ aboutthese data in later sections. .

That there is heat being released from the earth is not in e will not try to address all of the issues with the SEEP
question. Rather, the assumed heating due primarily to th@Ut. rather try to focu; on quantitative questions relating to
long-liveda-particle decay of uranium and thorium has what N€lium releases, noting th&xburgh and O’'Niong1987)

van Kekan et al. (2001) have called a “robust” discrepancy Started along this path many years ago.

Namely, the amount of heat measured when compared to the 1he heat to*He imbalance problem might be removed

helium observed is too large by a factor of about 20. if there were another source generating both heat and he-
lium. In this paper, we propose and describe that there is

such a source. As we show, the recently introduced Compton

1 Introduction
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368 F. J. Mayer and J. R. Reitz: Thermal energy

composite particlesMayer and Reitz2012 provide an al- + d+ t+
ternative mechanism for heat production, give a somewhat P /
different picture of how volcanic activity is triggered in the
earth, and shows howHe and“He are both generated in
the process. The new composites, caliedinos are made
up of a hydrogen nucleus (proton, deuteron, or triton) and paE e L e
two electrons bound together by electromagnetic forces; they
are roughly 10 times smaller than hydrogen atoms. Their enFig. 1. The “classical” tresino electromagnetic configuration. Note
ergies offormation (i.e., their binding energies of approxi- that tresinos are quantum objects so the distance, on average, be-
mately 3.7 kiloelectron volts) are the dominant source of thetween the electrons (in yellow) is about 15 Comptonss()

new heat as we show below.

Our picture of volcanic activity is not that of heat con-
ducting (or percolating) up from deep in the earth, and then Appendix Al presents the derivation of the deuteron
being impeded by a region of low thermal conductivity un- tresino reaction rates. Appendix A2 presents the derivation
til it finally breaks through. Rather, it is generated at 50 to of the infinite-medium reaction rate equations. Appendix B
200 km depths by hydrogen nuclei from intercalated acidicpresents a simple earth heat flow calculation originating at
water, combining with electron pairs from oxide ions (e.g., modest depths.
carbonate, sulfate, and/or aluminosilicate minerals) under el-
evated temperature and pressure. It is not surprising that most
volcanic regions are located on the edges of the continent2 Introduction to tresino physics
close to the oceans or other sources of water (note the map
on the USGS websitehttp://vulcan.wr.usgs.gov/Glossary/ The electromagnetic composites that we tekinoshave
PlateTectonics/Maps/map_plate_tectonics_world atml been described in our recent papelafer and Reitz2012).

But what is the origin of earth’s outgassing helium, espe-The tresino is a unique and strongly bound composite parti-
cially 3He? Earth’s water contains a small amount of deu-cle. It is much more strongly bound than the weakly bound
terium so deuteroriresinoswill be produced along with  negative hydrogen ion composed of the same three particles.
protontresinos Common and well-understood fusion reac- Because it is so strongly bound, the tresino is considerably
tions (e.g..d—d, d-t) that result in helium production (see, smaller than an atom, and it does not interact chemically, in
e.g.,Rolfs and Rodney1988 p. 338) cannot be considered the usual way, with atoms or molecules. It may be helpful for
because the temperatures in the earth are much too low fareaders unfamiliar with nuclear reaction physics to look over
these reactions to take place. However, the recently proposeaur recent paper before trying to understand the application
Compton composite particleMéyer and Reitz2012 allow of tresinos in geophysics presented in this paper.

a unique and remarkable group of nuclear reactions to be Tresinos are Compton-scale composites composed of two
generated. In fact, a chain of reactions with these particle€lectrons and a hydrogen nucleus bound together by electro-
in the low temperatures of the earth become more than posmagnetic forces. That is to say, the dimensions are roughly at
sible — they seem to be necessary to explain many otherwisthe electron Compton wavelengtty(~ 3.8 x 10~11 cm); be-

quite paradoxical geophysical measurements. cause this is the natural dimensional scale of these particles,

In this paper, we hope to explain a number “strange” geo-all dimensions are presented in Compton units. Figure 1 il-
physical observations (difficult to explain within the SEEP) lustrates the tresino configuration in a “classical” picture; a
that result from the composite particle formations and latermore realistic quantum mechanical description is presented
interactions, while otherwise going unnoticed. in our paper ayer and Reitz2012.

The outline of this paper is as follows. In Sect. 2, we It is important to note that the tresino has a net negative
present an introduction to tresino physics and, in Sect. 3charge and is quite small (roughly a factor of 10 smaller than
how tresinos in the earth can be formed. In Sect. 4, we introthe hydrogen atom). It should be clear that tresinos will be-
duce the deuteron tresino nuclear chain arriving at the syshave like heavy, negatively charged “ions” having approxi-
tem of rate equations representing the primary nuclear reacmately the mass of the hydrogen nucleus; tresinos are elec-
tions. In Sect. 5, we present our numerical results derivedrostatically attracted to positive charges. Because they are
using the formulated rate equations assuming a very largéhree-body electromagnetic entities, assembled from a hy-
reaction zone. In Sect. 6, we discuss tresino formation andirogen nucleus and two electrons, tresinos are neither eas-
the heat to helium balance paradox. Subsection 6.1 discussdyg nor usually formed. Uporformation they release their
recent geoneutrino experiments. We finish in Sect. 7 with abinding energy ofE, = 3.7keV and are stable unless the
discussion and conclusions comparing our picture of tresinobinding energy is, in some way, re-supplied to make them
induced earth heating and some other possible implicationslisassemble; this is a substantial amount of energy on the
of tresino generation in geophysics. scale of usual chemical reactions (less than a few eV). The

tresinoformationand re-ionization processes are similar to
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the ionization and recombination of a hydrogen atom, except +

that they are, in both directions, much more energetic. P N
In preparation for what we discuss below, we present an\ p /

overview of tresino physics because these particles will rep- Foommeos

resent a new concept to most earth scientists and physi- OO i .i

cists generally. We discuss some specific characteristics that . i '

we hope will clarify questions that could arise while trying . |

to avoid too much repetition in the derivations and model
calculations presented in later sections. Before After

First Of_ E_‘”’ tresinos ar_e not eaSI_Iy produced or detECte_Ci'Fig. 2. Aillustration showing a formation collision of a proton (in
The conditions under which they will form, and release their ¢4y and an &~ ion (in purple), the latter having two unbound elec-

binding energies, are unique and complex (i.e., compared t@ons (in yellow). A PTM is illustrated in the box (see text for ex-
usual chemical reactions due to their three-body composiplanation).

tion). Uponformation the released binding energy goes into
kinetic energy of recoiling particles. In a tresino formation ] ] ] . ]
collision, another “heavy” partner nucleus must be involved ~We first note that in this environment, since the water
in order to conserve momentum in the formation energy re-cOmes from the sea, there will be both types of hydrogen ions
lease. The J keV binding energy is shared between the re-Present: protons (from “light water”, #0) and deuterons
coiling tresino and the partner nucleus. This means that 4from “heavy water”, RO and HDO). We can estimate the
tresino and its close-by partner share the binding energy belf€sino formation rate (either proton or deuteron types) by
tween them, and hence both are given a substantial kineti€onsidering the collision of the proton or deuteron with, say,
energy “kick" on the scale of usual chemical reactions, typi- 2" 0.27 ion. Moreover, as there can be many different ion
cally only a fraction of an eV. species with the required pairs of unbound electrons, we pro-

Because tresinos are negatively charged and stable, the§£€d by considering a “generic” donor delivering the electron
willimmediately be attracted to a close-by positively charged P&irs to form the tresinos. For purposes of the following dis-
ion or nucleus. Because the kinetic energies of the tresin§ussion, we consider the oxygen ion as the donor, keeping
and its recoil partner are at the keV level (i.e., high on thei® mind that other such ions can play the same role (note:
scale of chemical energies but low on the scale of nucleaffom here on we simplify the notation by denoting a tresino
energies), they lose this energy over a short distance at solily n asterisk *, i.e.p* d*, *). Figure 2 illustrates a proton
densities, depositing the recoil energy but otherwise beingfollision with an G~ ion generating a proton tresino. Obvi-
effectively hidden from easy view or, for that matter, easily ously, a similar collision will generate deuteron tresinos from
detected experimentally. This characteristic makes direct dedeuterons. o _
tection of tresinos in experiments difficult; tresino generation ~Furthermore, note that both collision partners may simply
reveals its presence almost exclusively by the heating that ad2¢ imbedded as ions of a clay or salt structure with enough
companies its formation. vibration to bring them into collisional contact.

Next, we turn to the question of how tresinos might Noyv, let us estimatg the tresino generqtion rate in such
be formed from common constituents (atoms and ions)colhsmns. A simple estimate of the generation rate of proton

in the earth. tresinosp™* can be written as
dnp+/dt ~novn,nge-, 1)
3 Tresinos in the earth where we take the collision cross section toder 772

on’

h " h luminosii | . r\wNith rion the effective oxygen ion radius,is the proton ve-
ere are many materials, Such as aluminosilicate clays wit locity, andn is the fraction of such collisions that result in

d'SSOIV_ed hydrogen ions, that.may be conducive to. tregmothe capture of a pair of oxygen-ion electrons. We expect the
formation. A heated clay (possibly molten), montmorillonite value of 5 to be quite small, due primarily to size differ-

fqr examp_l('a, contams. many OXxygen Ions. Such clays haVeences and statistical considerations. We will consigéo
_h'gh, densities of localized electron pairs in the form of ox- o 5 parameter; however, looking ahead to later numerical
ide ions G- Of course, other phyllosilicates and salts are solutions, we will choose a value that gives the correct or-

common in magmas as well. With hydrogen ions, dissolvedyer ot magnitude for the “excess heat” generated in so-called
from sea water, in such a “soup” of oxides, tresinos &lf-

assemblen reactions or collisions. A “soup” of chemicals, INote that in a very different contexiayer and Reitz2014),
containing both hydrogen ions (most probably agOH, or we have considered a tresino formation process in which a three-

hydronium ions, alone or hydrated) and numerous other iondody resonant scattering (an electron sandwiched between two pro-

having pairs of available electrons, is a composition thattons) forms first, and is then quickly followed by another electron
collision. Such a situation might also occur in the earth under certain

clearly favors tresino generation. ) : o X .
y 9 chemical/physical situations (a complex three-body interaction).
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“cold fusion” experiments oNotoya (1993. These experi- m

ments involved a solution containing both protons as well

as other ions. As discussed litayer and Reit42012, and O

noted above, the formation of a tresino releases a large (or& — P —
the scale of chemical reactions) amount of energy (3.7 keV), O

which deposits in the medium in which the formation pro- A+ p*

cess takes place. Also iayer and Reit22012, we had '

suggested that the excess heat measured by Notoya an
others (1993) was most likely an example jgfformation m

energy release.
We do not mean to suggest that a molten clay or salt is re-@§H)— ﬁ ,
quired with dissolved hydrogen in order to produce tresinos.
t+

The earth’s crust and upper mantle are mostly composed of .,
silicate materials, and some silicates can absorb some wt%

of water and acid. It is widely thought (by geophysicists) that
there is a substantial amount of water stored in these upper
regions of the earthJacobson and van der L&906 Ross et Fig. 3. An illustration of the two possibl@—d* neutron transfer

al,, 2003. Although some is undoubtedly absorbed as waterreactions. Protons (in red), neutrons colorless, and electrons (in yel-
of hydration or as hydroxyl units, it is also believed that some!oW)-

of the hydrogen enters silicate materials as &t H3O" hy-
dronium ions; se®oss et al(2003, Haiber et al(1997), and
Liu et al. (2008. In fact, the latter investigators have identi-

Before After

ginning of thermal energy generation. In this ionic environ-
. o . L . X ment, having proton and deuteron tresinos as well as pro-
fied potential “docking sites for the H,'°n§{ all of Wh'c,h tons and deuterons, there will be many collisions that may
are located close o ions. Thus, solid silicate materials jnitiate additional reactions, specifically, nuclear reactions.
may be a source of tresinos under the elevated temperaturg,oa most important reactions are thed* reactions and
and pressure conditions at modest depths in the earth. - yhe yclear reaction chain they initiate. We will neglect the
As already mentioned, there may be many types of elecbackgroundp—p* and p—d* collisions (incoming and exit-
tron pairdonors Therefore, in order to sjmplify the.notation, ing particles are identical) and concentrate ondhé* colli-
from here on we denote all electron pair donors, like the O gjons and nuclear reaction chain resulting therefrom. Specif-
ion, with the subscnp.Ee . . . ically, ad* may collide with an ordinary/. These two par-
_After a proton tresino is generated, it carries most of theyicjas are electrostatically accelerated into each other until
binding energy away as kinetic energy and slows down ing yistance of closest approach is reached. At this point, the

a short digtance (;evgral microns) in thg host .material. Af'tres:ino shielding may be lost and the two deuterons then will
ter depleting the kinetic energy, the tresino ultimately Cap'electrostatically repel.

tures an ambient proton and spins down and becorpes-a However, in some cases, the distance of closest approach
ton tresino moleculéor PTM for short). Itislike a common s smajl enough to allow a neutron to be transferred between
molecule except that it is much smaller and not bound t0-,¢ 16 deuterons, thereby releasing 4 MeV of nuclear en-
gether by the same forces. A schematic of a PTM is illus-g,qy 55 kinetic energy of the recoiling particles. Note that a
trated in the box in Fig. 2. Note that PTMs are neutral, quite ne ;tron may be transferred in either direction. Figure 3 illus-
small ¢+ 15 Comptons), and will not interact with ordinary 465 these two collision-induced neutron transfer reactions;
atoms or ions; therefore they move easily through ordinaryiyase reactions represent one branch of the well-stutdiéd
matter, escape into the atmosphere, and are ultimately 10},qjon, reaction (seRolfs and Rodneyt988, p. 338), and are
from the earth just like an ordinary hydrogen molecule is. ;o4 the first reactions in a chain of deuteron tresino reactions.
In reaction notation, they may be written as

4 The deuteron tresino nuclear reaction chain d+d*— p+1t*+4MeV (2

We con_centrate on the so-(_:alled “infin_it_e-medium” situationd £ d* = p* +1+4MeV. @)

— meaning that all boundaries are sufficiently far away, so no

participating particles either enter or leave the reaction zoneNote that these reactions haself-assembledue to their

This is not a significant limitation because all of the energeticelectrostatic acceleration at large separations and the shield-

reacting particles involved in the system have rather shoring provided by the tresino electrons at small separations

mean-free paths at solid, or near-solid, densities. (i.e., less than about a Compton). However, the only nuclear
The generation of proton and deuteron tresinos and the rereactions that occur are via neutron transfers sometimes de-

lease of their binding energy to the medium is just the be-scribed as “under the Coulomb barrieWofkoff, 1940. We
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Fig. 4. An illustration of the deuteron tresintf —3He neutron trans- T
fer reaction. Protons (in red), neutrons (colorless), and electrons (i 12

‘ .3
yellow). 3 He
ee e 1

emphasize that this is a rather unique situation because the (
two nuclei do not collide to form a compound nucleus (i.e., a )
fusionreaction). But they do come close enough together to 3He
allow a neutron transfer that releases the nuclear energy from l
just this one branch of thé— fusionreaction. The result of
this special class of huclear reactions is that only charged parFig. 5. An illustration showing the proton tresino formation (top),
ticles are produced and will carry away the reaction energyreleasing 3.7 keV, and the deuteron tresino reaction chain (bottom)
as recoil kinetic energy of the exiting particles. In Reactions'eleasing 22 Me\[ Note that there are three deuterons “consumed"
(2) and (3), both the tritom and the triton tresino* must ~ T0r €ach-particle produced.
eventuallyg-decay releasing a neutrino and an electron as is
well-known Blatt and Weisskopfl991], p. 219). The “free”
triton indicated in Reaction (3) will be quickly neutralized by . . . .
picking up an ambient electron as it slows down. On the othe/£NETGY Close to their point of origin. In addition to the en-
hand, the triton tresing® in Reaction (2) is protected from ©rdy released in the nuclear reactions, there is a substan-
neutralization until it3-decays and becomes “exposed” as at|al amount of tresino formation energy released, in an even
3He nucleus whereupon thé is broken up by the energetic shorter mean-freg path. _ )
electron ejected in the-decay process. Becausg the tritom and triton tresina™* both have 12.3

With the “exposed®He nucleus, a possibility then exists year ha.lf-llves, these decays take pla_ce over a_substan_tlal pe-
for another neutron transfer reaction with another deuteror]©d 0f time; on the other hand, there is a lot of time available
tresinod*. This reaction is both more energetic and of higher I €arth-related processes. Because of this, the tritium half-
probability (a larger reaction cross section); in reaction nota-if€ Plays a big role in the net energy release as we proceed

tion itis to show. . . . .
The top portion of Fig. 5 illustrates the proton tresino for-
d* 4+ °He — p + “He +18MeV. (4) mation reaction; it releases 3.7 keV in recoil kinetic energy.

This is true for the deuteron tresino formations in the bottom
Again, this reaction is a well-studied neutron transfer reac-portion of Fig. 5 as well. But further, the bottom portion il-
tion (see Rolfs and Rodney, 1988, p. 338). Figure 4 illus-lustrates the entire primary deuteron tresino reaction chain; it
trates this reaction. Note that this energetic reaction removeseleases 22 MeV of recoil kinetic energy. Note that the exit-
the electrons that were previously bound in the incominging particles are indicated by outwardly directed arrows. The
deuteron tresing*. Exiting this reaction, the proton afftle  «-particle and the proton, at the end of the chain, carry away
nucleus ¢-particle) share 18 MeV as recoil kinetic energy. most of the nuclear reaction energy.

Note from Figs. 3 and 4 that there are now more energetic It was important to formulate a quantitative numerical
particles that are involved in the “soup” of particles. In par- model for the net energy release and the numbers of nuclei
ticular, there are now energetic tritoris, triton tresinog*’s, of various types generated to facilitate comparisons with geo-
protons,p’s, 3He nuclei, andHe nuclei, having been given physical observations. To do this, we derived the relevant re-
extra kinetic energy from the nuclear reactions driven by thisaction rates for the tresinos and other involved nuclei. The
chain of deuteron tresino reactions. derivations are a straightforward modification of some con-

So in summary, at the end of this chainsgfif-assembled ventional nuclear reaction rate calculations. Modifications
neutron transfer reactions, we find approximately 22 MeV ofwere required due to the unique character of the deuteron
nuclear energy released for edete (x-particle) produced. tresino reactions (i.e., for the neutron transfer reactions).
This should be compared to only about 5MeV released for We present the relevant reaction rate derivations in Ap-
each radioactive-particle decay of U and Th nuclei. More- pendix Al and the equations linking the various species
over, the nuclear chain reactions just described result in thén Appendix A2. It may be useful to examine the appen-
energy being released as charged particles that deposit thedlices along with Fig. 5 to clarify the interconnections of this

www.nonlin-processes-geophys.net/21/367/2014/ Nonlin. Processes Geophys., 21336872014
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Table 1. The infinite-medium model rate equations.

dnps/dt =novnpnee
dngx/dt =novngnee

dng/dt = —rjee — rqqx
dnee/dt = —rgee—rpee
dng+/dt =rgee— rqq* — 3+
dn/dt = (L—€)rggx — ne/t
dnp [0t =€ rggx —ng /T
dnz/dt =n; /T + nyx /T —r3gx

dng/dt =rggx

reaction system. Some constants of the formulation are als
presented in the appendices.

In Table 1, we have pulled together the infinite-medium
reaction rate equations. The two branches of the deutero
tresino reactions are indicated by the fractiersnd(1 — ¢),
and the tritium decay constant can be found in the ap-

F. J. Mayer and J. R. Reitz: Thermal energy

programmed for examining various input parameter choices
in the infinite-medium model.

As an example of the numerical integrations of the model
equations, we consider the situation where water flows into,
or is entrained in, some generic molten clay contaigiogor
ions at a rate (year 1) having the following (normalized)
form:

np(4v/JT)wnZexd—wn?,

wheren , is the proton density that would have been achieved
if no tresinos were to have been formed, thereby reducing
their numbers. A similar model is taken for the deuteron den-
sity with ny = n, /6600, the sea-water value. We denote the
starting electron donor density age (0) that is depleted by
the tresino formation reactions (see Table 1).

Figure 6 displays a solution of the rate equations over a
Beriod of about 10 tritium half-lives starting from the follow-
ing parameterstee(0) = 10%lcm 3,1, (0) = 5 x 10?%cm 3,
v=1 (i.e.,, water is introduced over a period of one
Mear), e=1, T =2000K, the “tunneling” parameter
P =23x10"° (see Appendix Al), and)=10"16 (see
Sect. 3). In the upper left panel of Fig. 6, we display the pro-

pendices. The parameterhas been discussed in Sect. 3. ton tresino formation power; it is the narrow “spike” and is

This completes the set of non-linear reaction rate equation
that represent the interconnected reactions to be solved for
given rate of input (acidic) water and density of available of
donor ionsee

In the equations of Table 1, the dependent variables are aff

functions of timenecis the (electron pair) donor ion density,
n, is the proton densityy, is the deuteron density,,+ is the
proton tresino density;;+ is the deuteron tresino density,

is the triton densityy,« is the triton tresino density,s is the
3He density, ana4 is the*He density.

The parameters andt must be set before integrating the
infinite-medium model equations. First, tAelecay constant
Tt = 17.7years. Next, referring to Fig. 5, itis clear that to pro-
duce “free” tritons there would have to be awalue signif-
icantly different from one. However, in contrast3sle and

4He, there does not appear to be experimental evidence fd

tritium production from the earth when geophysicists have
examined magma from volcanoes (sgeff et al, 2000and
Jones and Ellsworti2003. Even with the relatively short
half-life of 12.3 years, this argues for a valueeotlose to
one. Therefore, for now, we will choose=1 in the nu-

goughly on the timescale of the water inflow ratend also

@e very much longer timescale and lower nuclear reaction
power from the deuteron chain (the latter has been multiplied
by a factor of 10 for graphical clarity). In the upper right
anel of Fig. 6, we display the ratio of the helium isotope
densities®He/*He generated as a function of time. Here,
there are two important points to notice: (i) the late-time ratio
is about 10°°, and (ii) early in time the ratio is about a factor
of a thousand larger.

Clarke et al(1969 first observed a small amount &fle
in recovered helium gas from the earth, a result that is now
well established. Furthermore, the measured value of the
3He /*He ratio has been found to be remarkably consistent
(within a factor of two) at about 1@ as already noted in
the data presented yerndon(2003, away from geolog-
Fally active sites (i.e., volcanoes). On the other hand, this
ratio is found to be orders of magnitude larger near the ac-
tive sites Dickin, 2009. The relevant timescale separating
these different helium isotope ratios at the two locations is,
as expected, the tritium decay time.

The lower left panel of Fig. 6 shows the ratio of the un-

merical evaluations. Note that a value less than one WouldreaCtGd deuterons to the unreacted protons. Two deuterons

not only generate tritium, but it would also generate addi-
tional 3He. Further notice that ~ 1 means that, in the neu-
tron transfer reaction, the neutron is transferred intodthe
converting it to a* (see Fig. 3).

5 Model rate equation integration: a typical example

are removed early in tresino formation reactions, and a third
deuteron (as d*) is removed later ifHe generation. During
this same period, about 6600 protons are removed in tresino
formation. Finally, the lower right panel of Fig. 6 shows the
ratio of starting deuteron density to tAele density in late-
time showing again that three deuterons are consumed for
each*He produced.

In performing many model integrations, it was found that,

The numerical solution to this set of coupled non-linear ordi- for a given choice of the parameters, varying only the water
nary differential equations is straightforward. They are easilyinflow ratev over orders of magnitude, the late-time helium
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Fig. 6. Upper left panel: the proton tresino formation power (the fast “spike”) and the much slower nuclear reaction power (presented
here multiplied by a factor of 10 for graphical clarity). Upper right panel: the log of Piie/ “He. Lower left panel: the log of the ratio
6600n, /np in the early time. Lower right panel: the ratio of initial deuteron density td*the density.

isotope ratio varies less than about a factor of two. Thus, thestroyed, thus resulting in a self-limiting effect upon the power
late-time ratio of these isotopes is nearly always the same regeneration of the tresino reaction chains.
gardless of the water inflow rate. This result is in quantitative

agreement with the data at the mid-ocean ridges mentioned . ) )
in Sect. 1 (see Herdon's paper). 6 Tresino formation and the heat to helium balance

Another result from running the rate equation mtegranonsm addition to the energy from the nuclear reaction chain, as

is that there is a nearly linear relationship between the maxy, . have shown, there is substantial energy of formation of

imum tresino power generation and the water inflow rate — . .
roton tresinog*’s because there are so many more protons

the higher the rate, the more power is generated. This is t . . N
) . han deuterons in sea water. Now let us consider the situation
be expected as the peak power is correlated with the proton

i . . . . after all of the deuteron chain reactions have gone to com-
tresino formation reactions. Of course, with a faster inflow . . " .
. pletion (i.e., after many tritium decay times). In sea water
rate, say ~ 20, the thermal power level is increased to aboutthere are rouahly 6600 protons for each deuteron. and each
0.15Wcnt3. At this level, the power released from a cube gnly P '

roughly 20 m on a side is a few terawatts in about 20 days_oz-partlcle from the nuclear chain consumes three deuterons

We note that this power level is sufficient to drive an enor- (see Figs. 5 and 6). Therefore, the proton tresino formation

mous eruption like that of Krakatoa energy per*He generated is about>36600x 3.7 keV or
It has been estimated that there are roughly 1500 ac—73 MeV in addition to the 22 MeV from the deuteron chain

. reactions. This means that some combination of natural U
tive volcanoes around the earth, so, on average, less than

. . and Th radioactivity (producing only about 5MeV gete)
gqegg\gxfee;sVoﬁenrofrlosnﬁﬂ:”:aﬁ?h a;‘t:ciﬂgt fg;kt heoxéeraofmd the mechanisms just described — the proton and deuteron
0.008 W e 3 (?f Fig. 6. a cube of about 150pm onpa side resino formation energy and the deuteron nuclear chain en-

" 9. o : ergy — together amount to about 95 MeV fkfe, very close
W'” produge a O'OB.TW Ievgl, a power level easily produced to the value estimated byan Kekan et al(2001). The two
'Cr;etgﬁ treoss|2ioblr:actlon chains. Much larger power levels arQatter components easily account for the observations of the
yp ' . . heat and helium discrepancy that has been known now for
Although they have been very instructive, we know that

o . : . many years and require very little contribution from U and

the rate equation integrations for the reaction chains ar ) . ; . . . .
. L h radioactive decay. Figure 7 is a chart illustrating the vari-

not fully self-consistent — this is because the temperature .
. Qus energy source components comparing the observed level,

of the medium has been treated as a constant parameter. . . .
. . . . with and without tresino physics (SEEP).

As reactions begin, the temperature will start to increase,
and then the reaction rates will also increase as long as
the donor and/or hydrogen nuclei have not been depleted.

Then, at some higher temperature, the donor ions may be de-
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Measured Value = 95 MeV/a chain. Examples of some of these are noted in the following
section.

In view of the many deuteron nuclear chain reactions that
may yield 8-unstable nuclides (and therefore neutrinos), we
think it is erroneous to suggest that the geoneutrino measure-
ments confirm the SEEP picture.

-—{— p* formation

Other? 7 Discussion and conclusions

In our picture, there are three sources of thermal energy in

the earth: (i) radioactive decay of U and Th, perhaps only

a few percent of the total energy; (ii) the deuteron and pro-

ton tresino formation energy, the latter being the dominant

« decay of contribution because of the large amount of hydrogen com-

U&Th pared with deuterium in sea water; and (iii) nuclear energy
No tresinos With tresinos produced in the deuteron-driven chain reactions.

This picture of the earth’s heat generation removes the dis-
crepancy between the heat and helium measurements that
have been observed for over 30 years. Furthermore, we
find 3He is a direct consequence of the tresino-driven nu-
clear chain reactions. Thus, both indicate remarkably simi-
6.1 Geoneutrinos and the earth’s heat lar 3He /*He ratios at the distant mid-ocean ridg&akin,

2005 p. 307) and the higher early-time ratio values (i.e.,
We note recent measurements of geoneutrik@snLAND those close to recent (or imminent) volcanic activity). A re-
Collaboration 2011, and references therein) have been pub-cent report byPadron et al(2013 provides clear data show-
lished that are in direct conflict with our picture. The geoneu-ing that monitoring théHe/*He ratio is a valuable precur-
trinos are putatively the result of U and ®hparticle decay  sory indication of an imminent volcanic eruption. This is ex-
sequences followed by numero@siecays that release neu- actly as we would expect within our picture of energy gener-
trinos. Setting aside issues of statistics from neutrino backation in the earth. We note again that the relevant timescale
grounds, the authors present numbers of neutrinos detectesbparating these different isotope ratios (close to volcanic
and numerical models that are consistent with all of the heatactivity and far from it) is the tritium decay time.
to within a factor of two, having originated from U and Th  If the tresino hypothesis along with the nuclear chain reac-
decays. In model calculations, the authors assumed a bulkons are the correct physical picture, then there are numerous
earth (SEEP) model. Their results appear to provide strongmplications for geophysics research. First of all, most of the
evidence in support of the SEEP picture. Indeed, this wouldheat emanating from the earth is produced relatively close to
certainly be the case if the only nuclear reactions within thethe surface and is initiated mostly by entrained surface wa-
earth came from radioactive decay of U and Th. However, weters. Since the near-surface heating is not fully spherically
point out that the deuterium tresino reaction chain presentedymmetric, this could affect the deeper thermal currents that,
in this paper has many possibilities for both primary and sec-n turn, might affect the earth’s magnetic field. Asymmetric
ondary nuclear reaction channels that prodéieenstable nu-  heating could also be responsible, in part, for some amount
clides and therefore also release neutrinos. of tectonic plate propulsion as well.

We have examined many of these reactions and find An interesting observation relating to volcanic eruptions is
that the most likely reactions producing neutrinos frgm  the occurrence of lightning. Although there have been many
unstable nuclides are neutron-transfer reactions of the fornsuggestions regarding how lighting builds up charge imbal-
AX(d*, p)AT1IX. The latter reactions are similar to those in ance (e.g.Houghton et a.2013, we suggest that residual
the deuteron tresino primary reaction chain (Fig. 5). For ex-charge left unbalanced in the tresino formation reactions that
ample, consider the reactions on the naturally occurring nudrive the eruption could also be involved producing light-
clides 2’Al and %3Na. These appear to be quite probable ning. Of course, experiments would need to examine this
because both are plentiful in clays and both produce enerpossibility.
getic neutrinos. There are many other “target nuclides” resid- Returning to the issue of power levels, we note that the
ing in clays that allow additional neutron-transfer reactions.power density in the outer 50 km is quite small (see Ap-
Furthermore, in addition to the neutron transfer reactionspendix B), amounting to only about T8 W cm=2 if it were
there are many secondary reactions initiated by the energetidistributed uniformly over the earth at this depth. It is dif-
protons andx-particles from the primary deuteron reaction ficult to imagine how this low power density, if created by

d*-3He reaction

d*- d reaction

Fig. 7. A chart comparing the observed heat/helium data with and
without tresino physics.
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radioactive decay of U and Th in the crust, at such low powerinto the deuteron nuclear reaction chain because the gases
levels and temperatures, could ever focus this energy int@re released, but certainly many other isotopically modified
high-power volcanic eruptions. This is to be contrasted withnuclides remain in the magma in which they are produced.
tresino energy generation, which is “naturally focused” by Finally, we note that the deuterium is “consumed” faster
subduction fissures into which water has seeped or been enthan is the hydrogen (note the lower left panel in Fig. 6) in
trained. Therefore, our picture is that the heat from the earththe reaction chains. This disparity implies that the ratio
is generated primarily under/within the volcanic regions be-would have been slowly decreasing over the history of the
cause that is where the water is. And the origins of explosiveearth and might impact the difference observed when com-
volcanic events are most likely connected to the rate of in-paring isotope compositions of terrestrial water and water
flow or entrainment of water into the accessible, deep presfrom comets Bockelée-Morvan et g11998.
surized fissures. Of course, thermal conduction under the re- In this paper, we have tried to show that many otherwise
action zones will tend to smooth the temperatures away fronstrange, perhaps conflicting, geophysical observations are
the zone. consistent with heat being produced by proton tresino for-
The earth’s crust and upper mantle are mostly silicate mamation and deuteron tresino-driven primary and secondary
terials, and along with acidified water, they are the majornuclear reactions. If this picture is correct, then, over time,
sources of the electron pairddnorg. If the earth’s water the nuclear reactions of the tresino chains may have also
had been consumed over time, then the sea level would havenodified the isotopic and chemical composition of the near-
been lowered about 30 m during the past 1 billion years if nosurface earth.
additional water had accumulated. The effect on ocean level
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Appendix A If there are no particle losses by diffusion (e.g., a suffi-
_ _ ciently large system), then the chains of self-assembled neu-
Al Deuteron tresino reaction rates tron transfer reactions (Sect. 4, Reactions 2—4) above can be

. ) ) o ] written as a sequence of coupled ordinary differential equa-
In this appendix, we derive simplified (approximate) model (ions for the various species present at any time. We have al-
reaction rates required for later use in reaction rate equationq.eady given the rates, the last two equations in Appendix A1,
First consider theé—d* collision in Sect. 4. The two particles ¢4 tresino formation and the various collisions, wherés
are first accelerated toward each other, but at some point thgq fraction of ion collisions that produce tresin@sthe neu-
electron shielding of the tresino is lost and the two particles g, tunneling parameter, arfd(K) the temperature.
decelerate. Because of the electron shielding of the tresino, ; ig useful, in what follows, to refer to Fig. 5, the illus-

the two nuclei can move to within a fraction of a Compton, yation of the proton and deuteron tresino formation and re-
and at the distance of closest approach, a neutron may bgciion chains. Notice the two possible branches ofhé*
transferred accessing one branch of the ugkial nuclear  reaction with probabilities and(1—€). We have introduced
reaction. At high collision energies this is a straightforward ¢, branching possibility that we adjust in Sect. 5 to be con-
nuclear reaction calculatiovglkoff, 1940. However, atthe  gistent with geophysical observations.

low, almost zero, energies of our collisions, the estimation of | terms of these rates, notice that one deuteron is lost to
the reaction rate is somewhat different. Therefore, we follow ;« production and another is lost duringlad* reaction re-

a standard derivation fromRolfs and Rodney1988, p. 155— sulting in the following equation:

159), but modify it slightly to take account of the difference.

The reaction rate may be written as dng/dt = — rgee—raar.

Tdd* = Nang=0o Vs, Also, eedonor ions are lost tp* andd* production as

whereo (E) = S(E)G(E) /E, andVs = 8x 10°T Y2 (K)  gpee/dr = —Fee—Tpee

is the speed of sound. Her&E) and E are the astrophysi-

cal S-factor and the center of mass energy, respectively. Theeor thed* particles, one/* is produced in a collision with an
center of mass energy is easily shown to b3 1keV, ee ion and one is lost to tritium production and another to the
where f the fraction of a Compton at which the electron 3—4* reaction giving

shielding by the tresino is interrupted. Usually one would

use the Gamow factat (E) and the center of mass energy dng+/dt = rgee — raax — r3q=.

to complete the estimated reaction rate. However, we take

S(E) = 39 keV-barns, which is the strictly nuclear part of the For the “free” triton production,

neutron transfer branch of thied reaction Rolfs and Rod-

ney, 1988 p. 338) and replaces the Gamow factor timfes ~ dn;/dt = (1—€)raa» — ni/7,

by a single parameteP, a neutron “tunneling” parameter.

We note that the slow collision between theand 4* will wherer is the tritium decay constant amds the fraction of
polarize the two deuterons such that their protons remain ad—d* neutron transfer reactions that result in a tritium tresino,

far apart as possible. Substituting numerical values, we havé - A triton tresinor* is produced in a fractior, of thed—d*
collisions, whereas a fractiofl — ¢) of the d—d* collisions

ragr = 9x 10720 P T2 1y produce a “free” tritony. For the triton tresino production
and loss,

A similar derivation for tha/*—He reaction (Sect. 4, Reac-
tion 4) results in the equation below. To keep the notation lesg/n:=/df = € raax — ny=/7.

“cluttered”, we introduce the following change¥e= 3,
and*He= 4. The3He particles are produced grdecay of the tritons and

lost to*He production as
ras3 =14x 107 TY2p 4. na P

dnz/dt = n; /T + ny /T — r3g-.
A2 Infinite-medium reaction rate equations

And, finally, “He, thea-particles, are produced in 3% neu-
The so-called infinite-medium case in which no particles en-iron transfer reactions:

ter or leave the system (a large system) is the most easily

modeled, so we focus on this case. Other scenarios, in Whiclin,/dr = r3g-.

some tresinos escape from the system after depositing their

formation energy, but before they react further, can be mod-The infinite-medium rate equations are gathered together and
eled by similar techniques. displayed in Sect. 4.
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Table B1. Simple earth heat flow model data.

Zone K H Ty dTy/dz
depth (km) (WKIkm=1) Wkm™3) (K) (Kkm™1)
0-50 4000 1000 990 7.5
50-200 4500 195 1630 1.0
Appendix B

Simple earth heat flow calculation

F. J. Mayer and J. R. Reitz: Thermal energy

The temperature profile of the earth’s interior is deter-
mined by heat production and heat transfer processes, which
can be analyzed by an appropriate energy-conservation equa-
tion. In the near-surface region under steady-state condi-
tions, this is just the familiar thermal conduction equation
k d?T /dz? = —H, whereT (z) is the temperature, the ther-
mal conductivity and? the power produced per unit volume.
Using the temperature profile for the first 200 km depth in
the earth fromKarato and Ohtan{1993 or Stacey(1992),
the thermal conductivities from Stacey (1992), dh@) and
dT /dz surface values of 300K and 20 K krh it is straight-
forward to calculate the data presented in Table B1. Note that

From both surface and seismic-wave measurements, geor refers to the value at the end of the zone. With the values
physicists have developed a picture of the interior of theof H listed in Table B1, we find th&, anddTy/dz values
earth, leading to density, pressure, and temperature profileghown, and they agree quite well with those of the tempera-
It has been known for some time that the heat flowing fromtyre profile given by Stacey (1992). Also, with these values
the earth comes primarily from the upper mantle and crustfor H, the heat flow from the two zones are 25 and 14 TW,

but how much of the overall productior:(@4 TW) is pro-
duced there?

Nonlin. Processes Geophys., 21, 363748 2014

respectively. The total for these two zones is almost all of the
observed 44 TW. However, note that this simple heat flow ex-
ercise is independent of the source, or sources, producing the
energy.
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